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1 Introduction

1.1 Background on protein kinase inhibitors (PKIs) in

cancer treatment
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Advances in pyrazolo[1,5-alpyrimidines: synthesis
and their role as protein kinase inhibitors in cancer
treatment

Terungwa H. lorkula,*® Osasere Jude-Kelly Osayawe,? Daniel A. Odogwu,?

Latifat Oluwatobi Ganiyu,® Emmanuel Faderin,® Raymond Femi Awoyemi,°
Busayo Odunayo Akodu,” Ikhazuagbe Hilary If'ijen,®*d

Omowunmi Rebecca Aworinde,® Peter Agyemang® and Odo Lovelyn Onyinyechif

Pyrazolol[l,5-alpyrimidines are a notable class of heterocyclic compounds with potent protein kinase
inhibitor (PKI) activity, playing a critical role in targeted cancer therapy. Protein kinases, key regulators in
cellular signalling, are frequently disrupted in cancers, making them important targets for small-molecule
inhibitors. This review explores recent advances in pyrazolo[l,5-alpyrimidine synthesis and their
application as PKIs, with emphasis on inhibiting kinases such as CK2, EGFR, B-Raf, MEK, PDE4, BCL6,
DRAK1, CDK1 and CDK2, Pim-1, among others. Several synthetic strategies have been developed for the
efficient synthesis of pyrazolo[1,5-alpyrimidines, including cyclization, condensation, three-component
reactions, microwave-assisted methods, and green chemistry approaches. Palladium-catalyzed cross-
coupling and click chemistry have enabled the introduction of diverse functional groups, enhancing the
biological activity and structural diversity of these compounds. Structure—activity relationship (SAR)
studies highlight the influence of substituent patterns on their pharmacological properties. Pyrazolol[1,5-
alpyrimidines act as ATP-competitive and allosteric inhibitors of protein kinases, with EGFR-targeting
derivatives showing promise in non-small cell lung cancer (NSCLC) treatment. Their inhibitory effects on
B-Raf and MEK kinases are particularly relevant in melanoma. Biological evaluations, including in vitro
and in vivo studies, have demonstrated their cytotoxicity, kinase selectivity, and antiproliferative effects.
Despite these advances, challenges such as drug resistance, off-target effects, and toxicity persist. Future
research will focus on optimizing synthetic approaches, improving drug selectivity, and enhancing
bioavailability to increase clinical efficacy.

a highly promising approach, focusing on the selective inhibi-
tion of molecular pathways crucial for cancer cell survival and
growth. Protein kinase inhibitors (PKIs) have become central to
this strategy, offering a mechanism to block aberrant signaling

Cancer remains one of the leading causes of mortality world-
wide, with an estimated 10 million deaths in 2020 alone. The
complex nature of cancer, characterized by uncontrolled cell
proliferation, invasion, and metastasis, presents significant
challenges in developing effective treatments."® Among the
various therapeutic strategies, targeted therapy has emerged as
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pathways that drive oncogenesis.*”

Protein kinases are enzymes that regulate a wide array of
cellular processes, including cell growth, differentiation,
apoptosis, and metabolism, by transferring a phosphate group
from ATP to specific substrates. Disruption of kinase activity,
often due to genetic mutations or overexpression, is a hallmark
of many cancers. As a result, kinases represent attractive targets
for therapeutic intervention, with PKIs designed to specifically
inhibit the activity of these enzymes, thereby disrupting the
signalling pathways essential for cancer cell proliferation and
survival.’>**> Eqn (1) shows the phosphorylation process, where
adenosine triphosphate (ATP) donates a phosphate group to
a protein through the activity of kinase or phosphatase
enzymes. This reaction results in the formation of adenosine
diphosphate (ADP) and a phosphorylated protein.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The phosphorylation process depicted in eqn (1) is a prime
example of a post-translational modification (PTM), a critical
mechanism for regulating protein activity in cellular pathways.
These modifications, such as the addition or removal of
a phosphate group, play pivotal roles in controlling signalling
cascades that maintain cellular homeostasis. In cancer,
however, disruption of these processes can lead to aberrant
activation of oncogenic pathways, contributing to uncontrolled
cell growth and survival.’*'* To better understand the role of
phosphorylation as a PTM in these pathways, it is important to
examine its broader implications and how disruptions in this
process can drive cancer progression.

Post-translational modifications (PTMs) are chemical
changes made to proteins after they are synthesized, signifi-
cantly expanding the functional diversity of the proteome. One
of the most critical PTMs is phosphorylation, a process where
a phosphate group is added to a protein by an enzyme called
a kinase or removed by a phosphatase. Phosphorylation plays
a central role in regulating various cellular processes, including
signal transduction, metabolism, and cell cycle progression. In
the context of the described pathway, phosphorylation modifies
a protein's activity, often serving as an on/off switch that
influences its function, stability, or ability to interact with other
molecules. For instance, a phosphorylated protein can become
activated to perform a specific role in a signalling cascade or
deactivated to terminate the signal.’*'*

In oncogenic pathways, dysregulation of phosphorylation is
a frequent contributor to disease progression. Overactive
protein kinases or defective phosphatases can lead to uncon-
trolled signalling, driving abnormal cell growth, division, and
survival—key hallmarks of cancer. For example, hyper-
phosphorylation caused by excessive kinase activity can
continuously activate pathways like MAPK/ERK or PI3K/AKkt,
which are often implicated in cancer. These modifications are
directly linked to oncogenesis, as they can amplify signals that
promote proliferation or inhibit apoptosis (programmed cell
death). Understanding the relationship between PTMs, such as
phosphorylation, and oncogenic pathways is essential for
developing targeted cancer therapies, including kinase inhibi-
tors designed to block abnormal phosphorylation. Thus, phos-
phorylation serves as a prime example of how PTMs regulate
both normal cellular functions and pathological processes.*>°

Protein + ATP — ATP + phophorylated protein (1)

The success of PKIs in cancer treatment is exemplified by
drugs such as imatinib, erlotinib, and vemurafenib, which
target specific kinases implicated in chronic myeloid
leukemia, non-small cell lung cancer, and melanoma,
respectively.'»'* These inhibitors have not only transformed
the treatment landscape for these cancers but have also vali-
dated the kinase inhibition approach as a viable and effective
strategy in oncology. Despite these successes, the develop-
ment of new PKIs remains a critical area of research, driven by
the need to overcome resistance mechanisms, improve selec-
tivity, and target additional kinases implicated in other

cancers.**7
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One of the most promising classes of compounds in this
regard is pyrazolo[1,5-a] pyrimidines. These heterocyclic struc-
tures have garnered significant attention due to their versatile
chemistry and potent biological activity. Pyrazolo[1,5-a]pyrimi-
dines have been identified as effective inhibitors of various
protein kinases, including those that are not yet effectively
targeted by existing therapies.” ™ Their ability to modulate
kinase activity through different mechanisms, combined with
their potential for structural modification, makes them ideal
candidates for the development of next-generation PKIs in
cancer treatment.*

This review explored the advances in the synthesis of pyr-
azolo[1,5-a] pyrimidines and their emerging role as potent
protein kinase inhibitors. Key synthetic methodologies that
enabled the development of these compounds were discussed,
their structure-activity relationships analyzed, and their thera-
peutic potential in targeting critical kinases involved in cancer
highlighted. By examining these aspects, the review provided
a comprehensive overview of the current state of pyrazolo[1,5-a]
pyrimidine research and its implications for the future of tar-
geted cancer therapy.

2 Overview of pyrazolo[1,5-a]
pyrimidine compounds

Pyrazolo[1,5-a]pyrimidine compounds represent an important
class of heterocyclic molecules that have attracted significant
attention in medicinal chemistry due to their wide range of
biological activities and potential therapeutic applications.
These compounds exhibit diverse pharmacological properties,
including anticancer, antiviral, anti-inflammatory, and kinase
inhibitory activities, making them promising candidates for
drug development.***

The versatility of pyrazolo[1,5-a]pyrimidines is further high-
lighted by the existence of several isomeric forms, each char-
acterized by a distinct arrangement of nitrogen atoms within
the bicyclic structure. These isomers include pyrazolo[5,1-b]
pyrimidine, pyrazolo[5,1-c]pyrimidine, pyrazolo[3,4-d]pyrimi-
dine, and pyrazolo[4,3-d]pyrimidine. Fig. 1 displays the
isomeric forms of pyrazolo[1,5-a]pyrimidine. The structural
differences between these isomers can lead to variations in their
chemical reactivity, biological activity, and interaction with
molecular targets, thereby expanding their utility in the design
of novel therapeutic agents. This structural diversity allows
medicinal chemists to explore different binding modes and
mechanisms of action, enhancing the potential for discovering
highly selective and potent drugs.?*~>¢

These compounds are characterized by their unique structural
framework, which consists of a fused bicyclic system incorpo-
rating a pyrazole ring and a pyrimidine ring.***” The pyrazole
ring, a five-membered heterocycle containing two adjacent
nitrogen atoms, is fused at the 1,2-positions with the six-
membered pyrimidine ring, which contains two nitrogen atoms
at the 1 and 3 positions This fused bicyclic core structure forms
the basis for the wide-ranging chemical diversity and biological
activity observed in pyrazolo[1,5-a] pyrimidine derivatives.”**
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Fig. 1 Selected isomers of pyrazolo[1,5-alpyrimidine.

The structural features of pyrazolo[1,5-a] pyrimidines are
integral to their pharmacological properties. The fused ring
system provides a rigid, planar framework that is highly
amenable to chemical modifications at various positions on the
rings. Substitutions at different positions of the pyrazolo[1,5-a]
pyrimidine scaffold can significantly influence the electronic
properties, lipophilicity, and overall molecular conformation of
the compounds, thereby affecting their interaction with
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biological targets.**** For instance, modifications at the 3-, 5-,
and 7 (pyrimidine ring) positions or at the 4- and 6- (pyrazole
ring) positions have been shown to enhance binding affinity to
specific protein targets, such as kinases, through hydrogen
bonding, hydrophobic interactions, and w-m stacking. The
ability to introduce a wide variety of substituents, including
alkyl, aryl, amino, and halogen groups, at these positions allows
for the fine-tuning of the compounds’ pharmacokinetic and
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pharmacodynamic properties, making them highly versatile in
drug design.**7¢

The historical development of pyrazolo[1,5-a] pyrimidines
dates back to the mid-20th century when they were first
synthesized as part of efforts to explore the chemical and bio-
logical properties of fused heterocyclic systems. Early studies
primarily focused on their synthesis and chemical reactivity,
with researchers investigating various routes to construct the
fused ring system, including cyclization reactions of appro-
priate precursors. Over time, the pharmacological potential of
pyrazolo[1,5-a] pyrimidines became evident as these
compounds were found to exhibit a broad spectrum of biolog-
ical activities, including anti-inflammatory, antiviral, and anti-
cancer properties.’”"**

The significance of pyrazolo[1,5-a] pyrimidines in medicinal
chemistry was further solidified in the 1980s and 1990s when
these compounds were identified as potent inhibitors of various
enzymes, particularly protein kinases. Protein kinases, which
play crucial roles in cell signalling pathways, became prominent
drug targets for the treatment of cancer and other diseases
characterized by disrupted cell growth and proliferation. The
unique structural features of pyrazolo[1,5-a] pyrimidines,
including their ability to mimic ATP and interact with the ATP-
binding pocket of kinases, positioned them as attractive
candidates for the development of kinase inhibitors. This led to
an explosion of research into the synthesis of novel pyrazolo
[1,5-a] pyrimidine derivatives with enhanced selectivity and
potency against specific kinase targets.***>

In the ensuing decades, numerous pyrazolo[1,5-a]pyrimidines-
based kinase inhibitors were developed, some of which have
progressed to clinical trials and even received regulatory approval
for the treatment of various cancers (Fig. 2). These developments
underscored the therapeutic potential of pyrazolo[1,5-a]pyrimi-
dines and cemented their status as a valuable scaffold in the
design of targeted therapies. The continued interest in pyrazolo
[1,5-a]pyrimidines is driven by their structural versatility, which
allows for the exploration of new chemical spaces and the
development of compounds with improved efficacy, reduced
toxicity, and favourable pharmacokinetic profiles.***

Pyrazolo[1,5-a]pyrimidines have evolved from relatively
obscure chemical entities to cornerstone compounds in
medicinal chemistry, particularly in the field of oncology. Their
structural features not only provide a robust foundation for
drug development but also offer extensive opportunities for the
discovery of new therapeutics targeting a wide range of diseases.
The historical journey of pyrazolo[1,5-a]pyrimidines reflect their
growing importance in the design and development of next-
generation kinase inhibitors and other therapeutic agents,
making them a focal point of ongoing research in drug
discovery.

3 Synthetic strategies for pyrazolo
[1,5-alpyrimidines

The synthesis of pyrazolo[1,5-a]pyrimidines has garnered
significant attention due to their broad spectrum of biological

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activities, particularly their role as protein kinase inhibitors in
cancer therapy. The fused bicyclic structure of pyrazolo[1,5-a]
pyrimidines, combining a five-membered pyrazole ring with
a six-membered pyrimidine ring, offers a versatile scaffold for
chemical modifications, making them attractive targets for
synthetic organic chemistry. Several synthetic strategies have
been developed over the years to construct these compounds,
each offering distinct advantages depending on the desired
substitution pattern and the specific application.*** Fig. 3
presents a schematic representation of the synthetic routes
utilized to produce pyrazolo[1,5-a]pyrimidines through a cycli-
zation strategy.

3.1 Cyclization approaches

The synthesis of pyrazolo[1,5-a]pyrimidines through cyclization
strategies remains a widely adopted approach due to its effi-
ciency in constructing the fused bicyclic system. This process
typically starts with the formation of the pyrazole ring, which is
usually accomplished via the condensation of hydrazine deriv-
atives and carbonyl-containing compounds. Common reactions
involve hydrazines or hydrazones reacting with a,B-unsaturated
carbonyl compounds, leading to the formation of substituted
pyrazoles. For instance, the reaction of hydrazines with -
ketoesters or B-diketones is frequently employed to generate the
pyrazole ring.**->°

Once the pyrazole ring is established, the subsequent step in
cyclization focuses on constructing the pyrimidine ring. This is
often achieved through various methodologies, such as using
carbodiimides or isocyanates, which facilitate the formation of
the pyrimidine ring by reacting with functional groups already
present on the pyrazole ring.*>** Another common approach
involves the reaction of pyrazole derivatives with aldehydes or
ketones, where reaction conditions, such as acid or base cata-
lysts, aid in forming the pyrimidine ring through imine or
oxime intermediates.”*** Alternatively, amides or ureas can be
used to provide the nitrogen atoms required for the pyrimidine
ring, with specific conditions such as elevated temperatures or
catalytic systems driving the reaction to completion.>

One of the key advantages of the cyclization strategy is its
flexibility, allowing the introduction of various substituents on
both the pyrazole and pyrimidine rings. This adaptability is
achieved by modifying reaction conditions or employing
different reagents, which enable the incorporation of diverse
functional groups at specific positions on the fused ring
system.***” This versatility is crucial for tailoring the physico-
chemical properties and biological activities of the resulting
pyrazolo[1,5-a]pyrimidines, which is particularly valuable in
drug development. Moreover, these cyclization methods can be
adapted to achieve regioselective synthesis, offering precise
control over the placement of substituents. For instance, the
choice of substituents on the pyrazole ring can influence the
reactivity and selectivity of the cyclization process, leading to
distinct substitution patterns on the pyrimidine ring.***°

Overall, cyclization strategies for synthesizing pyrazolo[1,5-a]
pyrimidines offer a versatile and adaptable approach, enabling
the construction of these compounds with precise control over

RSC Adv, 2025, 15, 3756-3828 | 3759
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Fig. 3 Schematic representation of synthetic routes to afford pyrazolol[1,5-alpyrimidines by cyclisation strategy.

their structure and functionality. These methods are highly
significant for developing pyrazolo[1,5-a]pyrimidine-based
pharmaceuticals and other bioactive molecules.

In the study by Sikdar et al. (2023), a one-pot cyclization
methodology was developed to synthesize 3-halo-pyrazolo[1,5-a]
pyrimidine derivatives through a reaction involving amino
pyrazoles, enaminones (or chalcone), and sodium halides.*®
This approach utilizes a cyclization strategy to efficiently form
the pyrazolo[1,5-a]pyrimidine core structure, followed by
oxidative halogenation to introduce halogen atoms into the
final compound.

The cyclization process, depicted in Scheme 1, begins with
a cyclocondensation reaction between amino groups of the
pyrazoles and enaminones (or chalcone) in the presence of
potassium persulfate (K,S,0g). This reaction establishes the
pyrazole ring. Subsequent oxidative halogenation, using
sodium halides and K,S,Os, introduces halogens at the 3-posi-
tion of the pyrazolo[1,5-a]pyrimidine structure. This method
was noted for its efficiency and versatility, as it employs readily
available reagents and operates under mild conditions.

The synthesized compounds exhibited several notable

properties. For instance, the reaction conditions were

3760 | RSC Adv, 2025, 15, 3756-3828

optimized to enhance the yield of 3-iodo-pyrazolo[1,5-a]pyrim-
idine derivatives. The study found that using a combination of
sodium iodide (Nal) and K,S,05 in water was highly effective,
achieving nearly quantitative yields of the desired products.
This demonstrates the method's high efficiency and suitability
for large-scale synthesis. The use of water as a solvent was
particularly advantageous, as it supported the efficient forma-
tion of the pyrazolo[1,5-a]pyrimidine core and facilitated the
oxidative halogenation process.

The substrate scope was explored extensively, revealing that
various aryl enaminones, including those with electron-
donating and electron-withdrawing groups, afforded 3-iodo-
pyrazolo[1,5-a]pyrimidine derivatives with high to excellent
yields. This broad functional group tolerance indicates that the
methodology is highly adaptable. The study also demonstrated
that enaminones with naphthalenyl moieties and heteroaryl
enaminones yielded 3-iodinated pyrazolo[1,5-a|pyrimidines
efficiently.

Scheme 1 illustrates the synthesis of 3-halo-pyrazolo[1,5-a]
pyrimidine derivatives using different halogen sources and
conditions, emphasizing the effectiveness of the cyclization
approach. Furthermore, the methodology was extended to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a—c) Strategies toward the synthesis of halogenated pyrazolol[1,5-alpyrimidines.*®

synthesis of 3-bromo- and 3-chloro-pyrazolo[1,5-a]pyrimidines
using sodium bromide (NaBr) and sodium chloride (NacCl),
respectively. While the yields of brominated derivatives were
high, albeit with longer reaction times, chlorinated derivatives
were produced with moderate yields. This flexibility in haloge-
nation further illustrates the utility of the method.

The study also addressed the formation of pyrazolo[1,5-d]
pyrimidine derivatives using chalcone. Although water was not
suitable for this transformation, dimethyl sulfoxide (DMSO)
was found to be an effective solvent, allowing for successful
synthesis of 3-iodo-pyrazolo[1,5-a]pyrimidines. The cyclization
approach was demonstrated to be regioselective, with mono-
iodination occurring primarily at the 3-position of the pyr-
azolo[1,5-a]pyrimidine ring.

In general, the cyclization approach developed by Sikdar
et al*® is characterized by its simplicity, efficiency, and wide
applicability. The synthesized 3-halo-pyrazolo[1,5-a]pyrimidines

© 2025 The Author(s). Published by the Royal Society of Chemistry

exhibit high yields and excellent functional group tolerance,
making this method a valuable addition to the synthetic chem-
ist's toolkit for constructing complex heterocyclic compounds.

In the study by Portilla et al. (2012), the synthesis of pyrazolo
[1,5-a]pyrimidines are explored through a cyclization reaction
involving 3-substituted-5-amino-1H-pyrazoles and different cyclic
B-dicarbonyl compounds, leading to the formation of cyclo-
pentapyrazolo[1,5-a]pyrimidines.®* The authors reported that the
reaction between 3-substituted-5-amino-1H-pyrazoles and either
2-acetylcyclopentanone or  2-ethoxycarbonylcyclopentanone
resulted in the regioselective formation of cyclopentapyrazolo
[1,5-a]pyrimidines in good yields, highlighting the influence of
the B-dicarbonyl compounds on controlling the reaction pathway
(Scheme 2). Notably, both fusion and microwave irradiation
methods provided faster reaction times and higher yields
compared to traditional reflux methods in ethanol, emphasizing
the efficiency of solvent-free conditions.

RSC Adv, 2025, 15, 3756-3828 | 3761
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The study also delves into the reaction of 3-substituted-5-
amino-1H-pyrazoles with 2-acetylbutyrolactone, which led to
the formation of 6-(2-hydroxyethyl)pyrazolo[1,5-a]pyrimidin-
7(4H)-ones (Scheme 3). Interestingly, this reaction involved the
opening of the butyrolactone ring as a final step in the cycli-
zation, distinguishing it from the reactions involving cyclic B-
dicarbonyl compounds. Despite attempts to replicate the
solvent-free synthesis approach, the reaction with butyrolactone
did not yield satisfactory results under these conditions.

In the context of structure elucidation, NMR and solid-state
studies were critical in confirming the regioselectivity of the
synthesized compounds. The 'H and **C NMR spectra provided
clear evidence of the cyclization occurring through the nitrogen
of the pyrazolic ring rather than the carbon, ruling out the
formation of alternative regioisomeric products such as cyclo-
pentapyrazolo[3,4-b]pyridines (Scheme 2). Moreover, X-ray
diffraction analysis of some derivatives further corroborated
the structural assignments, particularly in distinguishing
between angular and linear isomers.

The mechanistic insights gained from the study, particularly
the role of B-dicarbonyl compounds in directing the regio-
chemistry, were further demonstrated through the reaction
with 2-acetylbutyrolactone. The formation of intermediate (32)-
3-{1-[(5-R-1H-pyrazol-3-ylJamino]ethylidene}-4,5-
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dihydrofuranone (Scheme 4) supports the proposed reaction
pathway, where the condensation between the aminopyrazole
and the carbonyl group of the lactone occurs prior to ring
opening and cyclization.

These findings underscore the unique pathways in the
synthesis of pyrazolo[1,5-a|pyrimidines and highlight the
crucial role of the B-dicarbonyl moieties in influencing the
regioselectivity and final products, as demonstrated in
Schemes 3-5.

The synthesis of pyrazolo[1,5-a]pyrimidines through cycli-
zation strategies is a notable focus in the study by Castillo et al.
(2016), where a microwave-assisted approach was developed to
regioselectively synthesize functionalized 6-(aryldiazenyl)pyr-
azolo[1,5-a]pyrimidin-7-amines. This method involves the
cyclization of 3-oxo-2-(2-arylhydrazinylidene) butanenitriles
with 5-amino-1H-pyrazoles under solvent-free conditions.* The
microwave-assisted cyclization process was key to achieving
high yields and purity of the desired products in a short reaction
time.

In the initial phase of the study, the researchers optimized
the reaction conditions by exploring different solvents and
heating methods. Conventional heating in solvents like ethanol
and toluene proved ineffective, while the use of high-boiling
solvents such as DMSO and DMF resulted in moderate yields.

&
. _
PArL Rm'g
. opening
S
4 LTI o
46-63 Ao ; OH

Scheme 3 Synthesis of 6-(2-hydroxyethyl)pyrazolo[1,5-alpyrimidinone 20.
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Scheme 5 The reaction of 5-aminopyrazole derivatives 1 with ben-
zylidene malononitrile derivatives 2.52

However, the breakthrough came when microwave irradiation
was employed under solvent-free conditions. This approach
significantly enhanced the reaction efficiency, producing the
target pyrazolo[1,5-a]pyrimidin-7-amines in near-quantitative
yields with a reaction time as short as four minutes.

The cyclization strategy employed in this study is distin-
guished by its operational simplicity, high atom economy, and
eco-compatibility. The use of microwave irradiation not only
accelerated the cyclization process but also minimized the need
for chromatographic purification, making it a sustainable and
practical method for synthesizing these heterocyclic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds. The resultant pyrazolo[1,5-a]pyrimidines exhibited
high regioselectivity, and their structures were confirmed by
NMR spectroscopy. The study also highlights that the synthe-
sized compounds have potential as intermediates in the devel-
opment of biologically active N-fused heteroaromatic systems,
demonstrating the versatility and utility of the cyclization
method developed by Castillo et al. (2016).*

The study by Moustafa et al. (2022) explores the synthesis of
various pyrazolo[1,5-a]pyrimidine derivatives through cycliza-
tion reactions, focusing on the reaction of N-(5-amino-4-cyano-
1H-pyrazole-3-yl)-benzamide (compound 1) with different elec-
trophiles.®”” The authors highlight how the interaction with
these electrophiles leads to distinct isomeric derivatives, with
cyclization being a key step in forming the pyrazolo[1,5-a]
pyrimidine scaffold.

One of the pivotal findings discussed in the paper is the
reaction of compound 1 with benzylidene malononitrile
(compound 2a) under microwave irradiation (120 °C for 20
minutes). This reaction selectively yields the 7-aminopyrazolo
[1,5-a]pyrimidine derivative (compound 4a), rather than its
isomeric form, 5-aminopyrazolo[1,5-a]pyrimidine (compound
3a). The formation of 4a was confirmed using mass spectrom-
etry and IR spectra, with peaks indicating the presence of the
amino group, cyano groups, and a C=N bond. Additionally, 'H
NMR and "*C NMR spectra further supported the structure, with
the proton assignments being consistent with the expected
anisotropic effects of the pyrazole ring nitrogen. Single-crystal
X-ray diffraction provided further unambiguous structural
confirmation.

The scope of the reaction was extended by reacting
compound 1 with several substituted cinnamoyl derivatives

RSC Adv, 2025, 15, 3756-3828 | 3763
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Scheme 6 The reaction of 5-aminopyrazole derivatives 1 with enaminone derivatives 5.2

(2b—f) under similar microwave conditions. This resulted in the diffraction, and these results were encapsulated in Scheme 5,
formation of 7-aminopyrazolo[1,5-a]pyrimidine derivatives (4b- providing a visual representation of the reaction pathways
f), which displayed consistent NMR and mass spectral charac- leading to the formation of the different derivatives.

teristics with compound 4a. For instance, the structure of Additionally, the study contrasts these findings with earlier
compound 4d was also confirmed using single-crystal X-ray work, which often reported the formation of 5-aminopyrazolo
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Scheme 7 Mechanism of the formation of 4af and 7a—d.®?
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[1,5-a]pyrimidines. The selectivity observed in the current study
suggests that microwave irradiation plays a crucial role in
determining the regioselectivity of the cyclization. For example,
earlier reports indicated that reactions involving N-(5-amino-4-
cyano-1H-pyrazole-3-yl)-benzamide (1) with cinnamoyl deriva-
tives under different conditions typically yielded 5-amino
isomers, while in the present study, 7-amino isomers dominate.
Furthermore, Moustafa et al explore the reaction of
compound 1 with (E)-3-(dimethylamino)-1-arylprop-2-en-1-one
derivatives (5a-f). This reaction, similarly, conducted under
microwave conditions, results in the formation of 7-arylpyrazolo
[1,5-a]pyrimidines (7a-f). Analytical data, including mass spec-
trometry and NMR spectra, ruled out the possible formation of
the 5-arylpyrazolo[1,5-a]pyrimidine isomers (6a), further high-
lighting the selectivity for 7-aryl products in this reaction
sequence. These transformations were summarized in
Schemes 6 and 7, visually representing the selective cyclization
pathways observed under controlled microwave heating.

