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el pyridine and pyrazolyl pyridine
conjugates with potent cytotoxicity against HepG2
cancer cells as PIM-1 kinase inhibitors and caspase
activators†

Mohamed S. Nafie, *ab Ahmed Hamza,bc Ahmed H. Moustafa, *d

Hassan A. El-Sayed, *de Samir M. El Rayes, b Hesham A. Morsyf

and Ahmed Aboelmaged b

A novel series of nicotinonitrile and pyrazolyl nicotinonitrile were synthesized, and their PIM-1 kinase

inhibitors and caspase activators were investigated. New Manich bases 6–8 were synthesized via

reaction of pyridine 4 with piperidine, dimethyl amine, and morpholine in the presence of formalin. On

the other hand, the pyrazolyl analogues 10–12 were synthesized via heterocyclization of acetohydrazide

derivative 9 with acetylacetone, malononitrile, and ethyl cyanoacetate, respectively, in ethanol. The

cytotoxic activity of compound 9 against MCF-7 and HepG2 cells was particularly noteworthy, with IC50

values of 0.34 mM and 0.18 mM, respectively, among these derivatives. Compared to staurosporine with

potent PIM-1 kinase inhibition, which had an IC50 value of 16.7 nM and an inhibition of 95.6%, compound

9 had a strong inhibitory effect, with IC50 values of 20.4 nM and 93.8%. It induced apoptosis activity in

HepG2 cancer cells. Accordingly, compound 9 was proven to be an effective chemotherapeutic drug

that targets PIM-1 in treating liver cancer.
1 Introduction

Cancer is a dreadful disease that causes signicant mortality
worldwide. According to rough estimates, in 2024, 2 001 140
new cancer cases and 611 720 cancer deaths are projected to
occur in the United States. Liver cancer, one of the leading
causes of cancer-related deaths, has around 34 000 mortalities
in the year 2024, and the numbers are still increasing.1

PIM-1, a member of the calcium/calmodulin-dependent
kinase (CaMK) family, is a serine/threonine kinase with
a unique aC-helix-in/aC-helix-out equilibrium and a catalytic
domain structure that includes an activation loop, a C-terminal
extension, and a P+1-loop. One of three isoforms (PIM1-3) was
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rst seen aer retrovirus gene transformation; the most
researched isoform is PIM-1.2 The 44 kDa cytosolic protein
encoded by PIM-1 is known to serve many roles in various solid
and hematological malignancies that exhibit elevated enzyme
expression. Moreover, PIM-1 phosphorylates integrin-linked
kinase (ILK), which subsequently plays a role in invading
human osteosarcoma cells. Additionally, PIM-1 kinase reduces
ROS production in hepatocellular cancer and may be an
important target for starting cytotoxicity.3

Many biological processes rely on PIM kinases, including
apoptosis, cell proliferation, differentiation, and signaling
pathways linked to cancer.4 Multiple studies have linked high
PIM expression levels to human hematologic and epithelial
malignancies, making these genes attractive therapeutic
targets.5 The unique active location of PIM-1 kinase makes it
easier to design tinymolecules that block the enzyme.6 Evidence
shows that increases in PIM-1 are associated with carcinogen-
esis and metastasis.7 Several tumor types, including pancreatic,
breast, prostate, hepatic, and colon cancers, showed elevated
expression of PIM-1 kinase.8 This suggests that targeting PIM-1
with small-molecule medicines could be an effective way to halt
cancer progression.9 Liver cancer is among the leading causes of
cancer mortality, emphasizing the need for novel therapeutic
agents. PIM-1 kinase, known for its role in apoptosis and cell
survival, has emerged as a promising target due to its over-
expression in hepatic malignancies. Pyridine and pyrazolyl
RSC Adv., 2024, 14, 39381–39394 | 39381
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derivatives, widely recognized for their biological versatility,
offer an excellent platform for developing kinase inhibitors.

The heterocyclic molecules are highly valued in drug design
and development due to their natural origin and the presence of
a versatile pharmacophore that exhibits biological activity.
Notably, approximately 90% of bioactive pharmaceuticals
contain a heterocyclic moiety,10 and over 75% of FDA-approved
marketed drugs feature a heterocyclic analog with nitrogen in
their ring structure11–13 Pyridine is a vital class of compounds
characterized by a six-membered ring structure containing one
nitrogen atom. Pyridine derivatives are the most common and
signicant heterocyclic compounds, which show their funda-
mental characteristics to various pharmaceutical agents and
natural products.14,15 It also serves as an important structural
unit in numerous pharmaceuticals,16,17 and the pyridine moiety
is associated with a wide range of biological activities, including
anti-cancer, antiviral, analgesic, and antioxidant properties.8–10

Interestingly, pyridine-based structures (V–VIII), including nic-
otinonitrile were able to induce PIM-1 kinase inhibition and
exhibited promising anti-cancer activities (Fig. 1).18–20 Pyrazole-
based structures (I–IV), belonging to the class of azoles, are
highly effective heterocycles that play a crucial role in drug
chemistry, as well as in biological and photochemical
Fig. 1 (A) Pyrazole and cyanopyridine derivatives as PIM-1 kinase inhibito
2OBJ) with cyanopyridine inhibitor.24

39382 | RSC Adv., 2024, 14, 39381–39394
properties. Moreover, the pyrazole scaffold is highly versatile
and is utilized in a wide range of drugs that exhibit a broad
spectrum of pharmacological activities, including anti-infective
anti-cancer through PIM-1 kinase inhibition (Fig. 1).25,26 As seen
in Fig. 1B with molecular visualization of PIM-1 kinase protein
of the co-crystallized ligand making analyses of lipophilic and
hydrophobic moieties to highlight the importance of
cyanopyridine-based compounds.

