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Focusing on New Piperazinyl-methyl-3(2H)pyridazinone
Based Derivatives: Design, Synthesis, Anticancer Activity

and Computational Studies

irem Bozbey Merde,” Giilce Taskor Onel,” Senem Akkoc,”“? Zeynep Karakdy,™ and

Burcin Tirkmenoglu*®

Heterocyclics containing pyridazinone and piperazine struc-
tures are potential anticancer agents in the treatment of cancer
disease caused by increasing the number of abnormal cells
disrupting body biochemistry. There is a need for the design of
more biocompatible drugs for the treatment of cancer with
minimal side effects. For this purpose, a series of piperazinyl-
methyl-3(2H)pyridazinone based compounds were synthesized
and their anticancer activities were studied in vitro and in silico.
The chemical structures of all the new compounds 3 (a—k) were
identified by spectral analysis. The new compounds were
screened in human lung and colon cancer cell lines to learn

Introduction

Cancer is a disease in which abnormal or damaged cells grow
and multiply uncontrollably and spread to other parts of the
body. It is a multifactorial disease that is one of the leading
causes of death worldwide and occurs in parallel with genetic,
epigenetic, and environmental factors. Cancer consists of
millions of cells and can start almost anywhere in the human
body. For this reason, the number of cancer patients is
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about their cytotoxic effects. The importance of the structure
activity relationship was seen in this study and the compounds
containing methoxy groups on the phenyl ring (3a, 3b, 3e-
3g) were found to have higher cytotoxic effects than those
without. It was determined that one of these compounds (3 a)
demonstrated significant cytotoxic effect against both cell lines
for 72 h as in vitro. The geometry of the synthesized 3a ligand
was optimized using the hybrid B3LYP functional density
functional theory (DFT). Molecular docking study of 3a
compound was performed against EGFR (PDB ID:1M17) and
VEGFR-2 (PDB ID: 2RL5) molecular targets.

expected by the World Health Organization to reach 22 million
by 2030." The aim of research in this area is to develop
anticancer drugs with high efficacy and low toxicity.”

Lung cancer is one of the malignant tumors with a high
incidence and mortality.®! To date, various diagnostic and
therapeutic strategies have been applied for lung cancer.
Despite this, the survival rates of lung cancer patients are still
very low.” Colorectal cancer (CRC) is one of the most common
types of cancer worldwide. Although expressed as colon
cancer, it includes all cancers that begin in the colon and
rectum. CRC is the third most diagnosed cancer with an
estimated 1-2 million new cases worldwide each year. Despite
advances in treatment, one of the main reasons for the high
mortality in these cancer types is the failure of current
treatment options. Because in cancers such as CRC, surgical
intervention can be performed in the early stages. The efficacy
and response rates of current chemotherapy agents are still
very low.”!

The piperazine ring is a structural fragment found in many
pharmacologically active compounds. It has been reported in
the literature that many compounds with a piperazine ring act
as cytotoxic agents against cancer cells. Naftopidil (3), gilter-
initib (4) and a lot of aryl piperazines (1,2) have demonstrated
potent antiproliferative activity against many cancer cells,
including colon, breast, lung, and leukemia.”

The pyridazinone base ring and its chemistry have been an
interesting area of study that has been studied extensively in
recent years.” The synthesis of new pyridazinone derivative
compounds and the investigation of the biological activities of
these structures have gained great importance in recent years.
When the literature is examined, it is seen that pyridazinones
have many pharmacological effects. Substituted pyridazinones
show pharmacological effects such as antidepressant, antihy-

© 2023 Wiley-VCH GmbH
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pertensive, anticonvulsant, cardiotonic, antibacterial, cholines-
terase inhibitor, diuretic, anti-HIV and anticancer (1,5,6)."”

Based on the therapeutic activities of pyridazinone and
piperazine derivatives, compounds with anticancer and anti-
proliferative effects with a pyridazinone ring and naftopidil
with a piperazine ring and derivatives with reported anticancer
activities in the literature were investigated. Accordingly, in this
study, new compounds containing pyridazinone and piperazine
rings, which are two important ring systems, were designed
and synthesized (Figure 1). Biological activities of synthesized
piperazine derivative compounds were evaluated, in silico
studies, DFT calculations, HOMO-LUMO energies, conformer
calculations, and spectral analyzes were examined.