View Article Online

RSC Advances

Overall, Moustafa et al. demonstrate that the regioselectivity
in the cyclization of N-(5-amino-4-cyano-1H-pyrazole-3-yl)-
benzamide with various electrophiles can be significantly
modulated by employing microwave-assisted reactions. The
study provides a robust foundation for understanding the
factors influencing the selective formation of pyrazolo[1,5-a]
pyrimidines over other possible isomeric forms.

In 2013, Abdelhamid & Gomha explored the synthesis of
a diverse array of pyrazolo[1,5-a]pyrimidine derivatives through
an innovative cyclization process. Their work primarily focused
on the reaction of sodium 3-oxo-3-(1-phenyl-1H-pyrazol-4-yl)
prop-1-en-1-olate (compound 2) with various heterocyclic
amines, including cyanoacetamide, cyanothioacetamide, and 2-
cyanoacetohydrazide. This key step, depicted in Scheme 8,
allowed for the formation of a series of fused heterocyclic
structures, such as pyrazolo[1,5-a]pyrimidines (compounds 5a-
d), which displayed a remarkable diversity in their chemical
architecture.
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Scheme 8 Synthesis of pyrazolo[1,5-alpyrimidines (5a—d).**
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Scheme 9 Synthesis of pyrido[2’,3':3,4]pyrazolo[1,5-alpyrimidine (9), benzoimidazoll,2-alpyrimidine (10), triazolo[4,3-alpyrimidine (11), and

pyrimidinones (12—-14).5

Further exploration of these reactions, outlined in
Scheme 9, led to the synthesis of other complex heterocycles,
such as pyrido[2/,3':3,4]pyrazolo[1,5-a]pyrimidine (compound
9), benzo[4,5]imidazo[1,2-a]pyrimidine (compound 10), and
[1,2,4]triazolo[1,5-a]pyrimidine (compound 11). The authors
employed a variety of heterocyclic amines and utilized a step-
wise synthetic approach to ensure high yields and structural
diversity, which they meticulously confirmed using tech-
niques such as elemental analysis, IR, NMR, and mass
spectrometry.

In addition to the pyrazolo[1,5-a]pyrimidines, Abdelhamid &
Gombha also reported the synthesis of novel pyridine derivatives
(compounds 12-14), as shown in Scheme 10. Notably, the
transformation of pyridinethione (compound 13) through its
reaction with a-halo ketones and o-halo esters resulted in the
formation of thieno[2,3-b]pyridine derivatives (compounds 15-

3766 | RSC Adv, 2025, 15, 3756-3828

18). These reactions demonstrated the versatility of their
methodology, providing a pathway for the efficient synthesis of
sulfur-containing fused heterocycles, which hold potential for
various biomedical applications.

The study presented these alternative synthetic routes
(illustrated in Schemes 8-10) to emphasize the flexibility and
adaptability of their approach in constructing a wide range of
fused heterocyclic systems. Abdelhamid & Gomha's work stands
out for its ability to produce a diverse array of biologically
relevant compounds, with potential applications in drug
discovery for treating conditions such as bacterial and fungal
infections, as well as cancer. Their findings contribute to the
growing body of research focused on the medicinal chemistry of
pyrazolo[1,5-a]pyrimidine-based compounds, positioning these
heterocyclic structures as promising candidates for further
pharmacological investigation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Synthesis of thieno([2,3-b]pyridines (15-18) and pyrido[2’,3":3,4]pyrazolo[1,5-alpyrimidine (20).5®

3.2 Condensation reactions

A frequently employed strategy for the synthesis of pyrazolo[1,5-
alpyrimidines is the condensation of 5-aminopyrazoles with pB-
dicarbonyl compounds or their equivalents. In this method, the
5-aminopyrazole acts as a nucleophile, attacking the carbonyl
carbon of the B-dicarbonyl compound, followed by cyclization
to form the pyrimidine ring. This reaction typically proceeds
under acidic or basic conditions and can be enhanced by the
use of catalysts such as Lewis's acids or bases, which facilitate
the formation of the fused ring system. The reaction mecha-
nism involves the initial nucleophilic addition of the amino
group to the electrophilic carbonyl center, followed by cycliza-
tion and dehydration to generate the desired pyrazolo[1,5-a]
pyrimidine core.®>**

The choice of B-dicarbonyl compound is crucial, as it directly
influences the substitution pattern on the pyrimidine ring,
enabling the fine-tuning of the electronic and steric properties
of the final product.** By selecting different B-dicarbonyl
compounds, chemists can introduce a variety of functional
groups at specific positions, which can be beneficial for opti-
mizing the biological activity of these compounds. This method
provides a straightforward approach to access a range of pyr-
azolo[1,5-a]pyrimidines with diverse substitution patterns,
making it a valuable strategy for medicinal chemistry
applications.*

Furthermore, the use of B-dicarbonyl equivalents, such as
esters or nitriles, expands the scope of this method, allowing for

© 2025 The Author(s). Published by the Royal Society of Chemistry

the synthesis of more structurally diverse derivatives. The
reaction conditions, such as temperature, pH, and the nature of
the catalyst, can be adjusted to optimize yields and selectivity,
providing flexibility in the synthesis of pyrazolo[1,5-a]pyrimi-
dine derivatives with tailored properties. However, some chal-
lenges may arise from the reactivity of certain B-dicarbonyl
compounds, requiring careful optimization of the reaction
conditions to prevent side reactions or unwanted by-
products.®>°°

For example, Poursattar et al. (2015) reported a straightfor-
ward and efficient method for synthesizing novel pyrazolo[1,5-a]
pyrimidine analogues through the condensation of 1,3-dike-
tones or keto esters with substituted 5-aminopyrazoles in the
presence of sulfuric acid (H,SO,), using acetic acid (AcOH) as
the solvent.®” This synthetic approach involved the reaction of 5-
amino-3-arylamino-1H-pyrazole-4-carbonitriles (1a-f) and ethyl
5-amino-3-arylamino-1H-pyrazole-4-carboxylate  (2a,b) with
various B-dicarbonyl compounds, such as pentane-2,4-dione,
ethyl acetoacetate, ethyl isobutyrylacetate, and ethyl butyr-
ylacetate (3a-d), to produce the corresponding pyrazolo[1,5-a]
pyrimidine derivatives (4a-m) in high yields ranging from 87%
to 95%, as illustrated in Scheme 11.

The methodology utilized in this study was notable for its
simplicity and the high yield of the desired products, making it
a valuable addition to the synthetic chemistry of heterocyclic
compounds. The reaction conditions were optimized to ensure
the efficient formation of the pyrazolo[1,5-a]pyrimidine core,

RSC Adv, 2025, 15, 3756-3828 | 3767
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Scheme 11 Synthesis of pyrazolo[1,5-alpyrimidine derivatives (4a—i, 4l-m, 4j, 4k).®”

which is a privileged scaffold in medicinal chemistry due to its
potential biological activities.

Thirteen examples of the conversion of 5-amino-3-aryla-
mino-1H-pyrazole-4-carbonitriles (1a-f) and ethyl 5-amino-3-
arylamino-1H-pyrazole-4-carboxylate (2a,b) to the correspond-
ing 4,7-dihydropyrazolo[1,5-a]pyrimidine derivatives (4a-m)
were successfully demonstrated, with the reaction times,
melting points, and yields of the synthesized compounds. The
high yields and mild reaction conditions emphasize the effi-
ciency and practicality of this synthetic route for preparing
a wide range of pyrazolo[1,5-a]pyrimidine derivatives, which
could be explored further for their potential applications in
various fields.

3.3 Three-component reactions

Another well-established method involves the three-component
reaction of 3-amino-1H-pyrazoles with aldehydes and activated
methylene compounds, such as malononitrile or ethyl cyanoa-
cetate. This one-pot reaction proceeds via the formation of an
imine intermediate, followed by nucleophilic attack by the
activated methylene compound and subsequent cyclization to
yield the pyrazolo[1,5-a]pyrimidine core.®®*”® This strategy is
particularly advantageous for the rapid synthesis of diverse
pyrazolo[1,5-a]pyrimidine derivatives, as it allows for the
simultaneous introduction of substituents on both the pyrazole
and pyrimidine rings in a single step. Additionally, the use of
different aldehydes and activated methylene compounds
provides access to a wide variety of substitution patterns,
making this method highly versatile for structure-activity rela-
tionship (SAR) studies.*

One of the primary benefits of this method is its efficiency
and simplicity. By combining all reactants in one step, it
reduces the need for multiple reaction phases and purification
steps, ultimately saving time and resources. The reaction
generally proceeds under mild conditions, minimizing the risk

3768 | RSC Adv, 2025, 15, 3756-3828

of degradation or side reactions that could complicate product
isolation. Moreover, this approach allows for easy tuning of the
final product's properties by simply varying the aldehyde or
activated methylene compound, which is especially useful in
medicinal chemistry for exploring a range of biological
activities.”>”*

However, there are some limitations to this approach.
Although it offers structural diversity, the reaction may be
sensitive to steric and electronic effects of the reactants, which
could influence the yields and selectivity of the products. In
some cases, optimizing conditions to favor cyclization over
other potential side reactions may be necessary. Despite these
challenges, the versatility and expediency of this method make
it a powerful tool for the synthesis of pyrazolo[1,5-a]
pyrimidines.

Hoang et al. (2018) developed an efficient three-component
strategy for the Rh(m)-catalyzed annulation of 3-amino-
pyrazoles, aldehydes, and sulfoxonium ylides, yielding diverse
pyrazolo[1,5-a]pyrimidines.” This reaction, performed under
microwave heating with short reaction times, closely aligns with
the general mechanism of the three-component reaction of 3-
amino-1H-pyrazoles with aldehydes and activated methylene
compounds, such as malononitrile or ethyl cyanoacetate. In
both cases, the process begins with the formation of an imine
intermediate, followed by nucleophilic attack and cyclization,
ultimately leading to the pyrazolo[1,5-a]pyrimidine core.

In the study, Hoang et al. optimized the reaction conditions
by exploring various parameters, focusing on the coupling of
benzaldehyde, aminopyrazole, and sulfoxonium ylide to
synthesize pyrazolopyrimidine.” It was determined that the
best yields were obtained using a cationic Rh(m) catalyst with
KOAc, pivalic acid, and 3 A molecular sieves as additives in
dioxane under microwave conditions at 150 °C. Notably, the
reaction tolerates a wide range of substituted aminopyrazoles
and aromatic aldehydes, including those with -electron-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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withdrawing, electron-donating, and basic nitrogen function-
alities, among others.

The versatility of the aldehyde scope is evident, as benzal-
dehydes with electron-withdrawing and electron-donating
groups at various positions, along with heteroaromatic alde-
hydes such as pyridinecar. For instance, the incorporation of 4-
pyridinecarboxaldehyde resulted in a 58% yield of the product,
illustrating the method's tolerance to unhindered basic
heterocyclic nitrogens. The reaction also accommodates various
functional groups, including ester, carboxylic acid, and acidic
secondary anilide, as highlighted in Scheme 12.

The study further explored the scope of sulfoxonium ylides. A
variety of sulfoxonium ylides, including those with aryl, heter-
oaryl, and alkyl substituents, were employed, leading to good
yields of the corresponding pyrazolopyrimidine products. This
highlights the method's ability to regioselectively introduce
aromatic substituents with diverse electronic properties. For
instance, the reaction of electron-rich and electron-poor aryl-
substituted ylides efficiently yielded the corresponding pyr-
azolopyrimidines in high yields, as seen in Scheme 13.

Overall, Hoang et al.'s approach offers a robust and versatile
method for synthesizing pyrazolo[1,5-a]pyrimidines, expanding
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the toolbox for creating this important heterocyclic scaffold.”
The study's findings align well with traditional three-
component reactions involving 3-amino-1H-pyrazoles, demon-
strating the effectiveness of the Rh(m)-catalyzed process in
producing structurally diverse and functionally rich
pyrazolopyrimidines.

3.4 Microwave-assisted synthesis

Microwave-assisted synthesis is highly valued for its capacity to
dramatically shorten reaction times while boosting yields, effi-
ciency, and environmental sustainability. By delivering rapid
and uniform heating, microwave irradiation increases the
reactivity of starting materials, promoting faster molecular
interactions and accelerating cyclization reactions. This tech-
nique is especially advantageous in multicomponent reactions,
where multiple substrates react in a single step to form complex
heterocyclic structures.”7®

For instance, the microwave-assisted three-component
reaction of 3-amino-1H-pyrazoles, aldehydes, and B-dicarbonyl
compounds has been a successful and widely adopted approach
for synthesizing pyrazolo[1,5-a]pyrimidines. Under microwave

[Cp*Rh(MeCN)s](SbF),
(10 mol %)

KOACc (1 equiv)

PivOH (4 equiv)

3AMS

dioxane (0.4 M)
150 °C (MW), 1 h
benchtop set up

8aaa, 82% 8baa, 78%

8faa, 70%

8laa, 81%

8maa, 85%

8iaa, 58%

8jaa, 77%

Me

_N,
Z

8naa, 83%

8oaa, 13%°

Scheme 12 Aldehyde scope for three-component synthesis of pyrazolopyrimidines 8a standard conditions with 5 (0.60 mmol), 6a (0.30 mmol),

and 7a (0.45 mmol) °0.2 M.73
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conditions, this reaction proceeds within minutes and typically
yields products in high purity. Compared to conventional
heating methods, which often require several hours of refluxing
and can lead to complex workups and side reactions, microwave
irradiation streamlines the process, significantly reducing
reaction times and enhancing overall efficiency.”””® This accel-
erated method also minimizes the formation of by-products,
resulting in cleaner reactions and simpler product isolation.
Moreover, microwave-assisted synthesis is advantageous for
optimizing green chemistry principles. It often requires less
solvent or can be performed under solvent-free conditions,
contributing to environmentally friendly reaction processes.
The energy efficiency of microwave systems further supports
sustainability by reducing energy consumption compared to
traditional heating techniques.”*®

In summary, microwave-assisted synthesis has become
avaluable tool in the preparation of pyrazolo[1,5-a]pyrimidines,
offering a practical route to these bioactive heterocycles with
enhanced speed, higher yields, and reduced environmental
impact. As a result, it represents a promising approach for both
academic and industrial applications, particularly in the
development of new pharmaceuticals and biologically active
compounds.

In their 2018 study, Fahim et al. focus on the microwave-
assisted synthesis of novel fused heterocyclic compounds,

3770 | RSC Adv, 2025, 15, 3756-3828

particularly pyrazolo[1,5-a]pyrimidines.®* The application of
microwave irradiation in this context significantly enhances the
reactivity of the starting materials, which facilitates rapid
cyclization reactions. The approach not only accelerates reac-
tion times but also improves the yield, making it a highly effi-
cient method for synthesizing these complex heterocycles.
Schemes 14 and 15 from the study demonstrate the regiose-
lective synthesis of heterocyclic derivatives, starting from 2-
cyano-N-cyclohexylacetamide (3) and various nitrogen
nucleophiles.

In the first step of the process, cyclohexylamine (1) reacts
with ethyl cyanoacetate (2) under microwave irradiation to yield
2-cyano-N-cyclohexylacetamide (3). This intermediate serves as
a key precursor in the synthesis of a wide array of fused
heterocyclic derivatives, as depicted in Scheme 14. The versa-
tility of compound 3 is showcased by its subsequent reaction
with aldehydes 4a-f, producing the corresponding 2-cyano-N-
cyclohexyl-3-acrylamide derivatives (5a-f). The high efficiency of
the microwave-assisted method is further evident in the
conversion of these acrylamides into pyrazole derivatives 7a and
7b, using hydrazine derivatives. The cyclization mechanism
leading to these pyrazoles is facilitated by the uniform heating
and enhanced reactivity provided by microwave irradiation.

Scheme 15 highlights additional transformations, where
compound 5b reacts with various nucleophilic reagents to yield

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different fused heterocycles, such as pyrimido[1,2-a]benzimid- provided confirm the successful synthesis of these compounds,
azole (10), pyrazolo[1,5-a]pyrimidine (12), and triazolo[1,5-a] displaying characteristic absorption bands and chemical shifts
pyrimidine (14). Notably, microwave-assisted synthesis allows that align with their proposed structures. The study effectively
these reactions to occur in a short time frame, yielding high- demonstrates how microwave irradiation can be utilized to
purity products. The IR, '"H NMR, and *C NMR spectra streamline the synthesis of complex heterocyclic scaffolds,
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making it a valuable tool in the development of novel
compounds with potential applications in pharmaceuticals and
materials science.

Fahim et al's investigation provides an important contri-
bution to the growing body of research on microwave-assisted
synthesis, showing its advantages in generating a variety of
nitrogen-containing heterocycles.** This method not only
improves reaction efficiency but also enhances product selec-
tivity, providing a sustainable pathway for heterocyclic
compound production.

Hoang et al. (2018) developed a three-component strategy
using Rh(m)-catalyzed annulation for the efficient synthesis of
pyrazolo[1,5-a]pyrimidines. The reaction 3-amino-
pyrazoles, aldehydes, and sulfoxonium ylides under microwave
heating, yielding diverse products.* The method, which operates
under straightforward benchtop conditions, showcases versatility
with various aromatic and heteroaromatic aldehydes, tolerating
electron-withdrawing, electron-donating, basic nitrogen, halides,
and acidic functionalities. The authors also introduced ester and
methoxy groups directly onto the pyrimidine ring using ethyl
glyoxylate and trimethyl orthoformate, respectively.

A detailed optimization study was conducted using benzal-
dehyde, aminopyrazole, and sulfoxonium ylide, showing that
a cationic Rh(m) catalyst with KOAc and PivOH in dioxane at
150 °C yielded the best results. Substitutions at different posi-
tions on benzaldehyde (para, meta, ortho) were tolerated,
although ortho-substituted products showed a moderate reduc-
tion in yield. The reaction was also successful with functional
groups such as esters, carboxylic acids, and secondary anilides,
as well as with heterocyclic aldehydes like pyridinecarbox-
aldehydes, furan, thiophene, and pyrazolecarboxaldehydes.

involves

View Article Online
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The sulfoxonium ylides scope was equally broad, incorpo-
rating aryl, alkyl, and heteroaryl groups. The method demon-
strated regioselective introduction of substituents, and
different aminopyrazoles also yielded good results. Disubsti-
tuted and electron-deficient aminopyrazoles worked well,
though 2-aminoimidazoles were ineffective. This efficient
protocol is applicable for synthesizing pyrazolopyrimidines
with potential pharmaceutical relevance.

The study by Shekarrao et al. (2014) demonstrates an effi-
cient palladium-catalyzed microwave-assisted synthesis of
pyrazole-fused heterocycles, specifically focusing on pyrazolo
[3,4-b]pyridines,  pyrazolo[3,4-b]quinolines, pyrazolo[1,5-a]
pyrimidines, and pyrazolo[1,5-a]quinazolines.®* This approach
stands out due to its solvent-free conditions and the use of
microwave irradiation, which significantly accelerates the
reaction while improving yields. The method employed f-
halovinyl/aryl aldehydes and 3-aminopyrazoles or 5-amino-
pyrazoles as starting materials, with a palladium catalyst facil-
itating the reaction.

The reaction of B-bromovinylaldehyde (1a) with 5-amino-
pyrazole (2a) in the presence of 2.5 mol% PdCl, and triphenyl-
phosphine (PPh;) as a ligand, under traditional thermal
conditions, initially yielded compound 3a in a modest 15% yield
after 24 hours (Scheme 16). However, microwave irradiation
significantly enhanced both the reaction speed and yield. Under
optimized microwave conditions (700 W, 120 °C, 14 bar,
solvent-free), the yield of compound 3a increased to 81%,
reducing the reaction time to just 15 minutes. This is a dramatic
improvement compared to the conventional heating approach.

The optimization of the reaction further explored the role of
catalyst loading, solvent choice, and microwave power. It was
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Scheme 16 Synthesis of pyrazolo[1,5-alpyrimidines and pyrazolo[1,5-alquinazolines.®
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found that solvent-free conditions yielded the best results, as
DMF and DMSO solvents provided lower yields of 3a (22% and
15%, respectively). Catalyst loading adjustments showed that
increasing the amount of Pd(OAc), to 5 mol% did not improve
the yield, while decreasing it to 1.5 mol% resulted in a reduction
of the product yield to 64%. Notably, microwave power also
influenced the reaction outcome, with 500 W and 800 W
resulting in slightly lower yields of 3a (52% and 77%, respec-
tively), as compared to the optimized power setting of 700 W.

The reaction also produced an imine derivative (4a) as
a byproduct under certain conditions, particularly in the
absence of a catalyst or at suboptimal microwave power
settings. This highlights the sensitivity of the reaction to precise
microwave and catalyst conditions, emphasizing the efficiency
of the optimized method.

The scope of the reaction was evaluated by using various -
halovinyl/aryl aldehydes and aminopyrazoles, which resulted
in good yields (67-80%) of pyrazolo[3,4-b]pyridines and related
heterocycles. The versatility of this approach was further
demonstrated by applying it to steroidal B-bromovinyl alde-
hydes, yielding steroidal pyrazolo[3,4-b]pyridines (3i-m) with
similarly high efficiency. Additionally, 2-bromobenzaldehyde
derivatives bearing electron-donating or electron-withdrawing
groups were successfully employed to synthesize pyrazolo[3,4-
b]quinolines in 68-76% yields.

View Article Online
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This study highlights the advantages of microwave-assisted
synthesis, particularly its ability to reduce reaction times and
increase yields in the formation of biologically significant
pyrazole-fused heterocycles.

The study by Bassoude et al. (2016) presents an efficient one-
pot, two-step method for synthesizing 7-substituted pyrazolo
[1,5-a]pyrimidines using a palladium-catalyzed direct C-H ary-
lation followed by a saponification-decarboxylation reaction.?*
In this study, the authors highlight the advantages of their
method over traditional Negishi coupling reactions, including
shorter reaction times, higher yields, and the use of commer-
cially available, less toxic reagents.

The initial stage of the study focused on optimizing the direct
C-H arylation of 7-ethoxycarbonylmethyl-5-methyl-2-phenyl-
pyrazolo[1,5-a]pyrimidine (1). The authors tested several reaction
parameters such as ligands, bases, and reaction temperatures to
improve the yield of the desired arylated product. After opti-
mizing these conditions, they found that using a combination of
Pd(OAc),, DavePhos, and Cs,CO; under microwave irradiation
provided the best results, reducing the reaction time significantly
and yielding the desired product in 81% (Scheme 17).

To further improve the efficiency of their synthetic approach,
the authors investigated conditions for the saponification—-
decarboxylation of the arylated intermediate. By using micro-
wave irradiation, they were able to shorten the reaction time to
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20 minutes while achieving an 87% yield of the final product.
Encouraged by these results, the researchers developed
a sequential one-pot process that combined both the C-H ary-
lation and the saponification-decarboxylation steps, leading to
a high overall yield of the 7-substituted pyrazolo[1,5-a]pyrimi-
dine product.

The study demonstrates the versatility of this one-pot
method, as it was successfully applied to a range of aryl
halides with different electronic properties, yielding a variety of
substituted pyrazolo[1,5-a]pyrimidines. Electron-rich and
electron-poor aryl halides were well tolerated, though ortho-
substituents led to slightly lower yields due to steric hindrance.
Nonetheless, the method was effective across a broad scope of
substrates, with yields ranging from 48% to 80%.

Overall, this study highlights the advantages of microwave-
assisted synthesis in the preparation of heterocyclic
compounds, particularly in accelerating reaction times and
improving yields. The one-pot approach developed by Bassoude
et al.® provides a practical and efficient route to 7-substituted
pyrazolo[1,5-a]pyrimidines, which are valuable scaffolds in
medicinal chemistry. Their method represents a significant
improvement over traditional techniques, offering a stream-
lined synthesis that is both time- and cost-efficient.

3.5 Transition metal-catalyzed reactions

In recent years, transition metal-catalyzed reactions have signif-
icantly broadened the synthetic toolkit for constructing pyrazolo
[1,5-a]pyrimidines, complementing traditional cyclization
methods. Among these, palladium-catalyzed cross-coupling
reactions, such as the Suzuki-Miyaura and Sonogashira
couplings, have gained prominence. These methodologies have
been effectively employed to introduce aryl or alkynyl groups at
specific positions on the pyrazolo[1,5-a]pyrimidine core, thus
facilitating structural modification and diversification.*>*” By
leveraging these reactions, chemists can explore previously
inaccessible chemical spaces and develop new analogs with
potentially enhanced biological properties.®*®

Moreover, the application of other transition metals,
including copper and gold, has opened further avenues for
synthesizing pyrazolo[1,5-a]pyrimidines. Notably, these metals
have been used in processes such as C-H activation and
annulation reactions. These methodologies enable the direct
construction of the fused ring system from simpler starting

Ba(OH),
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materials, offering a more efficient route to complex molecular
architectures.®®* This strategic use of transition metal catalysis
continues to evolve, offering new possibilities for the design and
synthesis of bioactive pyrazolo[1,5-a]pyrimidine derivatives.

The study by Krishnammagari & Jeong (2018) presents an
efficient protocol for the synthesis of novel aza-fused poly-
substituted pyrido[2’,3':3,4]pyrazolo[1,5-a]pyrimidine deriva-
tives, utilizing a transition metal-free approach.®” This method
employs readily available starting materials: an aromatic alde-
hyde, acetophenone, and 1H-pyrazolo[3,4-b]pyridin-3-amine,
with Ba(OH), as a base under reflux conditions, facilitating
the formation of the desired products through a sequential
Aldol reaction, imine formation, intramolecular N-cyclization,
and auto-oxidation. The process, outlined in Scheme 18,
involves the formation of new C-C and C-N bonds, making it
a versatile and practical approach with broad functional group
tolerance.