Apoptosis and cell cycle progression are two of the most
important biological processes, and PIM kinases play an
essential role in regulating these proteins. Notably, Pim kinases
are overexpressed in liver cancer. Therefore, they are seen as
promising targets for the development of new therapies that
target the liver.4,27

One useful method in medicinal chemistry is the Mannich
reaction, which is used to synthesize novel chemical
compounds with important biological features. Pharmacolog-
ical activity, bioavailability, and effectiveness are all affected by
the physicochemical properties of prospective drug candidates,
which can be altered using this process. Pharmaceutics and
medicinal chemistry are persistently interested in Mannich
bases because of their helpful biological activities and tech-
niques of synthesis.28 Given all this, the pharmacological
rs18–23 and (B) molecular visualization of the PIM-1 active site (PDB ID =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties of the pyridine scaffold can be improved by incor-
porating pyrazolyl, Mannich bases, and acetyl hydrazide at C�2
center of the pyridine nucleus. Hydrazide moiety was reported
to enhance hydrogen bonding potential with the kinase active
site and modulate the pharmacokinetics of drugs.29

The performed structural analysis, together with the results
of the biological tests, show that cyanopyridine could poten-
tially be an efficient liver cancer therapeutic compound.
Focusing on the molecular mechanism of action of cyanopyr-
idine specically for liver cancer provides insight into the
possible therapeutic effect of this compound. Furthermore, the
obtained data can be used for further development of cyano-
pyridine as a safe and effective liver cancer therapeutic strategy.
In continuation of our research line, our current research
interests aim at developing novel pyridine and pyrazolyl pyri-
dine conjugates with potent cytotoxicity against liver cancer
cells and identifying the molecular target and effective cell
death mechanism.30–33

2 Results chemistry

The present work aims to prepare a new series of 2-oxo-
nicotinonitrile derivatives such as N-alkylated, Mannich bases,
and pyrazolyl analogues. The preparation of 2-pyridone deriv-
ative 4 is the main point in the work, where it is synthesized via
one-pot condensation of vanillin, 4-chloroacetophenone, ethyl
Scheme 1 Synthetic route of N-alkylated nicotinonitrile 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
cyanoacetate in the presence of ammonium acetate11,12,34

(Scheme 1). The reaction proceeded at reux temperature in
acetic acid for 6 hours, and the product's structure agreed with
its spectral data (IR, 1H, and 13C NMR). Nicotinonitrile 4 was
subjected to an alkylation reaction with ethyl bromo acetate in
the presence of potassium carbonate to afford the respective N-
alkylated analogue. The reaction smoothly proceeds at room
temperature for two hours and gives a good yield (92%). The
presence of lactam carbonyl (N–C]O) at 1645 cm−1 conrmed
the formation of an N-alkylated isomer.

Scheme 2 outlined the Mannich reaction of nicotinonitrile 4
with piperidine, morpholine, and dimethyl amine in formal-
dehyde. The Mannich compounds are formed under heating for
8 hours and isolated in good yields (85 and 86%). Compound 8
contains bands at 3484, 2196, and 1646 cm−1 for OH, CN, and
C]O functions. Its 1H NMR conrmed the presence of NCH2N–
protons at 3.60 ppm as a singlet peak, and the piperidine
protons appeared at dH 1.20, 1.50, and 1.60 ppm as two multi-
plet and triplet.

Its 13C NMR spectrum accounted for 19 signals at dC 18.55,
28.20, 53.13, 55.81, 56.02, 106.4, 112.5, 115.5, 117.0, 121.8,
126.5, 128.8, 129.6, 135.8, 147.5, 149.1, 149.7, 159.4, 162.3 for
sp3, sp2, sp carbons.

Hydrazinolysis of ester 5 with hydrazine hydrate followed by
heterocyclization with acetyl acetone, ethyl acetoacetate, and
RSC Adv., 2024, 14, 39381–39394 | 39383
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Scheme 2 Mannich type reaction of nicotinonitrile 4.
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ethyl cyanoacetate afforded the respective pyrazolyl 10–12 in 75–
88% yield (Scheme 3). The formation of pyrazolyl derivatives
was performed under reux for 6 hours in ethanol, and the
products were obtained in high yield (above 75%). Hydrazide 6
contains two adjacent nucleophilic centers (NH–NH2) that
enable such compound to act as a key precursor for the
synthesis of different ve-membered rings via its reaction with
1,3-dielectrophiles.

The chemical structure of pyrazolyl derivatives 10–12 was
conrmed from spectral analysis, for example, the IR spectrum
of 6-(4-chlorophenyl)-1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)-2-
oxoethyl)-4-(4-hydroxy-3-methoxyphenyl)-2-oxo-1,2-
dihydropyridine-3-carbonitrile (10) showed main bands at 3337,
2210, 1686 cm−1 for OH, C^N and C]O. Its 1H NMR spectrum,
has a signal at 1.72, 2.05 ppm as two singlets for two methyl-
attached pyrazole, two singlets at 3.83 and 5.14 for OCH3 and
NCH2CO, and the pyridine pyrazole and aromatic protons
appeared at the expected eld at 6.93–6.95, 6.96–9.98, 7.23–7.25,
7.33–7.38, 7.59–7.61, and 7.91–7.93 ppm, in addition to
phenolic hydroxide group appears at 9.73 ppm. The 13C NMR
data assigned 23 peaks at 13.68, 14.16, 51.81, 55.73, 90.55,
111.4, 113.7, 114.1, 116.2, 120.4, 122.0, 128.7, 128.9, 129.0,
129.2, 134.0, 135.4, 137.6, 147.3, 147.7, 155.0, 163.1, 168.3 for
sp3, sp2, sp carbons.
2.1 Biological investigations

2.1.1 Compound 9 exhibited potent cytotoxicity in HepG2
cancer cells. The cytotoxicity of the synthesized compounds
39384 | RSC Adv., 2024, 14, 39381–39394
against HepG2 and MCF-7 cells was assessed using the MTT
assay. Compared to staurosporine (IC50= 6.76 mM), compounds
5, 9, and 10 showed potent cytotoxicity against MCF-7 cells (IC50

values of 4.15, 0.34, and 2.14 mM, respectively) as shown in
Table 1. Furthermore, with IC50 values of 2.19, 0.18, and 3.47
mM, they demonstrated potent cytotoxicity against HepG2 cells.
Other compounds exhibited encouraging cytotoxicity against
both cell lines. According to the data presented in Fig. 2 for the
cell viability dose–response curve of compound 9 against cancer
cells of MCF-7, HepG2, and normal THLE2 cells, compound 9
was tested at various concentrations. Compound 9 exhibited
a potent percentage of cell growth by 96%, and 94%, respec-
tively; while the maximum cell growth inhibition against the
normal cells was 13%, these values agreed with the IC50 values.
At its maximal concentration, it increased the proportion of
cancer cells that could survive, during which time normal cell
viability wasn't much affected; this brought to light compound
9's selectivity prole.

