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Abstract
The growing resistance and toxicity associated with current cancer treatments highlight the urgent need for novel therapeutic agents. In this
study, we synthesized a series of pyrazolopyrimidine-coumarin derivatives (10a-d) and evaluated their anti-cancer activity using the NCI-60
cell line panel, representing nine cancer types. Among the compounds, 10c demonstrated the most potent activity, achieving a mean growth
inhibition of 50% across the entire cell lines' panel. To investigate its mechanism of action, we performed molecular docking studies against
18 kinases, identifying JAK1 and CDK2 as primary potential targets with binding affinities comparable to the ligands co-crystallized with the
PDB protein complexes. Pharmacokinetic and toxicity predictions using ADMETLab 3.0, OSIRIS Property Explorer, and ProTox-III
confirmed compound 10c as a promising drug-like candidate. These findings position 10c as a potential lead compound for developing next-
generation anti-cancer agents. Future efforts will focus on optimizing this scaffold to combat resistance and toxicity, particularly enhancing
JAK1 and CDK2 inhibition. This study underscores the potential of coumarin-based derivatives in advancing cancer therapeutics.
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1. Introduction
Cancer constitutes a major global health issue, as indicated by the International Agency for Research on Cancer (IARC),

which reported around 19.3 million new cases and nearly 10 million deaths in 2020. Projections suggest an increase to over
28.4 million cases by 2040, attributed to population aging and lifestyle modifications [1]. Despite advancements in early
diagnosis and targeted therapies, treatment regimens encounter significant limitations, such as severe side effects, inadequate
specificity, and multidrug resistance (MDR), which compromise therapeutic efficacy and elevate cancer recurrence rates [2].
Cancer complexity is heightened by tumor heterogeneity, observed both within individual tumors and among patients,
alongside challenges from tumor microenvironments, angiogenesis, and metastasis [3]. The identified factors highlight the
necessity for innovative therapeutic strategies, leading researchers to investigate new molecular scaffolds to tackle these
challenges [4]. Chemotherapy is a fundamental component of cancer treatment, utilizing more than 100 agents in various
single or combination regimens that target cancer cells via multiple mechanisms, including the disruption of DNA replication
and the inhibition of dysregulated signal-transduction pathways [5, 6].

Compounds inspired by natural products, especially coumarins, have garnered considerable interest in medicinal chemistry
owing to their structural diversity and capacity to influence various biochemical pathways [7]. Coumarin derivatives
demonstrate a wide range of anti-cancer activities, encompassing anti-proliferative, anti-angiogenic, and apoptosis-inducing
effects, positioning them as promising candidates for drug development [8-10]. Their structural versatility enables
optimization for improved target specificity and pharmacokinetic properties, effectively addressing challenges such as
MDR and off-target toxicity. These compounds function via various mechanisms, including DNA intercalation that disrupts
replication and transcription (I-II) [11], inhibition of topoisomerases resulting in DNA damage and apoptosis (III) [12], and
anti-angiogenic effects through the inhibition of VEGF, which suppresses tumor vascularization (IV-VI) [13-15]. They also
act as anti-mitotic agents by disrupting microtubule assembly and cell division (VII-VIII) [16, 17]. Coumarin derivatives
inhibit the PI3K/AKT pathway, which is often dysregulated in cancers, thus reducing proliferation and survival (IX) [18].
Compounds that target carbonic anhydrases IX and XII (X-XI), which are overexpressed in hypoxic tumor
microenvironments, effectively disrupt pH regulation, tumor progression, and metastasis [9, 19]. The diverse mechanisms
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highlight the potential of coumarins as versatile and efficient anti-cancer agents. (Figure 1)

Figure 1. Representative examples of the various mechanisms of action that coumarin demonstrates in combating against
cancer through compounds I-XI.

The pyrimidine scaffold has become a crucial structure in developing anti-cancer agents due to its distinctive
physicochemical properties and capacity to engage with diverse biological targets [20]. This heterocyclic framework is
fundamental in numerous FDA-approved medications and investigational compounds currently in clinical trials (Figure 2).
Ruxolitinib (XII), a pyrimidine-based JAK1/2 inhibitor, is approved for treating myelofibrosis and polycythemia vera,
showcasing its effectiveness in addressing cytokine-driven cancers [21]. Tofacitinib (XIII) is a significant example, as it is
primarily approved for autoimmune disorders but has demonstrated potential in cancer therapies that target the JAK/STAT
pathway [22]. Furthermore, the scaffold is integrated into molecules like Baricitinib (XIV) [23] and Fedratinib (XV) [24],
which both focus on JAK-related pathways and are currently under investigation for oncology applications. The versatility of
the pyrimidine scaffold also encompasses the inhibition of kinases such as PI3K, CDK, and Aurora kinases, which play a
crucial role in tumor progression and survival [25, 26]. The capacity to participate in hydrogen bonding and π-π interactions
with enzyme active sites improves its potency and selectivity, establishing it as a significant framework for developing next-
generation anti-cancer therapeutics. The presence of this scaffold in both approved drugs and advanced clinical candidates
highlights its essential role in contemporary oncology drug discovery [27].
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Figure 2. Pyrimidine-containing compounds (XII-XV) as cancer combatants, as authorized by the FDA or in clinical trials.