In the optimization of the reaction, 1H-pyrazolo[3,4-b]
pyridin-3-amine, 4-ethoxybenzaldehyde, and acetophenone
were selected as model substrates for the synthesis of
compound 4b. When the reaction was conducted in ethanol
without a base, no product was obtained, demonstrating the
necessity of a base for the cyclization process. However, the
introduction of NaOMe as a base led to a modest 27% yield of
4b, as identified through "H NMR, **C NMR, and mass spec-
trometry. This outcome prompted further investigation into the
use of both organic and inorganic bases, with Ba(OH), ulti-
mately being identified as the most effective, yielding 72% of
the desired product in ethanol. The use of high-boiling solvents
such as DMF and DMSO significantly improved the yields, with
DMF providing the highest yield of 92% at 120 °C.

This method showed remarkable versatility across a wide
range of substrates, including benzaldehydes with electron-
donating and electron-withdrawing substituents. The reac-
tion's functional group tolerance was highlighted by the
successful synthesis of a series of highly functionalized pyr-
imidofused derivatives. Electron-donating groups like methoxy
(OMe) and methyl (Me), as well as electron-withdrawing groups
such as halides (F, Cl, Br), were well-tolerated under the reaction
conditions. The reaction mechanism proceeds through an
initial aldol condensation between acetophenones and alde-
hydes, followed by the formation of a B-hydroxy keto interme-
diate (A), which undergoes dehydration to form an o,f-
unsaturated keto intermediate (B). This intermediate then

NH,
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Scheme 18 Synthesis of polysubstituted pyrido[2’,3":3,4]pyrazolo[1,5-alpyrimidine derivatives.®?
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couples with an amine to form an imine (C), which cyclizes
intramolecularly and undergoes auto-oxidation to yield the final
products.

The success of this methodology lies in its simplicity, effi-
ciency, and ability to provide a wide range of pyrido[2’,3":3,4]
pyrazolo[1,5-a]pyrimidine derivatives in good to excellent yields,
making it a valuable tool for the synthesis of complex hetero-
cyclic compounds under mild conditions.

Ren et al. (2021) developed a one-step synthesis method for
diversely substituted pyrazolo[1,5-a]pyrimidines using satu-
rated ketones and 3-aminopyrazoles.”® The transformation
involves the in situ generation of a,B-unsaturated ketones
through a radical process, which then undergoes [3 + 3] annu-
lation with 3-aminopyrazoles in a single reaction vessel. A key
feature of this method is the dual C(sp®)-H bond functionali-
zation of inactive ketones, which is necessary for forming the
target compounds.

The significance of this work lies in its ability to provide
functionalized pyrazolo[1,5-a]pyrimidines with potential anti-
tumor activity, starting from readily available substrates. The
process offers an efficient and practical approach to con-
structing these biologically relevant heterocycles, making it
valuable for drug discovery and development. Mechanistic
studies of the reaction confirm that the radical formation of
a,B-unsaturated ketones is crucial for the success of the
subsequent annulation step.

Kotla et al. (2017) developed a palladium-catalyzed intra-
molecular dehydrogenative coupling reaction for the synthesis
of fused imidazo[1,2-a]pyrimidines and pyrazolo[1,5-a]pyrimi-
dines, which are biologically important heterocyclic
compounds.® The process begins with the reaction of 1H-benzo
[d]limidazole-2-amine and 2-phenylacetaldehyde, initially
yielding a low product yield of less than 10%. However, by
optimizing the conditions—such as selecting PdCl, as the
palladium catalyst, using K,COj; as the base, and toluene as the
solvent—yields increased to 80%.

The study further evaluated other palladium salts, solvents,
and bases, confirming that PdCl, with K,COj; in toluene at 80 °C
provided optimal results. The protocol was extended to
synthesize various imidazo[1,2-a]pyrimidine derivatives, with
electron-donating substituents yielding higher amounts
compared to electron-withdrawing ones. Additionally, the
method was applicable to the synthesis of fused pyrazolo[1,5-a]
pyrimidines using single-ring heterocycles, producing good to
excellent yields.

A plausible reaction mechanism was proposed, where the
key step involves the formation of a seven-membered palladium
cycle and a 1,2-palladium migration, followed by reductive
elimination and Wacker-Tsuji type oxidation. This method
offers a simple and efficient approach to synthesizing a wide
range of substituted pyrimidines under mild conditions, with
potential utility in constructing complex derivatives.

3.6 Green chemistry approaches

Recent advances in green chemistry have significantly impacted
the synthesis of pyrazolo[1,5-a]pyrimidines, with an increasing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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focus on adopting environmentally friendly and sustainable
methodologies. One of the key strategies involves the use of
water as a solvent, which is both abundant and non-toxic.
Water-based reactions not only reduce the reliance on harm-
ful organic solvents but also often lead to improved reaction
rates and selectivities due to the unique properties of water as
a solvent. Additionally, this approach aligns with the principles
of green chemistry by minimizing hazardous waste and
reducing the environmental footprint associated with tradi-
tional solvent systems.*>®

The employment of reusable catalysts is another critical
advancement in this field. Transition metal catalysts, enzyme-
based systems, and even metal-organic frameworks (MOFs)
have been developed to catalyze pyrazolo[1,5-a]pyrimidine
formation with the advantage of being recycled and reused over
multiple reaction cycles. This reduces the consumption of
expensive or rare catalytic materials and lowers the overall
production costs. Furthermore, reusable catalysts help in
reducing the generation of toxic by-products, contributing to
more sustainable manufacturing processes.®”*®

Solvent-free reactions, which eliminate the need for solvent
altogether, represent another innovative green chemistry
approach. These reactions typically involve the use of solid-state
techniques, irradiation, or mechanochemical
methods to drive the synthesis of pyrazolo[1,5-a]pyrimidines.
Such solvent-free protocols not only minimize solvent waste but
also offer increased atom economy and can often be performed
under milder conditions, thus enhancing energy

microwave

efficiency.®*9°1%

Collectively, these green chemistry approaches not only aim
to reduce the use of hazardous reagents and solvents but also
enhance the overall efficiency, yield, and cost-effectiveness of
pyrazolo[1,5-a]pyrimidine synthesis. As a result, they are
becoming particularly attractive for large-scale production in
the pharmaceutical and chemical industries, where sustain-
able practices are increasingly prioritized to meet environ-
mental regulations and reduce production costs. The
integration of these green methodologies represents a signifi-
cant step forward in the field of synthetic chemistry,
promoting more responsible and sustainable manufacturing
processes for biologically important compounds like pyrazolo
[1,5-a]pyrimidines.

Konda et al. (2022)'** and Metwally et al (2022)'" both
explore environmentally friendly approaches to the synthesis of
pyrazolo[1,5-a]pyrimidines, aiming to minimize environmental
impact while developing compounds with significant antimi-
crobial potential.

In Konda et al's study, the researchers aimed to design
a highly efficient synthesis of thienyl pyrazolo[1,5-a]pyrimidines
using polyethylene glycol-400 (PEG-400) as a green solvent.'**
PEG-400, a biodegradable and non-toxic solvent, was chosen for
its eco-friendly properties, ease of recovery, and reusability
without a loss of efficacy. The reaction involved condensing 4-
(4'-chloro-phenylazo)-5-amino pyrazole with chalcones (a,p-
unsaturated carbonyl compounds) in the presence of NaOH as
a base. This method led to excellent product yields in shorter
reaction times, illustrating both the efficiency and
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sustainability of the process. Notably, this approach avoided the
use of hazardous solvents and expensive catalysts, contributing
to its green chemistry credentials. The newly synthesized
thienyl pyrazolo[1,5-a]pyrimidines were tested for their anti-
microbial properties, showing that substitutions with hydroxyl
and halo groups on the thienyl moiety significantly enhanced
their antibacterial and antifungal activity, highlighting their
potential for medical applications.

Metwally et al. (2022), on the other hand, explored biocatalysis
as a green synthetic strategy. The researchers used pepsin,
a natural enzyme, to catalyze the multicomponent reaction of 4-
formylphenyl benzoates, malononitrile, and pyrazolones to
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pyrimidines.'® This reaction was carried out by grinding the
reactants in a mortar at room temperature for 1.5-2 hours,
offering a solvent-free and energy-efficient alternative to tradi-
tional synthetic methods. Additionally, the methodology was
extended to prepare new pyrazolo[1,5-a]pyrimidines by using 1,3-
cyclic diketones and 4-arylazo-5-aminopyrazoles, yielding the
desired products in good to excellent quantities. The synthesized
compounds were tested against multiple bacterial strains, and
certain derivatives, such as compounds 14a and 14f, exhibited
moderate antibacterial activity, particularly against Kiebsiella
pneumoniae and Staphylococcus aureus, with inhibition zones of
29.6-30.3 mm and MIC values of 125-250 pg mL ™.
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Scheme 20 Synthesis of 2 or/and 3-substituted methyl 7-oxo-4,7-dihydropyrazolo[1,5-alpyrimidine-5-carboxylate.1°®
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Both studies highlight the advantages of green chemistry in
the synthesis of bioactive compounds. Konda et al. utilized PEG-
400, a recoverable solvent, to streamline the process, while
Metwally et al. demonstrated the effectiveness of biocatalysis in
a solvent-free environment. These approaches not only reduced
environmental harm but also improved the efficiency and cost-
effectiveness of the synthesis, making them viable for larger-
scale production. The antimicrobial results from both studies
are promising, with structural differences in the synthesized
compounds (such as the thienyl moiety in Konda et al. and cyclic
diketones in Metwally et al.) influencing the observed biological
activities. Together, these works illustrate the growing trend
toward sustainable synthetic methodologies in pharmaceutical
chemistry, demonstrating how innovative green chemistry tech-
niques can enhance both environmental sustainability and the
therapeutic potential of new chemical entities.

Das et al. (2024) present a study that aligns well with the
principles of green chemistry, focusing on the ultrasonic
irradiation-assisted synthesis of pyrazolo[1,5-a]pyrimidines in
an aqueous ethanol medium.'® This method reflects recent
trends in sustainable synthetic strategies, where the use of eco-
friendly solvents and energy-efficient techniques plays a central
role. By employing water-ethanol mixtures as the reaction
medium, the study minimizes the reliance on organic solvents

3k,10 min, 95%

oo N\
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that are often hazardous and environmentally detrimental.
Ultrasonic irradiation further reduces the environmental foot-
print by accelerating reaction rates, thereby lowering the energy
requirements traditionally associated with such chemical
processes.

The synthesis involves the reaction of 3-aminopyrazoles with
alkynes like dimethyl acetylenedicarboxylate (DMAD), methyl
propiolate, and ethyl propiolate under ultrasound (US) irradia-
tion, facilitated by potassium bisulfate (KHSO,) as a catalyst.
The use of KHSO,, a relatively benign catalyst, adds to the green
chemistry aspect of the work, as it avoids toxic or heavy metal
catalysts that can pose environmental hazards. Scheme 19
illustrates the reaction of 3-amino-4-phenylpyrazole (1a) with
DMAD (2a) in ethanol-water, which yields the corresponding
pyrazolo[1,5-a]pyrimidine product (3a) in high yield and purity.
The reaction conditions, optimized through sonication at 60 °C,
emphasize efficiency, reducing reaction times to a few minutes.

The expansion of the method to other aminopyrazoles
(Scheme 20) and alkynes (Scheme 21) underscores the versatility
and scalability of this green synthetic approach. The reactions
proceed smoothly, yielding products in high yields (84-95%)
within short timeframes, further demonstrating the cost-
effectiveness of this technique. The spectral data (‘"H NMR,
BC NMR, FT-IR, and MS) for the synthesized compounds
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Scheme 21 Synthesis of a 2 or/and 3-substituted pyrazolol[1,5-alpyrimidine-7(4H)-one.*°®
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confirm the structures, and the simplicity of product isolation
(via filtration) enhances the overall sustainability of the
method.

This work exemplifies how advancements in green chem-
istry, particularly the use of water-based systems and ultrasonic
irradiation, can significantly reduce the environmental impact
of synthetic organic chemistry. The method not only offers
a cleaner alternative to traditional approaches but also
improves the efficiency and scalability of pyrazolo[1,5-a]|pyrim-
idine synthesis, making it suitable for large-scale production in
pharmaceutical contexts.

In general, the synthesis of pyrazolo[1,5-a]pyrimidines have
evolved significantly over the years, with a variety of synthetic
strategies available to construct these biologically important
compounds. From traditional cyclization reactions to modern
microwave-assisted methods and transition metal-catalyzed
couplings, each approach offers unique advantages that can
be tailored to the specific needs of the desired application. The
continued development of new synthetic methodologies,
particularly those aligned with green chemistry principles, will
undoubtedly expand the chemical space of pyrazolo[1,5-a]
pyrimidines and enhance their potential as therapeutic agents
in the treatment of cancer and other diseases.

4 Structural diversification and
functionalization

The pyrazolo[1,5-a]pyrimidine core is a versatile scaffold for
drug discovery, with its heterocyclic structure allowing for
extensive functionalization to optimize pharmacological prop-
erties. This section explores how different substitution patterns
affect biological activity and examines the synthetic strategies
employed to introduce diverse functional groups, while main-
taining functional group tolerance.

4.1 Substitution patterns and their effects on biological
activity

4.1.1 Influence of substituents on pharmacological prop-
erties. The biological activity of pyrazolo[1,5-a]pyrimidines can
be significantly modulated by the nature and position of
substituents on the core structure (see Fig. 2 for numbering of
core structure). Various studies have shown that substituents at
different positions on the pyrazole and pyrimidine rings directly
impact the compound's interactions with biological targets,
influencing efficacy, selectivity, and bioavailability.**”**®

Position 3: substituents at position 3 of the pyrazole ring, such
as alkyl, aryl, and heteroaryl groups, have been found to enhance
lipophilicity, leading to improved membrane permeability and,
consequently, enhanced bioavailability. For instance, aryl groups
introduced here often facilitate stronger hydrophobic interac-
tions with target proteins, improving binding affinity.'*®

The study by Roux et al. (2016) investigates a new series of
pyrazolo[1,5-a]pyrimidine derivatives, with the aim of devel-
oping potent phosphodiesterase-4 (PDE4) inhibitors for the
treatment of inflammatory diseases, such as dry eye. PDE4

inhibitors block the hydrolysis of cyclic adenosine
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monophosphate (cAMP), which plays a key role in regulating
inflammation.*® While two PDE4 inhibitors—Roflumilast and
Apremilast—are already approved for COPD and psoriasis,
there remains a demand for novel scaffolds with improved
pharmacological profiles. The study draws on the structure of
GSK256066, a potent PDE4 inhibitor (ICs, = 0.01 nM), and
utilizes a rescaffolding approach to design new derivatives with
enhanced activity and potential therapeutic benefits.

Compound 1 was identified as the starting point, showing
moderate PDE4 inhibition (IC5;, = 165 nM) but no cellular
activity. Optimizations at key positions of the pyrazolo[1,5-a]
pyrimidine scaffold led to the synthesis of compound 10, which
demonstrated a significant improvement in activity (IC5o = 0.7
nM), as well as a marked increase in cellular potency. The study
leverages a structure-based approach, using modeling studies
(PDB structure 3GWT) to guide modifications at positions 2, 3,
6, and 7 of the scaffolds, which were essential for enhancing
both potency and selectivity. The introduction of methyl sulfone
at position 2 in compound 5 was pivotal, yielding a 6-fold
improvement in activity compared to compound 1, as well as
observable cellular activity for the first time (ICso s = 1820 nM
and 1500 nM for compounds 5 and 6, respectively).

Position 3 was a critical focus of optimization. As discussed,
introducing substituents at this position—such as alkyl, aryl,
and heteroaryl groups—enhanced lipophilicity, improving
membrane permeability and bioavailability. This is exemplified
in Scheme 22, where the synthesis of compound 7 involved the
introduction of a 3,5-dichlorophenyl group, which improved
ICso to 16 nM, although cellular activity remained absent.
Larger hydrophobic groups, such as isopropyl in compounds 12
and 13, also increased activity by 3- to 5-fold compared to earlier
compounds, confirming that a hydrophobic pocket near posi-
tion 3 played a role in enhancing binding affinity to PDE4
through stronger hydrophobic interactions.

Further structural modifications are outlined in Scheme 23,
where the preparation of methyl sulfone-containing derivatives
required a new synthetic route. Compounds 5 and 6 exhibited
improved potencies due to the introduction of this functional
group, illustrating the value of cyclization strategies in
enhancing molecular interactions with the active site. The
synthesis pathway involved cyclizing the primary amide of
pyrazolo[1,5-a]pyrimidine to afford compounds with a 200-fold
increase in potency, as observed with compounds 15 and 16.

This systematic optimization of substituents at key positions
of the pyrazolo[1,5-a]pyrimidine scaffold demonstrates how
minor structural changes can significantly impact PDE4 inhi-
bition and cellular activity. The incorporation of bulky groups at
position 3, as well as the introduction of methyl sulfone moie-
ties at position 2, played critical roles in enhancing bioavail-
ability and binding affinity, leading to highly potent inhibitors
like compound 10 with sub-nanomolar activity (ICs, = 0.7 nM).
The study provides valuable insights into structure-activity
relationships that guide future PDE4 inhibitor development.

Positions 5 and 7: these positions on the pyrazole ring are
frequently modified with electron-donating or electron-
withdrawing groups, which affect the molecule's electronic
distribution. Electron-withdrawing groups such as halogens can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1 h, yield: 43%; (iii) hydrogen peroxide (5 equiv.), AcOH, 70 °C, 16 h, yield: 80%; (iv) Arl (3 equiv.), Cul (1 equiv.), proline (0.7 equiv.), K2COs3 (3 equiv.),
DMF, microwave, 110 °C, 2 h, yield: 34%; (v) ammonium hydroxide (excess), THF, 50 °C, 48 h, yield: 14-15%.1°

increase the compound's metabolic stability and potency, while
electron-donating groups, such as methoxy, may enhance the
binding interactions with specific enzymes or receptors.

In the study by Roux et al'® (2016), the optimization of
pyrazolo[1,5-a]pyrimidine derivatives as phosphodiesterase-4
(PDE4) inhibitors illustrates the crucial role of structural
modifications at positions 5 and 7 on the pyrazole ring.'"*
Through systematic structure-activity relationship (SAR)
studies, the research demonstrates how electron-donating and
electron-withdrawing groups at these positions significantly
influence the pharmacological activity, binding affinity, and
metabolic stability of the compounds.

Position 5 modifications: SAR investigations reveal that
electron-withdrawing groups at position 5, such as halogens,
contribute to increased metabolic stability and improved

© 2025 The Author(s). Published by the Royal Society of Chemistry

potency of the pyrazolo[1,5-a]pyrimidine derivatives."'> For
example, the incorporation of halogen substituents like chlo-
rine or fluorine enhances the electron-deficient nature of the
pyrazole ring, leading to better interaction with PDE4's active
site. This finding aligns with previous studies on kinase
inhibitors, where halogen atoms at specific positions were
shown to increase binding affinity by stabilizing the inhibitor
within the ATP-binding pocket. The halogens at position 5 likely
increase the overall metabolic stability of the compounds by
making them less susceptible to oxidative degradation,
a common issue in drug metabolism."***

In this study, the chloro and bromo substituents on position
5 enhanced the PDE4 inhibitory activity, leading to compounds
with higher potency. Compound 4, which includes a chloro
group at position 5, exhibited sub-nanomolar inhibition of
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PDE4, with an ICs, in the low nanomolar range. This demon-
strates that halogenation at this position optimizes electronic
distribution in the molecule, favoring stronger binding inter-
actions with target enzymes while also improving the
compound's pharmacokinetic profile*¢*2°

Position 7 modifications: position 7 is another site frequently
modified with electron-donating groups, such as methoxy (-
OCH3;) or amino groups, which can enhance binding interactions
with specific receptors or enzymes. In the context of the PDE4
inhibitors developed in this study, electron-donating groups at
position 7 play a pivotal role in enhancing the binding affinity to
PDE4 by engaging in hydrogen bonding or electrostatic interac-
tions with amino acid residues in the active site.*****

For instance, methoxy groups, known for their electron-
donating properties, can enhance the compound's interaction
with key residues in the binding pocket by increasing the elec-
tron density on the adjacent atoms of the pyrazole ring. This
increased electron density can strengthen the binding interac-
tions with polar or charged amino acid residues, which is
crucial for maximizing the inhibitory effect.””**” In some
derivatives explored by Roux et al. methoxy substitution at
position 7 was associated with improved cellular potency, likely
due to enhanced receptor binding and better overall drug-
receptor interactions. Additionally, the methoxy groups can
influence the conformational flexibility of the molecule,
potentially allowing it to adopt more favorable binding orien-
tations within the PDE4 active site. This flexibility, combined
with enhanced electronic interactions, contributes to the
compound's ability to inhibit PDE4 more effectively, translating
into improved anti-inflammatory activity.*%?*13°

Dual effects of modifications at positions 5 and 7: the
combination of electron-withdrawing and electron-donating
groups at positions 5 and 7 provides a balanced approach to
optimizing both binding interactions and metabolic stability.
For instance, halogen atoms at position 5 improve the
compound's resistance to metabolic degradation, while
electron-donating groups at position 7 enhance the binding
affinity with PDE4 by strengthening electrostatic and hydrogen
bonding interactions.****%?

The synergistic effects of these modifications are evident in
compounds 10, which exhibited exceptional potency as a PDE4
inhibitor with an ICs, of 0.7 nM. The presence of a halogen at
position 5 and a methoxy group at position 7 allowed this

(o)
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Scheme 24 Synthesis of compounds 5a and 5b.*”
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compound to achieve optimal binding within the PDE4 active
site, demonstrating how SAR-guided modifications at these
positions can significantly enhance both potency and drug-like
properties.'3*13¢

In summary, modifications at positions 5 and 7 of the pyr-
azolo[1,5-a]pyrimidine scaffold play a critical role in fine-tuning
the electronic properties, binding affinity, and metabolic
stability of PDE4 inhibitors. Electron-withdrawing groups, such
as halogens, at position 5 improve metabolic stability and
enhance potency, while electron-donating groups, such as
methoxy, at position 7 strengthen binding interactions with the
enzyme's active site. This systematic approach to SAR analysis
not only optimizes drug efficacy but also informs the broader
design of pyrazolo[1,5-a]pyrimidine-based therapeutics target-
ing various enzymes and receptors.

Fraley et al. (2002) conducted a detailed study on the opti-
mization of 3,6-disubstituted pyrazolo[1,5-a]pyrimidine deriva-
tives to improve the pharmacokinetics and cellular activity of
Kinase Insert Domain Receptor (KDR) kinase inhibitors."?’
Their efforts aimed to enhance the physical properties of these
compounds, which are essential in angiogenesis inhibition—
a process highly relevant in diseases such as cancer, rheuma-
toid arthritis, and diabetic retinopathy. The researchers began
by making modifications to the 6-aryl ring, incorporating
solubilizing functionalities, including basic side chains and 4-
pyridinonyl groups, to address solubility and polarity issues.
The importance of pyrimidine ring modifications is clearly
demonstrated in this study, as adjustments to positions 4 and 6
significantly influenced both the physical properties and the
potency of the inhibitors.

A key aspect of Fraley et al.'s approach involved the intro-
duction of basic amines to the 6-aryl ring via ether linkages.'*”
This modification led to the synthesis of analogs that were more
potent in biochemical assays and had increased cellular activity,
as demonstrated by compounds such as 4a, which showed
enhanced potency in comparison to the initial lead compounds.
The structure-activity relationships (SARs) derived from these
compounds revealed that the addition of basic side chains
improved solubility and potency, a trend that correlates with
previously established studies on pyrimidine ring modifications
(Scheme 24). For example, substitution at the 6-position with
polar groups, such as amino or hydroxyl moieties, has been
shown to improve interaction with biological targets, which is

RCI
Z NN 5a and 5b
- ~— C32003. Nal
DMF, 60 deg C
30%
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consistent with the work on kinase inhibitors discussed by
Fraley et al.**”

Further, the addition of the 4-pyridinonyl substituent to the
6-position of the pyrazolo[1,5-a]pyrimidine core (Scheme 25)
resulted in compounds with significantly improved pharmaco-
kinetics. Compounds 5a-c¢ exhibited better aqueous solubility
and reduced lipophilicity, which translated into increased
cellular potency, as shown in Table 1, which outlines the KDR
kinase and cellular activity of these compounds.’® This
enhancement aligns with Fraley et al's earlier findings and
supports the broader understanding of how alterations to the
pyrimidine ring, particularly at the 4 and 6 positions, can
influence the overall polarity and hydrogen bonding capacity of
the molecule. Moreover, these modifications, as discussed in
the context of angiogenesis, demonstrate how the strategic
functionalization of heterocyclic rings can directly improve

/\
S

Scheme 25 Synthesis of compound 5¢.**”
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therapeutic outcomes in cancer treatment by targeting vascular
endothelial growth factor receptor (VEGFR) pathways.*
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4.2 Structure-activity relationship (SAR) studies

Systematic structure-activity relationship (SAR) studies have
played a pivotal role in revealing how the structural modifica-
tions of pyrazolo[1,5-a]pyrimidines influence their biological
activities. These studies allow researchers to gain insights into
the specific chemical features that optimize pharmacological
efficacy.”*® For example, SAR investigations into pyrazolo[1,5-a]
pyrimidine-based kinase inhibitors have revealed that the
incorporation of small hydrophobic groups at position 3
significantly enhances binding to the ATP pockets of kinases.
This feature results in more potent kinase inhibition, which is
a valuable attribute for anticancer agents targeting disrupted
kinase pathways. Similarly, studies on antimicrobial derivatives

i
R. A
NT S
A -N
7NT
S *7-“;)
N
Ar
Compound R 3-Ar/Het KDR ICs, (nM) ECMA ICs, (nM) Log P
A\
[ ] s -\]/k 14 7 2.04
5a N_~_A, |\/5‘ 0 0
CH3 . PN
N NN
5b N Y T| N 13 80 2.0
N N ~ \/
CHa. .~ !
N \ -
5¢ L X Tx 7 20 1.6
N~ ~S

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 3756-3828 | 3781


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07556k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 February 2025. Downloaded on 4/4/2026 4:26:56 AM.

(cc)

RSC Advances

of pyrazolo[1,5-a]pyrimidines have shown that electron-
withdrawing substituents at position 5 generally improve anti-
bacterial potency. This likely occurs due to better penetration of
bacterial cell walls, underscoring the impact of functional group
manipulation in drug design.'**'*

In a specific instance, Novikova et al. (2023) explored the
reduction of pyrazolo[1,5-a]pyrimidine derivatives using
complex hydrides to form tetrahydropyrazolo[1,5-a]pyrimidines
(THPPs).'” Their research demonstrated that the pyrimidine
ring preferentially reduces over the pyrazole ring, producing
stereoisomers that are key to medicinal chemistry. The study
highlights the synthesis of syn- and anti-isomers, confirming
through nuclear magnetic resonance (NMR) spectroscopy that
both configurations can be obtained depending on the condi-
tions employed. This finding is particularly noteworthy because
it expands the structural diversity of pyrazolo[1,5-a]pyrimidines,
offering more options for fine-tuning biological activities in
drug development.