Correlating the compounds' differential activity patterns to
their corresponding structural features has been considered
helpful in highlighting key structural requirements for cytotoxic
activity. It is worth noting that the cytotoxic activity against the
human breast (MCF-7) cancerous cell line favors polar func-
tionality rather than hydrophobic ones. The latter has been
demonstrated for introducing ethoxyacetyl, dimethyl amino,
and hydrazide functionality at the compound structural diver-
sity site. Compared to the unsubstituted lead compound (4), the
activity patterns have increased frommicromolar concentration
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthetic route of pyrazolyl nicotinonitriles 10–12.
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(6.17 ± 0.32) to lower micromolar range for compounds 5 and 8
(4.15 ± 0.21 and 2.14 ± 0.1, respectively) till reaching a sub-
micromolar concentration for compound 9 (0.44 ± 0.01).
Contrarily, the cytotoxic activity at MCF-7 was found intolerant
to more hydrophobic substituents such as the cyclic aliphatic
moieties (piperidine; 6 or morpholine; 7) as well as the heter-
oaromatic scaffold (pyrazole ring; 10). The MCF-7 depicted
activity patterns have also been consistent with those at the
hepatic (HepG2) cancerous cell line where top activity IC50s
were assigned to the compounds with many polar substitutions
(compounds 5, 8, and 9). The later structure–cytotoxic rela-
tionship is quite in line with the current literature, where the
introduction of polar scaffolds with relevant hydrogen bond
potentiality (hydrogen bond donor and/or acceptor) has been
© 2024 The Author(s). Published by the Royal Society of Chemistry
associated with improved pharmacokinetic properties, partic-
ularly the dissolution and distribution patterns.35 Moreover,
polar scaffolds have been reported with the merits of mediating
key polar contacts with target sites resulting in better binding
affinity and improved pharmacodynamic proles.36

To better acknowledge the polar potentiality of the synthe-
sized compounds, we have deduced more relevant bioactivity
indicators that consider both compounds' polarity and lip-
ophilicity indices. Physiochemical properties of compounds
like hydrogen bond acceptor/donor (number of heteroatoms)
and structural-related lipophilic characteristics (log P) are best
accounted within the estimation of ligand's efficiencies (LEs)
and lipophilic efficiencies (LLEs) bioactivity indices.37 Typically,
compound with promising activity proles have been reported
RSC Adv., 2024, 14, 39381–39394 | 39385

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07963a


Table 1 Cytotoxicity of tested compounds against MCF-7 and HepG2
cancer cells using the MTT assay

IC50 � SDa

MCF-7 HepG2

6.17 � 0.32 7.38 � 0.45

4.15 � 0.21 2.19 � 0.18

25.4 � 0.9 $50

$50 14.1 � 0.6

2.14 � 0.1 3.47 � 0.2

0.44 � 0.01 0.28 � 0.01

$50 21.6 � 1.1

a IC50 values are expressed in mean ± SD of three independent trials.
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with LE and LLE values above the 0.2 and 2, respectively.38,39 In
the case of our synthesized compounds, compounds with
incorporated higher polar functionality were assigned with the
39386 | RSC Adv., 2024, 14, 39381–39394
relevant LE and LLE indices (Fig. 3). Notably, compounds 5 and
8 harboring the ethoxyacetyl and dimethyl amino groups
showed LE; LLE of 0.29; 2.65 and 0.27; 2.97 at MCF-7 and 0.31;
2.93 and 0.26; 2.76 at HepG2 respectively, whereas compound 9
was estimated with the best LE; LLE values (0.29; 5.41 at MCF-7
and 0.30; 5.60 at HepG2). The later efficiency indices further
highlight the advent of incorporating the polar functionalities
for cytotoxic activity of these synthesized pyridine and pyrazolyl
pyridine conjugates. Fig. 4 summarizes the process of gener-
ating the suggested SAR model. In counting for the advent of
polar functionality for improving the compound's pharmaco-
kinetic and pharmacodynamics prole has been also proceeded
throughout the following sections. An investigation for
tampered pharmacokinetics was evaluated through the in silico
solubility prole prediction while as molecular docking simu-
lation was adopted to assess the potential ligand binding
affinity.

2.1.2 Compound 9 induced potent PIM-1 kinase inhibi-
tion. Compounds 5, 9, and 10 were tested for their inhibitory
effects against PIM-1 to determine their molecular targets.
Table 2 shows that the investigated drugs inhibited PIM-1
kinase activity, which is encouraging; intriguingly, the IC50

values for compound 9 were 8.4 nM, resulting in a 98.8%
inhibition, in contrast to staurosporine, which had an IC50

value of 16.7 nM and an inhibition of 95.6% and the previously
synthesized compound “pyrido[2,3-d] pyrimidine-6-carbonitrile
with IC50 value of 11.4 nM. Further, compounds 5 and 10
showed encouraging PIM-1 inhibition, with IC50 values of
64.6 nM and 34.6 nM, respectively, and inhibitory activity of
83.4% and 87.6%. These results agreed with previous literature
on discovering potent pyridine and pyrazolyl derivatives inhib-
iting PIM kinase in liver cancer.41–44 As a result, we are focusing
on creating new and effective pyridine and pyrazolyl pyridine
conjugates to inhibit PIM-1 kinase.

2.1.3 Compound 9 induced caspase 3, 8, 9 activation in
HepG2 cancer cells. As a characteristic of cell death, caspase
activation can be measured in cellular experiments to identify
the factors that trigger or impede the “death cascade.” Themost
active compound 9 was evaluated for activity on caspases in
treated HepG2 at the IC50 dose. Results, as shown in Table 3,
revealed that compound 9 upregulated caspase 3, 8, and cas-
pases 9 levels by 9.8, 74.4, and 112.6 [ng mL−1], respectively,
compared to the control. Notably, it demonstrated signicantly
higher selectivity for caspase-9 compared to caspase-3 and
caspase-8 by almost 2.6-fold. So, the data showed that
compound 9 might induce cell death in HepG2 cancer cells.