1.1. Design rationale
In the current study, the design of the targeted compounds was thoughtfully influenced by our prior research on CAN508

(XVI) [28] as demonstrated by the analogue (XVII) [29] utilizing essential insights to improve their anti-cancer efficacy. Our
approach involved the preservation of the pyrazolo[1,5-a]pyrimidine scaffold, recognized for its significant kinase inhibitory
activity and potential as a versatile backbone in anti-cancer applications. To enhance lipophilicity and potentially improve
cellular permeability, we substituted the hydrophilic NH2 group in the original design with a phenyl group. Additionally,
acknowledging the anti-cancer properties of coumarins, we replaced the traditional enaminones in the tail with 3-acetyl
coumarin-based enaminone, which offers further advantages, including DNA intercalation, anti-mitotic activity, and the
modulation of essential oncogenic pathways. In the diazophenyl head, we incorporated various substitutions with electron-
donating and electron-withdrawing groups to systematically examine their effects on electronic distribution and binding
interactions, to optimize the compounds' affinity and selectivity for their biological targets. This design incorporates structural
modifications enhancing lipophilicity, binding specificity, and pharmacokinetic properties to develop potent and selective
anti-cancer agents demonstrating improved therapeutic efficacy (Figure 3).

Figure 3. The rationale for designing the new targeted molecules 10a-d.

The current investigation into coumarin-based compounds, recognized for their capacity to disrupt critical cancer
pathways and tackle existing therapeutic challenges, represents an important avenue for advancing innovative anti-cancer
strategies. These initiatives demonstrate the potential to improve patient outcomes and significantly contribute to addressing
the global cancer burden by advancing more effective and personalized treatments. The selected molecules (10a-d) will
undergo testing on NCI-60 cell line panels to calculate the GI% for each molecule across nine different cancer types.
Subsequently, in-silico investigations will be performed on the most promising molecule to analyze the molecular modeling
related to potential kinases through which these molecules may exert their anti-cancer properties and assess their ADMET
profile.

2. Experimental
2.1. Chemistry

The melting points were determined utilizing an uncorrected Stuart melting point apparatus. The FT-IR 8400S
spectrophotometer was employed to obtain infrared spectra. The 1HNMR spectra were obtained using a Bruker spectrometer
operating at 400 MHz.13CNMR spectra were recorded in deuterated dimethylsulfoxide (DMSO-d6) at a frequency of 101 MHz.
Chemical shifts (H) are reported relative to TMS, the internal standard. All coupling constant values (J) are provided in hertz.
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Chemical shifts (C) are reported relative to DMSO-d6 as per internal standards. The abbreviations are as follows: s for singlet,
d for doublet, t for triplet, and m for multiplet. Thin layer chromatography (TLC) utilizing silica gel precoated F254 Merck
plates was employed to systematically monitor reaction courses and product mixtures. Elemental analyses were performed at
the Regional Center for Microbiology and Biotechnology at Al-Azhar University in Cairo, Egypt. Unless stated otherwise, all
solvents and reagents were obtained from commercial sources and utilized without additional purification.

2.1.1.General procedure to synthesize the key intermediates (6a-d) and (9)
3-Phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine derivatives (6a-d) [30] and coumarin-enaminone derivative (9)

[31] were synthesized according to previously reported protocols.

2.1.2. General procedures for the synthesis of target coumarins-pyrazolopyrimidine derivatives(10a-d)
3-Phenyl-4-(phenyldiazenyl)-1-pyrazol-5-amine derivatives (6a-d) (2 mmol) were introduced to a hot solution of 3-

(3-(dimethylamino)acryloyl)-2H-chromen-2-one (9) (2 mmol) in glacial acetic acid (10 ml). The reaction mixture was stirred
and heated under reflux for 8 hours. Subsequently, the reaction mixture was filtered while maintaining elevated temperatures,
and the resultant solid was washed with ethanol and recrystallized from an ethanol/DMF solution to yield the desired
coumarins (10a-d).

2.1.2.1. 3-(2-Phenyl-3-(phenyldiazenyl)pyrazolo[1,5-a]pyrimidin-7-yl)-2H-chromen-2-one (10a).
Yellow powder (yield 79%), m.p. > 300 ºC; IR (KBr, ν cm-1): 1728 (C=O); 1H NMR (DMSO- d6) ppm: 7.49-

7.53 (m, 3H, Ar-H), 7.55 (d, 2H, J = 7.6 Hz, Ar-H), 7.58-7.62 (m, 4H, Ar-H), 7.64 (d, 1H, J = 4.4 Hz, Ar-H), 7.84 (d, 2H, J =
7.2 Hz, Ar-H), 7.94 (d, 1H, J = 8 Hz, Ar-H), 8.15 (d, 2H, J = 7.6 Hz, Ar-H), 8.90 (s, 1H, H4 of coumarin), 8.98 (d, 1H, J = 4.4
Hz, Ar-H); 13C NMR (DMSO-d6) ppm: 112.95, 116.12, 117.02, 118.61, 122.25, 125.46, 125.78, 129.11, 129.90, 130.11,
130.20, 130.41, 131.91, 134.37, 139.26, 141.62, 143.46, 147.36, 154.12, 154.26, 158.08 (C=O of coumarin); Anal. calcd. for
C27H17N5O2 (443.47): C, 73.13; H, 3.86; N, 15.79. Found: C, 73.27; H, 3.84; N, 15.77.