View Article Online
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The synthetic methodology used by Novikova et al. (2023)
(depicted in Scheme 26) involved a three-step process starting
from ethyl 2-cyanoacetate.'” The final product, ethyl 5,7-dime-
thylpyrazolo[1,5-a]pyrimidine-3-carboxylate, was obtained in
high yield and subsequently subjected to reduction. The results
of this reduction are illustrated in Scheme 27, where the reac-
tion with sodium borohydride (NaBH,) led to a complex mixture
of products, including the desired tetrahydropyrazolo[1,5-a]
pyrimidines. Notably, the stereochemical outcomes favoured
the syn-isomer over the anti-isomer in a 7:1 ratio when meth-
anol was used as the solvent. However, by altering the reaction
conditions—specifically, using tetrabutylammonium borohy-
dride in an aprotic solvent such as chloroform—the proportion
of anti-isomer increased to 1:1.

This work illustrates the flexibility and potential of pyrazolo
[1,5-a]pyrimidines as scaffolds for designing biologically active
molecules. The ability to control stereochemistry, as demon-
strated in the formation of syn- and anti-isomers, is crucial for
optimizing interactions with biological targets. For instance,
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Scheme 26 Synthesis of ethyl 5,7-dimethylpyrazolo[1,5-alpyrimidine-3-carboxylate. Reaction conditions: (a) dimethylformamidine dimethyl
acetal, 70 °C, 6 hours, yield 90%; (b) hydrazine hydrate, ethanol/water, 90 °C, 4 hours, yield 82%; (c) acetylacetone, acetic acid/ethanol, 100 °C, 6

hours, yield 80%.2°7
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the lability of the anti-isomeric tetrahydropyrazolo[1,5-a]
pyrimidines allow these molecules to adjust to the active sites of
various targets, making them highly adaptable for therapeutic
applications. This adaptability is supported by computational
studies that confirmed the conformational flexibility of the anti-
isomers. The computational data provided insight into the
energy states and geometric parameters of the synthesized
compounds, which is important for understanding their inter-
action dynamics within biological systems.

Overall, the systematic exploration of pyrazolo[1,5-a]pyrimi-
dine derivatives through SAR and synthetic modifications, as
seen in the work by Novikova et al. and others, emphasizes the
versatility of this scaffold in drug discovery. The ability to fine-
tune properties such as potency, selectivity, and conformational
stability positions pyrazolo[1,5-a]pyrimidines as promising
candidates for developing new therapeutics across a range of
disease areas.

Elbakry et al. (2023) explored the synthesis and biological
evaluation of new pyrazolo[1,5-a]pyrimidine derivatives 5a-c,
focusing on their anticancer activity and inhibition of CDK2.™*
The authors employed systematic structure-activity relation-
ship (SAR) studies to elucidate how chemical modifications to
the pyrazolo[1,5-a]pyrimidine scaffold impact biological effi-
cacy. Previous SAR analyses on kinase inhibitors have demon-
strated that small hydrophobic groups at position 3 of pyrazolo
[1,5-a]pyrimidines enhance ATP pocket binding, while electron-
withdrawing groups at position 5 improve antibacterial activity.
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In line with this, Elbakry et al. sought to determine how similar
modifications would affect the antiproliferative activities of
their newly synthesized compounds.

Scheme 28 outlines the synthetic route leading to the pyr-
azolo[1,5-a]pyrimidine derivatives 5a-c. Starting from 3,5-dia-
minopyrazole derivatives (3), a nucleophilic addition to
enaminones (4a—c) followed by the elimination of the dime-
thylamine group resulted in intermediates 7 and 8. The subse-
quent intramolecular cyclization of intermediate 8 led to the
formation of intermediate 9, which then underwent aromati-
zation via water elimination to afford the final products, 5a-c.
The regioselectivity of this reaction and the formation of the
isomers were confirmed by '"H-NMR analysis and spectral data,
as shown in Scheme 29, which details the reaction mechanism.

The biological evaluation of these compounds revealed their
promising cytotoxic activity against three human cancer cell
lines—MCF-7 (breast cancer), HCT-116 (colon cancer), and
HepG-2 (liver cancer). Among the three compounds, 5b (with
a methoxy group) demonstrated the most potent activity against
HCT-116, with an IC5, value of 8.64 uM, which is comparable to
that of the reference drug doxorubicin (ICso = 5.49 puM). In
contrast, compounds 5a (with a phenyl group) and 5c¢ (with
a methyl group) exhibited moderate activity, further under-
scoring the significance of functional group modifications on
biological outcomes. The SAR results confirmed that the
methoxy substitution in 5b played a key role in enhancing its
anticancer efficacy.

H,N
CN 2 NH Q
1 Ne . N [N N
a N CN ) N " |
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CN 2
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N N
N N
a ;R =Phenyl z %—NH - // NH,
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Scheme 28 The preparation of 3-((4-fluorophenyl)diazenyl)-7-(4-substituted phenyl)pyrazolo[l,5-alpyrimidin-2-amine 5a—c. Reagents and
condition: (a) sodium acetate/EtOH, stirring for 30 min/cooling. (b) NH,NH,-H,O/EtOH, reflux 6 h. (c) GL acetic acid, reflux 7 h.
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Scheme 29 The suggested reaction mechanism for the formation of pyrazolopyrimidines 5a—c.*#*

Docking studies provided additional insights into the
molecular interactions between the pyrazolo[1,5-a]pyrimidine
derivatives and CDK2. The docking simulations, conducted
using the MOE-2014 software, revealed that compounds 5a-c¢
bind with high affinity to the ATP binding site of CDK2, with
binding energies of —12.8, —11.54, and —11.59 kcal mol ,
respectively. Critical interactions were observed between the
NH, groups of the pyrazolo[1,5-a]pyrimidines and Leu83 in the
hinge region of CDK2, as well as Pi-alkyl interactions with Ile10
and Pi-anion interactions with Asp86 in the cases of 5a and 5b.
These molecular interactions suggest that the pyrazolo[1,5-a]
pyrimidine scaffold is well-suited for CDK inhibition, making it
a valuable target for anticancer drug development.

The ADME (absorption, distribution, metabolism, and
excretion) profile of the compounds was evaluated, showing
that all derivatives adhered to Lipinski's rule of five, with the
exception of 5a, which had a higher M log P value. Additionally,
the predicted absorption rates were favourable, with all
compounds displaying appropriate cell membrane perme-
ability. The analysis also suggested that compounds 5a and 5b
would not cross the blood-brain barrier, minimizing potential
central nervous system side effects.

In general, the study by Elbakry et al.*** (2023) demonstrates
the successful synthesis of new pyrazolo[1,5-a]pyrimidine
derivatives and their potent anticancer activity, particularly
against HCT-116. The research highlights the importance of
SAR studies in optimizing pharmacological efficacy through
strategic chemical modifications. The docking studies further
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validate the potential of these compounds as CDK2 inhibitors,
supporting their development as anticancer agents.

4.3 Functional group tolerance in synthesis

4.3.1 Strategies to introduce various functional groups.
The functionalization of pyrazolo[1,5-a]pyrimidines can be
achieved through a variety of synthetic methodologies, allowing
for the introduction of a broad array of functional groups. The
choice of functionalization strategy often depends on the
desired pharmacological properties of the final compound and
its target application.****

4.3.1.1 Palladium-catalyzed  cross-coupling.  Palladium-
catalyzed cross-coupling reactions, such as the Suzuki-
Miyaura and Heck reactions, are extensively employed to
introduce aryl, alkyl, and vinyl groups at various positions on
the pyrazole ring. These reactions are especially valuable for
constructing carbon-carbon (C-C) bonds, which are crucial for
synthesizing pyrazole derivatives with a wide range of steric and
electronic properties.'*>*** The ability of these reactions to
efficiently form C-C bonds under mild conditions, often with
high yields and selectivity, has made them indispensable in the
design of complex organic molecules.

The Suzuki-Miyaura reaction, for instance, typically involves
the coupling of aryl or vinyl boronic acids with aryl halides in
the presence of a palladium catalyst and a base. This method
allows for the introduction of a wide array of substituents onto
the pyrazole ring, enabling fine-tuning of the molecule's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electronic properties, which is critical for optimizing biological
activity. Similarly, the Heck reaction facilitates the coupling of
alkenes with aryl halides or vinyl halides, providing access to
vinyl-substituted pyrazole derivatives. These types of modifica-
tions can significantly alter the pharmacokinetics and receptor
interactions of pyrazole-based compounds, making them more
suitable for therapeutic applications.***

The versatility of palladium-catalyzed cross-coupling reac-
tions has been demonstrated in numerous studies, where they
are employed to introduce diverse functional groups onto
various heterocyclic frameworks, including pyrazoles, imidaz-
oles, and other biologically relevant molecules. This versatility
is largely due to palladium's unique ability to facilitate both
oxidative addition and reductive elimination processes, which
are essential steps in cross-coupling reactions.**>'¢ These
reactions have revolutionized the synthesis of heterocyclic
compounds, particularly in medicinal chemistry, where they
allow for the rapid assembly of complex molecular scaffolds
with specific functional group arrangements.

In addition to their use in small-scale laboratory settings,
these palladium-catalyzed reactions are also highly suitable for
large-scale industrial applications. Their efficiency, coupled with
the growing availability of palladium catalysts, has led to wide-
spread adoption in pharmaceutical synthesis, agrochemicals,
and materials science.'”"** Moreover, advances in green chem-
istry have begun to influence the development of these cross-
coupling reactions, with efforts focusing on minimizing the
use of hazardous solvents and reagents, further enhancing the
environmental sustainability of these valuable synthetic tools.

By enabling the precise introduction of functional groups
onto pyrazole rings and other heterocycles, palladium-catalyzed
cross-coupling reactions continue to play a pivotal role in the
development of novel bioactive compounds and functional
materials, showcasing their enduring importance in modern
organic synthesis.

The work of Kotla et al. (2017) illustrates the utility of
palladium-catalyzed reactions in organic synthesis.”* In their
study, they optimized a reaction involving 1H-benzo[d]
imidazole-2-amine and 2-phenylacetaldehyde to produce
phenyl(3-phenylbenzo[4,5]imidazo[1,2-a]pyrimidin-2-yl)
methanone using a palladium catalyst. Initially, other metal
salts such as CuCl,, Fe, Zn, and Sn were tested, but PdCl, proved
to be the most effective, yielding the desired product in 80%.
This significant yield improvement highlights the unique
catalytic properties of palladium in facilitating C-C bond
formation.

The development and optimization of these palladium-
catalyzed reactions allow for the introduction of various
substituents on heterocycles, significantly impacting the steric
and electronic properties of the resultant compounds. The
introduction of aryl or alkyl groups via Suzuki-Miyaura cross-
coupling, for instance, is a widely applied strategy for modi-
fying the electronic nature of pyrazole rings, as well as other
heterocycles, which are frequently used as pharmacophores in
medicinal chemistry. Similarly, Heck coupling allows for the
vinylation of these rings, adding further versatility to synthetic
approaches.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Kotla et al. further explored the scope of their developed
reaction by synthesizing a series of imidazo[1,2-a]pyrimidine
derivatives.”® The results of their experiments demonstrated
that starting materials with electron-donating groups yielded
higher amounts of the desired products compared to those with
electron-withdrawing groups, which aligns with the general
trends observed in cross-coupling chemistry. This trend
underscores the role of electronic factors in these reactions, as
electron-rich substrates often enhance the coupling efficiency
by stabilizing intermediate palladium species.

Beyond merely introducing functional groups, palladium-
catalyzed cross-coupling reactions also enable the fine-tuning
of the physicochemical properties of target molecules. This
fine-tuning is particularly evident in the synthesis of kinase
inhibitors, as demonstrated by Kotla et al.'s study. By employing
Suzuki cross-coupling to install pyridinonyl or thienyl groups,
they were able to enhance both the polarity and solubility of
KDR kinase inhibitors, which in turn led to improved phar-
macokinetic profiles. Such strategic modifications underscore
the importance of palladium-catalyzed cross-coupling in drug
development, where both efficacy and bioavailability need to be
optimized.

In general, palladium-catalyzed cross-coupling reactions are
indispensable for modern synthetic chemistry, enabling the
formation of C-C bonds with precision and versatility. As shown
in studies like that of Kotla et al., these reactions are not only
useful for synthesizing complex heterocyclic compounds but
also for tailoring their physicochemical and biological proper-
ties, making them crucial tools in pharmaceutical and material
sciences.

In the study by Kotla et al. (2017), the reaction of 1H-benzo[d]
imidazole-2-amine with phenylacetaldehyde in the presence of
various metal salts demonstrated the superiority of palladium
catalysts, specifically PdCl,, which afforded significantly higher
yields than other metal salts like CuCl, or FeCl,. This highlights
palladium'’s remarkable efficacy in promoting cross-coupling
reactions, not just in pyrazole systems but across a range of
heterocyclic compounds.® The optimization of reaction condi-
tions, including base and solvent selection, further reinforced
the importance of fine-tuning reaction parameters in achieving
optimal yields. This study underlined the practical utility of
palladium in heterocycle synthesis, particularly when gener-
ating structurally complex compounds such as phenyl-
substituted imidazo[1,2-a]pyrimidines, a structure relevant to
biological and pharmacological applications.

Hsiao et al. (2022) further expanded the scope of palladium-
catalyzed C-H bond activation by introducing a direct cross-
dehydrogenative coupling approach to synthesize 3,3'-bipyr-
azolo[1,5-a]pyridine derivatives.** This method demonstrated
excellent functional group tolerance and efficiency, with yields
up to 94%. The mechanistic insights gained through kinetic
isotope effect experiments and density functional theory
calculations offered a deeper understanding of the palladium-
catalyzed C-H activation process. The subsequent derivatiza-
tions of these bipyrazolo[1,5-a]pyridine products, including
palladium-mediated ortho C-H activation followed by iodine-
induced chlorination, enabled further functionalization,
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enhancing m-conjugation and twisting conformations. These
derivatives hold potential in the development of organic lumi-
nescent materials, showcasing the broad applicability of
palladium-catalyzed cross-coupling in the design of advanced
materials.

Nguyen et al. (2021) provided another illustration of palla-
dium’'s versatility in oxidative C-H/C-H cross-coupling reac-
tions, specifically involving pyrazolo[1,5-a]pyrimidines and
pyrazolo[1,5-a]pyridines.'*® This regioselective process, enabled
by Pd(OAc), and AgOAc without the need for directing groups,
exemplifies the direct functionalization of heteroarenes,
expanding the toolkit available for constructing complex
molecular architectures. The coupling with five-membered
heteroarenes like thiophenes, thiazoles, and furans demon-
strated the wide applicability of this method in constructing
heterocyclic frameworks. Such transformations are valuable for
the synthesis of biologically active molecules and advanced
materials, where the precise incorporation of heteroaryl units is
often necessary.

Overall, palladium-catalyzed cross-coupling reactions
continue to play a pivotal role in modern organic synthesis,
enabling the efficient and selective formation of C-C bonds in
a wide array of heterocyclic systems. The work by Kotla, Hsiao,
and Nguyen et al. demonstrates not only the robustness of these
reactions but also their adaptability to different substrates and
reaction conditions, paving the way for future innovations in
both synthetic methodologies and material development.

Nucleophilic substitution and halogenation: another
common functionalization approach involves the halogenation
of specific positions on the pyrazolo[1,5-a]pyrimidine core, fol-
lowed by nucleophilic substitution reactions. This allows for the
introduction of amino, thiol, or hydroxyl groups, which can
dramatically alter the molecule's solubility and binding inter-
actions. Halogenation followed by substitution has been
particularly useful in creating pyrazolo[1,5-a]pyrimidine deriv-
atives with enhanced antimicrobial and anti-inflammatory
properties.

4.3.1.2 Click chemistry. Click chemistry, especially copper-
catalyzed azide-alkyne cycloaddition (CuAAC), has emerged as
an efficient method to functionalize pyrazolo[1,5-a]pyrimidines.
This technique enables the rapid attachment of bioactive
moieties such as peptides, carbohydrates, and fluorescent tags,
facilitating the development of multifunctional compounds for
imaging, targeted drug delivery, and diagnostic applications.***
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The research on the inhibition of the protein-protein inter-
action between B-cell lymphoma 6 (BCL6) and corepressors has
led to the identification of a pyrazolo[1,5-a]pyrimidine series as
potential BCL6 inhibitors.”* Click chemistry has become an
essential method for functionalizing pyrazolo[1,5-a]pyrimi-
dines, which can facilitate the attachment of bioactive moieties
like peptides and fluorescent tags. This approach has enabled
the rapid development of multifunctional compounds aimed at
enhancing diagnostic and therapeutic applications such as
imaging and targeted drug delivery. Scheme 30 highlights the
functionalization of pyrazolo[1,5-a]pyrimidines via click chem-
istry, showcasing its ability to fine-tune compounds for better
biological interactions.® Using structure-based drug design,
the binding affinity of these compounds was improved signifi-
cantly by displacing crystallographic water and enhancing
ligand-protein interactions. These optimizations led to
increased bioactivity and selectivity, particularly against off-
targets like CK2.>*?*

The introduction of macrocyclization further improved the
affinity and kinetics of the BCL6 inhibitors. In acyclic
compounds 8, free rotation of the pyrrolidine allows for
multiple conformations of the chiral alcohol group. Upon
macrocyclization, such as in compound 11, this rotation is
restricted, leading to a more stable bioactive conformation,
enhancing binding affinity."*>'** Notably, the (5S5)-methanol
substitution in macrocyclic compounds 21 led to a six-fold
increase in affinity due to favourable hydrogen bonding inter-
actions, displacing structural water as predicted by solvent
analysis.">”

Click chemistry played a pivotal role in designing these BCL6
inhibitors, allowing for the precise positioning of functional
groups, such as the (55)-methanol in the macrocyclic structures,
which stabilized ligand-protein interactions. This chemical
strategy was instrumental in optimizing the off-rate kinetics
and increasing the residence time of the inhibitors, which are
critical parameters for achieving sustained therapeutic effects
in cellular models.*****° However, despite these advancements,
the observed antiproliferative effects across various diffuse
large B-cell lymphoma (DLBCL) lines were weak, and the link
between BCL6 potency and cancer cell proliferation remains
unclear, leaving the therapeutic hypothesis of BCL6 inhibition
in DLBCL unresolved.***

The research underlines the value of integrating click
chemistry into drug development processes to rapidly generate
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Scheme 30 Synthesis of acyclic pyrazolo[1,5-alpyrimidines.*>* “Reagents and conditions: (a) c-PrNH,, EtOH, 99%; (b) Pd/C, H,, EtOAc, 53%; (c)
c-PrNH; or PhNH, or 6-amino-3,4-dihydroquinolin-2(1H)-one, DIPEA, NMP, rt-100 °C, then pyrrolidine-R6, pw, 65-130 °C, 25-64%; (d) 6-
amino-3,4-dihydroquinolin-2(1H)-one, EtOH, 80 °C, 91%; (e) (S) or (R)-prolinol, DIPEA, NMP, 80 °C, 65-67%."%*
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multifunctional compounds. Scheme 30 serves as a clear
reference point for how bioactive moieties can be effectively
incorporated into  pyrazolo[1,5-a]pyrimidine  structures,
advancing both the selectivity and functionality of BCL6
inhibitors.">*

Jismy et al. (2018) presented a streamlined approach to
synthesizing trifluoromethylated 3,5-disubstituted pyrazolo[1,5-
alpyrimidines, utilizing principles inspired by click chemistry,
a concept designed for efficiency, modularity, and high regio-
selectivity.’®* Click chemistry is prized for its simplicity in
generating target compounds with minimal byproducts. In this
study, Jismy and colleagues demonstrate a two-step synthetic
process that reflects the core tenets of click chemistry, specifi-
cally in its focus on high-yield reactions and the formation of
heterocycles.

The first step involves a one-pot reaction between 3-amino-
pyrazoles and ethyl 4,4,4-trifluorobut-2-ynoate, producing 7-
trifluoromethylated pyrazolo[1,5-a]pyrimidin-5-ones. This step
aligns well with click chemistry due to its efficiency and the use
of readily available materials, yielding high regioselectivity.
Without the need for complex protecting group strategies, the
reaction proceeds cleanly, forming heterocyclic frameworks in
a straightforward manner. Following this, the core pyrazolo[1,5-
alpyrimidin-5-one intermediates undergo C-O bond activation,
catalyzed by a phosphonium salt, which facilitates subsequent
Suzuki-Miyaura cross-coupling reactions. These cross-
couplings introduce various aryl groups, enabling the creation
of 5-arylated pyrazolo[1,5-a]pyrimidines in high yields.

This synthetic route demonstrates the modularity that
defines click chemistry, as a wide variety of boronic acids can be
employed in the cross-coupling step. The reaction tolerates both
electron-rich and electron-deficient substituents, allowing for
significant functional diversity. Moreover, the use of microwave-
assisted conditions further enhances the reaction's efficiency,
demonstrating how this methodology adheres to click chem-
istry's principles by optimizing reaction time and yield under
mild conditions. This approach, confirmed by single-crystal X-
ray crystallography, ensures that the desired regioisomers are
obtained with excellent selectivity.

The trifluoromethylated pyrazolo[1,5-a]pyrimidines synthe-
sized through this methodology exhibit interesting properties,
particularly in the context of their bioactivity. For instance,
compound 4k shows promise as an inhibitor of FUBP1, a target
with relevance in cancer biology. The incorporation of fluorine
atoms imparts unique electronic and lipophilic characteristics
to the molecules, which can improve metabolic stability,
membrane permeability, and binding affinity in biological
systems. Additionally, the observed structural variations from
the introduction of different aryl groups offer an opportunity to
fine-tune these properties for specific applications, especially in
medicinal chemistry.

Further functionalization is demonstrated through a one-pot
Sonogashira coupling for C-5 alkynylation of the pyrazolo[1,5-a]
pyrimidine core. This reaction, known for its efficiency and use
of mild copper-catalyzed conditions, produces C-C bonds
cleanly and without extensive purification steps, in keeping with
click chemistry's goal of minimizing side reactions and
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maximizing yields. The trifluoromethyl group plays a crucial
role in modifying the physicochemical properties of the final
compounds, influencing their reactivity, stability, and potential
biological activity. Fluorinated molecules are often sought after
in drug discovery due to their improved pharmacokinetic
profiles, and the ease of introducing fluorinated motifs via this
synthetic approach is particularly advantageous.

In summary, the work by Jismy et al'®" exemplifies the
application of click chemistry principles in the synthesis of
trifluoromethylated pyrazolo[1,5-a]pyrimidines, emphasizing
modularity, efficiency, and regioselectivity. The synthetic
pathway offers flexibility in functional group incorporation,
yielding biologically relevant compounds with desirable prop-
erties, including potential as pharmaceutical agents. The
observed properties, such as bioactivity and enhanced stability
conferred by the fluorine atoms, highlight the practical advan-
tages of this approach, making it a valuable tool for advancing
the design of novel molecules in drug discovery and other fields.

5 Mechanisms of action as protein
kinase inhibitors
5.1 Overview of kinase inhibition

Kinase inhibitors encompass a wide range of substances that
target and inhibit the activity of one or more kinases—enzymes
that mediate the transfer of phosphate groups, a critical step in
phosphorylation, which is essential for cellular signaling.'®*
Phosphorylation regulates numerous physiological processes,
including cell growth, differentiation, survival, and division (see
Fig. 1 above). Therefore, by inhibiting these kinases, kinase
inhibitors can modulate key signaling pathways involved in
cellular homeostasis. These pathways are particularly important
in the context of cancer, where kinase activity is frequently
disrupted, leading to uncontrolled cellular proliferation and
tumor progression.'®®

Kinase inhibitors hold significant therapeutic potential in
oncology, as they specifically target aberrant kinases respon-
sible for the malignancy of cancer cells. By disrupting the
signaling cascades that cancer cells rely on for survival and
division, these inhibitors can effectively impede tumor
growth.'**'®® For instance, specific kinase inhibitors have been
designed to target receptor tyrosine kinases (RTKs) or serine/
threonine kinases, which are often overactive or mutated in
cancers such as breast, lung, and colorectal carcinomas. Among
the various classes of kinase inhibitors, pyrazolo[1,5-a]pyrimi-
dines have garnered considerable attention due to their potent
inhibitory effects on kinases closely associated with cancer and
other diseases.'® These compounds act by binding to the ATP-
binding pocket of kinases, thereby preventing the transfer of
phosphate groups that drive signal transduction pathways
critical for cancer cell survival and proliferation. Ongoing
research into pyrazolo[1,5-a]pyrimidines continue to expand
their therapeutic applications, as structural modifications to
the core scaffold have been shown to enhance both their
selectivity and efficacy against specific kinases implicated in
malignancies.>*¢%1¢”
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As a result, pyrazolo[1,5-a]pyrimidine derivatives not only
exhibit promising anticancer properties but also offer potential
therapeutic options for other kinase-related diseases, making
them a valuable addition to the arsenal of kinase inhibitors
under investigation for drug development.

5.1.1 Mechanistic basis of kinase inhibition by pyrazolo
[1,5-a] pyrimidines. Pyrazolo[1,5-a]pyrimidines are heterocyclic
compounds that have garnered increasing interest due to their
substantial therapeutic potential, particularly for their ability to
suppress a wide range of protein kinases. Their mechanism of
action is primarily attributed to their interference with the ATP-
binding pocket of kinase enzymes.'®® Protein kinases play
a pivotal role in various intracellular processes, including signal
transduction, cell division, and apoptosis, through the catalysis
of phosphate group transfer from ATP to specific substrate
molecules.® Pyrazolo[1,5-a]pyrimidines are designed with an
ATP-like structure to outcompete ATP for binding at the kinase
active site, effectively preventing ATP from attaching to the
catalytic domain. As a result, the kinase cannot phosphorylate
its substrate, which is crucial for downstream signaling
processes.*®

Once bound to the kinase, many pyrazolo[1,5-a]pyrimidines
form stable complexes, forcing the enzyme into an inactive
conformation. This prevents ATP binding and halts phosphor-
ylation events critical for cell signaling, especially in cases
where kinase mutations or overexpression drive cancerous cell
proliferation and tumor growth. The inhibition of aberrant
kinase activity through these compounds is particularly relevant
in oncology, where disrupted kinases contribute to uncon-
trolled cell growth, making them key therapeutic targets.'***>*

In addition to inhibiting the ATP-binding pocket, pyrazolo
[1,5-a]pyrimidines may modulate kinase activity through other
mechanisms, such as exploiting the viscoelastic properties of
kinases. Some of these compounds can chelate to inactive
conformations of kinases, locking them in an inactive state and
preventing their activation and subsequent phosphorylation of
downstream substrates.'>'*® This dual ability to target multiple
kinases, through both ATP competition and stabilization of
inactive conformations, has positioned pyrazolo[1,5-a]pyrimi-
dines as a highly desirable class of drugs, especially in the
development of anticancer therapies. Their ability to selectively
inhibit overactive or mutated kinases makes them promising
candidates in precision oncology, where personalized treatment
strategies are increasingly focused on targeting specific molec-
ular drivers of cancer.