2.1.4 Compound 9 induced apoptosis in HepG2 cancer
cells. Using ow cytometric examination of Annexin V/PI
staining, the apoptotic cell death in both untreated and
treated HepG2 cells was investigated to assess compound 9's
apoptotic activity (IC50 = 0.28 mM, 48 h). Fig. 5 shows that
compound 9 caused a signicant increase in apoptotic cell
death in HepG2 cells, with a total apoptotic cell death 175 times
higher than in the untreated control group (0.30%). Compound
9 also caused 52.7% apoptosis, with 37.5% of cell death
occurring during late apoptosis and 15.2% during early
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dose–response non-linear regression curve fitting the percentage of cell viability of HepG2, MCF-7, and THLE2 cells vs. log[con. mM], R
square z1 using the GraphPad prism.
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apoptosis. Nevertheless, when it came to evaluating necrosis,
compound 9 therapy failed to enhance necrosis cell death.

It was also reported45–48 that caspase activation plays
a central role in the execution of apoptosis as programmed cell
death. Caspases 3, 8 and 9 are mainly incorporated in extrinsic
and intrinsic pathways. So, Apoptotic cell death can be dened
as caspase cascade activators.

Taken together, cyanopyridine–pyrazole conjugates exhibited
potent anti-cancer activity in vitro against liver cancers. A target
identication study revealed a potential protein tyrosine kinase
(PTK) as the mode of action of cyanopyridine. Furthermore, the
compound directly exhibited potent PIM-1 kinase inhibition,
leading to apoptosis of liver cancer cells. This study concludes
that cyanopyridine, as an anti-cancer small molecule, is a PIM-1
kinase inhibitor and can be considered as a promising lead for
the development of more potent anti-cancer compounds.
2.2 In silico studies

2.2.1 Molecular docking. The docking of compound 9
within the PIM-1 binding site, with the same binding mecha-
nism as the co-crystallized ligand, is illustrated in Fig. 6.
According to the docking results, the molecule was correctly
positioned inside the PIM-1 active site with a binding energy of
−21.94 kcal mol−1 compared to the crystallized ligand with
a binding energy of −19.57 kcal mol−1. Additionally, the
binding energy of compound 9 was compared to a previously
published49 compound that exhibited −20.84 kcal mol−1.
Compound 9 also formed three stable hydrogen bond interac-
tions with the amino acids Lys67, Glu171, and Asp 186, with
bond lengths of 1.88, 1.28, and 2.14 Å, respectively. The advent
of incorporating the polar functionality (hydrazide scaffold) in
compound 9 for signicant pharmacodynamic proling has
been highlighted with mediated hydrogen bonding for this
group with pocket polar lining residues. Additionally, 4-chloro
phenyl ring exhibited promising lipophilic interactions with the
nonpolar amino acids, including Leu 120 and Val 52. These
drug–target interactions stabilize the drug in the conformation
required for proper binding to the receptor.

As summarized in Table 4, in contrast with other compounds
that exhibited less binding affinities with lower binding energies
ranging from −9.34 kcal mol−1 to −12.76 kcal mol−1 and less
© 2024 The Author(s). Published by the Royal Society of Chemistry
interactions with the key amino acids of protein active sites, in
agreement with experimental results of PIM-1 kinase inhibition.

It appears that the efficient target for apoptosis-mediated cell
death is PIM-1 kinase inhibition, and the experimental enzyme
target activity was supported by the molecular docking
investigation.

2.2.2 Physicochemical and pharmacokinetic properties.
The promising compounds 5, 9, and 10 were investigated for
their physicochemical and drug-likeness properties. As seen in
Table 5, their results were encouraging according to Lipinski's
ve-rule model, which includes “molecular weight, number of
rotatable bonds, H-bond donor, and acceptors along with
a number of violations.” This applies especially to compound 9.
Notably, compound 9 has been predicted with the highest
solubility index (1036.43 mg L−1), the thing that further high-
lights the advent of incorporating the polar hydrazide func-
tionality for improving the compound's pharmacokinetic
(dissolution) prole.
3 Experimental

Melting points were detected using an Electro-thermal IA 9100
apparatus. IR spectra (KBr) were recorded on a Nexus 670 FTIR
Nicolet, Fourier transform infrared spectrometer. The 1H and
13C NMR spectra were measured in DMSO-d6 with a JEOL-JNM-
LA 400 MHz spectrometer and 100 MHz for 13C NMR. The
chemical shis are expressed on the d (ppm) scale using TMS as
the standard reference. TLC was performed on Merck Silica Gel
60F254 and detected by UV light. Elemental analysis measured
on a PerkinElmer 240 (microanalysis), Microanalysis Center,
Cairo University.
3.1 6-(4-Chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-2-
oxo-1,2-dihydropyridine-3-carbonitrile (4)

A mixture of 4-hydroxy-3-methoxybenzaldehyde (vanillin) (1)
(0.02 mole) and 4-chloroacetophenone (2) (0.02 mole) and ethyl
cyanoacetate (3) (0.02 mole) in the presence of ammonium
acetate (0.16 mole) with acetic acid (20 mL) was heated under
reux (6 hours). Aer cooling, the resulting solid was ltered off
and dried. Pale yellow solid (AcOH), mp = 340–342 °C, yield:
67%. IR spectrum, n, cm−1: 3483 (OH and NH), 2226 (C^N),
RSC Adv., 2024, 14, 39381–39394 | 39387
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Fig. 3 Three-dimensional charts for estimated compounds' LE and LLE indices being calculated from incorporating the compounds' polarity and
lipophilicity characteristics within the obtained cytotoxicity IC50 values against MCF-7 (A) and HepG2 (B) cancerous cell lines. Charts are con-
structed via DataWarriors V6.2.5 software.
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1645 (C]O), 822 (C–Cl). 1H NMR spectrum, d, ppm: 3.85 (s, 3H,
OCH3), 6.85 (s, 1H, Hpyridine), 6.92–6.94 (d, 1H, 3J = 8.0 Hz,
Haryl), 7.22–7.24 (d, H, 3J = 6.40 Hz, Haryl), 7.25 (s, 1H, Haryl),
7.57–7.59 (d, 2H, 3J = 8.8 Hz, Haryl), 7.89–7.91 (d, 2H, 3J =

