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CDK2 inhibition has emerged as a promising target and a global research area for cancer treatment that plays a
crucial role in cell cycle management targeting tumor cells in a selective therapeutic approach. On account of
their anticancer activities, the two privileged scaffolds benzothiazole and pyrazolo-pyrimidine were adopted in
this study to design and synthesize two new series of novel small molecules featuring the hybrid thiazolo
[5,4":5,6]pyrido[2,3-d]pyrimidine(4-9)&thiazolo[5',4:5,6]pyrido[2,3-d] [1,3]oxazin (5,8) in Series 1 and the
thiazolo[4,5-b] pyridine scaffolds (3, 10-17) in Series 2. Most of the synthesized compounds showed anti-
proliferative activities against human cell lines lung carcinoma (A549) and breast adenocarcinoma (MCF-7).
Compounds 10, 16 & 17 showed superior potency with A549 ICs( values of (13.50, 11.94, 12.80 uM) and (18.82,
22.77, 16.38 uM) for MCF-7, respectively when compared to Sorafenib (10.24 and 13.76 uM, respectively). The
most significant enzymatic inhibitory activity was conducted by 16 and 17 against CDK2/ cyclin A2 with ICsg
values of 13.74+0.96 and 12.09 + 1.37 uM, respectively. Machine learning approaches including molecular
docking simulation predicted a promising fitting of compounds 16 and 17 into CDK2 active site through the
essential binding with Leu83 as in Roscovutine. Moreover, molecular dynamic simulations and trajectory
analysis confirmed their potential inhibitory activity. Finally, ProTox toxicity model and SwissADME revealed
that compounds 16 & 17 exhibited good pharmacokinetic properties aligned with the minimal cytotoxic activity
results on normal cells. The essential structural features for the observed antitumor activity were also studied for
the two candidates as potential selective CDK2 inhibitors.

1. Introduction checkpoints, leading to uncontrolled proliferation and the development

of various cancers. Among them lies CDK2 which is responsible for G1 to

Cyclin-dependent kinases (CDK) are a group of serine/threonine ki-
nases essential for the phosphorylation processes during cell cycle pro-
gression, transcription, and DNA repair [1,2]. They play an essential role
in regulating both G1/S and G2/M cell cycle transition phase. Dysre-
gulation or overexpression of specific CDKs disrupts normal cell cycle
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S-phase checkpoint regulation via phosphorylation [3-6]. Many tumor
cells depend on corrupting the key component phosphorylation activity
of the CDK family during cell proliferation [7,8].

The overexpression of CDKs accompanied by a decreased expression
of endogenous CDK inhibitors are remarkable in various types of
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malignancies. The cyclin dependent kinase CDK4/6 inhibitors belong to
a novel drug class used for the treatment of patients with advanced
breast cancer. As the activation of estrogen receptors in breast cancer,
together with some other proliferation-inducing signals could stimulate
the complexation of CDK4/6 with cyclin D1. Three inhibitors, palboci-
clib, ribociclib, and abemaciclib were approved for the treatment of
HR+ and HER2- breast cancer. However, clinical applicability of these
CDK4/6 inhibitors is still under investigation [9]. On the other side,
CDK2 is associated with the regulatory cyclin A or E subunits that show
an overexpression in human cancer including lung, ovarian, endome-
trial, breast, thyroid carcinomas, and others [6]. Cyclin A activation is
considered an essential step for CDK2 through the progression from the S
phase which showed that CDK2 is a target for most inhibitory drugs
[10-11].

Heterocyclic ring systems represent powerful scaffolds with wide
biological activities.? Also, the incorporation of several heterocyclic core
in one hybrid structure, showed great interest during the design and
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discovery of new biologically active molecules [12-14].

Pyridine core was adopted for its known broad-spectrum bio-
activities [15,16]. The pyrazolopyridine framework was considered a
promising heterocyclic scaffold with reported antitumor CDK2 inhibi-
tory activity compared to its congener-CDK2 inhibitor-Roscovitine
[17-21]. Moreover, fused heterocyclic containing pyrazolopyrimidine
moiety, represent common heterocycles used in the design of many
pharmaceutical compounds with various medicinal applications
including antitumor, anti-Alzheimer’s disease, antimicrobial,
anti-inflammatory, antidiabetic, and antioxidant [22-29]. In general
pyridine derivatives, pyrazoloyridine, or furopyridine derivatives
substituted with naphthyl and thienyl moieties exhibited anti-
proliferative activity [2].

Many reported replacements of purine in the lead compound
Roscovitine by hybrid fused ring system including thiazolopyridine,
thiazolopyrazole, thiazolopyrimidine and thiazolotriazepine proved
potent CDK2 inhibitory activity [6,30-33].
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Fig. 1. Structures of previously reported CDK2 inhibitors [2,41-43].
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Spiroderivatives represent a bicyclic scaffold with at least two ring
entities connected through one common atom. Spirocompounds had
shown importance in drug discovery targeting cancer treatment for
many decades. Generally, the spirocompounds have been found with
remarkable biological activities not only as anticancer but also as anti-
microbial, antiviral, antioxidant, antitubercular, antileishmanial, anti-
convulsant, anti-Alzheimer, hypoglycaemic, and others [34-37]. Which
supports that the development and discovery of new
spiromolecule-based anticancer drugs are a promising approach in me-
dicinal chemistry field.

It is worth noting that the para-sulfonamide or meta-amino group
substitution of a phenyl ring in aminothiazole hinge-binding inhibitors
showed a significant potential in improving the binding interaction to
CDK2. This approach could be used as guidance during the design of
potent inhibitors targeting CDK2 [1,38,39].

Despite the huge advancements in cancer therapies, several limita-
tions still persist. Including the lack of target selectivity in different
cancer types, as normal cells could be affected rather than cancer cells,
leading to the occurrence of numerous side effects. Also, the ability of
cancer cells to produce multidrug resistance is correlated to the unre-
sponsive outcome to conventional treatment [40]. Consequently, the
discovery and development of new small molecules exerting both
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potency and selectivity is a challenging approach in the medicinal
chemistry field.

Many efforts based on experimental and computational research
studies were developed to improve the binding modes and enhance the
selectivity of new CDK2 inhibitors in order to enhance potency and
lower side effects. In this research the authors built a new scaffold based
on a hybrid heterocyclic ring system including a spirocyclohexane ring
fused with thiazolo-pyridine, thiazolo-pyrido-pyrimidine or thiazolo-
pyrido-oxazin with a bio-isosteric replacement rationale compared to
reported CDK2 inhibitors (Fig. 1) [2,41-43], to fulfill the needed
structural features for the binding interactions within the active site of
CDK2 acting as selective potent CDK2 inhibitors in two new series.