One particularly relevant application of pyrazolo[1,5-a]
pyrimidine derivatives is in the inhibition of kinases associated
with cancer, where disruption of these enzymes often contrib-
utes to uncontrolled cell growth. For example, Hanke (2022)
explored the development of a pyrazolo[1,5-a]pyrimidine-based
inhibitor targeting aerine/ihreonine kinase 17A (DRAK1),
a member of the death-associated protein kinase (DAPK)
family.'® DRAK1 is part of the so-called “dark kinome”,
meaning its cellular functions and roles in diseases are not well
understood. However, recent findings have implicated DRAK1
in the progression of glioblastoma multiforme (GBM) and other
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cancers, sparking interest in developing selective inhibitors for
this target.

Through structure-guided optimization of a pyrazolo[1,5-a]
pyrimidine-based macrocyclic scaffold, the researchers devel-
oped CK156 (34), a compound with high in vitro potency (KD =
21 nM) and selectivity, as confirmed by kinome-wide screens.
The crystal structure of CK156 (34) revealed that it acts as a type
I inhibitor, which means it binds to the active conformation of
the kinase, blocking ATP binding and preventing phosphory-
lation of downstream substrates. This inhibition could theo-
retically halt the oncogenic signaling that drives tumor growth
in GBM and other cancers.

However, despite the high potency of CK156 (34) in
biochemical assays, the compound demonstrated limited effi-
cacy in inhibiting the growth of glioma cells in both 2D and 3D
cultures, with significant effects only observed at low micro-
molar concentrations. This suggests a potential discrepancy
between genetic knockdown studies of DRAK1 and pharmaco-
logical inhibition by CK156 (34). Such differences could be due
to compensatory mechanisms within the cell, the influence of
the cellular microenvironment, or the inability of the inhibitor
to fully recapitulate the effects of genetic ablation.

The mechanism of action for pyrazolo[1,5-a]pyrimidines is
not solely limited to ATP competition. These inhibitors may also
lock kinases into inactive conformations, stabilizing their
inactive state and further preventing phosphorylation
events.''% This dual mode of inhibition, both by competing for
ATP and by stabilizing the inactive form of kinases, makes
pyrazolo[1,5-a]pyrimidines versatile tools in cancer treatment.
Their ability to selectively inhibit overactive or mutated kinases
enhances their appeal in precision oncology, where targeted
therapies are designed to disrupt specific molecular drivers of
cancer.

In the case of DRAK1, CK156 (34) represents a significant
step forward in developing selective inhibitors for this relatively
unexplored kinase. Although the in vitro potency of the
compound is promising, further optimization may be required
to improve its cellular efficacy and therapeutic potential in
cancer models. The findings from Hanke (2022) also highlight
the importance of understanding the mechanistic nuances of
kinase inhibition, particularly when translating biochemical
potency into meaningful therapeutic outcomes.*®

The study by Williamson et al. (2005) explores the protein
structure-guided design of pyrazolo[1,5-a]pyrimidines, focusing
on their role as inhibitors of cyclin-dependent kinase 2
(CDK2)."”* CDK2 plays a central role in regulating the
mammalian cell cycle, making it a critical target in cancer
therapy. These pyrazolo[1,5-a]pyrimidine derivatives exhibit
significant potency and selectivity for CDK2 and CDK1, which
are both involved in cell cycle progression. By interfering with
the ATP-binding pocket of CDK2, these compounds prevent the
enzyme from catalyzing the phosphorylation of its substrates,
thus halting cell division, particularly in tumor cells.

One key aspect of the mechanistic action of these
compounds involves mimicking ATP, similar to other pyrazolo
[1,5-a]pyrimidine-based kinase inhibitors. By binding to the
ATP-binding site, these compounds compete with ATP and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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block kinase activity, effectively inhibiting cell proliferation.
Structural analysis via X-ray crystallography revealed the
binding interactions between pyrazolo[1,5-a]pyrimidines and
CDK2. Notably, a “donor-acceptor-donor” interaction motif
was identified, which involves hydrogen bonding with the
backbone of residues like Leu83 and Glu81 in CDK2. These
interactions lock the enzyme into an inactive conformation,
akin to the way pyrazolo[1,5-a]pyrimidines inhibit other kinases
by stabilizing inactive forms.

Interestingly, further structure-activity relationship (SAR)
studies showed that modifications at specific positions on the
pyrazolopyrimidine scaffold, such as the 3-, 5-, and 7-positions,
significantly influenced the potency and selectivity of the
inhibitors. For instance, the introduction of an isopropyl group
at the 3-position enhanced CDK2 potency while reducing
activity against glycogen synthase kinase-3f (GSK-3B), which is
therapeutically antagonistic to CDK2. Such specificity, achieved
by fine-tuning the interactions with key active site residues,
underscores the potential of pyrazolo[1,5-a]pyrimidines as
selective kinase inhibitors.

The study also revealed that these inhibitors could selectively
downregulate CDK2-mediated phosphorylation of retinoblas-
toma protein in cancer cells, leading to cell cycle arrest in the
G2/M phase. This finding aligns with the expected mode of
action for dual CDK1/CDK2 inhibitors, which further illustrates
their relevance in disrupting tumor cell growth.

In general, the study by Williamson et al.'”® contributes to
the broader understanding of how pyrazolo[1,5-a]pyrimidines
can be fine-tuned to selectively target specific kinases like CDK2
and CDK1. By exploiting their ability to bind the ATP pocket and
stabilize inactive enzyme conformations, these compounds
hold significant promise in cancer treatment, where disrupted
kinase activity is a major driver of disease progression.

Degorce et al. (2016) focused on improving the cellular
lipophilic ligand efficiency (LLE) of a series of 2-anilino-
pyrimidine IGF-1R kinase inhibitors, aiming to discover novel
compounds with enhanced physicochemical properties.'”* By
substituting the imidazo[1,2-a]pyridine group in their previ-
ously reported inhibitor with a pyrazolo[1,5-a]pyridine, they
achieved improved IGF-1R cellular potency. This shift in the
chemical structure was a critical factor in enhancing the
potency and selectivity of the compounds, specifically against
the IGF-1R kinase, while minimizing undesirable activity
against CDKs and other kinases.

The study introduced amino-pyrazole derivatives and iden-
tified specific substitutions, such as the 3-methoxy and 3-methyl
analogues, that helped restore kinase selectivity while main-
taining reasonable IGF-1R activity. These modifications were
essential as previous analogues suffered from a lack of selec-
tivity, particularly showing activity against CDK1, CDK2, CDK7,
and CDK9, which posed toxicity concerns. By adjusting the
chemical structure, they managed to balance cellular potency
and lipophilicity, improving cell LLE without negatively
impacting hERG ion channel activity, a known toxicity risk in
drug development.

Crystallographic studies further elucidated the mechanistic
basis of improved selectivity, revealing how specific methyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substitutions on the pyrazole ring induced conformational
changes in the binding of the inhibitors to the kinase domain of
IGF-1R. This structural insight was crucial for designing
compounds with enhanced selectivity, particularly dimethyl
pyrazole analogues, which showed significant improvements in
selectivity ratios against CDK2. Moreover, these compounds
exhibited fewer off-target kinase hits in broader kinase panels,
demonstrating their potential for improved efficacy and safety
profiles in kinase-targeted therapies.

Overall, the work by Degorce et al. aligns with the broader
theme of optimizing kinase inhibitors through structural
modifications, a principle seen in the development of pyrazolo
[1,5-a]pyrimidines as discussed in kinase inhibition studies.'”
These modifications underscore the importance of balancing
potency, selectivity, and physicochemical properties in the
design of next-generation kinase inhibitors for targeted cancer
therapies.

5.1.2 ATP-competitive vs. allosteric inhibitors. Kinase
inhibitors can be basically classified into the two types referring
to the position where the kinase inhibitor binds to the kinase
and the way it does it, this are the ATP competitive inhibitors
and the allosteric inhibitors."7>'7?

5.1.2.1 ATP-competitive inhibitors. ATP-competitive inhibi-
tors exert their function by binding to the ATP-binding cleft of
kinases, directly competing with ATP for this critical binding
site. Since ATP is a ubiquitous molecule present in all cells and
tissues, a major challenge associated with these inhibitors is
achieving selectivity for the targeted kinase, while avoiding
inhibition of other kinases that also rely on ATP for their
enzymatic activity.'”**”® This selectivity is crucial for minimizing
off-target effects, as kinases play central roles in various sig-
nalling pathways across different cellular contexts.

Pyrazolo[1,5-a] pyrimidines are a class of small molecules
that are thought to function primarily as ATP competitors,
meaning they occupy the ATP-binding site of the kinase and
thus prevent the kinase from phosphorylating its substrates. By
binding in this manner, they attenuate downstream signaling
pathways that depend on the phosphorylation events catalyzed
by the kinase.””*"”” This type of inhibition is typically reversible,
meaning that the inhibitory effect persists only as long as the
inhibitor remains bound to the kinase. Once the inhibitor
dissociates from the kinase, or is degraded or replaced, normal
kinase activity can resume. This reversible nature of ATP-
competitive inhibitors can offer flexibility in therapeutic appli-
cations, but also poses challenges in maintaining sustained
inhibition, particularly in rapidly proliferating cells or dynamic
signaling environments. Thus, achieving both potent and
selective inhibition is critical to the success of ATP-competitive
inhibitors in therapeutic settings."”®*”®

5.1.2.2 Allosteric inhibitors. Allosteric inhibitors differ
significantly from ATP-competitive inhibitors in that they bind
to a different location on the kinase, typically at the enzyme's
inactive site rather than the ATP-binding site. By binding to
these allosteric sites, these inhibitors induce conformational
changes in the kinase that alter the shape and structure of the
enzyme's site, ultimately affecting its catalytic
activity.’®>*®* This mechanism of inhibition often involves

active
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stabilizing the kinase in an inactive conformation or obstruct-
ing ATP binding indirectly, thus preventing phosphorylation of
the kinase's substrates without directly competing with ATP.'**

One of the key advantages of allosteric inhibitors is their
higher specificity. The allosteric site is usually unique to
a particular kinase or a subset of kinases, making this form of
inhibition less likely to interfere with other kinases that share
similar ATP-binding sites. Consequently, allosteric inhibitors
can offer more selective therapeutic targeting, minimizing off-
target effects that are commonly associated with ATP-
competitive inhibitors.'**'** While pyrazolo[1,5-a] pyrimidines
are traditionally categorized as ATP-competitive inhibitors,
there have been modifications to the core structure of these
molecules that have endowed them with the potential to act as
allosteric inhibitors. Structural changes in the base template of
pyrazolo[1,5-a] pyrimidines have been described in the litera-
ture, allowing them to engage allosteric sites and modulate
kinase activity in a non-ATP-competitive manner. This dual
mechanism of action adds versatility to pyrazolo[1,5-a] pyrimi-
dines, providing opportunities to develop inhibitors with
enhanced selectivity and efficacy.'®>'%¢

5.2 Pyrazolo[1,5-a] pyrimidines as inhibitors of specific
kinases

One of the key advantages of the pyrazolo[1,5-a]pyrimidine
structure is its capacity to selectively inhibit specific kinases,
particularly those that play critical roles in disease-related
pathways such as cancer. Kinases like the epidermal growth
factor receptor (EGFR) have been central to advancements in
cancer therapy, with EGFR inhibitors showing more precise and
effective outcomes compared to traditional chemotherapy. This
selectivity reduces off-target effects and enhances the overall
efficacy of treatment.*>'%*

5.2.1 CK2 kinase inhibitors. A particularly noteworthy
example is Casein Kinase 2 (CK2), a serine/threonine kinase
that is constitutively active in various cell types. CK2 influences
numerous cellular processes due to its broad substrate speci-
ficity, making it a critical regulator of cell survival, proliferation,
and apoptosis. Aberrant CK2 activity has been linked to the
progression of several diseases, particularly cancers such as
leukemia, breast cancer, and prostate cancer.'®”'*® The over-
expression of CK2 promotes oncogenic signaling pathways,
contributing to uncontrolled cell growth and resistance to
apoptosis, which is a hallmark of cancer development. Because
of its widespread influence on key cellular mechanisms, CK2
has emerged as an attractive therapeutic target. Inhibitors
designed to interact with CK2, such as pyrazolo[1,5-a]pyrimi-
dine derivatives, offer a promising approach for disrupting
these disease-driving pathways.'®**** These inhibitors have the
potential to suppress CK2's catalytic activity, curbing cancer cell
growth and enhancing the sensitivity of cancer cells to other
therapeutic agents. Consequently, the pyrazolo[1,5-a]pyrimi-
dine framework represents a valuable scaffold for designing
selective kinase inhibitors, particularly in the context of
oncology, where targeting specific kinases like CK2 can yield
more effective and targeted cancer treatments.'”**** Krimer

3790 | RSC Adv, 2025, 15, 3756-3828

View Article Online

Review

et al. (2020) focused on the development of selective inhibitors
for CK2, an area that holds promise for cancer treatment.*

CK2 inhibitors, like silmitasertib, have entered clinical trials
for various cancers, yet they face challenges with off-target
effects. The need for a more selective CK2 inhibitor became
evident, prompting Krdmer et al. (2020) to explore the pyrazolo
[1,5-a]pyrimidine scaffold to develop such inhibitors."”® Their
study focused on optimizing this scaffold, ultimately leading to
the development of IC,, (31), a highly potent CK2 inhibitor with
a dissociation constant (KD) of 12 nM. IC,, (31) exhibited
excellent selectivity for CK2, as evidenced by X-ray crystallog-
raphy revealing a type-I binding mode. This structural charac-
teristic of the pyrazolo[1,5-a]pyrimidine scaffold is crucial as it
provides a strong interaction with CK2's ATP-binding site,
particularly through its carboxylic acid moiety, which is essen-
tial for potency. However, this feature also presented a limita-
tion in cellular contexts, as the compound's IC50 in cellular
assays dropped to low micromolar levels. Despite this, ICy,, (31)
remains a valuable tool compound for studying CK2's role in
diseases (Fig. 4).

In their efforts to develop CK2 inhibitors, the researchers
made several modifications to the pyrazolo[1,5-a]pyrimidine
structure. For example, they introduced phenyl moieties at the
3-position and an ether linker at the 5-position of the pyrimi-
dine ring. These structural modifications were synthesized
using a sequence of reactions, including the Mitsunobu reac-
tion for macrocyclization (Fig. 5). The resulting macrocyclic
compounds and their acyclic derivatives were evaluated for their
kinase inhibition profiles. Among the tested compounds, IC,,
(31) and its macrocyclic derivative, ICq4 (32), showed the highest
selectivity for CK2. Importantly, the carboxylic acid group and
a BOC group on the 5-position amine were critical for main-
taining the binding affinity and selectivity of these inhibitors.

To assess the selectivity of the synthesized compounds, the
study screened them against a panel of 48 kinases, including
known CK2 off-targets. This screen highlighted the selectivity of
IC, (31) and IC,9 (32), both of which demonstrated strong
binding to CK2 while minimizing interactions with other
kinases. The study also confirmed the binding mode of these
inhibitors through crystallographic studies, which revealed that
both IC,, (31) and IC;, (32) bind to the ATP-binding pocket of
CK2 in a type-I fashion, forming critical interactions with the
kinase back pocket residues (Fig. 4). Specifically, the carboxylic
acid group of IC,, (31) forms polar interactions with conserved
residues in CK2, including a salt bridge with lysine K68 and
a hydrogen bond with glutamate E81. This interaction network,
along with additional interactions formed by the BOC group,
explains the potency and selectivity of IC,, (31) as a CK2
inhibitor.

The importance of structural features like the carboxylic acid
group is further emphasized by the observed loss of activity
when this group is replaced with a methyl ester, highlighting
the critical role of these functional groups in maintaining CK2
binding. Moreover, the structural analysis revealed that CK2a
and CK2a’ possess a unique DWG motif (instead of the more
common DFG motif found in other kinases), further contrib-
uting to the selectivity of these inhibitors. The BOC group in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Binding affinity of IC,o (31, Panel A) and ICyg (32, Panel B) determined by isothermal titration calorimetry reveals two-digit nanomolar
binding affinity of these compounds towards CK2. Minor differences are identifiable in their overall Gibbs free energy, as well as in their enthalpic

and entropic contribution to CK2 binding.**®

IC,, (31) also plays a significant role by stabilizing the binding
interaction through hydrogen bonding with the hinge region of
CK2 (Fig. 5). These findings provide insight into the structure-
activity relationships (SAR) of pyrazolo[1,5-a]pyrimidines as
CK2 inhibitors, which could guide the future design of more
potent and selective inhibitors for cancer therapy.

The optimization of pyrazolo[1,5-a]pyrimidines as specific
kinase inhibitors, particularly targeting B-Raf, demonstrates the
scaffold's versatility in achieving selectivity and potency.
Gopalsamy et al. (2009) focused on the strategic introduction of
functional groups at the 2-position of the scaffold, aiming to
exploit key interactions within the ATP-binding site of
kinases.'® The incorporation of heterocyclic groups like 4-pyr-
idyl was particularly effective, as it enabled a direct hydrogen
bond with the hinge region residue Cys531, significantly
enhancing kinase inhibition (ICs, of 0.032 uM for B-Raf).

This SAR-driven approach not only improved enzyme
potency but also allowed fine-tuning of the selectivity profile
across kinases, addressing common issues of cross-reactivity
seen with other kinase inhibitors. The structural modifica-
tions, specifically targeting the hinge region, underscore the
importance of scaffold rigidity and spatial arrangement in
kinase binding pockets, offering insights into how pyrazolo[1,5-
alpyrimidines can be optimized for other kinases beyond B-Raf.
The design and successful binding of compound 9 highlight the

© 2025 The Author(s). Published by the Royal Society of Chemistry

potential for this scaffold to serve as a modular framework in
developing selective inhibitors for various kinases critical in
oncogenic signalling pathways.

5.2.2 EGFR kinase inhibitors. The epidermal growth factor
receptor (EGFR) is a transmembrane protein and receptor
tyrosine kinase that plays a crucial role in regulating key cellular
processes such as proliferation, survival, and differentiation.
Disruption of EGFR signalling is implicated in a variety of
cancers, including non-small cell lung cancer (NSCLC), where
mechanisms such as gene overexpression or mutations lead to
its abnormal activity. These mutations, particularly those that
result in constitutive activation of EGFR, drive uncontrolled cell
growth and survival, making EGFR a critical target in cancer
therapy‘1977200

The inhibition of EGFR through specific kinase inhibitors
has emerged as an effective treatment strategy, especially for
patients with EGFR-dependent cancers. These inhibitors work
by selectively blocking the aberrant signaling pathways that
cancer cells rely on for their proliferation.>* Pyrazolo[1,5-a]
pyrimidines, in particular, have shown promise in targeting
EGFR, effectively competing with ATP for binding to the
kinase's active site. This is especially important in cases where
EGFR is mutated and remains constitutively active, promoting
cancer progression.****> By occluding the ATP-binding site,
pyrazolo[1,5-a]pyrimidine compounds prevent the

RSC Adv, 2025, 15, 3756-3828 | 3791
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Fig. 5 Selectivity and cellular potency of acyclic and macrocyclic pyrazolo[1,5-alpyrimidines. (A) ICy9 (32) and ICyo (31) were screened in
a KinomeScan by DiscoverX (now belonging to Eurofins) against a panel of 469 kinases (including disease relevant mutants). Red circles identify
potential kinases that are affected by these compounds. (B) Cellular potency of pyrazolo [1,5-alpyrimidines on CK2a/CK2a0 determined by
NanoBRET™ in HEK293T cells. The respective |Csg is indicated in the figure legend. (C) Potency of pyrazolo [1,5-a]lpyrimidines on CK2a/CK2a0
determined by NanoBRET™ after permeabilizing the cells. The respective ICsq is indicated in the figure legend (for interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).**®

phosphorylation events that are necessary for EGFR's kinase
activity. This inhibition disrupts the signalling cascades that
drive cancer cell growth, proliferation, and survival.>®*?** As
a result, these compounds provide a targeted approach to treat
EGFR-dependent cancers, offering a more precise and less toxic
alternative to conventional chemotherapy. Their ability to block

3792 | RSC Adv, 2025, 15, 3756-3828

EGFR in its mutated and active state highlights the potential of
pyrazolo[1,5-a]pyrimidines as a significant therapeutic option
for cancers characterized by disrupted EGFR signalling.>*®
Dickerson et al. (2024) explored recent advances in targeted
cancer therapy, particularly focusing on gefitinib, the first EGFR
tyrosine kinase inhibitor (TKI).>* Gefitinib, part of the
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Fig. 6 Diagram showing gefitinib within the EGFR-TK pocket.?°¢

anilinoquinazoline class, targets the tyrosine kinase domain of
EGFR and demonstrates high binding specificity, with an ICs, of
0.033 uM efficacy in EGFR-dependent tumors. Its 60% bioavail-
ability and selective targeting further substantiate its therapeutic
potential. As an ATP-competitive inhibitor, gefitinib obstructs
receptor phosphorylation by mimicking ATP structurally, with
the nitrogen in the 4-anilinoquinazoline core playing a pivotal
role in the interaction. However, the morpholine moiety in
gefitinib exhibits suboptimal binding, which may contribute to
its limited efficacy over time. The structural interaction of gefi-
tinib with the EGFR tyrosine kinase pocket is visualized in Fig. 6,
showing how it occupies the ATP-binding site.>*

This inhibition mechanism underlies its clinical success in
treating non-small cell lung cancer (NSCLC). A phase III clinical
trial sponsored by AstraZeneca in 2006 demonstrated that
gefitinib provided improved outcomes in NSCLC patients, with
a progression-free survival (PFS) of 10.8 months compared to
5.4 months in the carboplatin group, and an overall survival
(0S) of 30.5 months versus 23.6 months. Moreover, gefitinib
exhibited fewer toxicities, including diarrhea and rash, than
traditional chemotherapy agents like paclitaxel and carbopla-
tin, though the study duration was only six weeks.?*”>*°

Gefitinib was first approved in 2003 as a targeted therapy for
NSCLC, but its effectiveness was soon challenged by resistance,
particularly due to the T790M mutation in about 50% of
patients within 9-15 months of treatment. This led to the
development of second-generation TKIs such as afatinib, which
incorporates a covalent bond linking the TKI to the C797
residue of EGFR. Clinical trials have shown that afatinib
prolongs treatment duration before disease progression, with
a PFS of 13.7 months compared to 11.5 months for gefitinib.
Despite this improvement, resistance remains a critical issue,
necessitating the design of third-generation TKIs.***>*
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Main Mechanism of resistance
Substitution of Threonine with
Methionine at position 790.

The key characteristics, mechanisms of action, and clinical
outcomes of gefitinib and afatinib are compared in Table 2
(Dickerson et al, 2024). This comparison highlights the
ongoing evolution of targeted therapies to overcome resistance
mechanisms, particularly in EGFR-reliant cancers like NSCLC.

Dickerson et al. (2024) emphasize that while gefitinib and
other TKIs have significantly advanced targeted cancer thera-
pies, ongoing efforts are essential to address treatment resis-
tance and enhance overall treatment efficacy.”*

5.2.2.1 Role in non-small cell lung cancer (NSCLC) treatment.
Non-small cell lung carcinoma (NSCLC) is the most common
type of lung cancer and is frequently associated with mutations
in the epidermal growth factor receptor (EGFR) gene. These
mutations cause an upregulation of the EGFR signaling
pathway, promoting uncontrolled cell growth and division.?*”~>*
The discovery of EGFR mutations in a subset of NSCLC patients
revolutionized treatment by shifting the focus to EGFR-targeted
therapies, which have proven superior to traditional chemo-
therapy. Current treatments for NSCLC often involve EGFR
inhibitors, including pyrazolo[1,5-a]  pyrimidine-based
compounds, which have shown significant efficacy in these
patients. Individuals with EGFR mutations tend to respond well
to these inhibitors, as their tumors shrink, and they experience
longer progression-free survival.*****

One of the key advantages of EGFR inhibitors is their selec-
tivity for cancer cells with EGFR mutations, resulting in
minimal effects on healthy cells and fewer side effects
compared to chemotherapy. This precision makes EGFR
inhibitors a recommended treatment option for NSCLC
patients harbouring EGFR mutations.*'****

Pyrazolo[1,5-a] pyrimidines have been particularly effective
in targeting both wild-type EGFR and its mutated forms. These
compounds inhibit not only wild-type EGFR but also many

RSC Adv, 2025, 15, 3756-3828 | 3793
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Table 2 Comparison of gefitinib and afatinib: key characteristics, mechanism of action, and clinical outcomes?°®

Parameter Gefitinib (first-generation TKI)

Afatinib (second-generation TKI)

Classification
Mechanism of action
Core interaction
Binding potency
Resistance

EGFR inhibitor, targets TK domain

IC50 = 0.033 uM against EGFR
T790M mutation impairs binding

Clinical efficacy PFS = 10.8 months, OS = 30.5 months

Safety profile
Trial comparisons

Notable findings Reduced toxicity compared to carboplatin

FDA approval 2003 (marketed as Iressa®)

EGFR mutations that have developed resistance to first-
generation EGFR inhibitors like erlotinib and gefitinib.
One notable mutation, T790M, frequently arises in patients
treated with first-generation EGFR inhibitors, rendering
these drugs ineffective. However, pyrazolo[1,5-a] pyrimidines
have demonstrated activity against this resistant EGFR form,
offering renewed hope for patients with drug-resistant
NSCLC'214—216

In addition, Ho et al. (2022) explored the significance of
baseline plasma EGFR mutation status in guiding NSCLC
treatment.>"” Their study highlighted the value of plasma EGFR
mutation detection in managing NSCLC, emphasizing the
importance of combining both tissue and plasma analyses for
a more accurate assessment. The research analyzed EGFR
mutation status in paired tumor and plasma samples from 137
advanced NSCLC patients before and after EGFR-TKI treatment.
Plasma EGFR-activating mutations were detected in 65%
(89/137) of patients at baseline, which aligns with previous
studies, although variability in detection rates across studies is
often due to differences in assay sensitivity and patient disease
stages.