8.80 Hz, Haryl), 9.75 (s, 1H, OH), 12.66 (s 1H, NH). 13C NMR
spectrum, dC, ppm: 104.9, 112.1, 115.3, 116.8, 120.2, 122.7,
126.2, 128.7, 128.9, 135.5, 147.1, 149.3, 157.4, 159.4, 160.2 (sp3,
sp2, sp carbons), found, %: C, 64.78; H, 3.66; N, 8.00. Calculated,
C19H13ClN2O3 (352.77) %: C, 64.69; H, 3.71; N, 7.94.
39388 | RSC Adv., 2024, 14, 39381–39394
3.2 Ethyl 2-(6-(4-chlorophenyl)-3-cyano-4-(4-hydroxy-3-
methoxyphenyl)-2-oxo pyridin-1(2H)-yl)acetate (5)

A mixture of 6-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-
2-oxo-1,2-dihydropyridine-3-carbonitrile (1) (0.01 mole) and
ethyl cyanoacetate (0.01 mole) in the presence of potassium
carbonate in DMF (20 mL) was stirring at room temperature for
2 hours. The reaction mixture was diluted with HCl, and the
formed solid was ltered off. Pale yellow solid (EtOH), mp =
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Substituents anchored on the main scaffold with cytotoxic activities of the designed derivatives.

Table 2 IC50 values of PIM-1 kinase inhibition of the most cytotoxic
compounds

Compound
% of
PIM-1 inhibition IC50 � SDa (nM)

5 83.4 � 2.3 64.6 � 0.2
9 98.8 � 1.9 8.4 � 0.2
10 87.6 � 3.2 34.6 � 0.12
Pyrido[2,3-d] pyrimidine-
6-carbonitrile

97.8 � 1.8 11.4 � 0.13 (ref. 40)

Staurosporine 95.6 � 2.4 16.7 � 0.32

a Values are expressed as an average of three independent replicates.
“IC50 values were calculated using sigmoidal non-linear regression
curve t of percentage inhibition against ve concentrations of each
compound”.
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292–294 °C, yield: 92%. IR spectrum, n, cm−1: 3485 (OH), 2222
(C^N), 1750, 1683 (2C]O). 1H NMR spectrum, d, ppm: 1.16–
1.20 (t, 3H, Hethyl), 3.88 (s, 3H, OCH3), 4.15–4.20 (q, 2H, Hethyl),
5.13 (s, 2H, CH2), 6.95–6.97 (d, 1H, 3J = 8.0, Hz, Haryl), 7.23–7.25
(d, 1H, 3J = 8.0, Hz, Haryl), 7.36 (s, 1H, Haryl), 7.57–7.59 (d, 2H, 3J
= 8.80, Hz, Haryl), 7.86 (s, 1H, Hpyridine), 8.16–8.18 (d, 2H, 3J =
Table 3 Concentrations of caspases 3, 8 and 9 (ng mL−1) by ELISA in
the untreated and 9-treated HepG2 cells

Compound

Concentrationa [ng mL−1]

Caspase 3 Caspase 8 Caspase 9

9-Treated HepG2 9.8b � 0.9 74.4b � 2.2 112.6b � 2.9
Control 4.01 � 0.21 55.01 � 1.19 43.33 � 0.49

a Values are expressed as mean ± SD of three independent trials. b (P#
0.05) signicantly different between treated and treated groups using
GraphPad prism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
8.80, Hz, Haryl), 9.72 (s, 1H, OH). Found, %: C, 62.95; H, 4.36; N,
6.38. Calculated, C23H19ClN2O5 (438.86) %: C, 62.95; H, 4.36; N,
6.38.

3.3 6-(4-Chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-2-
oxo-1-(piperidin-1-ylmethyl)-1,2-dihydropyridine-3-
carbonitrile (6)

A mixture of 6-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-
2-oxo-1,2-dihydro pyridine-3-carbonitrile (4) (0.01 mole), (2 mL)
formaldehyde (0.01 mole) and piperidine (0.01 mole) in DMF
Fig. 5 Bar chart of apoptosis and necrosis assessment using Annexin
V/PI staining of untreated and 9-treated HepG2 cancer cells. **(P #

0.01) significantly different between untreated and treated cells using
the unpaired t-test using GraphPad prism. Annexin V/PI histograms are
supported in the ESI.†

RSC Adv., 2024, 14, 39381–39394 | 39389
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Fig. 6 Molecular docking of 9 towards PIM-1 protein (PDB = 2OBJ). (A) Surface disposition of the co-crystallized ligand (yellow-cored) and the
docked compound (cyan-colored) and (B) interactive view of the compound with the highlighted key amino acids. 3D images were generated by
Chimera-UCSF software.
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(20 mL) was heated under reux (8 hours). Aer cooling, the
resulting solid was ltered off and dried. Pale yellow solid
(EtOH), mp = 310–312 °C, yield: 85%. IR spectrum, n, cm−1:
3484 (OH), 2196 (C^N), 1646 (C]O). 1H NMR spectrum,
Table 4 Summary of ligand–receptor interaction with binding energies

Compounds

Binding affinitiesa

Binding energy (kcal mol−

Co-crystallized ligand −19.57
4 −9.34
5 −10.12
6 −11.25
7 −12.23
8 −12.76
9 −20.84
10 −11.98

a Binding affinities were calculated from docking results by AutoDock Vin

39390 | RSC Adv., 2024, 14, 39381–39394
d, ppm: 1.20 (m, 2H, Hpip), 1.50 (m, 4H, Hpip), 1.60 (t, 2H, Hpip),
3.85 (s, 3H, OCH3), 3.75 (s, NCH2N), 6.86 (s, 1H, Hpyridine), 6.92–
9.94 (d, 1H, 3J = 8.0, Hz, Haryl), 7.23–7.25 (dd, 1H, 2J = 2.0, 3J =
8.40, Hz, Haryl), 7.33–7.34 (d, 1H, 2J = 2.0 Hz, Haryl), 7.58–7.60
1) Binding interactions