In this context, we designed and synthesized novel hybrid hetero-
cyclic scaffolds based on thiazolo-fused pyridine, pyrido[2,3-d]
pyrimidine, and pyrido[2,3-d] [1,3]oxazin cores, incorporating a spi-
rocyclohexane moiety to improve selectivity and binding affinity toward
CDK2. The design strategy relied on bioisosteric replacement of known
CDK2 pharmacophores and aimed to maintain essential interactions
with key active site residues, such as Leu83 and Lys89. The biological
potential of the synthesized compounds was evaluated through in vitro
cytotoxicity and enzymatic assays, supported by in silico docking, mo-
lecular dynamics, toxicity, and pharmacokinetic studies.

o

Reported Compounds

Series 1

Fig. 2. Features’ similarities for reported CDK2 inhibitors and the newly designed compounds.
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1.1. Rational design

The design of the new compounds was based on the bioisosteric re-
placements of different reported ring system scaffolds in some CDK2
inhibitors (Fig. 2), by hybrid heteroaromatic spirocyclohexane scaffold
constituting two series structures as follows. In Series 1: the hetero-
aromatic ring system thiazolo[5',4":5,6]pyrido[2,3-d]pyrimidine scaf-
fold was applied to compounds 4,6,7&9 and thiazolo[5',4":5,6]pyrido
[2,3-d] [1,3]oxazin was presented in compounds 5&8. On the other
side, the heteroaromatic ring system in Series 2 was: thiazolo[4,5-b]
pyridin scaffold as demonstrated in compound 3 & compounds 10-17
(Fig. 2).

All the designed molecules retained the spirocyclohexane-1,2-thia-
zolo scaffold by replacing the benzothiazole moiety in XI & XII and the
thiophene in V& VI (Fig. 2). This hybrid ring system targeted the ATP
adenine region as compared to Roscovitine maintaining the required
hydrophobic bindings (Fig. 3). However, the phosphate binding region
occupied by the presence of -NH linker and N7 in Roscovitine [42,44],
were replaced by substitution in the fused pyridine ring to retain the
binding to LEU83.

In Series 1, the pyrazolopyrimidine moiety in XI & XII, the pyridine
in V, and the furopyridine in VI were modified to pyrido[2,3-d]
pyrimidine in compounds 4,6,7&9, and pyrido[2,3-d] [1,3]oxazin in
compounds 5&8 reserving the aryl amino substituent in compounds
6,7&9 with either a 6’ keto- substitution in the pyrimidine ring in
compound 6, or 6' thione derivative in compound 7. While compound 3
and compounds 1017 in Series 2 retained the pyridine ring in V (Fig. 2).
The authors adopted a cyclization strategy to compounds 49 in Series 1
confirming the tricyclic ring system to mimic the binding interaction of
benzimidazolthiazole in VII, naphtha-oxazin in VII and pyr-
azolothiazolopyrimidine in IX (Fig. 1). The reported compounds showed
a valued presence for the cyanide substituent in II-V and the chlor-
osubstituent in ILVIILXI & XII [2,41-43]. All the synthesized com-
pounds confirmed the p-chlorophenyl group that replaced the naphthyl
moiety in VI and the phenyl in V, XI & XII creating hydrophobic 1
region. And p-fluorophenyl as hydrophobic 2 region. Also, compounds
3 & 11-17 retained the cyano substitution in pyridine ring. While
compounds 4,6,7,9 & 10 showed amino substitution to the hetero-
aromatic ring (Fig. 2).

2. Results and discussion
2.1. Chemistry

Spirothiazolidinone derivative 2 was obtained via cyclization of
Schiff’s base resulted from reaction of p-chloroaniline and
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cyclohexanone with thioglycolic acid in toluene.

Spirothiazolidinone ketone 2 was treated with p-flour-
obenzaldehyde, malononitrile, and ammonium acetate to afford the key
starting material 3. A new series of heterocyclic compounds containing
pyridine moieties has been obtained by allowing the 5-amino-6-cyano
derivative 3 to undergo annulation reactions with different reagents.
Cyclocondensation of compound 3 with formic acid yielded a pyrido
pyrimidine derivative 4 which showed a new absorption band in the IR
spectrum at 1672 em™ of (C=0) and disappearance of nitrile absorption
band (Scheme 1).

Oxazinone scaffold was obtained either by allowing 3 to react with
acetic anhydride to afford compound 5 or undergo benzoylation upon
treatment with benzoyl chloride to afford pyrido-oxazinone derivative
8. The reaction with benzoyl chloride took place via nucleophilic attack
of the amino group on the electron deficient carbonyl group followed by
releasing of a hydrogen chloride to produce a cyclized intermediate.
Ultimate hydrolysis and elimination of ammonia afforded the expected
pyrido-oxazinone derivative 8. The IR spectrum of compound 8 showed
a strong absorption bands at 1742 em’! (C=0) (Scheme 1).

Fusion of compound 3 with urea and/or thiourea at high tempera-
ture resulted in cyclization of the side chain into the pyrimidinone and
pyrimidinethione derivatives (6 and 7 respectively) which have been
verified by the disappearance of the nitrile absorption bands in their IR
spectra. In addition, their 13C NMR of compound 6 and 7 lacked the
signal for the CN group and revealed the appearance of a new signal at
6=162 and 180 ppm corresponding to the C=0 and C=S respectively.
Finally, condensation of 3 with the appropriate sugars and aromatic
aldehydes yielded the corresponding Schiff’s bases (12—-14) and (15—
17) respectively, which lacked the NH; absorption bands present in its
starting material (Scheme 2).

2.2. Biological evaluation

2.2.1. In-Vitro cytotoxic activity

The cytotoxic activity of the synthesized compounds was evaluated
against two human cancer cell lines: A549 (lung carcinoma) and MCF-7
(breast adenocarcinoma) [45]. The reference drug Sorafenib was used
for comparison, with ICsg values of 10.24 uM for A549 and 13.76 uM for
MCF-7. The ICsy was measured at a concentration of 128 yM to deter-
mine the compounds’ cytotoxic potential, and the results are summa-
rized in Table 1.

Among the tested compounds, 16, 17, and 10 showed the most
promising cytotoxic activity. Notably, compound 17 exhibited signifi-
cant dual activity with potency of ICsg value equals to 12.80 uM (A549)
and 16.38 uM (MCF-7), which was comparable to Sorafenib. Similarly,
16 showed strong cytotoxicity with 11.94 (A549) and 22.77 (MCF-7).
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Fig. 3. The binding mode illustration at CDK2 with the key residues for A) Roscovitine ligand (I), B) compounds 16 & 17 [42].
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While 10 demonstrated effective cytotoxicity with ICsg value of 13.50
uM (A549) and 18.82 uM (MCEF-7).

Compounds 8, 9 &12 maintained good activity, particularly on A549
(21.66, 24.59 & 23.22 pM, respectively), while being also effective on
MCEF-7 cells. Additionally, 15 displayed moderate activity (38.45, 33.97
uM, respectively).

In contrast, compounds 4-7 & compound 11 demonstrated the

lowest cytotoxic activity. These compounds may possess structural fea-
tures contributing to partial inhibition.

Overall, 17, 16, and 10 emerge as the most promising candidates for
further investigation, showing cytotoxicity comparable to the standard
drug Sorafenib, especially against breast and lung cancer cell lines.
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Table 1

The In vitro anti-proliferative activity of the synthesized compounds against
Human cell lines, Data are expressed as mean + SD of three independent ex-
periments (n = 3).