Results and Discussion
Chemistry

The starting materials were obtained by the acid-catalysed
aldol condensation with glyoxylic acid and nucleophilic sub-
stitution reaction with hydrazide. A Mannich Reaction of
substituted pyridazinone with monosubstituted piperazines in
the presence of aqueous formaldehyde was used to synthesize
new piperazinyl-methyl-3(2H)pyridazinone based derivatives.
(Scheme 1) The synthesized products were in white solid form
and the yields ranged from 28-78%. The 'H NMR spectra of the
pyridazinone group protons were observed in the range of
8.02-7.97 ppm and 7.04-6.47 ppm with two characteristic
doublet signals stated J-coupling constant 8 Hz. The range of
3.66-2.93 ppm and 3.18-2.64 ppm in the 'HNMR spectrum
showed the two triplet signals of piperazine group protons. In
addition, the anisole or p-tolyl groups and N-substituted
aromatic rings attached to piperazine were observed in the
arene region in the range of 7.8-6.7 ppm. In the C NMR
spectrum, the pyridazinone ring carbonyl carbon supported the
structure accuracy in the range of 158.4-160.7 ppm. In the IR
spectra, newly synthesized compounds 3 (a—k) exhibited char-
acteristic v(C=0) bands at 1661-1648 cm™' for pyridazinone
rings. The monographs of all compounds 3(a-k) were
processed below.

Gilterinitib (4)

L Naftopidil (3)

Figure 1. Design of target compounds (3a-3k).
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Biological evaluation and structure-activity relationship

The synthesized nine new compounds and a positive control
drug were evaluated at different concentrations ranging from
200 pM to 6.25 uM for cytotoxic activity against lung and colon
cancer cell lines (A549, DLD-1) for 72 hours using the MTT assay
method (Table 1).

When the compounds tested against the A549 cell line are
evaluated as general, it is seen in Table 1 that the compounds
containing methoxy group at the para position of the phenyl
ring (3a, 3b, 3e-3g) have higher cytotoxic effects than the
compounds containing methyl group at the para position of
the phenyl ring (3h-3k). In fact, all of the compounds
containing the methyl group (3h-3k) were found to be
inactive against the lung cancer cell line with 1C;, values higher
than 200 pM. All of the compounds containing the methoxy
group (3a, 3b, 3e-3g) show that they inhibit the growth of
lung cancer cells with ICs, values ranging from 36.79 uM to
199.3 uM and give antiproliferative effect on this cell line.
Among these compounds, it was observed that compound 3a,
which contain phenyl ring on the para position of piperazine
ring attached to pyridazinone, gave the highest activity. For
compound 3b, it was observed that when 4-methyl phenyl
instead of phenyl was attached to the same ring, the cytotoxic
activity decreased to 149.70 uM. Thus, it can be clearly seen in
this study that the structure of the synthesized molecules plays
an important role on the biological activity.

Except for one of the compounds synthesized (3 h) against
colon cancer cells, all of the other compounds (3a, 3b, 3e-3g,
3i, 3j, 3k) were found to have cytotoxic effects and their IC;,
values were obtained between 34.84 uM and 186.0 uM. In this
cell line, as in the lung cell line, it was determined that the
compounds containing methoxy group at the 4 positions of
the phenyl ring (3a, 3b, 3e-3g) showed higher antiprolifer-
ative effects than those containing methyl group (3h-3k). It
was identified that the compound 3 h, which contains a methyl
group on the phenyl ring and a 4-fluorophenyl substituent on
the piperazinyl ring, did not show cytotoxic effects in both cell
lines and was inactive. Compounds 3b and 3e showed very
close cytotoxic effects against colon cancer cell line with ICs,
values of 9427 and 97.22 uM, respectively. While three
compounds (3i, 3j, 3k) did not show activity on cancerous
lung cells, they inhibited the growth of colon cancer cells and

Table 1. IC, values of compounds.