2.1.2.2. 3-(2-Phenyl-3-(p-tolyldiazenyl)pyrazolo[1,5-a]pyrimidin-7-yl)-2H-chromen-2-one (10b).
Yellow powder (yield 52%), m.p. > 300 ºC; IR (KBr, ν cm-1): 1735 (C=O); 1H NMR (DMSO-d6) ppm: 2.41 (s,

3H, -CH3), 7.38 (d, 2H, J = 8 Hz, Ar-H), 7.50-7.62 (m, 6H, Ar-H), 7.74 (d, 2H, J = 8 Hz, Ar-H), 7.79 (t, 1H, J = 8 Hz, Ar-H),
7.93 (d, 1H, J = 7.6 Hz, Ar-H), 8.14-8.16 (m, 2H, Ar-H), 8.89 (s, 1H, H4 of coumarin), 8.95 (d, 1H, J = 4.4 Hz, Ar-H); 13C
NMR (DMSO-d6) ppm: 21.45 (-CH3), 112.70, 117.01, 118.66, 122.24, 125.21, 125.77, 129.09, 129.85, 130.05, 130.28,
130.40, 131.98, 134.33, 139.28, 140.71, 141.37, 143.73, 145.16, 147.30, 152.16, 153.44, 153.71, 154.33, 157.64 (C=O of
coumarin); Anal. calcd. for C28H19N5O2 (457.49): C, 73.51; H, 4.19; N, 15.31. Found: C, 73.68; H, 4.15; N, 15.34.

2.1.2.3. 3-(3-((4-Fluorophenyl)diazenyl)-2-phenylpyrazolo[1,5-a]pyrimidin-7-yl)-2H-chromen-2-one (10c).
Yellow powder (yield 71%), m.p. > 300 ºC; IR (KBr, ν cm-1): 1732 (C=O); 1H NMR (DMSO-d6) ppm: 7.40 (t,

2H, J = 8.4 Hz, Ar-H), 7.49-7.56 (m, 4H, Ar-H), 7.59 (d, 1H, J = 8.4 Hz, Ar-H), 7.64 (d, 1H, J = 4.4 Hz, Ar-H), 7.80 (t, 1H, J
= 7.6 Hz, Ar-H), 7.89-7.92 (m, 2H, Ar-H), 7.94 (d, 1H, J = 7.6 Hz, Ar-H), 8.13-8.15 (m, 2H, Ar-H), 8.90 (s, 1H, H4 of
coumarin), 8.98 (d, 1H, J = 4.8 Hz, Ar-H); 13C NMR (DMSO-d6) ppm: 112.72, 116.69, 116.91, 117.02, 118.60, 124.31,
124.40, 125.11, 125.64, 129.11, 129.90, 130.11, 130.29, 131.87, 134.48, 139.27, 141.63, 147.37, 150.69, 154.01, 154.17,
154.33, 157.78 (C=O of coumarin); Anal. calcd. for C27H16FN5O2 (461.46): C, 70.28; H, 3.50; N, 15.18. Found: C, 70.21; H,
3.48; N, 15.19.

2.1.2.4. 3-(3-((4-Chlorophenyl)diazenyl)-2-phenylpyrazolo[1,5-a]pyrimidin-7-yl)-2H-chromen-2-one (10d).
Yellow powder (yield 75%), m.p. > 300 ºC; IR (KBr, ν cm-1): 1732 (C=O); 1H NMR (DMSO- d6) ppm: 7.51-

7.57 (m, 4H, Ar-H), 7.61 (d, 1H, J = 8 Hz, Ar-H), 7.65-7.68 (m, 3H, Ar-H), 7.82 (d, 1H, J = 8 Hz, Ar-H), 7.85 (d, 2H, J = 8.4
Hz, Ar-H), 7.96 (d, 1H, J = 8 Hz, Ar-H), 8.14 (d, 2H, J = 7.6 Hz, Ar-H), 8.92 (s, 1H, H4 of coumarin), 9.01 (d, 1H, J = 4.4 Hz,
Ar-H); 13C NMR (DMSO-d6) ppm: 113.03, 117.02, 118.58, 123.86, 125.36, 125.77, 129.12, 129.94, 129.98, 130.18, 130.30,
131.95, 134.75, 139.32, 141.69, 147.42, 152.65, 157.71 (C=O of coumarin); Anal. calcd. for C27H16ClN5O2 (477.91): C,
67.86; H, 3.37; N, 14.65. Found: C, 67.81; H, 3.34; N, 14.62.

2.2. Screening anti-proliferative activity against NCI-59 panel
It was completed at the NCI in Bethesda, Maryland, USA, following their regular operating procedure [32].

2.3. In-silico investigations
The three platforms utilized for the in-silico ADMET investigations were performed on three webservers:

ADMETLab 3.0, OSIRIS Property Explorer, and ProTox-III [33-35]. The JAK1 (PDB Code: 3EYG) [36] and CDK2 (PDB
Code: 6Q4G) [37] were molecularly modeled following the precise box spacing and detailed protocol outlined in the
Supplementary Materials.

3. Results and Discussion
3.1. Chemistry

The synthetic pathways utilized to prepare the target coumarin-based analogues (10a-d) are illustrated in Scheme 1. To
produce 3-oxo-3-phenylpropanenitrile (2), dissolve phenacyl bromide (1) in ethanol and combine with 3 equimolar potassium
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cyanide in water. The reaction mixture is stirred at room temperature to produce 3-oxo-3-phenylpropanenitrile (2) [38]. The
first key intermediates (5a-d) are synthesized by diazotizing different anilines (3a-d) to yield the diazonium salt (4a-d), which
is then coupled on 3-oxo-3-phenylpropanenitrile (2) at zero temperature to yield different N,2-diphenylacetohydrazonoyl
cyanide derivatives (5a-d), which are then refluxed in ethanol using hydrazine hydrate to yield the key intermediates. 3-
phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine (6a-d) [30].

The enaminone intermediate of coumarin (9) is synthesized by solubilizing 3-acetylcoumarin (7) in dry xylene, followed
by refluxing with DMF-DMA (8) to yield the second key intermediate [31]. The concluding step involves refluxing both key
intermediates in acetic acid for 8 hours to achieve the desired pyrazolo[1,5-a]pyrimidine coumarin-based compounds (10a-d).
The solid obtained was subsequently washed with ethanol and recrystallized using a mixture of ethanol and DMF to yield the
desired coumarins (10a-d).