Compound ID In vitro ICso (uM) Mean + SD

A549 MCF-7
Sorafenib 10.24+3.95 13.76+3.48
4 59.21+2.13 48.50+1.90
5 109.34+1.24 100.29+1.97
6 99.42+1.54 44.39+1.53
7 61.51+2.01 98.72+1.32
8 21.66+3.94 57.02+1.88
9 24.59+3.23 35.20+2.86
10 13.50+3.42 18.82+3.67
11 67.15+2.22 58.38+3.57
12 23.22+4.47 33.90+1.28
15 38.45+2.84 33.97+4.36
16 11.94+3.51 22.77+2.57
17 12.80+2.80 16.38+1.67

2.2.2. The in-vitrocyclin dependent kinase2 /Cyclin A2 enzyme inhibition:

The targeted compounds were assessed for their in vitro CDK2/
Cyclin A2 enzyme inhibition assay using Promega CDK2/CyclinA2 ki-
nase enzyme system coupled with ADP-Glo assays, the reaction was
performed in four steps [46-48]. The tested compounds were assayed in
the concentration of 50 uM in the presence of 5 % DMSO (Fig. 4). The
percentage remaining activity was the least for the following compounds
16 & 17 with 58.32 and 57.82, respectively. Following that, the ICsq
profiling for the promising CDK2/CyclinA2 inhibitors was tested to
show the following, compound 17 with the best ICsy against CDK2 of
12.09 £+ 1.37 uM, 16 showed ICs¢ of 13.74+0.96 uM compared to
Roscovitine 0.59+0.1 uM (Fig. 5) (Table 2).

2.2.3. Invitro cytotoxicity against normal cells

The in vitro cytotoxicity of the most potent compounds 16 and 17
was evaluated against WI-38 normal cells to verify their safety and
selectivity, using Staurosporine as a reference standard. Compounds 16
and 17 showed minimal cytotoxic effects on normal cells, with ICsq
values of 45.78 and 51.16 uM, respectively compared to the reference
standard ICsq values of 28.87 pM. These findings suggest that the newly
synthesized compounds exhibit significantly lower cytotoxicity against
normal cells, approximately half that observed in cancer cell lines,
confirming their potential as safe therapeutic candidates.
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2.3. Insilico studies

2.3.1. Molecular docking

Molecular docking study was applied using C-Docker algorithm in
Discovery Studio 4.0 Software. The promising compounds that showed
potential CDK2 inhibitory activity (compounds 16 & 17) were suc-
cessfully prepared and docked to the active site of CDK2 enzyme. The
binding modes of the designed compounds were analyzed to interpret
the biological activity and to explain the interactions with the key amino
acid residues in the binding site. The X-ray crystallographic structure of
the target CDK2 being complexed with ligand Roscovitine downloaded
from PDB as (PDB ID: 2A4L) [49,50], revealed the two hydrogen bonds
with LEU83 after re-docking of Roscovitine showing validation with
RMSD value equals 0.5A°. The best selected pose out of ten poses for
each docked compound that mimics the binding mode of the ligand is
saved as the best pose. The presented docking study showed comparable
binding modes between the lead compound and the two most promising
newly synthesized molecules against the essential amino acids at the
active site with comparable C-Docker interaction energy (Fig. 6).

Table 3 presented the detailed docking results observed by the two
docked compounds named 16 & 17 and revealed the essential binding
with LEU83 via cyanide substitution on the fused pyridine ring plus the
hydrophobic interaction between pyridine and ILE10 & LEU134 (Fig. 6).
In addition to hydrophobic interaction between the p-fluorophenyl ring
(hydrophobic 2 region) with VAL18, ALA31, LYS33, PHES0 & ALA144.
The thiazolopyridine moiety positioned the compounds in the active
pocket via interaction with VAL18 (Fig. 6).

A pi-cation bond through the para substituted phenyl ring next to the
imine linker with LYS89 was also observed. The preliminary predictive
in silico study of the binding mode after docking is considered an
essential tool to predict and explain the biological results [42,44]. The
schematic illustration in Fig. 3 demonstrates a comparable binding
mode of the two studied new compounds compared to Roscovutine
ligand at the active site of CDK2 with close C-Docker interaction energy
(E) (Fig. 6), which predicts a comparable inhibitory activity at the tar-
geted site.

2.3.2. Dynamic simulation

The objective of performing molecular dynamic (MD) simulations
and trajectory analysis was to investigate the stability of the interaction
between the docked ligands and CDk2, which plays a crucial role in
determining their potential as inhibitors. For this purpose, the most
bioactive conformers of compounds 16 and 17 were chosen to monitor
their behavior during the simulation. As depicted in Fig. 7, the total
energy values remained within the range of —4378 to —-4288 kcal/mol
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Fig. 4. Inhibition of CDK2/CyclinA2 by new compounds at 50 pM.
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Table 2

CDK2/Cyclin A2 inhibitory activity results of the most potent
compounds. Data are expressed as mean values of two inde-
pendent experiments (n = 2).

Compound ID Relative activity %

DMSO 100

4 92.82
5 77.20
6 86.73
7 90.71
8 85.78
9 81.32
10 77.83
11 92.79
12 80.43
13 83.72
15 77.89
16 58.32
17 57.82

throughout the simulation time frame (26 to 224 ps), reflecting a
consistent and energetically stable interaction with the target protein
[51].

To further evaluate the stability of the ligand-protein complexes,
RMSD (Root Mean Square Deviation) analysis was conducted [51]. The
RMSD values (Fig. 8), which varied between 0 and 1.56 f\, indicated that
the structural deviation from the initial configuration was minimal,
suggesting that the complexes retained their integrity over time.

Moreover, RMSF (Root Mean Square Fluctuation) was employed to
examine the flexibility of individual residues within the protein during
binding [51]. The observed RMSF values (0.76 to 8.29 A) suggest limited
fluctuation, pointing toward strong and rigid interactions between the
ligands and CDK-2 (Fig. 9).

Altogether, the results of the simulation confirm that the complexes
are dynamically stable and support the potential inhibitory effect of the
compounds investigated.

2.3.3. Toxicity prediction using protox 3.0 webserver

A toxicity model was presented using ProTox 3.0 webserver to
investigate the predicted toxicity of the two promising compounds 16 &
17 based on structural similarity analysis of previously known toxic
fragments 52,

Compounds 16 & 17 were fed to the server through SMILES
(Simplified Molecular-Input Line Entry System) using SwissADME on-
line tool [52,53]. The two tested compounds were considered non-toxic
as class 4 toxicity prediction with predicted lethal dose (LD50) equal to
800 mg/kg. Both compounds 16 & 17 showed similar Organ toxicity

with high prediction probability (exceeds 0.7), as nephrotoxicity pre-
diction probability was (0.72) and respiratory toxicity probability was
predicted to be (0.78). Also, BBB-barrier prediction probability of 0.90,
and Ecotoxicity (0.71) were observed. Moderate probabilities (<0.7) for
clinical toxicity of (0.58) and (0.68) for Cytochrome CYP2D6 were
predicted (Fig. 10).

On the other side both compounds 16 & 17 showed high inactive
probability prediction (non-toxic) in the range of (0.72-0.99) towards
other organ toxicity predictors including Nephrotoxicity and Car-
diotoxicity, Toxicity end points immunotoxicty & cytotoxicity, all
Tox21-Nuclear receptor signaling pathways, most Tox21-Stress response
pathways, most Molecular Initiating Events and one Metabolism (CYP)
predictor. Also, both compounds showed inactive prediction (nontoxic)
with probability range (0.55-0.67) towards Hepatotoxicity, Carcinoge-
nicity, Mutagenicity, Nutritional toxicity, Aromatase signaling, Mito-
chondrial Membrane Potential (MMP), a few Molecular Initiating Events
and most of metabolism (Fig. 10).