By providing insights into plasma-based EGFR mutation
detection, the study underscores the growing role of non-
invasive testing in personalizing NSCLC treatments. The
ability of pyrazolo[1,5-a] pyrimidine-based inhibitors to target
both EGFR mutations and drug-resistant variants offers
a promising avenue for enhancing treatment outcomes in this
challenging cancer type. Table 3 show the detection rate of
baseline EGFR-activating mutations in plasma samples®”

Table 3 Detection rate of baseline EGFR-activating mutations in
plasma aamples?Y’

Number of patients Percentage detected

Mutation type detected (%)
EGFR-activating mutation 89/137 65.0
EGFR T790M mutation 28/137 20.4

3794 | RSC Adv, 2025, 15, 3756-3828

Small molecule within the anilinoquinazoline class

Binds T790 residue via hydrogen bonding with Met793

Common side effects: diarrhea, rash, elevated ALT

Compared with carboplatin (traditional chemotherapy)

Anilinoquinazoline core with additional features
Irreversible EGFR inhibition, targets mutation sites
Covalent bond with C797; hydrogen bond with Met793
Enhanced potency, multiple interactions with EGFR
Partially overcomes T790M; other mutations still pose
challenges

Longer treatment duration compared to gefitinib, PFS
= 13.7 months

Higher risk of toxicity than gefitinib, but improved
efficacy

Compared with erlotinib (first-gen TKI) and cisplatin
(chemotherapy)

More effective against T790M mutation but with
increased off-target toxicity

2013 (marketed as Gilotrif®)

Ho et al. (2022), found that patients with detectable EGFR-
activating mutations in plasma had a shorter progression-free
survival (PFS) and overall survival (OS), suggesting that the
absence of these mutations might indicate a lower systemic
tumor burden.*”” This reinforces the prognostic value of base-
line plasma EGFR mutation testing for guiding therapy. A key
result was the detection of EGFR T790M mutation in 20.4% (28/
137) of EGFR-mutated, treatment-naive tumors, a finding made
possible by the use of the ultra-sensitive ddPCR platform. The
study noted that EGFR T790M was often present as a minor
subpopulation and that its presence at baseline was not asso-
ciated with acquired resistance at disease progression. The
findings highlight the challenges of relying solely on tissue
biopsy for T790M detection, as the intratumor heterogeneity
can contribute to sampling bias, leading to inconsistent
detection rates. The concordance rate for T790M mutation
between paired tissue and plasma samples at disease progres-
sion was only 71.4%, indicating that neither tissue nor plasma
testing alone is sufficient for guiding subsequent third-
generation EGFR-TKI treatment. This finding emphasizes the
need for combined or repeated testing to ensure appropriate
patient selection for osimertinib therapy.

Ho et al. (2022), also observed that pre-treatment EGFR
T790M was significantly associated with brain metastasis in
patients treated with first- or second-generation EGFR-TKIs.>"
These results suggest a potential benefit of targeting pre-
existing T790M clones to prevent CNS progression in NSCLC.
However, the study found no significant difference in overall
survival between patients with and without pre-treatment
T790M mutations, highlighting variability in prognostic
outcomes depending on assay methodologies and treatment
regimens used. The study underscores the importance of liquid
biopsy for accurate assessment of EGFR mutations in NSCLC,
offering a promising approach for personalized treatment. The
results support the use of ddPCR for EGFR mutation detection
as a complementary tool to tissue biopsy for the precision
management of NSCLC. Further research with larger cohorts
and standardized methods is necessary to validate these
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findings and improve clinical practice. Accurately identifying
tumors that harbor EGFR-activating as well as T790M resistance
mutations is critical for the precision management of NSCLC,
and this study provides valuable insights for optimizing treat-
ment strategies.

5.2.2.2 Studies of pyrazolo[1,5-a] pyrimidines as EGFR inhib-
itors. Pyrazolo[1,5-a]pyrimidines have garnered significant
attention in recent years due to their potential as anticancer
agents, specifically as inhibitors of the epidermal growth factor
receptor (EGFR). EGFR is a well-known target in cancer therapy,
as its overexpression or mutation is associated with the
progression of several cancers, including lung and breast
Pyrazolo[1,5-a]pyrimidine derivatives, with their
unique N-heterocyclic structure, exhibit strong kinase inhibi-
tion, making them promising candidates for targeting EGFR-
driven tumor growth.>'#22¢

Recent studies have focused on synthesizing and evaluating
various pyrazolo[1,5-a]pyrimidine compounds for their EGFR
inhibitory activity. These compounds typically function by
binding to the ATP-binding site of the EGFR kinase, thereby
preventing autophosphorylation and downstream signalling
required for tumour cell proliferation. Molecular docking
studies have confirmed the favourable interactions between
these derivatives and EGFR's active site, reinforcing their
potential as dual EGFR/HER2 inhibitors, which may provide
broader anticancer efficacy. Recent studies highlight the
potential of pyrazolo[1,5-a]pyrimidine derivatives as potent
EGFR inhibitors, focusing on their ability to act as anticancer
agents through kinase inhibition and apoptotic induction.>**>**

Sivaiah et al. (2023) explored the synthesis of pyrazolo[1,5-a]
pyrimidine derivatives (6a-o) for their potential anticancer
activities, targeting EGFR and HER2 pathways.”” Structural
confirmation was achieved through elemental analysis and
spectroscopy, with several compounds showing significant
cytotoxicity against cancer cell lines, particularly HepG2, MCF-
7, and HCT116. Notably, compounds 6a and 6b exhibited
potent EGFR and HER2 inhibition, with IC50 values of 0.163 pM
(EGFR) and 0.116 pM (HER?2) for 6a, and 0.126 pM (EGFR) and
0.083 uM (HER2) for 6b. Molecular docking further demon-
strated these compounds’ ability to strongly bind to EGFR and
HER2, making them promising candidates for dual kinase
inhibition in cancer therapy.

Othman et al. (2021) synthesized pyrazolo[1,5-a]pyrimidine
derivatives with C5 substitutions and evaluated them for anti-
proliferative activity against cancer cell lines such as A549,
MDA-MB-231, and DU-145."** Compound 6h, in particular,
showed significant efficacy against MDA-MB-231 with an ICs, of
2.6 uM. Mechanistic studies revealed these compounds' ability
to arrest the cell cycle at the subG1 phase and inhibit the EGFR/
STAT3 signaling pathway, critical for cell survival and apoptosis.
The observed upregulation of apoptotic proteins (p53, p21, Bax)
and downregulation of anti-apoptotic proteins (Bcl-2,
procaspase-9) confirmed the compounds’ apoptotic activity.

Byeon et al. (2022) focused on overcoming resistance in
EGFR-mutant NSCLC, where mutations such as L858R/T790M
and L858R/T790M/C797S lead to resistance against third-
generation TKIs like osimertinib.?*® Their study introduced

cancers.
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compound A, a fourth-generation allosteric inhibitor that
selectively targets L858R activating mutations while sparing
wild-type EGFR. Compound A demonstrated nanomolar
potency and showed significant antitumor activity in mouse
models resistant to osimertinib. Its selective inhibition of
mutated EGFR, including C797S, positions compound A as
a promising candidate for future clinical development in
treating EGFR-mutant NSCLC. In general, pyrazolo[1,5-a]
pyrimidine derivatives show great promise as potent EGFR
inhibitors, with studies emphasizing their kinase inhibition,
apoptotic activity, and potential to overcome drug resistance in
cancer therapy.

5.2.3 Studies of pyrazolo[1,5-a] pyrimidines as B-Raf and
MEK inhibitors. The Ras-Raf-MEK-ERK signaling pathway, also
known as the mitogen-activated protein kinase (MAPK)
pathway, plays a critical role in the regulation of cellular growth,
differentiation, and survival. Aberrations in this pathway,
particularly mutations in the B-Raf kinase, have been impli-
cated in the development of various cancers, including mela-
noma, colorectal cancer, and thyroid cancer.””***” One of the
most notable mutations is the B-Raf V600E mutation, which
leads to constitutive activation of the pathway and unchecked
cell proliferation. The need for selective inhibitors that target
key components of the MAPK pathway, such as B-Raf and MEK
kinases, has driven extensive research into small-molecule
inhibitors capable of suppressing the aberrant signaling asso-
ciated with these mutations.?**?*°

Pyrazolo[1,5-a]pyrimidines have emerged as promising
scaffolds in the design of potent inhibitors for the MAPK
pathway, particularly targeting B-Raf and MEK kinases. These
heterocyclic compounds, characterized by their fused ring
structure, offer unique chemical properties that enable selective
inhibition of kinase activity. Structurally versatile, pyrazolo[1,5-
alpyrimidines allow for modification at various positions,
facilitating the design of molecules with high specificity and
potency against mutant forms of B-Raf and MEK.>*?>1%

Recent studies have demonstrated that pyrazolo[1,5-a]
pyrimidine derivatives can effectively bind to the ATP-binding
site of these kinases, preventing their phosphorylation activity
and halting downstream signaling. This blockade of the MAPK
pathway inhibits cancer cell proliferation and induces
apoptosis, making pyrazolo[1,5-a]pyrimidines valuable candi-
dates for therapeutic development. Moreover, the ability of
these compounds to target multiple nodes within the pathway,
such as dual inhibition of B-Raf and MEK, enhances their
therapeutic potential by reducing the likelihood of resistance
development—a common challenge in kinase-targeted thera-
pies MEK 2325165

The study by Gopalsamy et al. (2009) focuses on the devel-
opment of pyrazolo[1,5-a]pyrimidines as potent B-Raf kinase
inhibitors, specifically targeting the V600E mutation implicated
in various cancers.”® This mutation induces constitutive acti-
vation of the B-Raf isoform, promoting uncontrolled cell
proliferation through the ERK signaling pathway. The study
highlights the potential of B-Raf inhibitors in treating condi-
tions like melanoma and colorectal cancer. Through high-
throughput screening (HTS), Gopalsamy et al. identified
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pyrazolo[1,5-a]pyrimidine-3-carboxylate as a lead compound,
which showed promising activity in B-Raf inhibition.

The optimization of the lead compound was driven by
structure-activity relationship (SAR) studies, which focused on
modifying the ester moiety and substituents at the 2-position of
the pyrazolopyrimidine scaffold. This approach aimed to
enhance binding interactions within the ATP pocket of B-Raf.
Initially, the ester group was identified as metabolically
unstable, leading the researchers to explore amide replace-
ments. These modifications resulted in the discovery of
compounds with increased stability and potency, including
those bearing water-solubilizing functionalities. Of particular
note, the replacement of the ester with amides led to enhanced
microsomal stability and stronger inhibitory effects.

To further optimize the interaction between the pyrazolo[1,5-
alpyrimidine scaffold and the B-Raf protein, Gopalsamy et al.
focused on incorporating polar groups in the 2-position to form
hydrogen bonds with the kinase's hinge region, specifically
targeting Cys531. Their SAR analysis revealed that the intro-
duction of heterocyclic groups, such as the 4-pyridyl substit-
uent, significantly improved enzyme inhibition. The predicted
binding model showed that the nitrogen atom of the 4-pyridyl
group was well-positioned to form a hydrogen bond with
Cys531, a key interaction that contributed to the enhanced
potency of these analogs. In contrast, other substituted phenyl
rings at this position led to a substantial loss of activity.

In addition to B-Raf inhibition, the study also explored the
ability of these pyrazolo[1,5-a]pyrimidine derivatives to inhibit
the proliferation of tumor cell lines. The increased potency of
the 4-pyridyl analog (compound 9) in enzyme inhibition trans-
lated to improved cellular growth inhibition, making it a strong
candidate for further development as a cancer therapeutic.
Further profiling of compound 9 against various tumor cell
lines confirmed its efficacy, highlighting the potential of this
compound as a lead in the design of targeted cancer therapies.

The study also noted the importance of flexibility in the
linker region connecting the core scaffold to the substituents.
Urea analogs, in place of amides, maintained key interactions
with Glu500 and Asp593, essential for binding. Additionally,
polar groups introduced near the pyridyl moiety were well
tolerated, as these groups were ideally positioned to reach
solvent-exposed regions of the binding pocket, enhancing the
drug's solubility and efficacy.

In summary, Gopalsamy et al. provide a detailed exploration
of pyrazolo[1,5-a]pyrimidines as B-Raf inhibitors, emphasizing
the significance of strategic modifications to the scaffold in
improving enzyme inhibition and cellular potency."® Their
work underscores the potential of these compounds in cancer
therapy, particularly in targeting the RAS-RAF-MEK pathway.
The SAR-driven optimization process demonstrates the value of
structure-based drug design in developing highly potent and
selective kinase inhibitors.

Ren et al. (2021) reported the discovery of a novel series of
ATP-competitive B-Raf inhibitors based on the pyrazolo[1,5-a]
pyrimidine scaffold, designed to selectively target the B-
RafV600E mutation.”® This mutation, commonly found in
melanoma, leads to constitutive activation of the MAPK

3796 | RSC Adv, 2025, 15, 3756-3828

View Article Online

Review

pathway, driving cancer progression. The lead compound, 17,
demonstrated potent and selective inhibition of B-RafV600E,
excellent cellular activity, and favourable physicochemical
properties, making it a promising candidate for further
development.

The study began with earlier lead compounds like 1, which
exhibited excellent B-Raf inhibition but had solubility issues
due to dimer formation in the crystal lattice. A structural
redesign, aimed at disrupting this dimerization, led to
compound 17, which improved solubility by lowering the
melting point and reducing crystal lattice energy, while main-
taining strong inhibitory activity. By introducing alkoxy and
heteroaryl substituents, the authors optimized binding at the
ATP cleft, leveraging hydrophobic contacts with residues like
Trp531 and Ser535/536. The key outcome was the identification
of compound 17, a methoxypyrazolopyrimidine, which exhibi-
ted a 68 nM IC;, for pERK activity—seven times more potent
than the unsubstituted lead. This compound also showed
improved aqueous solubility and favorable pharmacokinetic
properties, making it an attractive candidate for further
preclinical evaluation.

Kolathur et al. (2024) offer a comprehensive analysis of B-Raf
mutations, focusing specifically on the V600E mutation and its
significant role in melanoma development.”® The study
underscores that this mutation is a primary driver of skin
cancer, with more than 50% of melanoma cases exhibiting the
B-Raf mutation, and V600E being the most common variant.
This mutation results in the persistent activation of the B-Raf
protein and its related signaling pathways in the MAPK
cascade, facilitating unchecked cell proliferation and tumor
formation.

Although B-Raf inhibitors such as vemurafenib and dabra-
fenib have been approved to target these mutations, the study
highlights the challenge of resistance. A notable percentage of
patients with B-Raf V600E mutations (15-20%) exhibit inade-
quate responses to these treatments. This resistance under-
scores the necessity for alternative therapeutic strategies, as
solely targeting the B-Raf and MEK pathways may not yield
sufficient efficacy for all melanoma patients.

Table 4 of the study provides a summary of the major find-
ings, detailing the mechanisms responsible for resistance to B-
Raf-targeted therapies and highlighting the complexities
involved in melanoma treatment. The insights from this study
are vital for understanding why additional treatments and
combination therapies are essential to overcome resistance and
enhance outcomes for melanoma patients. The findings reveal
a complex interplay between mutations and therapeutic resis-
tance in melanoma, highlighting the need for further investi-
gation into these factors to improve survival rates. For instance,
while primary driver mutations can be targeted by existing
drugs, additional mutations within the same pathway may
reactivate downstream signaling, enabling cancer progression.
Moreover, previous studies on MEK inhibitors, such as trame-
tinib, in combination with B-Raf inhibitors have demonstrated
that MEK inhibitors tend to be more effective and better toler-
ated than monotherapy. Nevertheless, the authors caution that
acquired resistance continues to challenge treatment efficacy,
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Table 4 Summary of major findings on B-Raf mutation-induced resistance mechanisms?*°

Major findings Description

Mutation prevalence

Drug resistance
B-Raf, leading to treatment failure

B-Raf inhibitor efficacy
yield improved outcomes

Over 50% of melanoma cases harbor B-Raf mutations, primarily V600E, which is implicated in tumor progression
Resistance mechanisms include reactivation of the MAPK pathway due to mutations in MEK1/2 and dimerization of

Vemurafenib and dabrafenib exhibit limited efficacy in certain patients; combination therapies with MEK inhibitors
Tumor cells adapt through alterations in signaling pathways, notably the PI3K/AKT pathway, in response to B-Raf

Dimerization of mutated BRAF proteins, including splice variants, results in bypassing inhibition, emphasizing the

Signaling pathway

adaptation inhibition, complicating treatment strategies
Dimerization

mechanisms need for dual-targeted therapies

necessitating further exploration of novel approaches and
combination therapies.

In summary, Kolathur et al (2024) synthesize current
knowledge regarding genetics, B-Raf inhibitors, and resistance
mechanisms in melanoma, offering valuable insights and
recommendations for the next generation of therapeutic strat-
egies that could potentially improve patient prognosis in this
intricate disease.

6 Biological evaluation and
pharmacological properties

Pyrazolo[1,5-a]pyrimidines have emerged as a promising class
of compounds with significant biological and pharmacological
potential, particularly as protein kinase inhibitors in cancer
treatment. These heterocyclic compounds are structurally
characterized by a fused pyrazole and pyrimidine ring system,
which allows for diverse chemical modifications. This structural
versatility enables pyrazolo[1,5-a]pyrimidines to effectively
target various protein kinases that are disrupted in cancer cells.
Protein kinases are enzymes that play critical roles in control-
ling cellular processes such as proliferation, differentiation,
and apoptosis, which are often altered in cancerous cells. The
aberrant activation or overexpression of specific kinases drives
tumor growth and progression, making them important thera-
peutic targets in oncology.

The pyrazolo[1,5-a]pyrimidine scaffold has shown great
affinity for the ATP-binding pockets of protein kinases. Many of
these compounds act by competing with ATP, thereby inhibit-
ing the kinase's ability to phosphorylate downstream
substrates. This inhibition disrupts critical signalling pathways,
leading to the suppression of tumor cell proliferation, induction
of apoptosis, and in some cases, inhibition of angiogenesis.
Several members of this compound class have been investigated
for their ability to inhibit kinases such as the epidermal growth
factor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), Bcr-Abl, and cyclin-dependent kinases
(CDKs), all of which are implicated in different types of
Cancer.18,165,166,231

EGFR is a receptor tyrosine kinase that is often mutated or
overexpressed in cancers such as non-small cell lung cancer,
glioblastoma, and colorectal cancer. The activation of EGFR
triggers several downstream pathways that promote cancer cell

© 2025 The Author(s). Published by the Royal Society of Chemistry

survival and proliferation, including the RAS-RAF-MEK-ERK
and PI3K-AKT-mTOR pathways. Pyrazolo[1,5-a|pyrimidines
have demonstrated potent inhibitory activity against both wild-
type and mutant EGFR, making them promising agents in tar-
geting EGFR-driven cancers. In particular, these compounds
have shown efficacy against tumors harboring the T790M
mutation, which confers resistance to first-generation EGFR
inhibitors. This ability to overcome drug resistance is a key
advantage of pyrazolo[1,5-a]pyrimidines in cancer therapy.>**>*

Another important target for pyrazolo[1,5-a]pyrimidine-
based inhibitors is VEGFR, a kinase involved in tumor angio-
genesis. Angiogenesis is the process by which tumors form new
blood vessels to supply themselves with oxygen and nutrients,
facilitating their growth and metastatic spread. By inhibiting
VEGFR, pyrazolo[1,5-a]pyrimidines can disrupt this process,
effectively “starving” the tumor and slowing its progression.
This anti-angiogenic effect is particularly important in cancers
that rely heavily on vascularization, such as renal cell carcinoma
and certain types of breast cancer.**>%

In chronic myeloid leukemia (CML), the Ber-Abl fusion
protein, produced by the Philadelphia chromosome trans-
location, acts as a constitutively active tyrosine kinase that
drives uncontrolled cell proliferation. Pyrazolo[1,5-a]pyrimi-
dines have been developed to inhibit Ber-Abl activity, providing
a therapeutic option for patients with CML, including those
who have developed resistance to first-line treatments like
imatinib. These compounds not only target the wild-type form
of Bcer-Abl but also its drug-resistant mutants, offering
a broader spectrum of activity and reducing the likelihood of
relapse.>*$>%

In addition to receptor tyrosine kinases, pyrazolo[1,5-a]
pyrimidines have been shown to inhibit serine/threonine
kinases such as CDKs. CDKs are key regulators of the cell
cycle, and their disruption is a hallmark of many cancers. By
inhibiting CDKs, pyrazolo[1,5-a]pyrimidines can induce cell
cycle arrest, particularly at the G1/S transition, thereby pre-
venting cancer cells from proliferating. This makes CDK
inhibitors highly effective in cancers characterized by rapid cell
division, such as hormone receptor-positive breast
cancer.44,242,243

The pharmacological properties of pyrazolo[1,5-a]pyrimi-
dines extend beyond their kinase inhibitory activity. These
compounds have been shown to possess favorable
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pharmacokinetic profiles, including good bioavailability,
metabolic stability, and the ability to cross biological barriers
such as the blood-brain barrier. These properties are crucial for
achieving therapeutic concentrations at the tumor site while
minimizing off-target effects. Furthermore, pyrazolo[1,5-a]
pyrimidines have demonstrated a low toxicity profile in
preclinical studies, making them suitable candidates for further
development as anticancer agents.***

One of the major challenges in cancer therapy is the devel-
opment of drug resistance, often caused by secondary muta-
tions in the target kinase or activation of alternative signaling
pathways. Pyrazolo[1,5-a]pyrimidines offer a potential solution
to this problem due to their ability to target multiple kinases
simultaneously or to inhibit both wild-type and mutant forms of
a kinase. This multi-targeted approach not only reduces the
likelihood of resistance but also enhances the overall efficacy of
treatment by simultaneously disrupting several oncogenic
pathways.>*>*** In addition, the use of pyrazolo[1,5-a]pyrimi-
dines in combination with other cancer therapies, such as
chemotherapy, radiation, or immunotherapy, has shown
synergistic effects. For example, combining kinase inhibitors
with immune checkpoint inhibitors can enhance the immune
system's ability to recognize and destroy cancer cells, while
inhibiting kinases involved in DNA repair can sensitize tumors
to DNA-damaging agents.*”

In a nutshell, pyrazolo[1,5-a]pyrimidines represent a highly
versatile and potent class of protein kinase inhibitors with
significant potential in cancer treatment. Their ability to target
key oncogenic kinases, overcome drug resistance, and synergize
with existing therapies makes them promising candidates for
the development of next-generation cancer therapeutics. As
research into the structure-activity relationships and pharma-
cological properties of pyrazolo[1,5-a]pyrimidines continue, it is
likely that more effective and personalized treatment options
will emerge, offering new hope for patients with cancer.

6.1 In vitro studies

6.1.1 Cell line assays and kinase selectivity profiling. In
vitro studies play a crucial role in understanding the efficacy,
mechanism of action, and selectivity of pyrazolo[1,5-a]|pyrimi-
dines as potential cancer therapeutics. Cell line assays and
kinase selectivity profiling are two key approaches used to
evaluate the biological activity of these compounds and to
optimize their development as kinase inhibitors for targeted
cancer therapy. Cell line assays are fundamental in evaluating
the cytotoxicity and antiproliferative effects of pyrazolo[1,5-a]
pyrimidines on various cancer cell lines.'®** These assays
provide a controlled environment to test the compound's effi-
cacy across a range of tumor models, offering insights into its
potential therapeutic applications. Common cancer cell lines
used in these studies include those derived from lung, breast,
prostate, leukemia, and colon cancers. These cell lines often
harbor specific genetic mutations or alterations that make them
reliant on certain kinases for growth and survival, allowing
researchers to assess whether pyrazolo[1,5-a]pyrimidines can
inhibit these critical pathways.>**>*
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For example, cell line assays with non-small cell lung cancer
(NSCLC) models, particularly those with mutations in the
epidermal growth factor receptor (EGFR), have demonstrated
that pyrazolo[1,5-a]pyrimidines can effectively inhibit tumor
cell proliferation by targeting EGFR's kinase activity. In recent
studies exploring the efficacy of pyrazolo[1,5-a]pyrimidines in
non-small cell lung cancer (NSCLC) models, particularly those
harboring mutations in the epidermal growth factor receptor
(EGFR), a significant focus has been on their ability to inhibit
tumor cell proliferation by targeting kinase activity.”** One of
the prominent targets in this area of research is the RET
(REarranged during Transfection) kinase, which has emerged
as an oncogenic driver in multiple cancer types, including lung
adenocarcinoma. Mathison et al'® (2020) investigated the
potential of selective inhibitors designed to target RET kinase
gain-of-function aberrations, leading to the identification of the
pyrazolo[1,5-a]pyrimidine compound WF-47-JS03 (1), which
exhibited remarkable selectivity against RET while sparing the
KDR (Kinase insert Domain Receptor) kinase.

In cell line assays involving Ba/F; cells transfected with
various oncogenic kinase fusions, including the KIF5B-RET
fusion, compound 1 showed potent RET inhibition. This was
particularly relevant to NSCLC models, as targeting the RET
fusion is a crucial therapeutic strategy in tumors driven by such
mutations. These findings underscore the potential of pyrazolo
[1,5-a]pyrimidines to serve as effective inhibitors of kinase-
driven tumorigenesis in cancers like NSCLC.

The study also included a structure-activity relationship
(SAR) investigation that led to significant improvements in both
the potency and selectivity of the compound. One key modifi-
cation was at the C5 position of the pyrazolo[1,5-a]pyrimidine
core, where changing the ether linkage to a nitrogen-based
linkage enhanced RET selectivity. Fig. 7 illustrated the dose-
dependent tumor regression observed in a KIF5B-RET-driven
xenograft model when mice were treated with 1 at 10, 30, and
60 mg kg " once daily. The 10 mg per kg dose was well-tolerated
and led to substantial tumor regression without causing the
severe lung toxicity observed at higher doses. This highlights
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Fig. 7 RET inhibitor compound 1 (WF-47-JS03) significantly inhibits
tumor growth in RIE KIF5B-RET xenograft mice and is well tolerated at
1, 3, and 10 mg kg ! in the 10 days study.’s>
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Fig. 8 Treatment of LC-2/ad tumor-bearing mice with 1 (WF-47-
JS03) for 21 days is well-tolerated and leads to significant regression at
10 mg kg1.165

the delicate balance between efficacy and toxicity when using
pyrazolo[1,5-a]pyrimidine-based RET inhibitors, which is
consistent with the narrow therapeutic window often associated
with these scaffolds.'*

Another aspect of Mathison et al.’s (2020) work focused on
the in vivo pharmacokinetics and pharmacodynamics of
compound 1.'*® The study demonstrated that the compound
had good oral bioavailability and significant brain penetration,
a desirable trait for treating cancers with central nervous system
involvement. The ability of compound 1 to inhibit tumor growth
effectively, particularly at a dose of 10 mg kg™, was corrobo-
rated by Fig. 8, which showcases the long-term tumor abate-
ment following a 21 days oral dosing regimen in a disease-
relevant LC-2 tumor tissue model. The sustained efficacy of
the treatment even after cessation of dosing suggests a potential
for long-lasting therapeutic benefits in RET-driven cancers.