The targeted compounds (10a-d) were validated via spectrophotometric analysis. The infrared (IR) charts indicated the
presence of the coumarin carbonyl group at approximately 1732 cm-1. The 1HNMR spectra of (10a-d) displayed a singlet
signal of coumarin-H-4 resonating at approximately 8.90 ppm. The characteristic peak of the methyl group present in
compound (10b) was observed at 2.41 ppm. The 13CNMR spectra validated the presence of the methyl group, evidenced by a
resonating peak at 21.45 ppm.

Scheme 1. Reagents and conditions: i. Potassium cyanide, H2O/EtOH room temperature, 12 h; ii. NaNO2, HCl, 0-5 oC, 30
min; iii. EtOH, CH3COONa, 0-5 oC; iv. Hydrazine hydrate, EtOH, reflux, 8 h; v. Dry xylene, reflux, 6 h; vi. CH3COOH,

reflux, 8 h.
.
The synthesis of pyrazolopyrimidines (10a-d) was accomplished via the cyclo-condensation of aminopyrazoles (6a-d)

with coumarin enaminone (9) in glacial acetic acid. The formation of compounds (10a-d) is presumed to occur through the
nucleophilic attack of the exocyclic amino group in amino pyrazole derivatives (6a-d) on the activated double bond in the
enaminone (9). This results in the generation of acyclic non-isolable intermediates, which subsequently undergo cyclization
and aromatization, accompanied by the eliminating of a water molecule, leading to the final isolable products (10a-d), as
illustrated in Figure 4. H. A. Abdel‐Aziz et al. demonstrated that this type of reaction occurs through the proposed pathway,
as evidenced by the X-ray crystal structure of a similar compound [39].
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Figure 4. Proposed mechanism for the cyclization of 10a-d.

3.2. Biological evaluation
3.2.1. In-vitro anti-cancer activity

The target compounds (10a-d) were evaluated for their anti-proliferative activity at a concentration of 10 μM in the
National Cancer Institute (NCI, Bethesda, Maryland, USA) against a panel of 59 cancer cell lines derived from nine distinct
cancer types [32]. To achieve optimal anti-proliferative effects of our compounds, we initially conceptualized the standard
diazophenyl ring at the forefront of our designed compounds, as illustrated in compound (10a), which did not demonstrate any
significant effect. Our study aimed to investigate the lipophilicity and electronegativity characteristics of three substituents:
methyl, fluoride, and chloride atoms. The lipophilic nature of the chloride substitution, as observed in compound (10d),
demonstrated the lowest efficacy among the three substitutions, yielding a mean growth inhibition percentage (GI %) of 27%.
In contrast, the reduction of lipophilicity from chloride to a methyl group, as seen in compound (10b), resulted in an improved
mean GI %, which was 36%. Subsequently, we introduced the fluorine atom at the para position to examine its effects, given
that fluorine's low lipophilicity and high electronegativity contribute to a polar character, thereby improving the hydrogen
bond acceptor capacity, as demonstrated in compound (10b). Compound (10b) demonstrated the most favorable outcomes,
exhibiting a mean GI % of 50%, indicating that the fluoride atom is optimal for the design, as illustrated in Table 1.

Table 1. Percentage growth inhibition (GI%) of in-vitro subpanel tumor cell lines treated with target coumarins 10a-d at a
concentration of 10 µM.
Subpanel Compoundsa

10a 10b 10c 10d
Leukemia
CCRF-CEM - 19 42 33
HL-60(TB) - 36 - -
K-562 18 60 54 21
MOLT-4 - 13 29 -
RPMI-8226 - 22 46 22
SR - 56 53 39
Non-Small Cell Lung Cancer
A549/ATCC - 27 83 44
EKVX - - 28 24
HOP-62 50 78 83 60
HOP-92 19 53 71 41
NCI-H226 33 94 70 47
NCI-H23 - 15 44 24
NCI-H322M - 22 36 24
NCI-H460 - 57 97 64
NCI-H522 - 20 47 26
Colon Cancer
COLO 205 - - 63 -
HCC-2998 - 22 11 -
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HCT-116 12 38 75 40
HCT-15 - 20 34 14
HT29 - 39 49 13
KM12 - 15 48 25
SW-620 - 17 63 36
CNS Cancer
SF-268 21 33 32 32
SF-295 - 25 27 22
SF-539 16 82 90 51
SNB-19 20 45 63 35
SNB-75 - 30 16 12
U251 11 56 87 66
Melanoma
LOX IMVI 13 37 78 37
MALME-3M - 33 37 33
M14 - 31 35 27
MDA-MB435 - 43 45 31
SK-MEL-28 - 51 47 37
SK-MEL-5 30 27 49 44
UACC-257 - 15 30 -
UACC-62 17 36 49 43
Ovarian Cancer
IGROV1 - - 16 -
OVCAR-3 - 33 96 40
OVCAR-4 11 49 75 54
OVCAR-5 - 21 33 14
OVCAR-8 22 42 65 32
NCI/ADRRES - 32 52 25
SK-OV-3 - 16 30 15
Renal Cancer
786-0 - 55 44 -
A498 - - 18 -
ACHN 11 63 41 19
CAKI-1 16 74 69 14
RXF 393 15 76 82 32
SN12C - 30 56 28
TK-10 - 21 39 20
UO-31 - 23 21 -
Prostate Cancer
PC-3 12 39 44 19
DU-145 - 25 51 50
Breast Cancer
MCF7 16 22 35 25
MDA-MB231 13 37 49 24
HS 578T 23 60 67 24
BT-549 - 11 - 30
T-47D 16 44 66 50
MDA-MB468 16 38 104 45
Mean inhibition % - 36 50 27
Sensitive celllines no. 23 55 57 50
Range 11 - 50 11 - 94 11 - 104 12 - 66
a Compounds inhibiting growth by more than 10% throughout the NCI-59 cell line panel are only displayed.