The presented toxicity prediction study showed good profile for both
compounds 16 & 17 over wide range of predictors compared to related
compounds,

2.3.4. In silico predictive ADME study

The pharmacokinetic properties of the two tested compounds (16 &
17) were predicted using SwissADME online tool. >3 Results showed low
GIT absorption with low BBB penetration, preferring their safe usage
without CNS effect. The bioavailability radar chart presented in Fig. 11
showed the existence of the tested compounds in the desired pink region
within the six parameters such as; FLEX (Flexibility), LIPO (Lip-
ophilicity), INSOLU (Solubility), INSATU (saturation), SIZE and POLAR
(Polarity) (Fig. 11). Moreover, the two compounds were predicted to be
inhibitors to the Cytochrome P450 2D6.

2.3.5. Structure activity relationship

The hybrid ring fusion in thiazolo[4,5-b]pyridin scaffold presented
in compounds (16&17) was studied to predict the essential pharmaco-
phoric features for the biological activity. As the in-vitro antiproliferative
activity results were co-aligned to the in-silico predictions showing that
compounds 16 and 17 revealed the best cytotoxic activity. The hybrid
heteroaromatic spirocyclohexane scaffold was believed to insert the
studied compounds into the hydrophobic ATP adenine binding region.
The cyanide substitution to the pyridine ring was essential to undergo
the reported hydrogen bond compared to Roscovitine lead compound.
Also, the two hydrophobic regions: hydrophobic 1 and hydrophobic 2
encouraged the correct locating to the two compounds for the best
fitting results. While the phenyl ring confirmed pi-cation binding
(Fig. 12).
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Fig. 6. The 2D-diagram showing docking results on Human cyclin-dependamt kinase 2 CDK2 (PDB ID: 2A4L) active sites with: A) compound 16 (E=-56.52 Kcal/

mol) and B) compound 17 (E=-52.68 Kcal/mol).
2. Conclusion

Two new series of novel small molecules targeting CDK2 were
designed and synthesized featuring a hybrid scaffold in Series 1 of
thiazolo[5',4":5,6]1pyrido[2,3-d]pyrimidine(4-9) and thiazolo[5,4":5,6]
pyrido[2,3-d] [1,3]oxazin in compounds (5,8). And Series 2 compounds
(3, 10-17) of thiazolo[4,5-b] pyridine scaffold. Most of the compounds
showed cytotoxic activities against A549 and MCF -7. Compounds 10,
16 and 17 showed the most significant cytotoxic activities compared to
Sorafenib. Moreover, Compounds 16 and 17 revealed the most inhibi-
tory activity against CDK2/cyclin A2. The in-silico studies included
molecular docking revealed comparable binding mode with the key
residues compared to Roscovitine ligand. In addition to molecular dy-
namic simulations and analyzing trajectory studies ensured their
inhibitory potential with sufficient stability. Toxicity prediction
together with pharmacokinetic properties using ProTox and SwissADME
were performed, and results were aligned with normal cell toxicity for
compounds 16 & 17. Results were analyzed to predict the structural
requirements for the observed antitumor activity.

4. Experimental
4.1. Chemistry

H NMR spectra were run at 400 MHz and 3¢ spectra were deter-
mined at 100 MHz in deuterated dimethyl sulfoxide (DMSO-d6) on a
Varian Mercury VX-400 NMR spectrometer. Chemical shifts are given in
parts per million (ppm) on the delta (¥) scale. Chemical shifts were
calibrated relative to those of the solvents. The progress of reactions was
monitored through thin-layer chromatography (TLC) using Merck silica
gel IB2-F plates (0.25 mm thickness), where the spots were visualized
through Vilber VL-6.LC UV lamp, with wavelength 365/ 254 nm. Mass
spectra were recorded on a compact Mass Spectrometer (TLC-MS,
Advion, USA) using APCI and ESI modes. Melting points were deter-
mined and were uncorrected, using capillary tubes with a Stuart SMP30
apparatus. All yields reported refer to isolated yields.

4-(4-Chlorophenyl)-1-thia-4-azaspiro [4.5] decan-3-one (2)

A solution of cyclohexanone (0.9 g, 10 mmol), p-chloro aniline (1.2
g, 10 mmol) and thioglycolic acid (0.9 g, 10 mmol) in dry toluene (50
ml) was refluxed for 10 h. the solution was concentrated, cooled to room
temperature and the formed solid was filtered off, dried, and crystallized
from ethanol to afford compound 2 as yellow solid, yield 87 %, m.p
131-132 °C; IR (KBr): 0 /em: 1675 (Cc = 0y; 'H NMR (DMSO-d6)
(ppm): 7.56 (d, J = 7.4 Hz, 2H), 7.23 (d, J = 7.4 Hz, 2H), 3.64 (s, 2H),
2.04-2.0 (m, 2H), 1.71-1.66 ( m, 2H), 1.51-1.49 (m, 4H), 0.88-0.84 (m,
2H); MS (m/2): 281.

5'-Amino-3'-(4-chlorophenyl)-7"-(4-fluorophenyl)-3'H-spiro[cyclo-
hexane-1,2-thiazolo[4,5-b]pyridine]-6'-carbonitrile (3)

A mixture of 2 (2.8 g, 10 mmol), p-florobenzaldehyde (1.2 g, 10
mmol), ammonium acetate (1.5 g, 20 mmol) and malononitrile (0.6 g,
10 mmol) in glacial acetic acid (40 ml) was refluxed for 24 h. The re-
action mixture was cooled to room temperature and poured onto water.
The formed solid was filtrated off, dried, and crystallized from ethanol to
afford compound 3 as yellow solid, yield 77 %, m.p 170-172 °C; IR
(KBr): U /cm™: 3255 (NHy), 2205 (CN); 'H NMR (DMSO-d6) (ppm): 8.03
(d, J = 7.4 Hz, 2H), 7.61-7.52 (m, 4H), 7.32 (brs, 2H, D50 exchange-
able), 7.22 (d, J = 7.4 Hz, 2H), 2.01-1.96 (m, 2H), 1.70-1.66 (m, 2H),
1.52-1.48 (m, 4H), 0.88-0.81 (m, 2H); MS (m/z): 450.

3'-(4-Chlorophenyl)-9’-(4-fluorophenyl)-3'H-spiro[cyclohexane-1,2'-
thiazolo[5',4":5,6]pyrido[2,3-d]pyrimidin]-8'(7'H)-one (4)

A solution of 3 (4.5 g, 10 mmol), formic acid (40 ml) was refluxed for
6 h, then cooled to room temperature and poured onto cold water. The
formed precipitate was filtered off and recrystallized from ethanol to
give compound 4 as brown crystals (69 %) mp = 168-169 °C; IR (KBr)
em™: 3350 (NH), 1672 (C = 0); 'H NMR (DMSO-d6) (ppm): 11.75 (brs,
1H, D20 exchangeable), 8.49 (s, 1H), 7.52 (d, J = 7.4 Hz, 2H), 7.41-7.33
(m, 4H), 7.21 (d, J = 7.4 Hz, 2H), 2.01-1.96 (m, 2H), 1.70-1.64 (m, 2H),
1.49-1.44 (m, 4H), 0.90-0.84 (m, 2H); 1*C NMR (DMSO-de) &: 166.1,
162.5, 159.5, 157.6, 153.6, 142.5, 139.4, 132.1, 129.5, 128.5, 127.8,
127.2,127.1,120.1, 115.3, 60.0, 43.9, 24.8, 18.6; MS (m/z) 478; Anal.
Calc. for: (Co5HooCIFN40S): C, 62.69; H, 4.21; N, 11.70 %; Found: C,
62.76; H, 4.27; N, 11.76 %.