The findings from Mathison et al. (2020) offer compelling
evidence  that  pyrazolo[1,5-a]pyrimidines,  specifically
compound 1, can serve as effective RET kinase inhibitors,
providing a promising therapeutic strategy for NSCLC and other
RET-driven malignancies.’®® The study's results demonstrated
the compound's ability to induce tumor regression while also
highlighting the challenges associated with toxicity at higher
doses. The work sets the stage for further refinement of these
compounds to optimize their therapeutic potential in cancer
treatment.

In breast cancer cell lines overexpressing human epidermal
growth factor receptor 2 (HER2), these compounds have shown
promising results in disrupting HER2-mediated signaling
pathways, leading to reduced cancer cell growth and increased
apoptosis. In leukemia models, particularly chronic myeloid
leukemia (CML) cells expressing the Ber-Abl fusion protein,
pyrazolo[1,5-a]pyrimidines have exhibited the ability to inhibit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ber-Abl activity and induce cell death even in drug-resistant
variants, highlighting their therapeutic potential.>*®

In addition to their effects on cancer cell lines, the kinase
selectivity profiling of pyrazolo[1,5-a]pyrimidines provided
essential data regarding their specificity for different kinase
targets. Protein kinases are part of large and diverse families,
with each kinase playing a role in various cellular processes.
Therefore, achieving selectivity is critical for minimizing off-
target effects and reducing potential toxicity in normal cells.
Advances in kinase selectivity profiling allow researchers to
screen pyrazolo[1,5-a]pyrimidines against a broad panel of
kinases to identify their primary targets and off-target
interactions.>**%*

High-throughput screening techniques, such as kinase
assays using recombinant enzymes, have become invaluable in
this profiling. By measuring the inhibition of kinase activity
across multiple targets, researchers can identify the most potent
kinases for which pyrazolo[1,5-a]pyrimidines have high affinity.
These assays typically measure the compound's ability to
compete with ATP for binding at the kinase's active site,
providing a quantitative measure of inhibition (ICs, values) for
each target. Advances in selectivity profiling have shown that
certain pyrazolo[1,5-aJpyrimidines exhibit a high degree of
specificity for kinases such as EGFR, VEGFR, and Bcr-Abl,
making them highly attractive for targeted therapies in cancers
driven by these kinases.'*®

Kurz et al. (2022) contributed to the growing body of research
surrounding serine/threonine kinase 17A (DRAK1), part of the
death-associated protein kinase (DAPK) family. DRAK1 is rela-
tively underexplored, classified within the “dark kinome”, with
limited knowledge of its cellular functions and role in patho-
physiological processes.'*®

In the study, the researchers aimed to optimize a pyrazolo
[1,5-a]pyrimidine-based macrocyclic scaffold to develop potent
and selective DRAK1 inhibitors. High-throughput screening
techniques, such as kinase assays using recombinant enzymes,
were pivotal in profiling potential inhibitors. These assays
allowed the team to measure the inhibition of kinase activity
across multiple targets, quantifying the compound’s ability to
compete with ATP for binding at the kinase's active site.
Through this method, the team could determine the ICsq
values, which provide a quantitative measure of inhibition for
each target.

Advances in selectivity profiling played a significant role in
this study, highlighting the pyrazolo[1,5-a]pyrimidines’ speci-
ficity for kinases, particularly the engineered compound CK156
(34). This compound emerged from structure-guided optimi-
zation, exhibiting high in vitro potency with a dissociation
constant (KD) of 21 nM, reflecting its strong binding affinity for
DRAK1. Kinome-wide screens confirmed its selectivity, which is
a key element in drug discovery, as highly selective inhibitors
reduce off-target effects, thereby improving the potential for
targeted therapies in cancers like glioblastoma.

The study further revealed the structural basis for CK156
(34)'s activity, as crystallographic analyses confirmed that it
functions as a type I inhibitor, binding to the active confor-
mation of the kinase. This mode of action differentiates it from
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type II inhibitors, which target inactive kinase conformations,
and could influence its therapeutic applications.

Despite the promising in vitro data, the translation to cellular
models presented a challenge. Contrary to genetic knockdown
studies of DRAK1, CK156 (34) only inhibited the growth of
glioma cells in 2D and 3D cultures at low micromolar concen-
trations. This discrepancy suggests that while CK156 (34) is
a potent DRAK1 inhibitor in biochemical assays, its cellular
efficacy may be limited by factors such as drug uptake, stability,
or potential compensatory mechanisms in glioma cells. These
findings underline the complexity of translating kinase inhibi-
tion data from in vitro settings to more physiologically relevant
models and highlight the importance of continued optimiza-
tion and testing in drug development pipelines. This study
exemplifies the utility of high-throughput kinase screening
techniques in identifying and optimizing selective inhibitors
within challenging targets like DRAK1. It also underscores the
importance of combining biochemical data with cellular
models to fully understand the therapeutic potential and limi-
tations of these compounds in cancer treatment.

Further insights into selectivity are gained through cell-
based kinase assays, where the effect of pyrazolo[1,5-a]pyrimi-
dines on kinase signaling pathways is assessed in a more
complex biological context. In these assays, the phosphoryla-
tion status of downstream substrates is measured to determine
whether the compound effectively blocks kinase activity within
living cells. This approach is particularly useful for studying
kinases involved in signaling networks, such as the PI3K-AKT-
mTOR and MAPK pathways, which are often activated in
cancer cells. By examining the effects of pyrazolo[1,5-a]pyrimi-
dines on these pathways, researchers can better understand
their mode of action and potential for therapeutic intervention.

The study by Xu et al. (2015) presents an extensive exploration
into the development of potent and selective Pim-1 kinase
inhibitors using pyrazolo[1,5-a]pyrimidine-based compounds.>*®
These compounds were identified through a combination of
virtual screening and lead optimization strategies aimed at
improving both the potency and selectivity of the inhibitors for
therapeutic applications, especially in the context of cancer. Pim-
1 kinase, along with its family members Pim-2 and Pim-3, plays
a critical role in various oncogenic processes, such as cancer cell
survival, cytokine signaling, and tumorigenesis, making it an
attractive target for therapeutic intervention. Notably, Pim-1 does
not require upstream phosphorylation for activation, making its
kinase activity primarily regulated by transcriptional and trans-
lational control, which is relevant for cancer progression and cell
proliferation.

Xu et al. began their investigation by identifying an initial hit
compound that demonstrated moderate inhibition of Pim-1
kinase, with an ICs, value of 52 uM.**® This compound, part
of the pyrazolo[1,5-a]pyrimidine chemotype, provided a scaffold
for further chemical modifications aimed at enhancing its
potency while avoiding the undesirable effects observed with
earlier generations of Pim-1 inhibitors, such as SGI-1776. SGI-
1776, while potent, was known to exhibit significant off-target
effects, including hERG (human Ether-a-go-go-Related Gene)
channel inhibition, which can lead to cardiotoxicity.
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To improve selectivity and minimize side effects, Xu et al.
focused on combining elements of SGI-1776 with the pyrazolo
[1,5-a]pyrimidine core structure. This led to the generation of
compound 1, which exhibited an ICs, value of 45 nM against
Pim-1 kinase, representing a significant improvement over the
initial hit. Further structural modifications were systematically
made to optimize the physicochemical properties of the inhib-
itors, ensuring both potency and selectivity.

The study utilized both biochemical kinase assays and cell-
based assays to assess the efficacy of the compounds. In the
biochemical assays, the pyrazolo[1,5-a]pyrimidine compounds
strongly inhibited both Pim-1 and Flt-3 kinases, the latter of
which is also implicated in oncogenic processes, particularly in
hematologic cancers. These results are consistent with Table 5,
which presents the hERG ICs, and Flt-3 IC5, values for selected
compounds. For instance, compound 1 demonstrated an hERG
ICs, value of 1.9 uM, indicating low cardiotoxic risk, while the
Flt-3 inhibition data remained undetermined (ND) for this
compound, suggesting a potential focus on Pim-1 selectivity in
initial assays.

In cell-based kinase assays, these pyrazolo[1,5-a]pyrimidine
compounds effectively inhibited the phosphorylation of down-
stream targets, such as the BAD protein, which is involved in
apoptotic signalling. This inhibition was shown to suppress 2D
colony formation in a clonogenic survival assay, demonstrating
that the cellular activity was mediated through Pim-1 inhibi-
tion. This ability to block Pim-1-mediated signalling in living
cells adds a layer of complexity to the compound's mode of
action, revealing its potential for therapeutic intervention in
cancers driven by Pim-1.

Further insights into the selectivity of these inhibitors were
provided by a kinome-wide panel, which showed that the lead
compounds were highly selective for Pim-1, with little off-target
activity across 119 oncogenic kinases. This selective profile,
combined with the improved safety over previous inhibitors like
SGI-1776, makes these pyrazolo[1,5-a]pyrimidine compounds
attractive candidates for future drug development. Importantly,
the absence of significant hERG inhibition at 30 pM concen-
trations suggests a favourable therapeutic window, reducing the
risk of cardiotoxicity commonly associated with kinase
inhibitors.

In summary, the study by Xu et al demonstrates the
successful lead optimization of pyrazolo[1,5-a]pyrimidine
compounds as selective Pim-1 kinase inhibitors with potential
applications in cancer therapy. By leveraging both biochemical
and cell-based assays, the researchers were able to gain valuable

Table 5 hERG ICs5q and Flt-3 ICsq values of selected compounds?*®

Comp. no. hERG ICsq, uM Flt-3 IC59, nM
1 1.9 ND

SGI-1776 <1.0 ND

9 >30 157

9a >30 53

11a >30 271

11b >30 125

© 2025 The Author(s). Published by the Royal Society of Chemistry
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insights into the compounds' selectivity and mechanism of
action, particularly in blocking oncogenic signalling pathways.
The findings suggest that these inhibitors, with their improved
potency and safety profiles, hold promise for future develop-
ment as targeted cancer therapies.

The 2012 study by Hanan et al. investigates the development
of selective Jak2 inhibitors as potential treatments for chronic
myeloproliferative neoplasms, focusing on the optimization of
pyrazolo[1,5-a]pyrimidine compounds.*®” Fig. 9 in the study
presents the co-crystal structure of compound 8 within the Jak2
kinase domain. This structural analysis reveals that the N1-
nitrogen of the pyrazolopyrimidine core forms a hydrogen

GLN-863

GLU-930 & \

TYR‘931 —y

-

ASP-939

Fig.9 Co-crystal structure (2.3 A) of compound 8 in the active site of
the Jak2 kinase domain with the P-loop removed to allow a better
view of the key active site interactions. Dashed lines indicate close
contacts between ligand and protein with distances labelled in A 257
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bond with the backbone NH of Leu932. Additionally, a potential
weak nonclassical hydrogen bond is noted between the C-H
\moiety at C-7 of the pyrazolopyrimidine core and the backbone
carbonyl of Glu930, with a distance of 3.4 A. Both the amide
carbonyl and the pyrazole N,-nitrogen of compound 8 are
observed to form hydrogen bonds with water molecules, and the
terminal phenyl ring occupies the hydrophobic sugar region of
the ATP binding site. Fig. 10 illustrates the in vivo efficacy of
compound 7j in a SCID mouse SET2 xenograft model, which is
dependent on Jak2 for growth. At an oral dose of 100 mg kg™,
compound 7j demonstrates a time-dependent knockdown of
PSTAT5, a downstream target of Jak2, indicating effective
inhibition of Jak2 activity in this model.

Scheme 31 outlines the synthetic route employed to prepare
the pyrazolo[1,5-a]pyrimidine compounds investigated in this
study. The synthesis begins with the reaction of potassium ethyl
malonate with carbonyldiimidazole (CDI) and magnesium
chloride in tetrahydrofuran (THF) at 50 °C. Subsequent steps
involve the use of various reagents and conditions, including
diethyl carbonate, sodium hydride, and dimethylformamide
(DMF), to construct the desired pyrazolo[1,5-a]pyrimidine
scaffold. The final compounds are obtained through purifica-
tion processes such as recrystallization or chromatography.

One of the key challenges in developing kinase inhibitors is
achieving a balance between selectivity and potency. Highly
selective compounds are less likely to cause off-target effects,
but they may also be less effective in treating cancers with
complex signaling networks. On the other hand, broader-
spectrum inhibitors may target multiple kinases involved in
cancer progression but at the cost of increased toxicity. In vitro
kinase profiling helps researchers to fine-tune the selectivity of
pyrazolo[1,5-a]pyrimidines, optimizing their efficacy while
minimizing potential side effects.'®

Overall, in vitro studies of cell line assays and kinase selec-
tivity profiling have significantly advanced our understanding
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Fig. 10 PK/PD study of 7j at an oral dose of 100 mg kg~* in a SET2 xenograft model.2
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Scheme 31 General synthetic procedure for 5-amino-pyrazololl,5-alpyrimidine-3-carboxamidesa?’” “Reaction conditions: (a) 21% EtONa,

EtOH, 95%; (b) HOAc, H,0, 85%; (c) N-iodosuccinimide, DMF, 86%; (d) CO (1 atm), Pd(OAc),,

EtsN, MeOH; (e) 5% aq. LIOH, 68% (2 steps); (f)

POCls, DIPEA, 87%; (g) HoNR, DIPEA, DCM, 52-92%; (h) NHsz, iPrOH, DIPEA, pW 120 °C, 15 min, 9-80%; (i) HoNCHsz, H,O, pW 100 °C, 15 min,
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of pyrazolo[1,5-a]pyrimidines as kinase inhibitors in cancer
treatment. These studies provide critical data on the efficacy,
selectivity, and potential therapeutic applications of these
compounds, paving the way for their continued development as
targeted cancer therapies. As new methods in in vitro testing
continue to evolve, the future of pyrazolo[1,5-a]pyrimidine-
based therapies look promising, with the potential to offer
more effective and personalized treatments for patients with
various types of cancer.

6.2 Cytotoxicity and antiproliferative effects of pyrazolo[1,5-
alpyrimidines

Pyrazolo[1,5-a]pyrimidines represent a promising class of
compounds with significant potential in medicinal chemistry,
particularly in the development of anticancer agents. Their
unique structural features allow for diverse biological activities,
making them targets for investigations into their cytotoxic and
antiproliferative effects on cancer cells. This write-up explores
the mechanisms underlying the cytotoxicity of pyrazolo[1,5-a]
pyrimidines and their antiproliferative properties, highlighting
relevant studies and potential therapeutic applications.***

6.2.1 Mechanisms of cytotoxicity. The cytotoxicity of pyr-
azolo[1,5-alpyrimidines is often attributed to their ability to
inhibit key enzymes and signaling pathways involved in cell
proliferation and survival. One prominent target is the Janus
kinase (Jak) family, particularly Jak2, which plays a critical role
in mediating signaling through various cytokine receptors.
Inhibitors of Jak2, such as those derived from pyrazolo[1,5-a]
pyrimidine scaffolds, have been shown to effectively disrupt
downstream signaling cascades, including the STAT (Signal
Transducer and Activator of Transcription) pathway. This
disruption leads to the inhibition of cell growth and survival in
various cancer cell lines, demonstrating the cytotoxic potential
of these compounds.'®>*®

Additionally, pyrazolo[1,5-a]pyrimidines may induce cyto-
toxic effects through the generation of reactive oxygen species
(ROS), which can trigger apoptosis (programmed cell death).

3802 | RSC Adv, 2025, 15, 3756-3828

Studies have shown that certain pyrazolo[1,5-a]pyrimidine
derivatives increase ROS levels, leading to oxidative stress and
subsequent cell death in cancer cells. This mechanism high-
lights the dual nature of pyrazolo[1,5-a]pyrimidines in targeting
both specific molecular pathways and broader cellular stress
responses.'®*%®

6.2.1.1 Antiproliferative activity. The antiproliferative effects
of pyrazolo[1,5-a]pyrimidines have been widely explored across
multiple cancer types, with preclinical studies highlighting
their promise as potent anticancer agents. These compounds
have shown remarkable activity against various cancer cell
lines, including breast, prostate, and leukemia, underscoring
their broad therapeutic potential. The versatility of the pyrazolo
[1,5-a]pyrimidine scaffold makes it an attractive target for drug
development in oncology.'***

One of the key aspects driving this interest is the structure-
activity relationship (SAR) analysis, which has shed light on how
specific structural modifications can significantly enhance the
potency and selectivity of these compounds. SAR studies have
demonstrated that the introduction of functional groups at
particular positions on the pyrazolo[1,5-a]pyrimidine core can
increase the compounds’ ability to selectively target cancer cells
while minimizing their effects on healthy cells. This is crucial
for developing anticancer agents with fewer side effects, as the
goal is to maximize efficacy against cancerous tissues while
reducing toxicity to normal tissues.>**>*°

In addition to improved selectivity, some pyrazolo[1,5-a]
pyrimidine derivatives have been shown to exert their anti-
proliferative effects through mechanisms such as cell cycle
arrest and apoptosis induction. For example, derivatives that
inhibit proteins involved in cancer cell survival and prolifera-
tion, such as cyclin-dependent kinases (CDKs) and Bcl-2, have
demonstrated significant cytotoxicity against tumor cells.
Moreover, these compounds can be further optimized through
combination therapies, where they are used alongside other
chemotherapeutic agents to achieve synergistic effects. This
combined approach has the potential to enhance the overall

© 2025 The Author(s). Published by the Royal Society of Chemistry
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therapeutic outcome by targeting multiple pathways involved in
cancer progression.>**>%

The development of pyrazolo[1,5-a]pyrimidine derivatives as
anticancer agents remain a promising avenue in oncology, with
ongoing research focused on refining their molecular structure
to enhance selectivity, potency, and safety. Their ability to

selectively inhibit cancer cell proliferation while sparing healthy
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cells positions them as valuable candidates for further investi-
gation in cancer therapy.>****

Kamal et al. (2016) synthesized and evaluated a series of
anilinonicotinyl-linked pyrazolo[1,5-a]pyrimidine conjugates
(6a-x) for their cytotoxicity against breast cancer (MCF-7)
cells.*** Among these, compounds 6a and 6¢ exhibited signifi-
cant antiproliferative activity, along with the ability to arrest the

MTT assay in SiHa cells
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(a—d) SiHa, Hela (cervical cancer), MCF-7 (breast cancer), IMR-32 (neuroblastoma) were studied at 4 IM of conjugates for 24 h using MTT
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cell cycle at the G2/M phase. This arrest is critical as it prevents
cancer cells from proliferating by halting their division. The
study also demonstrated that these compounds exerted their
effects by modulating key proteins involved in cell cycle regu-
lation, including cyclin D1, Bcl-2, and survivin, which are often
overexpressed in cancer cells to promote unchecked growth
(Fig. 11). By inhibiting these proteins, the pyrazolo[1,5-a]
pyrimidine derivatives effectively reduce cancer cell viability.
Another crucial finding from this study is the down-
regulation of estrogen receptor alpha (ERa) activity by
compounds 6a and 6¢ in estrogen-positive breast cancer cells.
ERa plays a significant role in driving the growth of hormone-
dependent breast cancer, and its inhibition is a desirable
target in the treatment of such cancers. Estrogen-positive breast
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cancers account for more than 70% of all breast cancer cases,
and ERa has been identified as a prognostic marker that also
predicts the response to endocrine therapy. The inhibition of
ERa by pyrazolo[1,5-a]pyrimidine conjugates provide a dual
benefit by not only inhibiting cell proliferation directly but also
modulating hormone receptor signaling pathways that fuel the
cancer's progression (Fig. 12).

Fused heterocyclic structures, such as pyrazolo[1,5-a]pyrim-
idines, are also known for their broad pharmacological activi-
ties, which include antibacterial, antifungal, antitumor, and
anti-inflammatory properties. Their structural similarity to
purines enables them to act as ATP-competitive inhibitors for
various kinase enzymes, which are critical in cancer progres-
sion. For example, pyrazolo[1,5-a|pyrimidines have been shown
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Fig. 12 The cell cycle analysis was conducted in MCF-7 cells treated with 6a, 6¢c at concentrations of 4, 8, 16, 32 uM for 48 h. Here doxorubicin
(Doxo), the anthracycline antibiotic as well as one of most effective anticancer agents used to treat against breast cancer was used as positive
control. Conjugates induced G2/M cell cycle arrest. Increased concentration of drug caused apoptosis as indicated by percentage of cells in GO

phase.2*4
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to inhibit cyclin-dependent kinases (CDKs), checkpoint kinase 1
(CHK1), and mammalian target of rapamycin (mTOR), among
others. These enzymes play pivotal roles in regulating cell cycle
progression and survival, making them attractive targets for
anticancer therapy.

In addition to their monotherapeutic potential, pyrazolo[1,5-
alpyrimidines have demonstrated synergistic effects when used
in combination with other chemotherapeutic agents. Such
combination therapies can lead to enhanced antiproliferative
effects, potentially reducing the required doses of each drug
and minimizing toxicity. Moreover, SAR studies indicate that
specific functional groups, such as those at the 2- or 7-position
of the pyrazolo[1,5-a]pyrimidine ring, can further improve
selectivity for cancer cells, increasing their therapeutic index
and reducing collateral damage to normal cells.

In summary, the continued exploration of pyrazolo[1,5-a]
pyrimidine derivatives as anticancer agents hold significant
promise, especially when considering the modifications that
can be made to optimize their antiproliferative effects. Their
ability to target both cell cycle regulators and hormone recep-
tors, such as ERa, makes them particularly valuable in the
treatment of breast cancer. Further studies, particularly those
focused on combination therapies and in vivo efficacy, will be
essential in translating these preclinical findings into clinical
applications.

The cytotoxicity and antiproliferative effects of pyrazolo[1,5-
alpyrimidines underscore their potential as therapeutic agents
in cancer treatment. Their ability to inhibit critical signaling
pathways and induce oxidative stress positions them as versatile
compounds in the fight against cancer. Ongoing research into
the structural optimization of these compounds will likely yield
novel derivatives with improved efficacy and selectivity. Ulti-
mately, the continued exploration of pyrazolo[1,5-a]pyrimidines
in cancer therapy may lead to the development of effective and
targeted treatments for various malignancies, paving the way
for improved patient outcomes.

In the study conducted by Attia et al. (2019), the anti-
proliferative activity of newly synthesized pyrazolo[1,5-a]pyrim-
idine compounds were evaluated against a variety of cancer cell
lines, including Huh-7 (liver cancer), HeLa (cervical cancer),
MCF-7 (breast cancer), and MDA-MB231 (triple-negative breast
cancer) cell lines.*** Several of the compounds demonstrated
notable antiproliferative effects, particularly compounds 11f,
16b, and 11i.

Compound 11f, which contains a 4-chlorophenyl substitu-
tion, showed moderate antiproliferative activity against the
Huh-7 cell line with an ICs, value of 6.3 uM, compared to the
reference drug doxorubicin (ICso = 3.2 puM). The chloro
substitution on the phenyl ring contributes positively to the
compound's cytotoxic potential, as supported by the structure—
activity relationship (SAR) analysis, which highlights that 11f's
antiproliferative activity is stronger compared to its fluoro (11e,
IC5o = 75.2 pM) and bromo (11g, ICso = 88.4 puM) analogs.
However, when tested against other cell lines, such as MDA-
MB231, compound 11f exhibited much lower antiproliferative
activity, with an ICs, of 74.25 uM, indicating its selective action
on liver cancer cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, compound 16b, which features a 4-
methoxyphenyl group, demonstrated potent antiproliferative
activity, particularly against HeLa cells, with an IC5, value of 7.8
uM, slightly better than that of doxorubicin (ICs, = 8.1 uM). The
introduction of the methoxy group appears to enhance the
compound's effectiveness, as evidenced by its superior perfor-
mance compared to its unsubstituted counterpart, compound
16a (IC5o = 15.5 uM). Furthermore, compound 16b also showed
promising results against MDA-MB231 cells with an ICs, value
of 5.74 uM. SAR analysis emphasizes that methoxy substitution
on the aryl ring plays a crucial role in increasing the anti-
proliferative efficacy of compound 16b.

Among the synthesized compounds, 11i, which incorporates
a naphthyl ring, exhibited the most remarkable antiproliferative
activity. Against the MCF-7 cell line, compound 11i achieved an
IC5, of 3.0 pM, significantly outperforming doxorubicin (IC5, =
5.9 uM). Additionally, 11i demonstrated potent antiproliferative
activity against MDA-MB231 cells with an ICsq of 4.32 uM. The
higher lipophilicity of the naphthyl substitution in compound
11i appears to contribute to its enhanced cytotoxicity, particu-
larly against breast cancer cell lines. The SAR analysis also
indicates that replacing the phenyl ring with a more hydro-
phobic naphthyl group substantially boosts the activity of
compound 11i, especially in MCF-7 and MDA-MB231 cells.

Flow cytometry analysis was conducted to examine the
impact of compounds 11f, 11i, and 16b on cell cycle distribu-
tion. Treatment of MCF-7 cells with compound 11i resulted in
a marked reduction in the G1 phase, with significant arrest in
both the S and G2/M phases (Fig. 13). This indicates that
compound 11i interferes with the progression of the cell cycle,
ultimately inhibiting proliferation. Similarly, treatment of MDA-
MB231 cells with compound 11i induced a significant G1 phase
arrest, accompanied by a reduction in the S phase (Fig. 14). In
HeLa cells, compound 16b treatment led to a reduction in the
G1 phase and significant arrest in the G2/M phase. Interest-
ingly, compound 11f showed no notable impact on the cell cycle
of Huh-7 cells, suggesting that its antiproliferative mechanism
may differ or be less related to cell cycle modulation.

These findings highlight the selective and potent anti-
proliferative activities of certain pyrazolo[1,5-a]pyrimidine
derivatives, with compounds11li and 16b standing out as
promising candidates for further development in cancer
therapy, particularly for breast cancer and cervical cancer. The
SAR analysis provides valuable insights into how specific
chemical modifications can enhance or reduce cytotoxic
activity, paving the way for the design of more effective anti-
proliferative agents.