In evaluating the efficacy of the novel derivatives (10a-d) against nine distinct cancers, the findings are as follows: For
leukemia, compound 10a exhibited negligible activity, while 10b demonstrated robust activity, achieving the highest
inhibition rates of 60% for K-562 and 56% for SR. Compound 10c displayed moderate to good activity, particularly with
inhibition rates of 54% for K-562 and 53% for SR. Lastly, 10d revealed moderate activity, with SR at 39% and CCRF-CEM
at 33%. In the context of NSCLC, compound 10a exhibited weak activity, with HOP-62 demonstrating the highest inhibition
at 50%. Compound 10b displayed good activity, notably inhibiting NCI-H226 at 94% and HOP-62 at 78%. Compound 10c
revealed exceptional activity, with NCI-H460 (97%), A549/ATCC (83%), and HOP-92 (83%) as the most effectively targeted
cell lines. Compound 10d indicated moderate activity, with NCI-H460 at 64% and HOP-62 at 60%, yielding promising results.
Compound 10a showed minimal activity in all subtypes of colon cancer. Compound 10b had moderate activity, demonstrating
the greatest inhibition of 39% against HT29 cells. 10c showed significant action, especially in HCT-116 (75%), COLO 205
(63%), and SW-620 (63%). Compound 10d exhibited weak to moderate activity, with HCT-116 demonstrating the highest
efficacy at 40%. In CNS cancer, 10a had little activity, with the optimal outcome being 21% for SF-268. Compound 10b
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exhibited moderate inhibition of SF-539 (82%) and SNB-19 (45%). Compound 10c showed moderate to good efficacy,
especially for SF-539 (90%). 10d had minimal activity, with the most significant inhibition observed for U251 (66%).
Compound 10a exhibited minimal inhibitory activity against most cell line panels, except for SK-MEL-5 (30%), in the
context of melanoma. In contrast, compounds 10b and 10c exhibited moderate to excellent activity on SK-MEL-28 (51%) and
LOX IMVI (78%), respectively. Ultimately, compound 10d exhibited low to moderate activity on the cell panels, with SK-
MEL-5 exhibiting the most favorable results at 44%. The OVCAR-4 ovarian cancer cell line panel exhibited a diverse array of
activities contingent upon the compound tested. Compounds 10a-d exhibited inhibitory percentages ranging from 11% to 75%.
Compound 10c exhibited the most favorable results among the four derivatives, exhibiting a 96% inhibitory value towards
OVCAR-3. In renal cancer, the cell line panel that exhibited the most significant response to the designed compounds was
RXF 393. Compounds 10a-d exhibited 15%, 76%, 82%, and 32%, respectively. The average mean calculated for the two
prostate cancer cell panels PC-3 and DU-145 ranged from 6 to 48%, highlighting compound 10c as the most potent derivative
for this type of cancer. Compound 10c had the best result across all six cell line panels for breast cancer, with a mean efficacy
of 54%. With a growth inhibitory percentage of 104%, MDA-MB468 was the cell line most impacted by compound 10c.

Figure 5 shows the results of a heat map analysis applied to the average values of the cell line subpanels within
each of the nine cancer types. Compound 10c stood out among the four derivatives because of its impressive efficacy against
four different forms of cancer—NSCL, CNS, ovarian, and breast—with an average success rate of over 50%. Because of this
result, the compound is now considered a promising first step in searching for new anti-cancer drugs.
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Figure 5. Heatmap representation of the in-vitro anti-cancer activity of synthesized derivatives (10a-d) across nine different
cancer subpanels. The intensity of the color indicates the percentage of growth inhibition, highlighting the varying

effectiveness of the compounds against distinct cancer cell lines.