1 H-bond with Lys 67
1 H-bond with Lys 67
1 H-bond with Lys 67
1 H-bond with Asp 196
1 H-bond with Glu 171
1 H-bond with Lys 67
3 H-bond with Lys 67, Asp 196, and Glu 171
1 H-bond with Lys 67

a with Chimera.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Molecular properties and ADME pharmacokinetics of the promising compoundsa

#

Molso SwissADME

HBA HBD Solubility (mg L−1) Drug score M. wt (D) MV (A3) PSA (A2) log p BBB score Nviolations Drug likeness (Lipinski Pzer lter)

5 6 1 72.27 −0.09 438.10 464.16 76.96 3.65 3.17 0 Yes
9 6 5 1036.43 0.78 426.11 432.93 108.99 1.69 2.22 0 Yes
10 5 1 126.13 0.46 409.12 443.85 62.11 3.45 4.4 0 Yes

a M. wt: molecular weight, MV: molecular volume, PAS: polar surface area, log p: log P: octanol–water partition coefficient, nrotb: number of
rotatable bonds, nviolations: number of violations, HBA: hydrogen bond acceptor, HBD: hydrogen bond donor, drug-likeness score, compounds
having negative, or zero value should not be considered as drug-like”. Drug likeness (Lipinski Pzer lter)/“Yes, drug-like” MW # 500, log p #
4.25, HBA # 10 and HBD # 5.40
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(dd, 2H, 2J = 1.60, 3J = 6.80, Hz, Haryl), 7.90–7.93 (d, 2H, 3J =
8.80, Hz, Haryl), 9.73 (s, 1H, OH). 13C NMR spectrum, dC, ppm:
18.55, 28.20, 53.13, 55.81, 56.02, 106.4, 112.5, 115.5, 117.0,
121.8, 126.5, 128.8, 129.6, 135.8, 147.5, 149.1, 149.7, 159.4, 162.3
(sp3, sp2, sp carbons). Found, %: C, 66.66; H, 5.35; N, 9.40 and
calculated, C25H24ClN3O3 (449.94) %: C, 66.74; H, 5.38; N, 9.34.

3.4 6-(4-Chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-1-
(morpholinomethyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile
(7)

A mixture of 6-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-
2-oxo-1,2-dihydro pyridine-3-carbonitrile (4) (0.01 mole), (2 mL)
formaldehyde (0.01 mole) and morpholine (0.01 mole) in DMF
(20 mL) was heated under reux (8 hours). Aer cooling, the
resulted solid was ltered off and dried. Pale yellow solid
(EtOH), mp = 332–334 °C, yield: 85%. IR spectrum, n, cm−1:
3484 (OH), 2201 (C^N), 1645 (C]O). 1H NMR spectrum,
d, ppm: 2.54 (d, 4H, Hmorph), 3.40 (d, 4H, Hmorph), 3.76 (s,
NCH2N), 3.85 (s, 3H, OCH3), 6.86 (s, 1H, Hpyridine), 6.92–9.94 (d,
1H, 3J = 8.40, Hz, Haryl), 7.23–7.25 (dd, 1H, 2J = 2.0, 3J =

8.40, Hz, Haryl), 7.33–7.34 (d, 1H, 2J = 2.0 Hz, Haryl), 7.58–7.59
(dd, 2H, 2J = 2.40, 3J = 8.40, Hz, Haryl), 7.90–7.92 (d, 2H, 3J =
8.40, Hz, Haryl), 9.72 (s, 1H, OH). 13C NMR spectrum, dC, ppm:
36.0, 42.3, 48.0, 55.82, 106.2, 112.5, 115.5, 116.9, 121.8, 126.5,
128.8, 129.8, 129.6, 131.4, 135.8, 147.5, 149.1, 159.4, 162.3 (sp3,
sp2, sp carbons). Found, %: C, 63.88; H, 494; N, 9.27, calculated,
C24H22ClN3O4 (451.91) %: C, 63.79; H, 4.91; N, 9.30.

3.5 6-(4-Chlorophenyl)-1-((dimethylamino)methyl)-4-(4-
hydroxy-3-methoxyphenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile (8)

A mixture of 6-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-
2-oxo-1,2-dihydro pyridine-3-carbonitrile (4) (0.01 mole), (2 mL)
formaldehyde (0.01 mole) and dimethylamine (0.01 mole) in
DMF (20 mL) was heated under reux (8 hours). Aer cooling,
the resulting solid was ltered off and dried. Pale yellow solid
(EtOH), mp = 302–304 °C, yield: 86%. IR spectrum, n, cm−1:
3485 (OH), 2210 (C^N), 1646 (C]O). 1H NMR spectrum,
d, ppm: 1.90 (s, 6H, Hmethyl), 3.60 (s, NCH2N), 3.85 (s, 3H, OCH3),
6.87 (s, 1H, Hpyridine), 6.92–9.94 (d, 1H, 3J= 8.40, Hz, Haryl), 7.23–
7.25 (dd, 1H, 2J= 2.40, 3J= 8.40, Hz, Haryl), 7.33–7.34 (d, 1H, 2J=
2.0 Hz, Haryl), 7.59–7.61 (dd, 2H, 2J = 2.0, 3J = 6.80, Hz, Haryl),
7.91–7.93 (d, 2H, 3J = 8.40, Hz, Haryl), 9.72 (s, 1H, OH). 13C NMR
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum, dC, ppm: 18.55, 21.04, 48.59, 56.02, 92.01, 108.1,
112.5, 115.5, 116.9, 121.8, 126.5, 128.8, 129.6, 135.8, 147.5,
149.1, 159.5, 162.2 (sp3, sp2, sp carbons). Found, %: C, 64.36; H,
4.89; N, 10.29, calculated, C22H20ClN3O3 (409.87) %: C, 64.47; H,
4.92; N, 10.25.