6.3 In vivo evaluation of the anti-cancer efficacy of pyrazolo
[1,5-a]pyrimidines

Invivo studies play a crucial role in determining the therapeutic
potential of small-molecule inhibitors such as pyrazolo[1,5-a]
pyrimidines in cancer treatment. While in vitro studies offer
initial insights into the biological activity of these compounds,
in vivo evaluations provide a more comprehensive under-
standing of their pharmacokinetics, bioavailability, toxicity, and
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Fig.13 Cell cycle analysis in MCF-7 cells. Cells were subjected to cell cycle analysis using flow cytometry. Representative histogram of the gated
cells in the GO/GL1, S, and G2/M phases for (a): control; (b): compound 11i; (c): PTX. (d): quantitative analysis of distribution or proportion of the
cells in each phase was performed from at least 10 000 cells per sample. Each bar represents mean + SEM of the data obtained from three
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overall efficacy in living organisms. The anti-cancer potential of
pyrazolo[1,5-a]pyrimidines has been evaluated in various
animal models, particularly in targeting key oncogenic path-
ways such as the Ras-Raf-MEK-ERK signaling pathway, which is
often disrupted in cancers.”**>*

Pyrazolo[1,5-a]pyrimidines have shown promising results in
vivo, particularly in cancers driven by mutations in the B-Raf
and MEK kinases, such as melanoma, colorectal, and thyroid
cancers. By inhibiting these kinases, pyrazolo[1,5-a]pyrimidines
prevent the phosphorylation of downstream targets in the
MAPK pathway, effectively halting cancer cell proliferation and
inducing apoptosis. These in vivo studies are essential for
assessing the selectivity of these inhibitors, ensuring they target
cancerous cells without causing significant damage to normal
tissues, thereby minimizing off-target effects.>**>¢”

For example, in mouse xenograft models, pyrazolo[1,5-a]
pyrimidine derivatives have demonstrated significant tumor
regression and prolonged survival when administered system-
ically. In these models, the compounds have shown strong anti-
tumor activity against both primary tumors and metastases,
particularly in cancers that harbor the B-Raf V600E mutation.
This mutation, found in a significant percentage of melanomas

3806 | RSC Adv, 2025, 15, 3756-3828

and other cancers, leads to constitutive activation of the MAPK
pathway, and pyrazolo[1,5-a]pyrimidines have been effective in
inhibiting this aberrant signalling.>*>*

Additionally, in vivo studies have explored the pharmacoki-
netics of pyrazolo[1,5-a]pyrimidines, determining their
absorption, distribution, metabolism, and excretion (ADME)
profiles. These factors are critical for understanding how the
compounds behave in a complex biological system and
ensuring their therapeutic efficacy. The stability of pyrazolo[1,5-
alpyrimidines in the bloodstream, their ability to penetrate
tissues, and their clearance rates are vital parameters that
influence their overall anti-cancer potential.””® Toxicity assess-
ments in vivo are also an essential component of these studies.
Pyrazolo[1,5-a]pyrimidines must exhibit an acceptable safety
profile, with limited adverse effects at therapeutic doses. Early
in vivo toxicity studies have demonstrated that some derivatives
of pyrazolo[1,5-a]pyrimidines can be well tolerated, with
manageable side effects. However, further optimization may be
necessary to improve their therapeutic window and reduce
potential toxicity.”***

In summary, in vivo evaluations of pyrazolo[1,5-a]pyrimi-
dines have provided critical data supporting their potential as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effective anti-cancer agents. These studies highlight the
compounds’ ability to selectively target cancer-driving kinases,
reduce tumor growth, and offer promising therapeutic
outcomes in animal models. However, ongoing research is
required to further refine these compounds and move towards
clinical trials in humans.

For example, in El Sayed et al. (2018) focused heavily on in
vitro assays and molecular modelling to evaluate the anti-cancer
potential of pyrazolo[1,5-a]pyrimidines and pyrido[2,3-d]
pyrimidines.””* These compounds were primarily tested for
their tyrosine kinase inhibitory activity, targeting EGFR kinase
and their cytotoxicity against cancer cell lines.

The study's main approach involved in vitro assays, including
the NCI 60 cell line panel across various cancer types (leukemia,

© 2025 The Author(s). Published by the Royal Society of Chemistry

breast, renal, etc.), which provided essential preliminary data
for the therapeutic potential of these compounds. Key findings
from these in vitro tests indicated that specific compounds, like
9b and 6f, were particularly effective, showing inhibitory effects
on MCF-7 breast cancer cells and renal cell lines. The most
active compound, 9b, demonstrated an EGFR inhibition of
81.72% at 25 nM and an ICs, of 8.4 nM, comparable to Sor-
afenib, a well-known kinase inhibitor.

Although in vivo animal models were not used directly in this
study, the strong EGFR inhibitory activity of compounds like 9b
suggests their potential for further in vivo evaluations. Typically,
such promising in vitro results are followed by xenograft models
in mice to assess pharmacokinetics, toxicity, and antitumor
efficacy in living organisms, which could be a next step for this
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research. The study provides a solid foundation for future
preclinical investigations, where in vivo animal models would
be essential for confirming the efficacy of these compounds in
real-world cancer therapies.

In the study by Kosugi et al. (2012), the in vivo evaluation of
pyrazolo[1,5-a]pyrimidine derivatives were conducted to assess
their potential as inhibitors of MAPKAP-K2 (Mitogen-Activated
Protein Kinase-Activated Protein Kinase 2), a kinase impli-
cated in inflammatory diseases.>”> The in vivo experiments were
crucial for determining the pharmacokinetics, efficacy, and
overall therapeutic potential of these compounds.

The research explored the anti-inflammatory properties of
key pyrazolo[1,5-a]pyrimidine derivatives, including compound
(S)-44, which had shown promising in vitro results. Compound
(S)-44 was selected for further in vivo studies due to its strong
MAPKAP-K2 inhibition (ICs, < 100 nM) and superior selectivity
over CDK2 (Cyclin-Dependent Kinase 2) (Fig. 15). In a model of
acute inflammation, compound (S)-44 demonstrated potent
efficacy, effectively reducing paw edema in rats following
carrageenan injection. This significant anti-inflammatory
activity correlated well with the inhibition of MAPKAP-K2, as
compound (S)-44 was able to modulate the downstream effects
of this kinase, particularly its role in regulating pro-
inflammatory cytokines. This effect was evident when
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compound (S)-44 decreased TNF-o. (Tumor Necrosis Factor-
alpha) levels in plasma, a key mediator of inflammation.
Fig. 16 illustrates the reduction in inflammatory markers
observed in these in vivo models, providing a clear link between
kinase inhibition and anti-inflammatory outcomes.

Additionally, the pharmacokinetic profile of (S)-44 was
assessed. The compound exhibited favorable properties,
including adequate bioavailability and a half-life that supported
its potential use as an orally administered anti-inflammatory
agent. These results indicated that (S)-44 could maintain
effective concentrations in systemic circulation, which was
essential for sustained kinase inhibition and therapeutic
action.

Fig. 17 highlights the structure-activity relationship (SAR)
findings from the in vivo studies, showing that specific modi-
fications at the 5- and 7-positions of the pyrazolo[1,5-a]pyrimi-
dine core played a pivotal role in enhancing both the potency
and selectivity of these compounds. The para-substitution on
the 7-phenyl group (compound 64) led to improved binding in
the MAPKAP-K2 pocket, contributing to its enhanced anti-
inflammatory effects in vivo.

Overall, the in vivo studies provided strong evidence that
pyrazolo[1,5-a]pyrimidine derivatives, particularly (S)-44, could
effectively inhibit MAPKAP-K2, reduce inflammation, and show
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promise as potential therapeutic agents for inflammatory
diseases. The combination of potent kinase inhibition, selec-
tivity, and favorable pharmacokinetics laid the groundwork for
further preclinical and clinical investigations.

The study by Fouda et al. (2019) highlighted the synthesis of
2-arylazomalononitrile derivatives, which are precursors to
pyrazolo[1,5-a]pyrimidine analogs. These compounds, synthe-
sized via diazotization of aniline derivatives followed by
coupling with malononitrile, exhibited significant anticancer
activity.””® The in vitro cytotoxicity of these compounds was
assessed against several human cancer cell lines, including
MCF-7 (breast cancer), HePG2 (liver cancer), and HCT 116
(colon cancer). The ICs, values, which represent the concen-
tration of the compound required to inhibit 50% of cell
viability, were measured to compare the effectiveness of the
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tested compounds across different tumor cell lines. As shown in
Fig. 18, the tested compounds displayed varying degrees of
cytotoxicity depending on the cell line, with some compounds
showing higher potency against specific cancer types.

The differences in ICs, values among the different tumor
cells suggest that the anticancer activity of pyrazolo[1,5-a]
pyrimidine derivatives is influenced by the molecular charac-
teristics of each cancer type. For instance, the MCF-7 cells were
found to be more resistant to certain compounds compared to
HCT 116 or HePG2 cells, highlighting the need for tailored
therapeutic strategies. Additionally, these findings emphasize
the potential of pyrazolo[1,5-a]pyrimidines as selective inhibi-
tors, offering an advantage over non-specific cytotoxic agents
currently used in chemotherapy. The detailed analysis of
structure-activity relationships in the study further supports

7> 8 8 9a 9 10a 10b 1l1a 11b 12a 12b 13

Compounds

Fig. 18 The differences of IC50% of new tested chemicals compounds effects on different tumor cells (MCF-7, HePG2, and HCT 116 cells).?”
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the rational design of more potent derivatives with improved
selectivity for cancer cells.

In the study by Kamal et al. (2013), a novel series of pyrazolo
[1,5-a]pyrimidine derivatives linked to 2-aminobenzothiazole
(compounds 6a-t) were synthesized and tested for their anti-
cancer potential.>** Two standout compounds from this series,
referred to as 6m and 6p, exhibited particularly significant
anticancer activity. These compounds are pyrazolo[1,5-a]
pyrimidine derivatives that possess specific structural features
responsible for their enhanced cytotoxic effects against various
human cancer cell lines.

Compound 6m is characterized by the presence of a 3,4,5-
trimethoxy substitution on the phenyl ring attached to the
pyrazolo[1,5-a]pyrimidine core, while compound 6p features
a 4-fluoro substitution on this same phenyl ring. These specific
substitutions were found to be critical in enhancing the
compounds' overall anticancer activity. The study showed that
both 6m and 6p exhibited potent cytotoxic effects, with ICs,
values ranging from 1.94 to 7.07 uM, depending on the type of
cancer cell line being treated. For instance, 6p demonstrated
a particularly low GI50 value of 0.7 uM against lung cancer cell
lines, which is indicative of its strong antiproliferative effect.

Both 6m and 6p were observed to induce G2/M cell cycle
arrest, which prevents cancer cells from progressing through
the cell division process. This was confirmed through flow
cytometry analysis in lung cancer cells (A549), showing that at
a concentration of 2 pM, 6m and 6p led to an accumulation of

View Article Online

Review

52% and 64% of cells in the G2/M phase, respectively (Fig. 19).
These effects are thought to be due to the downregulation of
Cdk1 (cyclin-dependent kinase 1), a key enzyme involved in the
G2/M transition, as indicated by western blot analysis.

In addition to cell cycle arrest, both compounds triggered
caspase-3-dependent apoptosis, a programmed cell death
process, in the treated cancer cells. This was demonstrated by
the detection of nuclear fragmentation and chromatin
condensation through Hoechst staining, key indicators of
apoptosis. DNA fragmentation assays further confirmed the
apoptotic effects of these compounds, underscoring their ability
to induce cancer cell death effectively.

Overall, the study demonstrated that compounds like6m and
6p—Dbearing the pyrazolo[1,5-a]pyrimidine core with 2-amino-
benzothiazole linkage—hold substantial promise as anticancer
agents. Their ability to induce both cell cycle arrest and
apoptosis suggests their potential for further development in
cancer therapy, particularly given their potency across different
cancer cell lines (Fig. 20). The structure-activity relationship
(SAR) analysis revealed that the substitution patterns on the
phenyl ring of the pyrazolo[1,5-a]pyrimidine unit play a crucial
role in determining the compounds' efficacy, with 6m and 6p
emerging as the most promising candidates.

Liu et al. (2016) describe a scaffold-hopping exercise that
initiates with imidazo[1,2-a]pyrazines and explores pyrazolo
[1,5-a][1,3,5]triazines, ultimately leading to the identification of
pyrazolo[1,5-a]pyrimidines as a novel class of potent TTK
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Fig. 19 Flow cytometric analysis of compounds 6p, 6m and roscovitine in A-549 lung cancer cell line. (A) control cells, (B) roscovitine (2 uM), (C)

6m (1 uM), (D) 6m (2 uM), (E) 6p (1 pM) and (F) 6p (2 pM).2*
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inhibitors.?”**”® This research provided significant structural
insights through X-ray crystallography of a representative
compound, which indicated a 1(1)/2 type inhibition mecha-
nism. The findings suggest that by incorporating polar moieties
in hydrophobic regions, researchers could enhance the physi-
cochemical properties of these compounds while retaining their
inhibitory potency.

The synthesis of pyrazolo[1,5-a]pyrimidines begin with 3-
bromo-5,7-dichloro-pyrazolo[1,5-a]pyrimidine and proceeds
through a series of steps, including nucleophilic aromatic
substitution, protection of nitrogen, and Suzuki-Miyaura
coupling. These synthetic routes have allowed the development
of a range of pyrazolo[1,5-a]pyrimidines (designated as
compounds 7 to 24) with varying potencies. In comparative
analyses, the new pyrazolo[1,5-a]pyrimidines demonstrated
comparable potency to their pyrazolotriazine counterparts, with

improved cell activity and oral bioavailability. However, some
lead compounds were found to be dissolution-limited,
hindering their plasma levels from reaching maximum toler-
ated doses.

To address bioavailability, researchers initiated a lead opti-
mization program focusing on modifying physicochemical
properties without compromising potency. By introducing polar
and basic solubilizing elements into solvent-accessible regions,
they identified compounds with enhanced oral exposure.
Notably, compound 10 achieved significant cancer cell growth
inhibition and demonstrated dose-dependent plasma concen-
tration increases, establishing a maximum tolerated dose of
6.5 mg kg™ in preclinical studies.

A detailed examination of TTK binding interactions through
co-crystallization revealed unique structural features, including
hydrogen bonding patterns with key residues in the TTK

ReNH O/\NH ReNH
7 /N O N)\N/N\ 7 N’N\
Z)\\Y,N Y Z)\\N =~ NN
N N N

O H O H O H
Imidazo[1,2-a]pyrazines Pyrazolo[1,5-a][1,3,5] Pyrazolo[1,5-a]
X=N,Y=CH triazines pyrimidines
Imidazo[1,2-b]pyridazines {1 7 = PhO-, TTK ICso = 1.4 NM
X=CH,Y=N
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Scheme 32 TTK inhibitor scaffold hopping.?
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enzyme. Such insights guide the development of compounds
that maintain their potency while being optimized for better
oral bioavailability. Further exploration involved modifying the
compounds with hydroxyl functions and weak bases, leading to
additional potent TTK inhibitors that showed promising activity
against cancer cell lines. Scheme 32 illustrates the scaffold
hopping of TTK inhibitors.

Ultimately, four  potent  pyrazolo[1,5-a]pyrimidine
compounds were selected for further evaluation against a panel
of human kinases and tested in xenograft models. Among these,
compound 24 emerged as a standout candidate due to its
excellent in vitro potency (TTK ICs, = 0.1 nM) and selective
inhibition profile, with minimal interaction with cytochrome
P450 enzymes. The compound demonstrated effective growth
inhibition across various cancer cell lines, positioning it as
a strong candidate for further preclinical evaluation and
potential clinical application in cancer therapy. Overall, the
work highlights the therapeutic promise of pyrazolo[1,5-a]
pyrimidines as selective anticancer agents, with ongoing studies
aimed at optimizing their pharmacokinetic and safety profiles
for clinical use.””*

Overexpression of P-glycoprotein (P-gp) and other ATP-
binding cassette (ABC) transporters is a major mechanism
through which MDR manifests, as these proteins effectively
pump chemotherapeutic agents out of the cells, thereby
reducing their intracellular concentrations and efficacy. This is
particularly problematic in the treatment of central nervous
system (CNS) tumors, where the blood-brain barrier restricts
drug delivery.'*® Research conducted by Fallacara et al. (2019)
demonstrated that a specific set of pyrazolo[3,4-d]|pyrimidines,
which were developed as novel Src tyrosine kinase inhibitors,
exhibited significant activity against CNS tumors in vivo.'*®
Their findings indicated that these compounds could enhance
the intracellular accumulation of fluorescent substrate Rho
123, which suggests a potential to overcome the limitations
imposed by P-gp and improve the effectiveness of traditional
chemotherapeutics such as paclitaxel in P-gp overexpressing
cancer cells.

Furthermore, the therapeutic potential of pyrazolo[1,5-a]
pyrimidines extend beyond their role as P-gp inhibitors.
According to Arias-Gomez et al**® (2021), these derivatives
represent a vast family of N-heterocyclic compounds that have
garnered significant interest not only in medicinal chemistry
but also in material science due to their promising photo-
physical properties. The exploration of diverse synthesis path-
ways and post-functionalization strategies for these compounds
has enhanced their structural diversity and application poten-
tial. By improving the functional characteristics of pyrazolo[1,5-
alpyrimidines, researchers hope to design drugs that are more
effective against cancer. This includes an emphasis on their
anticancer activity and their ability to inhibit specific enzymes
related to cancer progression. The ongoing advances in the
synthesis and functionalization of pyrazolo[1,5-a]pyrimidines
underscore their potential to lead to novel and rational drug
designs, ultimately contributing to improved outcomes in
cancer treatment strategies. Overall, the incorporation of pyr-
azolo[1,5-a]pyrimidines into therapeutic regimens may offer

3812 | RSC Adv, 2025, 15, 3756-3828
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new avenues for combating drug-resistant cancers, particularly
in challenging cases such as glioblastoma.

7 Challenges and future directions

The development of pyrazolo[1,5-a]pyrimidines as potent
protein kinase inhibitors has garnered significant attention in
cancer research due to their potential to interfere with key
cellular signaling pathways involved in tumorigenesis. Protein
kinases are essential for regulating various cellular functions,
including growth, survival, and differentiation. Their disruption
in cancer leads to uncontrolled cell proliferation and survival,
making them attractive therapeutic targets.>”” Pyrazolo[1,5-a]
pyrimidines have shown promise in inhibiting specific kinases,
thus blocking cancer progression. However, despite these
promising applications, several challenges remain in their
synthesis, biological specificity, and clinical utility, necessi-
tating further research and innovation to enhance their efficacy
and safety in cancer therapy.'**

The synthesis of pyrazolo[1,5-a]pyrimidines is often complex
and involves multiple steps that can present significant hurdles,
particularly in achieving high yields and selectivity. Traditional
synthetic routes typically rely on cyclocondensation reactions or
transition-metal-catalyzed processes, both of which can involve
harsh reaction conditions and yield low amounts of product.
Additionally, synthesizing pyrazolo[1,5-a]pyrimidine derivatives
with specific functional groups that are crucial for enhancing
their kinase inhibition properties poses a considerable chal-
lenge.>***”%?7* While advances in organic synthesis, such as
microwave-assisted reactions and flow chemistry, have provided
new avenues for more efficient production, these methods still
require optimization for large-scale applications. Scalability is
another critical issue; developing industrial-scale processes that
are both cost-effective and environmentally sustainable remains
a significant bottleneck in the production of these compounds.
Improving the synthesis process to make it more efficient and
adaptable to large-scale production is crucial for advancing
pyrazolo[1,5-a]pyrimidines to clinical use.?¢®>0-25>

One of the key challenges in developing pyrazolo[1,5-a]
pyrimidines as cancer therapeutics lies in achieving specificity
for their kinase targets. Kinase inhibitors must selectively block
the activity of a specific kinase without affecting others, a diffi-
cult task given the highly conserved nature of the ATP-binding
site across the kinase family. Off-target effects, where the drug
inadvertently inhibits other kinases, can lead to toxicities and
unwanted side effects, thus limiting the clinical applicability of
these inhibitors. Achieving the necessary selectivity to avoid
such toxicities remains an ongoing challenge in the design of
pyrazolo[1,5-a]pyrimidines.>***

Resistance to kinase inhibitors also poses a significant
hurdle. Cancer cells can develop resistance through various
mechanisms, including mutations in the kinase target or acti-
vation of compensatory pathways that bypass the blocked
kinase. This resistance reduces the effectiveness of the inhibi-
tors over time, necessitating the development of next-
generation pyrazolo[1,5-a]pyrimidine derivatives that can over-
come these resistance mechanisms. In addition, some kinases

© 2025 The Author(s). Published by the Royal Society of Chemistry
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perform important functions independent of their kinase
activity, such as acting as scaffolds for protein-protein inter-
actions. Inhibiting only the catalytic activity of these kinases
may not fully disrupt their oncogenic role, further complicating
the design of effective inhibitors.'***”*

Beyond issues of specificity and resistance, the pharmaco-
kinetics and delivery of pyrazolo[1,5-a]pyrimidines represent
additional challenges. Many of these compounds suffer from
poor solubility, which limits their bioavailability when admin-
istered orally. Additionally, rapid metabolism and clearance
from the body reduce the amount of drug available to exert
therapeutic effects, particularly in the tumor microenviron-
ment. Enhancing the solubility, stability, and bioavailability of
these molecules is critical to improving their overall efficacy in
cancer treatment.*>®” Another challenge lies in ensuring that
pyrazolo[1,5-a|pyrimidines are selectively delivered to tumor
tissues while sparing healthy cells. Current formulations may
not always achieve optimal biodistribution, leading to subop-
timal therapeutic outcomes and increased toxicity. Developing
advanced drug delivery systems, such as nanoparticles or lipo-
somes, may help to improve the selective targeting of tumors
and enhance the therapeutic index of pyrazolo[1,5-a]pyrimi-
dines. In cancers affecting the central nervous system, like
glioblastoma, these inhibitors must also cross the blood-brain
barrier, a significant obstacle for most small-molecule drugs.
Innovative delivery methods such as intranasal administration
or convection-enhanced delivery may provide solutions to this
problem.*>*%”

The future of pyrazolo[1,5-a]pyrimidines in cancer treatment
lies in rational drug design, where advances in computational
chemistry and structural biology can be leveraged to create
more selective and potent kinase inhibitors. By studying the
crystal structures of kinase-inhibitor complexes, researchers
can design inhibitors that fit more precisely into the ATP-
binding pockets of target kinases, reducing off-target effects
and enhancing efficacy. Structure-based drug design can also
help optimize the pharmacokinetic properties of these
compounds, improving their absorption, distribution, metab-
olism, and excretion. Additionally, targeting multiple kinases
simultaneously with multi-target kinase inhibitors may offer
a more effective approach to cancer treatment. Cancer cells
often rely on more than one signalling pathway for survival and
blocking multiple pathways at once could provide a more
comprehensive therapeutic strategy.'>**

Combination therapies are another promising direction for
pyrazolo[1,5-a]pyrimidines. Pairing these kinase inhibitors with
other cancer treatments, such as immune checkpoint inhibitors
or chemotherapy, could enhance their effectiveness.””® For
instance, combining kinase inhibitors with immunotherapy
could potentiate the immune system's ability to attack tumors,
while using them alongside chemotherapy may sensitize cancer
cells to treatment. However, these combination strategies must
be carefully developed through clinical trials to identify the
most effective regimens and minimize adverse effects.”**>%¢

As the field of personalized medicine continues to grow, the
potential of pyrazolo[1,5-a]pyrimidines could be further real-
ized through the identification of biomarkers that predict which
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patients are most likely to respond to these inhibitors. By
tailoring treatments based on the specific genetic and molec-
ular characteristics of an individual's cancer, clinicians could
maximize therapeutic efficacy while minimizing unnecessary
treatments and side effects. Advances in genomics and pro-
teomics will be key to identifying these biomarkers and select-
ing the most appropriate kinase inhibitor for each patient's
cancer subtype.>*”>%8

While significant progress has been made in preclinical
studies, the translation of pyrazolo[1,5-a]pyrimidine-based
kinase inhibitors into clinical trials has been slow. Addressing
safety, efficacy, and tolerability concerns in early-phase trials
will be crucial for advancing these compounds through the
clinical pipeline. Regulatory approvals from agencies such as
the FDA and EMA will depend on comprehensive data demon-
strating the therapeutic potential, pharmacokinetics, and
toxicity profiles of these compounds.*®®

Pyrazolo[1,5-a]pyrimidines represent a promising class of
protein kinase inhibitors with significant potential in cancer
therapy. However, challenges related to their synthesis, speci-
ficity, pharmacokinetics, and clinical development remain.
Overcoming these hurdles will require continued research,
innovation in drug design and delivery, and rigorous clinical
testing. With advances in technology and a deeper under-
standing of cancer biology, pyrazolo[1,5-a]pyrimidines could
become powerful tools in the fight against cancer, offering more
effective and personalized treatment options for patients.

8 Conclusion

Pyrazolo[1,5-a]pyrimidines represent a highly versatile and
promising class of compounds in the field of targeted cancer
therapy, particularly as potent protein kinase inhibitors (PKIs).
Their ability to selectively inhibit key oncogenic kinases such as
as CK2, EGFR, B-Raf, MEK, PDE4, BCL6, DRAK1, CDK1 and
CDK2, Pim-1, among others, highlights their potential as ther-
apeutic agents in the treatment of various malignancies,
including non-small cell lung cancer (NSCLC) and melanoma.
Advances in synthetic methodologies, such as cyclization,
microwave-assisted synthesis, and palladium-catalyzed cross-
coupling, have enabled the structural diversification and func-
tionalization of these molecules, paving the way for more
effective and selective kinase inhibitors. Structure-activity
relationship (SAR) studies have revealed the critical role of
specific substitution patterns in enhancing both pharmaco-
logical properties and kinase selectivity. Despite these achieve-
ments, several challenges remain. Resistance mechanisms, off-
target effects, and suboptimal pharmacokinetics continue to
impede the clinical success of many kinase inhibitors,
including pyrazolo[1,5-a]pyrimidines. Overcoming these limi-
tations will require a more in-depth understanding of the
molecular basis of kinase inhibition and the development of
next-generation inhibitors with improved specificity, reduced
toxicity, and enhanced bioavailability.

Moving forward, the integration of green chemistry princi-
ples, novel synthetic approaches, and precision medicinal
strategies could accelerate the translation of pyrazolo[1,5-a]
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pyrimidines from preclinical models to clinical applications.
Continued research in this area holds significant promise for
advancing cancer treatment, particularly in overcoming drug
resistance and improving patient outcomes with highly targeted
kinase inhibition.
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