3.3. In-silico investigation
3.3.1. Kinase profiling

Kinases are essential in cellular signaling, governing processes including growth, differentiation, apoptosis, and
metabolism, thus serving as important targets in cancer therapy. AAK1 (Adaptor-associated kinase 1) regulates endocytic
trafficking and impacts cancer cell invasion and metastasis [40]. ABL1 (Abelson tyrosine kinase) is implicated in oncogenic
transformations and serves as a critical target in chronic myeloid leukemia (CML) [41]. ALK (Anaplastic lymphoma kinase)
is commonly mutated in lung cancers, facilitating tumor proliferation [42]. AurA (Aurora kinase A) is crucial for assembling
the mitotic spindle, and its dysregulation contributes to tumor chromosomal instability [43]. BRAF, a serine/threonine kinase,
is frequently mutated in melanoma and various other cancers, activating the MAPK pathway [44]. Bruton's tyrosine kinase
(BTK) is essential in B-cell malignancies, positioning it as a significant target for hematological cancers [45]. CDK2 (Cyclin-
dependent kinase 2) plays a critical role in regulating cell cycle progression, and its inhibition presents a viable strategy for
impeding tumor growth [46]. CHK1 (Checkpoint kinase 1) plays a pivotal role in mediating DNA damage responses, essential
for preserving genomic stability in cancer cells [47]. DYRK1A (Dual-specificity tyrosine-phosphorylation-regulated kinase
1A) plays a role in neuronal development and is also implicated in cell proliferation and survival in specific cancers [48].
EGFR (Epidermal Growth Factor Receptor) is frequently overexpressed or mutated in various cancers, such as lung and breast
cancer, contributing to aggressive tumor growth [49]. FAK1 (Focal adhesion kinase 1) facilitates cancer cell adhesion,
migration, and invasion, which are essential processes for metastasis [50]. FGFR1 (Fibroblast growth factor receptor 1)
promotes angiogenesis and tumor progression, particularly in breast and lung cancers [51]. GSK3B (Glycogen synthase
kinase 3 beta) plays a significant role in multiple oncogenic pathways and is associated with the survival of tumor cells [52].
JAK1 (Janus kinase 1) plays a role in cytokine signaling, and its dysregulation is associated with hematological malignancies
[53]. MAPK10 (Mitogen-activated protein kinase 10) plays a significant role in apoptosis and stress response, exhibiting both
promoting and inhibiting effects on cancer progression [54]. Mutations in PIK3CA (Phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit alpha) result in the activation of the PI3K/AKT/mTOR pathway, which promotes tumorigenesis [55].
PIM1 (Proviral integration site for Moloney murine leukemia virus 1 kinase) promotes survival signaling and confers
resistance to apoptosis in cancer cells [56]. VEGFR2 (Vascular Endothelial Growth Factor Receptor 2) plays a crucial role in
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angiogenesis, facilitating tumor vascularization and growth [57, 58]. Targeting these kinases provides a comprehensive
strategy for disrupting essential oncogenic pathways, thereby playing a crucial role in the advancement of cancer therapeutics.

We conducted in-silico kinase profiling to investigate the potential mechanism of action of the potent anti-proliferative
compound 10c. Identifying the molecular targets of the compound was essential for understanding its anti-cancer effects,
given its strong activity against the NCI-59 cell line panel. The research focused on molecular docking with a selection of 18
kinases identified for their established involvement in cancer progression and therapeutic significance [59]. This
computational method enabled a comparison of the binding affinities of 10c with co-crystallized ligands for each kinase
expressed in kcal/mol.

The docking studies identified two potential kinase targets, JAK1 and CDK2, exhibiting significantly higher binding
affinities for 10c than the respective native ligands, as illustrated in Table 2 and Figure 6. JAK1 and CDK2 are essential
kinases in cancer biology; JAK1 participates in cytokine signaling pathways and cell proliferation [60], whereas CDK2 is
crucial for regulating the cell cycle [46]. The binding affinities of 10c to these targets were superior to those of their co-
crystallized ligands, indicating a strong potential for interaction and inhibition.

This preliminary screening provides valuable insights into the potential mechanism of action of compound 10c,
highlighting its ability to inhibit key kinases involved in tumor growth and survival. Such findings emphasize the compound's
therapeutic potential and warrant further experimental validation to confirm its inhibitory effects on JAK1 and CDK2 and its
broader anti-cancer activity.

Table 2. The screening was conducted on 18 distinct kinases, providing their PDB codes, release dates, resolution, gene
names, full names, and the binding affinities expressed in kcal/mol for both the co-crystallized ligand and our potent
compound 10c.

#
PDB
Code

Release
Time

Resolution Gene Name Full Name
Binding affinity (kcal/mol)

Co-
crystallized

10c

1 5TE0 2016 1.90 AAK1
AP2-associated protein

kinase 1 AAK1
-9.1 -9.6

2 2G2H 2006 2.00 ABL1
Tyrosine-protein kinase

ABL1
-11.3 -9.9

3 4Z55 2015 1.55 ALK
ALK tyrosine kinase

receptor
-9.2 -10.0

4 5ORL 2017 1.69 AurA Aurora A kinase AurA -5.3 -7.3

5 5VAM 2017 2.10 BRAF
Serine/threonine-protein

kinase BRAF
-13.6 -11.2

6 3GEN 2010 1.60 BTK
Tyrosine-protein kinase

BTK
-10.9 -10.4

7 6Q4G 2019 0.98 CDK2
Cyclin dependent kinase 2

CDK2
-8.0 -10.4

8 4RVM 2014 1.86 CHK1
Serine/threonine-
Transferase CHK1

-10.2 -11.6

9 6S1J 2019 1.41 DYRK1A
Dual specificity tyrosine-
phosphorylation-regulated
kinase 1A DYRK1A

-10.0 -11.3

10 5X2A 2017 1.85 EGFR
Epidermal growth factor

receptor
-8.8 -10.2

11 4GU6 2013 1.95 FAK1
Focal adhesion kinase 1

FAK1
-9.6 -9.1

12 5EW8 2016 1.63 FGFR1
Fibroblast growth factor

receptor 1 FGFR1
-9.6 -10.5

13 4PTE 2014 2.03 GSK3B
Glycogen synthase kinase-3

beta GSK3B
-8.9 -9.6

14 3EYG 2009 1.90 JAK1
Tyrosine-protein kinase

JAK1
-7.9 -10.3

15 4X21 2014 1.95 MAPK10
Mitogen-activated protein

kinase 10 MAPK10
-9.0 -10.9

16 4JPS 2014 2.20 PIK3CA
Phosphatidylinositol 4,5-
bisphosphate 3-kinase

-9.6 -9.6
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catalytic subunit alpha
isoform

17 5VUC 2017 2.00 PIM1
Serine/threonine-protein

kinase PIM1
-10.9 -11.5

18 3WZD 2014 1.57 VEGFR2
Vascular endothelial growth
factor receptor 2 VEGFR2

-9.9 -11.2

Figure 6. The binding affinities for co-crystallized ligands and 10c on 18 different kinases.