3'-(4-Chlorophenyl)-9'-(4-fluorophenyl)-6'-methylspiro[cyclo-
hexane-1,2-thiazolo[5',4":5,6]pyrido[2,3-d] ~ [1,3]oxazin]-8'(3'H)-one
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The binding mode and C-Docker interaction energy of the most potent newly synthesized compounds (16 & 17) compared to Roscovitine ligand.

Compound name Binding mode

(-)C-Docker interaction
energy ( kcal/mol)

Key Amino acids/ interaction

Lead Compound 55.75 1 HBA with Leu83 1HBD with Leu83.
Roscovitine Aias Hydrophobic binding with ILE10, VAL18,ALA31,LYS33,
VAL64,PHES0, PHES2, LYS89, LEU134 & ALA144
ALA
Attaa
ivs
A20
fis
Ass
VAL
Asa
GLU ALA Y PHE
A8l A31 AB2
PHE
AB0
16 VAL 56.52 1 HBA with Leu83
G R &5y Hydrophobic binding with ILE10, VAL18,ALA31,LYS33,
- s A:82 Let e PHES80, LEU134 & ALA144
) @& LEU ' A:80 Pi-cation interaction with LYS89
2 CEL- s Carbon Hydrogen Bond with ASP86
#:10 .
ALA
AZl44
H
v VAL
A:89 Asp:18
.?'é'Né AGIJ-.“TL A145
B8, : ALA
g A31
s 6LU
A12
GLY THR
A3 A4
GIN .A§';‘..
17 52.68 1 HBA with Leu83
£58 Hydrophobic binding with ILE10, VAL18,ALA31,LYS33,
HE
424 PHES0, LEU134 & ALA144
asp Pi-cation interaction with LYS89
& ‘f?; Carbon Hydrogen Bond with ASP86
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Al > PHE
w A82
A0
U
A134
‘G_gl‘ "
ASN
A:32
us i3
A:128 p ASP y
o @ W=
i uws
:",: ik Aas 2
A31
(5) 8'-Amino-3'-(4-chlorophenyl)-9'-(4-fluorophenyl)-3'H-spiro[cyclo-

A solution of 3 (4.5 g, 10 mmol) in acetic anhydride (10 ml) was
heated under reflux for 5 h, the reaction mixture was cooled and poured
over crushed ice, the formed precipitate was filtered off, washed with
water and recrystallized from ethanol to give compound 5 as brown
crystals (64 %) mp = 188-190 °C; IR (KBr) em™: 1730 (C = 0); 'H NMR
(DMSO-d6) (ppm): 7.51 (d, J = 7.4 Hz, 2H), 7.43-7.33 (m, 4H), 7.20 (d,
J = 7.4 Hz, 2H), 2.02-1.96 (m, 2H), 1.68-1.65 (m, 2H), 1.48-1.46 (m,
4H), 1.08 (s, 3H), 0.84-0.82 (m, 2H); '3C NMR (DMSO-d) &: 166.1,
162.5, 159.4, 157.3, 153.5, 142.5, 139.4, 132.1, 129.5, 128.5, 127.8,
127.2,127.1, 120.1, 114.9, 59.1, 43.9, 24.5, 21.1, 18.6; MS (m/z) 493;
Anal. Calc. for: (CagH1CIFN305S): C, 63.22; H, 4.29; N, 8.51 %; Found:
G, 63.28; H, 4.33; N, 8.56 %.

General procedure for compound 6 and 7:

A mixture of 3 (4.5 g, 10 mmol) and either urea (5 mmol; 0.3 g) or
thiourea (5 mmol; 0.4 g) was fused at 280 °C using a sand bath for 1 h.
The reaction mixture was cooled then triturated with ethanol. The ob-
tained solid was filtered, washed several times with water, dried and
recrystallized from dimethylformamide/water.

10

hexane-1,2'-thiazolo[5',4":5,6]pyrido[2,3-d]pyrimidin]-6'(5'H)-one (6)

Yellow crystals (71 %) mp = 198-200 °C; IR (KBr) em: 3330, 3227
(NH, NH>), 1667 (C = 0); '"H NMR (DMSO-d6) (ppm): 9.54 (brs, 1H,
D,0 exchangeable), 7.52 (d, J = 7.4 Hz, 2H), 7.39-7.31 (m, 4H), 7.21 (d,
J = 7.4 Hz, 2H), 5.76 (brs, 2H, D,0 exchangeable), 2.0-1.98 (m, 2H),
1.71-1.67 (m, 2H), 1.48-1.44 (m, 4H), 0.84-0.80 (m, 2H); 3C NMR
(DMSO-dg) &: 166.1, 162.6, 161.1, 159.7, 153.5, 142.5, 139.4, 132.1,
129.5, 128.5, 127.8, 127.19, 127.12, 120.1, 114.9, 60.0, 44.8, 24.8,
18.6; MS (m/z) 493; Anal. Calc. for: (Ca5H21CIFN50S): C, 60.79; H, 4.29;
N, 14.18 %; Found: C, 60.83; H, 4.33; N, 14.23 %.

8'-Amino-3'-(4-chlorophenyl)-9-(4-fluorophenyl)-3'H-spiro[cyclo-
hexane-1,2-thiazolo[5',4":5,6]pyrido[2,3-d]pyrimidine]-6'(5'H)-thione
)

Brown crystals (64 %) mp = 196-198 °C; IR (KBr) em: 3328, 3210
(NH, NHy); 'H NMR (DMSO-d6) (ppm): 13.48 (brs, 1H, D,O
exchangeable), 7.57 (d, J = 7.4 Hz, 2H), 7.39-7.28 (m, 4H), 7.23 (d, J =
7.4 Hz, 2H), 6.33 (brs, 2H, D;O exchangeable), 2.01-1.96 (m, 2H),
1.69-1.64 (m, 2H), 1.48-1.44 (m, 4H), 0.85-0.83 (m, 2H); °C NMR
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Fig. 8. RMSD for A) compound 16 (green), 17(red), versus B) the CDK2
protein itself in blue.

(DMSO-dg) &: 180.2, 166.1, 162.5, 161.5, 153.5, 142.5, 139.4, 132.1,
129.5,129.4, 128.5, 127.8, 127.1, 120.2, 115.1, 59.9, 43.7, 24.5, 18.6;
MS (m/2) 510; Anal. Calc. for: (CosHp1CIFNsS,): C, 58.87; H, 4.15; N,
13.73 %; Found: C, 58.94; H, 4.21; N, 13.81 %.