3.6 2-(6-(4-Chlorophenyl)-3-cyano-4-(4-hydroxy-3-
methoxyphenyl)-2-oxopyridin-1(2H)-yl)acetohydrazide (9)

A mixture of ethyl 2-(6-(4-chlorophenyl)-3-cyano-4-(3-hydroxy-4-
methoxyphenyl)-2-oxo pyridin-1(2H)-yl) acetate (4) (0.01 mole)
and hydrazine hydrate (0.01 mole) with ethanol (20 mL) was
heated under reux (4 hours). Aer cooling, the resulting solid
was ltered off and dried. Pale yellow solid (EtOH), mp = 226–
228 °C, yield: 90%. IR spectrum, n, cm−1: 3286, 3203, 3130 (OH,
NH, NH2), 2212 (C^N), 1663 (C]O). 1H NMR spectrum,
d, ppm: 3.88 (s, 3H, OCH3), 4.50 (bs, 1H, NH2), 4.99 (s, 2H, CH2),
6.97–6.99 (d, 1H, 3J = 8.40, Hz, Haryl), 7.25–7.27 (d, 1H, 3J =
8.40, Hz, Haryl), 7.36 (s, 1H, Haryl), 7.57–7.59 (d, 2H, 3J= 8.40, Hz,
Haryl), 7.84 (s, 1H, Hpyridine), 8.22–8.24 (d, 2H, 3J = 8.40, Hz,
Haryl), 9.40 (s, 1H, OH), 9.70 (bs, 1H, NH). 13C NMR spectrum,
dC, ppm: 55.93, 64.31, 92.28, 112.8, 113.9, 115.5, 121.8, 126.3,
128.8, 129.2, 129.5, 135.4, 148.8, 155.2, 156.5, 163.4 and 166.5
(sp3, sp2, sp carbons). Found, %: C, 59.29; H, 4.00; N, 13.25.
Calculated, C21H17ClN4O4 (424.84) %: C, 59.37; H, 4.03; N,
13.19.

3.7 6-(4-Chlorophenyl)-1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)-2-
oxoethyl)-4-(4-hydroxy-3-methoxyphenyl)-2-oxo-1,2-
dihydropyridine-3-carbonitrile (10)

A mixture of 2-(6-(4-chlorophenyl)-3-cyano-4-(4-hydroxy-3-
methoxyphenyl)-2-oxopyridin-1(2H)-yl) acetohydrazide (6) (0.01
mole) and acetyl acetone (0.01 mole) with ethanol (20 mL)
absolute was heated under reux (6 hours). Aer cooling, the
reaction mixture was diluted with water, and the formed
precipitate was ltered off. Pale yellow solid (EtOH), mp = 206–
208 °C, yield: 88%. IR spectrum, n, cm−1: 3337 (OH), 2210
(C^N), 1686 (C]O). 1H NMR spectrum, d, ppm: 1.72, 2.05 (2s,
6H, Hpyrazole), 3.83 (s, 3H, OCH3), 5.14 (s, NCH2CO), 6.93–6.95
(m, 2H, Hpyridine and pyrazole), 6.96–9.98 (d, 1H, 3J= 8.0, Hz, Haryl),
7.23–7.25 (dd, 1H, 2J = 2.0, 3J = 8.0, Hz, Haryl), 7.33–7.38 (d, 1H,
2J = 2.0 Hz, Haryl), 7.59–7.61 (dd, 2H, 2J = 2.0, 3J = 8.40, Hz,
Haryl), 7.91–7.93 (d, 2H, 3J= 8.40, Hz, Haryl), 9.73 (s, 1H, OH). 13C
NMR spectrum, dC, ppm: 13.68, 14.16, 51.81, 55.73, 90.55, 111.4,
RSC Adv., 2024, 14, 39381–39394 | 39391
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113.7, 114.1, 116.2, 120.4, 122.0, 128.7, 128.9, 129.0, 129.2,
134.0, 135.4, 137.6, 147.3, 147.7, 155.0, 163.1, 168.3 (sp3, sp2, sp
carbons). Found, %: C, 64.36; H, 4.89; N, 10.29, calculated,
C22H20ClN3O3 (409.87) %: C, 64.47; H, 4.92; N, 10.25.

3.8 6-(4-Chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-1-(2-
(5-methyl-3-oxo-2,3-dihydro-1H-pyrazol-1-yl)-2-oxoethyl)-2-
oxo-1,2-dihydropyridine-3-carbonitrile (11)

A mixture of 2-(6-(4-chlorophenyl)-3-cyano-4-(4-hydroxy-3-
methoxyphenyl)-2-oxopyridin-1(2H)-yl) acetohydrazide (6) (0.01
mole) and ethyl acetoacetate (0.01 mole) with ethanol (20 mL)
absolute was heated under reux (6 hours). Aer cooling, the
reaction mixture was diluted with water, and the formed
precipitate was ltered off. Pale yellow solid (EtOH), mp = 206–
208 °C, yield: 80%. IR spectrum, n, cm−1: 3321 (OH), 2224
(C^N), 1692, 1671 (C]O). 1H NMR spectrum, d, ppm: 2.02 (s,
3H, Hmethyl), 3.87 (s, 3H, OCH3), 5.14 (s, NCH2CO), 6.92–6.95 (m,
2H, Hpyridine and pyrazole), 6.96–6.98 (d, 1H, 3J = 8.0, Hz, Haryl),
7.23–7.25 (dd, 1H, 2J = 2.0, 3J = 8.0, Hz, Haryl), 7.33–7.38 (d, 1H,
2J = 2.0 Hz, Haryl), 7.59–7.61 (dd, 2H, 2J = 2.0, 3J = 8.40, Hz,
Haryl), 7.91–7.93 (d, 2H, 3J = 8.40, Hz, Haryl), 9.73 (s, 1H, OH),
10.68 (s, 1H, NH). 13C NMR spectrum, dC, ppm: 16.35, 55.86,
60.77, 91.86, 112.5, 114.1, 115.7, 121.9, 126.1, 126.7, 128.7,
128.9, 129.5, 135.2, 135.6, 147.5, 148.9, 155.1, 156.8, 163.1,
168.3, 169.5 (sp3, sp2, sp carbons). Found, %: C, 64.36; H,
4.89; N, 10.29. Calculated, C22H20ClN3O3 (409.87) %: C, 64.47;
H, 4.92; N, 10.25. Found, %: C, 61.09; H, 3.87; N, 11.47. Calcu-
lated, C25H19ClN4O5 (490.90) %: C, 61.17; H, 3.90; N, 11.41.