3.3.2. Molecular docking studies
Our study involved molecular docking analyses of compound 10c with JAK1 and CDK2 to elucidate its binding

interactions and comprehend the molecular mechanisms contributing to its biological activity. We evaluated the docking
poses and binding affinities to identify the key interactions between compound 10c and the active sites of JAK1 and CDK2,
which are critical targets in various signaling pathways and cancer progression [34]. This computational method offered a
comprehensive understanding of the molecular recognition and specificity of 10c while also enabling the optimization of its
structural characteristics for improved target engagement. The docking results corroborated our hypothesis that 10c may exert
significant anti-cancer effects by inhibiting both JAK1 and CDK2, providing essential insights for subsequent lead
optimization and potential therapeutic applications.

3.3.2.1. Molecular docking analysis of JAK1
Molecular docking studies were performed on the JAK1 enzyme (PDB ID: 3EYG) [36] to investigate the potential

binding interactions of our potent molecule 10c. Validation was conducted before docking studies to confirm the docking
protocol, with an RMSD of 1.44 Å between the co-crystallized and redocked molecules, deemed adequate to proceed with the
study (Figure 7). The co-crystallized ligand demonstrated a binding affinity of -7.9 kcal/mol, whereas our potent molecule
exhibited -10.3 kcal/mol, prompting further investigation into its binding interactions.

Figure 7. Docking validation for JAK1 enzyme was performed using the co-crystallized ligand (yellow) and the redocked
one (green).
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Compound 10c preserved the essential hydrogen bonding interaction established by Glu-883 amino acid with the carbonyl
group of the coumarin scaffold. A newly formed hydrogen bond was observed between the Asn-1008 amino acid and the
pyrazolopyrimidine scaffold. The coumarin scaffold demonstrated its importance in forming two π-anion bonds with Glu-966.
The 4-flourophenyl ring formed π-sulfur interactions with Met-956, while the fluoride atom on the ring engaged in halogen
bonding with the Glu-957 amino acid. Hydrophobic interactions were observed in π-alkyl and π-σ bonding between the
diazophenyl and the attached phenyl ring, as well as the pyrazolopyrimidine scaffold with the amino acids Leu-881, Val-889,
Ala-906, Arg-1007, and Leu-1010. (Figure 8)

Figure 8. 2D and 3D illustrations of compound 10c with JAK1.

3.3.2.2. Molecular docking on CDK2
In order to explore the possible binding interactions of our potent compound 10c, molecular docking studies were

conducted on the CDK2 enzyme (PDB ID: 6Q4G) [37]. Before conducting docking investigations, validation was carried out
to verify the docking methodology. The results showed an acceptable RMSD of 1.08 Å between the co-crystallized and
redocked molecules, therefore the study could move forward (Figure 9). We need to investigate further into the binding
interactions of our potent molecule because the co-crystallized ligand had a binding affinity of -8.0 kcal/mol and 10c showed -
10.4 kcal/mol.

Figure 9. Superimposition of the co-crystallized (yellow) and redocked (green) ligands for the CDK2 enzyme.

Compound 10c preserved the critical hydrogen bonding interaction with the carbonyl group of the coumarin scaffold,
facilitated by the Asp-86 amino acid, alongside a π-anion bond with the pyrazolopyrimidine scaffold. Incorporating a fluorine
atom on the diazophenyl ring is significant due to its hydrogen bonding interaction with the Lys-129 amino acid. Hydrophobic
interactions were established between the amino acids Ile-10 and Leu-134 with the coumarin and pyrazolopyrimidine linkage.
(Figure 10)
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Figure 10. The binding interactions between compound 10c and CDK2.

3.3.2.3. Analysis of interactions for CAN508 (XVI), XVII, and 10c with JAK1 and CDK2
The docking results for JAK1 indicate unique interaction profiles for the three compounds. CAN508 (XVI) establishes a

hydrogen bond with Glu-957 through its pyrazole ring and participates in π-σ interactions with residues such as Leu-1010,
thereby stabilizing the compound within the binding pocket. Compound XVII, featuring a pyrazolo[1,5-a]pyrimidine linker,
establishes a hydrogen bond with Glu-966, whereas its phenyl tail contributes to enhanced hydrophobic interactions. The
newly developed 10c incorporates a coumarin scaffold that engages in hydrogen bonding with Glu-883, π-anion interaction
with Glu-966, and halogen bonding through its para-fluorophenyl ring with Glu-957. The distinctive characteristics of 10c
markedly enhance its binding affinity and interaction profile in comparison to CAN508 (XVI) and XVII. (Table 3)

In the case of CDK2, CAN508 (XVI) establishes two hydrogen bonds: one with Leu-83 through its hydroxyl group and
another with Asp-86 via its pyrazole ring. It participates in hydrophobic interactions with amino acids such as Ile-10 and Leu-
134, thereby stabilizing the compound within the binding pocket. Compound XVII, featuring a sulfonamide group,
establishes supplementary hydrogen bonds with Lys-129 and Thr-165. Additionally, the phenyl ring linked to the
pyrazolo[1,5-a]pyrimidine moiety amplifies hydrophobic interactions. Conversely, 10c features a coumarin scaffold that
establishes hydrogen bonds with Asp-86, while its para-fluorophenyl ring interacts through hydrogen bonding with Lys-129.
The distinctive characteristics of 10c enhance its binding affinity and interaction profile relative to CAN508 (XVI) and XVII.
(Figure 11)

Table 3. The binding affinities comparison between the lead molecules (XVI-XVII) and our potent compound 10c on JAK1
and CDK2.