3'-(4-Chlorophenyl)-9'-(4-fluorophenyl)-6"-phenylspiro[cyclo-
hexane-1,2"-thiazolo[5,4":5,6]pyrido[2,3-d]  [1,3]oxazin]-8'(3'H)-one
(8)

A mixture of 3 (4.5 g, 10 mmol) and benzoyl chloride (5 ml) was
refluxed in pyridine (20 ml) for 6 h. The excess of the benzoyl chloride
was removed by distillation under vacuum, and the residue was cooled
and added to ice/water. The precipitate thus obtained was collected,
dried and recrystallized from ethanol to give compound 8 as yellow
crystals (77 %) mp = 178-180 °C; IR (KBr) em™: 1742 (C = 0); 'H NMR
(DMSO-d6) (ppm): 7.95 (d, J = 12 Hz, 2H), 7.74 (d, J = 12 Hz, 2H), 7.52
(d, J=7.4 Hz, 2H), 7.43 (d, J = 8 Hz, 2H), 7.34-7.26 (m, 4H), 7.20 (d, J
= 7.4 Hz, 2H), 2.0-1.95 (m, 2H), 1.67-1.66 (m, 2H), 1.48-1.46 (m, 4H),

11
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Fig. 9. RMSF A)for compound 16(green) & 17(red), versus B) the protein
CDK2 itself in blue.

0.84-0.81 (m, 2H); °C NMR (DMSO-dg) &: 166.2, 159.9, 159.2, 157.9,
153.8, 150.0, 147.3, 142.5, 139.4, 132.1, 132.0, 129.5, 128.5, 127.8,
127.2,127.1,119.9,117.1,115.0, 60.0, 43.7, 24.7, 18.7; MS (m/z) 556;
Anal. Calc. for: (C31H23CIFN305S): C, 66.96; H, 4.17; N, 7.56 %; Found:
C, 67.02; H, 4.24; N, 7.61 %.
3'-(4-Chlorophenyl)-9'-(4-fluorophenyl)-3'H-spiro[cyclohexane-1,2'-
thiazolo[5',4":5,6]pyrido[2,3-d]pyrimidin]-8-amine (9)

A mixture of 3 (4.5 g, 10 mmol) and formamide (20 ml) was refluxed
for 20 h. The reaction mixture was cooled, poured onto ice/water, and
the solid product that appeared was collected by filtration and recrys-
tallized from ethanol to give compound 9 as brown crystals (69 %) mp =
252-254 °C; IR (KBr) cm™': 3329 (NH,); 'H NMR (DMSO-d6) (ppm):
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Fig. 12. Structure activity relationship (SAR) for the two promising compounds (16-17).

8.54 (s, 1H), 7.54 (d, J = 7.4 Hz, 2H), 7.40-7.29 (m, 4H), 7.23 (d,J=7.4
Hz, 2H), 6.57 (brs, 2H, D20 exchangeable), 2.01-1.98 (m, 2H),
1.69-1.66 (m, 2H), 1.56-1.49 (m, 4H), 0.89-0.81 (m, 2H); 13¢ NMR
(DMSO-dg) &: 166.2, 163.9, 160.2, 157.8, 153.8, 142.5, 139.4, 132.1,
129.5,128.5, 128.8,127.2, 127.1, 119.6, 115.1, 60.2, 43.9, 24.4, 18.7;
MS (m/z) 477; Anal. Calc. for: (Co5Ho1CIFN5S): C, 62.82; H, 4.43; N,
14.65 %; Found: C, 62.87; H, 4.47; N, 14.68 %.
5'-Amino-3'-(4-chlorophenyl)-7'-(4-fluorophenyl)-3'H-spiro[cyclo-

hexane-1,2-thiazolo[4,5-b]pyridine]-6"-carboxamide (10)

A sample of 3 (4.5 g, 10 mmol) was warmed in 60 % aqueous HoSO4
(10 ml) with stirring for 0.5 h. The reaction mixture was cooled, diluted
with cold water, and then neutralized (pH 8) by addition of aqueous
sodium hydroxide solution (10 %). The resulting precipitate was
recrystallized from ethanol to give the carboxamide derivative 10 as
yellow crystals (66 %) mp = 189-1190 °C; IR (KBr) em’h: 3333 (NH),
1682 (C = 0); 'H NMR (DMSO-d6) (ppm): 8.68 (brs, 2H, D50
exchangeable), 7.62 (d, J = 7.4 Hz, 2H), 7.54 (d, J = 8 Hz, 2H), 7.38 (d, J
= 7.4 Hz, 2H), 7.25 (d, J = 8 Hz, 2H), 6.20 (brs, 2H, D50 exchangeable),
2.01-1.98 (m, 2H), 1.68-1.67 (m, 2H), 1.52-1.49 (m, 4H), 0.88-0.81
(m, 2H); 13¢ NMR (DMSO-dg) 6: 166.1, 162.4, 159.5, 153.6, 142.5,
139.4, 132.1, 129.5, 128.5, 127.9, 127.18, 127.13, 119.9, 115.1, 60.1,
43.8, 24.5, 18.6; MS (m/z) 468; Anal. Calc. for: (Ca4H25CIFN4OS): C,
61.47; H, 4.73; N, 11.95 %; Found: C, 61.51; H, 4.77; N, 11.99 %.

Ethyl(E)-N-(3'-(4-chlorophenyl)-6'-cyano-7'-(4-fluorophenyl)-3'H-
spiro[cyclohexane-1,2-thiazolo[4,5-b]pyridin]-5-yl)formimidate (11)

A mixture of 3 (4.5 g, 10 mmol) and triethyl orthoformate (10 ml)
was refluxed for 6 h. The reaction mixture was cooled and the solid
product that appeared was collected by filtration and recrystallized from
ethanol to give compound 11 as brown crystals (78 %) mp = 207-209
°C; IR (KBr) em™: 2229 (CN); 'H NMR (DMSO-d6) (ppm): 8.02 (s, 1H),
7.53 (d, J = 7.4 Hz, 2H), 7.38-7.33 (m, 4H), 7.22 (d, J = 7.4 Hz, 2H),
3.67 (q, J = 12 Hz, 2H), 1.99-1.96 (m, 2H), 1.66-1.64 (m, 2H),
1.51-1.46 (m, 4H), 1.11 (d, J = 12 Hz, 3H), 0.86-0.81 (m, 2H); 1*C NMR
(DMSO-dg) &: 161.9, 159.2, 157.2, 153.4, 142.5, 139.4, 132.1, 129.5,
128.5, 127.8, 127.2, 127.18, 127.13, 120.0, 115.1, 65.4, 60.0, 43.8,
24.2, 18.6, 15.3; MS (m/z) 507; Anal. Calc. for: (Co7H24CIFN4OS): C,
63.96; H, 4.77; N, 11.05 %; Found: C, 64.02; H, 4.82; N, 11.09 %.

General procedure for compounds 12, 13 and 14:

A mixture of 3 (4.5 g, 10 mmol), the aldose sugars namely, D-glucose
or D-galactose, or D-xylose (0.01 mol) and glacial acetic acid (1 ml) in
ethanol (40 ml) was refluxed for 7-9 h. The solution was concentrated
then cooled to room temperature and poured into ice cooled water. The
resulting precipitated solid was filtered, dried, and recrystallized from
methanol to afford compounds 12,13 and 14, respectively.