3.9 1-(2-(5-Amino-3-oxo-2,3-dihydro-1H-pyrazol-1-yl)-2-
oxoethyl)-6-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-
2-oxo-1,2-dihydropyridine-3-carbonitrile (12)

A mixture of 2-(6-(4-chlorophenyl)-3-cyano-4-(4-hydroxy-3-
methoxyphenyl)-2-oxopyridin-1(2H)-yl) acetohydrazide (6) (0.01
mole) and ethyl cyanoacetate (0.01 mole) with ethanol (20 mL)
absolute was heated under reux (6 hours). Aer cooling, the
reaction mixture was diluted with water, and the formed
precipitate was ltered off. Pale yellow solid (EtOH), mp = 180–
182 °C, yield: 75%. IR spectrum, n, cm−1: 3321 (OH), 2223
(C^N), 1692, 1652 (C]O). 1H NMR spectrum, d, ppm: 3.85 (bs,
2H, NH2), 3.89 (s, 3H, OCH3), 5.15 (s, NCH2CO), 6.84 (s, 1H,
Hpyrazole), 6.92–6.94 (m, 2H, Hpyridine and aryl), 6.96–6.99 (d, 1H, 3J
= 8.0, Hz, Haryl), 7.23–7.25 (d, 1H, 3J = 8.0, Hz, Haryl), 7.57–7.59
(d, 2H, 3J= 8.40, Hz, Haryl), 7.91–7.93 (d, 2H, 3J= 8.40, Hz, Haryl),
9.70 (s, 1H, OH), 9.80 (s, 1H, NH). Found, %: C, 58.51; H,
3.73; N, 14.18, calculated, C24H18ClN5O5 (491.89) %: C, 58.60; H,
3.69; N, 14.24.

3.10 Biology

3.10.1 Cytotoxicity. Breast cancer (MCF-7), liver cancer
(HepG2) cells, as well as normal (THLE2) cells were purchased
from The National Cancer Institute, Cairo, Egypt. They were
cultured in RPMI-1640 media with L-glutamine from Lonza
Verviers SPRL in Belgium (cat#12-604F). The cells were then
incubated in a NuAire chamber with a 5% CO2 environment at
37 °C. In 96 wells, cells were seeded in triplicate at a density of 5
39392 | RSC Adv., 2024, 14, 39381–39394
× 104 cells. The chemicals were added to the cells on day two at
doses of (0.01, 0.1, 1, 10, and 100 mM). Cell viability was deter-
mined using the MTT assay.50,51

3.10.2 PIM-1 kinase inhibitory assay. Using the “HTScan®
PIM-1 Kinase Assay Kit #7573,” compounds 5, 9, 10, and
staurosporine were tested for their ability to inhibit the PIM-1
kinase. They were dissolved in DMSO (0.1%), and ve serial
concentrations were prepared following Abdelaziz et al. 2018
(ref. 52) and the manufacturer's instructions.53

3.10.3 Caspase 3, 8, 9 activity. Briey, HepG2 (liver carci-
noma) cells were cultured to a conuent monolayer and then
treated with the tested samples at the IC50 concentration as
described earlier. Aer 48 h of treatment, the cells were har-
vested by trypsinization with 0.25% trypsin, followed by
centrifugation for 5 min. The cell pellets were then washed
twice with PBS for 20 min. Each is resuspended in a binding
buffer. Apoptotic markers in both treated and untreated HepG2
cells were examined. The levels of caspase-3, caspase-8, and
caspase-9 were assessed using ELISA colorimetric kits following
the manufacturer's instructions. Specically, the ELISA kits
used were as follows: Human caspase-3 (Cat. No.: E-ELH0017)
from Elabscience, Human caspase-8 (Cat. No.: E-EL-H0659)
from Elabscience, Human caspase-9 (Cat. No.: E-EL-H0663)
from Elabscience, and Human from Novus Biologicals USA.

3.10.4 Annexin V/PI staining ow cytometry. Overnight,
HepG2 cells were added to 6-well culture plates at a density of 3–
5 × 103 cells per well and le to incubate. Compound 9 was
applied to the cells at respective IC50 values and le on for 48
hours. Aerwards, the cells and medium supernatants were
washed with ice-cold PBS. Then, cells were suspended the cells
in 100 mL of Annexin binding buffer solution “25 mM CaCl2,
1.4 M NaCl, and 0.1 M Hepes/NaOH, pH 7.400 and incubated
with “Annexin V-FITC solution (1 : 100) and propidium iodide
(PI)” at a concentration equals 10 mg mL−1 in the dark for
30 min. The ow cytometric data were analyzed using FlowJo
version-10 soware (TreeStar, Ashland, OR, USA).54–56

3.10.5 Molecular docking. Using the protein data bank, the
PIM-1 kinase protein structure (PDB = 2OBJ) was obtained,
optimized by changing the amino acids, and then used Maestro
to build, optimize, and energetically favor ligand congura-
tions. Using AutoDock Vina soware, a molecular docking
investigation was conducted following routine work,57 and
lastly, docking associated with binding activities as measured
by binding energies and interactions between receptors and
ligands. The interaction analysis and binding disposition were
examined using chimera.
4 Conclusion

Nicotinonitrile and pyrazolyl nicotinonitrile were synthesized,
and their PIM-1 kinase inhibitors and caspase activators were
investigated. A new Manich bases 6–8 were synthesized via
reaction of pyridine 4 with piperidine, dimethyl amine, and
morpholine in the presence of formalin. On the other hand, the
pyrazolyl analogues 10–12 were synthesized via heterocycliza-
tion of acetohydrazide derivative 9 with acetylacetone,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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malononitrile, and ethyl cyanoacetate, respectively, in ethanol.
Compound 9 showed exceptional cytotoxic effects on MCF-7
and HepG2 cells among these derivatives, with IC50 values of
0.34 mM and 0.18 mM, respectively. Curiously, compound 9
exhibited potent inhibition of PIM-1 kinase activity, with IC50

values of 20.4 nM and 93.8% inhibition, respectively, compared
to staurosporine, which had an IC50 value of 16.7 nM and 95.6%
inhibition. In addition, the molecular docking investigation
showed that compound 9 bound to the PIM-1 kinase site
similarly to a co-crystallized ligand, demonstrating a strong
binding affinity.
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