Compounds Enzyme Binding affinity (kcal/mol)

CAN508 (XVI) JAK1 -7.1

XVII JAK1 -9.6

10c JAK1 -10.3

CAN508 (XVI) CDK2 -6.5

XVII CDK2 -8.6

10c CDK2 -10.4
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Figure 11. Summary of docking interactions for CAN508 (XVI), XVII, and 10c with JAK1 and CDK2.

3.3.3. Pharmacokinetic and drug-likeness prediction
ADMETlab 3.0 [33] was utilized to predict the pharmacokinetic properties of compound 10c. Figure 12 illustrates that

compound 10c demonstrated favorable pharmacokinetic characteristics as the compound complies with Lipinski's Rule of
Five, suggesting favorable oral bioavailability potential, characterized by a molecular weight (MW) of 461.13, a logP of 4.716,
and a topological polar surface area (TPSA) of 85.12 Å², all falling within acceptable limits. The structure exhibits moderate
flexibility, characterized by four rotatable bonds (nRot = 4) and a rigidity score (nRig = 35) approaching the optimal range.
Furthermore, its physicochemical properties, including the number of hydrogen bond acceptors (nHA = 7) and donors (nHD =
0), align with the optimal range, reinforcing its drug-likeness. However, the maximum values for three attributes—LogP,
LogD, and nRig—of compound 10c slightly exceed the 'upper limit' indicated by the blue zone. Other attributes, however,
exhibited strong performance. The detailed information from the server can be found in the supplementary material file.

Figure 12. Pharmacokinetic mapping for compound 10c derived from ADMETlab 3.0. The upper boundary is delineated
by bluish areas, the lower boundary by greenish areas, and the compound parameters are represented by yellowish lines.
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3.3.4. Evaluation of potential toxicity
To avoid unintended consequences, it is crucial to evaluate the toxicity of compounds. The chemical structures of the

molecules were analyzed for potential toxicity risks, including mutagenicity (MUT), tumorigenicity (TUM), irritation (IRRIT),
and reproductive effects (RE), using the OSIRIS property explorer [35]. Based on functional group similarities, this tool
assesses hazards by comparing the studied molecules to others in its database, which have been previously evaluated in-vitro
and in-vivo. The findings indicate that most tested compounds are relatively safe, exhibiting low to moderate toxicity
concerning mutagenicity, irritation, and reproductive effects (Table 4). However, all of the compounds showed harmful
effects in terms of tumorigenicity.

The acute toxicity of the targeted coumarin derivatives 10a-d was predicted in this study using the ProTox-III platform
[56]. As shown in Table 4, most of the compounds are anticipated to belong to the slightly hazardous class 4, with LD50

values falling around the 1000 mg/kg range. This toxicity level is categorized as class 4 out of 6, indicating mild toxicity,
particularly when administered orally. Detailed toxicity profiles generated by ProTox-III can be found in the supplementary
materials (Table S3). Overall, further research is strongly recommended to optimize and thoroughly investigate the
pharmacological potential of these compounds, as they demonstrate significant promise.

Table 4. Possible toxicity issues with the particular compounds being studied.

Compound Chronic Toxicity Risksa (OSIRIS) Acute Oral Toxicityb
(ProTox-III)

MUT TUM IRRIT RE LD50

(mg/kg)
Toxicity

Class (1-6)
10a 1000 4
10b 1000 4
10c 1000 4
10d 5000 5

aThe outcomes are categorized into three distinct colors: red, green, and orange. The color green is indicative of a low potential for toxicity. In
contrast, orange signifies a mild level of toxicity, and red indicates a high likelihood of toxicity.

bThe toxicity class on a scale of 1 to 6 represents varying levels of risk. Class 1 is classified as fatal if ingested (LD50 ≥ 5 mg/kg), class 2 is
classified as fatal if ingested (5 ≥ LD50 ≥ 50 mg/kg), class 3 is classified as toxic if ingested (50 ≥ LD50 ≥ 300 mg/kg), class 4 is classified as
harmful if ingested (300 ≥ LD50 ≥ 2000 mg/kg), class 5 is classified as potentially harmful if ingested (2000 ≥ LD50 ≥ 5000 mg/kg), and class
6 is classified as nontoxic (LD50> 5000 mg/kg).

4. Conclusion

We synthesized a series of novel pyrazolopyrimidine-coumarin derivatives (10a-d) as potential anti-cancer agents.
We assessed their biological activity against the NCI-59 cell line panel, which includes nine distinct cancer types. Among the
synthesized derivatives, compound 10c was identified as the most promising candidate, exhibiting a mean growth inhibition
of 50% across all 59 cell lines. We conducted in-silico molecular docking studies on 18 kinases to elucidate the potential
mechanism of action, identifying JAK1 and CDK2 as key targets with favorable binding affinities similar to co-crystallized
ligands. Further analysis indicated that compound 10c maintained crucial hydrogen bonding interactions with Glu-883 and
Asp-86 on JAK1 and CDK2, respectively, facilitated by the coumarin scaffold's carbonyl moiety, underscoring this structural
feature's importance in its design. Pharmacokinetic, drug-likeness, and toxicity predictions performed with ADMETLab 3.0,
OSIRIS Property Explorer, and ProTox-III webservers indicated the drug-like potential of compound 10c, reinforcing its
suitability as a lead molecule for further development. The findings highlight the therapeutic potential of compound 10c as an
anti-cancer agent and facilitate the design and synthesis of new derivatives targeting JAK1 and CDK2 to mitigate resistance
and toxicity linked to current treatments. Subsequent research will refine these scaffolds to improve their efficacy and
selectivity.
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