3'-(4-Chlorophenyl)-7"-(4-fluorophenyl)-5-(((2S,3R,4R,5R, E)-
2,3,4,5,6-pentahydroxyhexylidene)amino)-3'H-spiro[cyclohexane-1,2'-
thiazolo[4,5-b]pyridine]-6"-carbonitrile (12)

13

Yellow crystals (72 %) mp = 212-214 °C; IR (KBr) em’l: 3410 (OH),
2210 (CN); 'H NMR (DMSO-d6) (ppm): 10.32 (m, 1H), 7.52 (d, J = 7.4
Hz, 2H), 7.39-7.29 (m, 4H), 7.21 (d, J = 7.4 Hz, 2H), 6.27 (brs, 1H, D,O
exchangeable), 5.57 (brs, 1H, DO exchangeable), 4.95 (brs, 2H, D20
exchangeable), 4.36 (brs, 1H, D,0 exchangeable), 3.76-3.70 (m, 4H),
3.64-3.61 (m, 2H), 1.98-1.96 (m, 2H), 1.69-1.66 (m, 2H), 1.48-1.46
(m, 4H), 0.89-0.84 (m, 2H); '3C NMR (DMSO-d) 5: 166.2, 163.6, 159.6,
153.5,142.5,139.4,132.2,129.5,128.5,127.8,127.17,127.11, 119.9,
117.9,115.3,74.9,71.1, 68.0, 64.8, 62.8, 59.6, 43.8, 24.9, 18.6; MS (m/
2) 613; Anal. Calc. for: (C39H30CIFN4OsS): C, 58.77; H, 4.93; N, 9.14 %);
Found: C, 58.83; H, 4.99; N, 9.19 %.

3'-(4-Chlorophenyl)-7'-(4-fluorophenyl)-5-(((2S,3R,4S,5R, E)-
2,3,4,5,6-pentahydroxyhexylidene)amino)-3'H-spiro[cyclohexane-1,2'-
thiazolo[4,5-b]pyridine]-6-carbonitrile (13)

Yellow crystals (69 %) mp = 205-207 °C; IR (KBr) em’l: 3413 (OH),
2210 (CN); 'H NMR (DMSO0-d6) (ppm): 10.31 (m, 1H), 7.53 (d, J = 7.4
Hz, 2H), 7.41-7.33 (m, 4H), 7.21 (d, J = 7.4 Hz, 2H), 6.28 (brs, 1H, D,0
exchangeable), 5.58 (brs, 1H, DO exchangeable), 4.99 (brs, 2H, D,O
exchangeable), 4.36 (brs, 1H, D20 exchangeable), 3.77-3.68 (m, 4H),
3.57-3.52 (m, 2H), 2.03-1.98 (m, 2H), 1.68-1.63 (m, 2H), 1.52-1.48
(m, 4H), 0.85-0.84 (m, 2H); '3C NMR (DMSO-d) 5: 166.1, 163.6, 159.4,
153.5,142.5,139.4,132.2,129.5,128.5,127.8,127.17,127.11, 119.9,
117.9,115.3,74.9,71.1, 68.0, 64.8, 62.8, 59.6, 43.8, 24.9, 18.6; MS (m/
2) 613; Anal. Calc. for: (C3oH3oCIFN4OsS): C, 58.77; H, 4.93; N, 9.14 %;
Found: C, 58.81; H, 4.97; N, 9.17 %.

3'-(4-Chlorophenyl)-7'-(4-fluorophenyl)-5'-(((2S,3R,4R,E)-2,3,4,5-
tetrahydroxypentylidene)amino)-3'H-spiro[cyclohexane-1,2-thiazolo
[4,5-b]pyridine]-6"-carbonitrile (14)

Yellow crystals (65 %) mp = 215-217 °C; IR (KBr) cm’: 3433 (OH),
2218 (CN); 'H NMR (DMSO-d6) (ppm): 10.24 (m, 1H), 7.52 (d, J = 7.4
Hz, 2H), 7.41-7.30 (m, 4H), 7.19 (d, J = 7.4 Hz, 2H), 5.59 (brs, 1H, D20
exchangeable), 5.0 (brs, 2H, DO exchangeable), 4.44 (brs, 1H, D,O
exchangeable), 3.68-3.58 (m, 5H), 1.98-1.96 (m, 2H), 1.66-1.64 (m,
2H), 1.48-1.46 (m, 4H), 0.84-0.83 (m, 2H); 3¢ NMR (DMSO-dg) 6:
166.1, 162.3, 159.3, 153.6, 142.5, 139.4, 132.1, 129.5, 128.5, 127.8,
127.2, 126.9, 119.9, 117.4, 115.0, 75.1, 70.1, 66.4, 63.2, 60.6, 43.9,
24.0, 18.3; MS (m/z) 583; Anal. Calc. for: (Co9HogCIFN404S): C, 59.74;
H, 4.84; N, 9.61 %; Found: C, 59.79; H, 4.91; N, 9.68 %.

General procedure for compound 15, 16 and 17:

A mixture of 3 (4.5 g, 10 mmol), aromatic aldehyde derivatives
namely, p-nitro benzaldehyde, or p-cyanobenzaldehyde, or p-chlor-
obenzaldehyde (0.01 mol) and glacial acetic acid (1 ml) in ethanol (40
ml) was refluxed for 7-8 h. The solution was concentrated then poured
onto ice water and the formed solid was filtered, dried, and recrystal-
lized from methanol to afford the compounds 11, 12 and 13
respectively.

(E)-3"-(4-Chlorophenyl)-7'-(4-fluorophenyl)-5-((4-nitrobenzylidene)
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amino)-3'H-spiro[cyclohexane-1,2-thiazolo[4,5-b]pyridine]-6'-carbon-
itrile (15)

Red crystals (65 %) mp =238-240 °C; IR (KBr) cm™’: 2222 (CN); 'H
NMR (DMSO-d6) (ppm): 10.12 (s, 1H), 7.92 (d, J = 8 Hz, 2H), 7.72 (d, J
=8 Hz, 2H), 7.54 (d, J = 7.4 Hz, 2H), 7.46-7.31 (m, 4H), 7.24 (d, J=7.4
Hz, 2H), 2.01-1.96 (m, 2H), 1.71-1.68 (m, 2H), 1.51-1.47 (m, 4H),
0.91-0.85 (m, 2H); '3C NMR (DMSO-de) 5: 162.5, 159.5, 158.1, 153.6,
150.2, 147.9, 142.5, 139.4, 132.1, 129.5, 128.5, 127.8, 127.2, 127.1,
121.8,119.8,114.8, 106.7, 59.7, 44.8, 24.9, 18.6; MS (m/z) 584; Anal.
Calc. for: (C31H23CIFN50,S): C, 63.75; H, 3.97; N, 11.99 %; Found: C,
63.81; H, 4.01; N, 12.03 %.

(E)-3'-(4-Chlorophenyl)-5-((4-cyanobenzylidene)amino)-7'-(4-fluo-
rophenyl)-3'H-spiro[cyclohexane-1,2-thiazolo[4,5-b] pyridine]-6"-car-
bonitrile (16)

Brown crystals (65 %) mp = 240-242 °C; IR (KBr) cm’l: 2222 (CN);
'H NMR (DMSO-d6) (ppm): 10.10 (s, 1H), 8.08 (d, J = 8 Hz, 2H), 7.81
(d, J =8 Hz, 2H), 7.54 (d, J = 7.4 Hz, 2H), 7.42-7.34 (m, 4H), 7.34 (d, J
= 7.4 Hz, 2H), 2.01-1.98 (m, 2H), 1.71-1.69 (m, 2H), 1.52-1.49 (m,
4H), 0.91-0.87 (m, 2H); 13C NMR (DMSO-dg) &: 166.1, 162.7, 159.4,
153.2, 150.0, 147.4, 142.5, 139.4, 132.1, 129.5, 128.5, 127.9, 127.18,
127.11, 121.0, 119.8, 116.9, 114.9, 106.5, 59.8, 43.9, 24.7, 18.6; MS
(m/2z) 564; Anal. Calc. for: (C35H23CIFNsS): C, 68.14; H, 4.11; N, 12.42
%; Found: C, 68.19; H, 4.15; N, 12.45 %.

(E)-5'-((4-Chlorobenzylidene)amino)-3'-(4-chlorophenyl)-7'-(4-fluo-
rophenyl)-3'H-spiro[cyclohexane-1,2-thiazolo[4,5-b] pyridine]-6"-car-
bonitrile (17)

Brown crystals (65 %) mp = 227-229 °C; IR (KBr) eml: 2222 (CN);
'H NMR (DMSO-d6) (ppm): 10.11 (s, 1H), 7.97 (d, J = 8 Hz, 2H), 7.72
(d, J = 8 Hz, 2H), 7.52 (d, J = 7.4 Hz, 2H), 7.46-7.32 (m, 4H), 7.34 (d, J
= 7.4 Hz, 2H), 2.01-1.96 (m, 2H), 1.71-1.68 (m, 2H), 1.52-1.47 (m,
4H), 0.91-0.85 (m, 2H); 1°C NMR (DMSO-ds) &: 166.2, 162.5, 159.1,
153.6, 149.9, 146.8, 142.5, 139.4, 132.1, 129.5, 128.5, 127.8, 127.2,
127.1,120.1,117.4,114.9,106.0, 60.1, 44.8, 23.9, 18.7; MS (m/z) 573;
Anal. Calc. for: (C31H23C15FN4S): C, 64.92; H, 4.04; N, 9.77 %; Found: C,
64.97; H, 4.09; N, 10.02 %.

4.2. Biological assays

4.2.1. Invitro anti-proliferative activity

The in vitro cytotoxic activity of the synthesized compounds was
evaluated against two human cancer cell lines: A549 (lung adenocarci-
noma) and MCF-7 (breast adenocarcinoma). The anticancer drug Sor-
afenib was used as a reference standard for comparison.

Cell lines were cultured under aseptic conditions in RPMI-1640
medium (Gibco, NY, USA), supplemented with 10 % fetal bovine
serum (FBS) (Biocell, CA, USA), and maintained at 37 °C in a humidified
incubator with 5 % CO:z atmosphere.

To assess anti-proliferative activity, a cell suspension of 5 x 10° cells/
mL was prepared. Each test compound was initially dissolved in
dimethyl sulfoxide (DMSO) and further diluted with phosphate-buffered
saline (PBS) to obtain final concentrations ranging from 0.01 to 100 uM,
ensuring that the final DMSO concentration did not exceed 1 % in any
well.

Aliquots of 0.2 mL of each compound concentration were added in
duplicate to individual wells of a sterile microtiter plate. Then, 1.8 mL of
the prepared cell suspension (6 x 10* cells/mL) was added to each well,
making up a final volume of 2.0 mL per well. Negative controls con-
taining only PBS and 1 % DMSO and positive control wells containing
Sorafenib were included for comparison.

After 48 h of incubation, the contents of each well were diluted 1:10
with sterile saline, and viable cell counts were determined using a
Coulter counter. Cell counts were corrected for dilution, and ICsq values
were calculated relative to the untreated control wells [45].

4.2.2. CDK2/ cyclin A2 assay
The in vitro assay of CDK2/ cyclin A2 protein kinase was carried out
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on all of the synthesized compounds. Kinase assay was performed in 96-
well white plate in a 50 uL volume reaction. The reaction was performed
in four steps in the following order: 2.5 pL of the test compounds or 5 %
DMSO, 5 uL of CDK2/Cyclin A2 enzyme (1.6 ng) was added and then
incubated at room temperature for 30 min. Then 5 pL of (50 uM ATP. 0.1
pg/uL Histone H1 was added and incubated for 10 min. The reaction was
stopped by adding 12.5 pL of ADP-Glo™ Reagent and incubated for 40
min. 25 pL of kinase detection reagent was added to each well and
incubated for 60 min before detection with luminescence (Integration
time 0.5-1 s) [46-48].

4.3. In silico studies

4.3.1. Molecular modeling studies

Molecular docking study was carried out using Discovery Studio 4.0
Software. The X-ray crystallographic structure of CDK2 complexed with
Roscovitine (PDB ID: 2A4L) was downloaded from PDB [49,50]. Mo-
lecular simulations was proceeded using C-Docker protocol on the tested
compounds. Protein was cleaned; missing residues were completed and
Hydrogen atom was added. All the unnecessary radicals in addition to
water molecules were also removed. Force Field simulation using
CHARMm with partial charge of MMFF94 were applied [42]. The target
was successfully prepared and minimized before the active site was
identified using ligand selection. The downloaded ligand was removed
and re-docked with the prepared tested compounds.

Visual inspection was applied to predict the best pose out of ten for
each docked compound as compared to the ligand binding mode.

4.3.2. Dynamic simulation

The dynamic simulation studies were carried out using Discovery
Studio 4.0 and applied to the free CDK2 protein (PDB ID: 2A4L) in
complex with the two selected compounds (compound 16 and com-
pound 17) that demonstrated the highest binding affinity and stability in
molecular docking. The Standard Dynamics Cascade protocol was used.
The initial energy minimization step was conducted using the Steepest
Descent algorithm with a maximum of 2000 steps and an RMS gradient
of 1.0. This was followed by the Conjugate Gradient minimization, set to
a maximum of 1000 steps. The initial temperature was adjusted to 50 °C,
and the target temperature was set at 300 °C, with a maximum velocity
of 2000. The equilibration phase was performed for 50 picoseconds (ps)
with an interval of 2 ps.

The simulation was conducted using the Generalized Born with
Simple Switching (GBSW) as the implicit solvent model, and the Leap-
frog Verlet integrator was applied to propagate the dynamics of the
system. The trajectories were analyzed to evaluate the total energy,
RMSD (Root Mean Square Deviation), and RMSF (Root Mean Square
Fluctuation), in order to determine the structural stability and flexibility
of the CDK2-ligand complexes during the simulation period [51].

4.3.3. Toxicity prediction using protox 3.0 webserver

ProTox 3.0 is a machine-learning model recently applied to predict a
total number of toxicity endpoints (61), between Acute Toxicity (45)
and toxicity targets (16) with good reliable results. It includes: Organ
Toxicity, Toxicity End Points, adverse outcomes (Tox21) pathways
(Tox21-Nuclear Receptor Signaling Pathways, Tox21-Stress Response
Pathways), Molecular-Initiating Events (MOE), and Metabolism with a
detailed descriptor results [52-54].

Compounds 16 & 17 were fed to the server through SMILES
(Simplified Molecular-Input Line Entry System) using SwissADME on-
line tool [52].

4.3.4. Insilico predictive ADME study

The pharmacokinetic profile of the two tested compounds (16 & 17)
were determined using SwissADME online tool provided by the Swiss
Institute of Bioinformatics [53,55]. The physicochemical characteristics
of the tested compounds determine their suitability for biological
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systems. The radar plot feature of SwissADME identifies the preferred
ranges for six key features: polarity, size, solubility, lipophilicity, flexi-
bility, and saturation. The software was employed to detect two essential
pharmacokinetic parameters, the ability to cross blood-brain barrier and
gastrointestinal tract (GIT) absorption.
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