Compounds 1Csp (UM)

A549 DLD-1
3a 36.79 34.84
3b 149.70 94.27
3e 199.30 97.22
3f 122.10 107.00
39 141.80 137.80
3h >200 >200
3i >200 156.50
3j >200 186.00
3k >200 140.50
Cisplatin 20.05 17.11
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were determined by the ICs, values calculated. None of the
synthesized compounds showed higher efficacy against A549
and DLD-1 cell lines than cisplatin, a clinically used platinum-
based drug. However, in these cell culture studies conducted
for 72 hours, two compounds (3a and 3b) with high efficacy
were selected and were tested against colon cancer cell line for
48 hours with the positive control drug under the same
experimental conditions. The ICs, values of these compounds
(3a and 3b) and cisplatin tested at 200-12.5 uM concentrations
(200, 100, 50, 25, 12.5 uM) were found to be 75.40, 120.60 and
70.95 UM, respectively. Antiproliferative activities of compound
3a and cisplatin tested for 48 hours were seen to be close to
each other. We also evaluated compound 3a, which we found
to have the highest efficacy in this study, against liver cancer
cell line (HepG2) at five different concentrations (200-12.5 uM)
for 48 hours. The IC;, value of compound 3a was obtained as
85.82 uM in HepG2.

Computational Studies
Analysis of frontier molecular orbital

The frontier molecular orbital properties of compound 3a in
different solvents were investigated using the DFT method on
B3LYP with 6-311G* base set in Spartan’08 package program.”
The HOMO and LUMO energy levels and the energy band gap
of the compound are very important factors in determining
whether there is an efficient charge transfer between the donor
and the acceptor.'”

A higher energy HOMO indicates that a compound will be
more reactive in chemical reactions with electrophiles, and a
correspondingly lower LUMO energy for chemical reactions
with nucleophiles."” The gap between HOMO and LUMO
determines the stability of the compound in the given medium.
As the gap between HOMO and LUMO increases, it indicates
the stability of the compound. Low chemical softness and
higher hardness support this information. Chemical potential is
the tendency of an electron to escape from a stable molecule.
A negative chemical potential means the complex is stable and
will not spontaneously decompose into elements. Hardness
indicates resistance to changes in electron distribution in
molecules.""”

Figure 2 presents the surfaces of HOMO and LUMO of
compound 3a in different environments, while describing the
energy gap between HOMO-LUMO.

Evomor Elumor AEg,, chemical hardness, chemical potential,
electrophilicity index, chemical softness parameters of all
compounds are shown in Table 2. These parameter values were
calculated separately for both the DMSO environment and the
vacuum environment. Electronic absorption is concerned with
the transition from the ground to the first excited state to the
LUMO and is mainly defined by an electron excitation from the
HOMO."? Chemical hardness, softness and chemical potential
values vary depending on HOMO-LUMO and its participation in
the reaction is interpreted accordingly.

The parameter values in Table 2 are important quantum
global chemical descriptors of the molecules studied for their

ChemistrySelect 2023, 8, 202300910 (3 of 8)
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Figure 2. Energy gap values and frontier molecular orbitals of compound 3a
in DMSO and vacuum environment.

reactivity. In terms of chemical hardness, large AE,,, indicates
hard molecules, small ones indicate soft molecules.

When the results presented in Table 2 were examined, it
was determined that almost all calculated quantum descriptors
gave results in supported with the experimental 1C;, data for
compound 3a. The energy range, which is one of the most
important parameters determining chemical reactivity, is
0.119279777 au for AEg,, 3a compound. This is one of the best
values presented in Table 2 and supports the in vitro study in
Table 1.

The values obtained for the electrophilicity index (w) are
not in the same order. This indicates the unexpected general
electrophilic nature of these molecules as a measure of the
energy reduction due to the maximum electron flow between
the donor and acceptor.™ The chemical reactivity relationships
of these derivatives were determined using DFT methods
through local reactivity descriptors such as electrophilic,
electronegativity, softness, hardness and chemical potential.""

Molecular Docking Studies

In silico approaches, both the interactions at the binding site
and the binding parameter values are important. In this study,
both parameters were investigated for each crystal structure.
Analysis of compound 3a to EGFR and VEGFR-2 receptors was
performed. Since 3a compound showed the best results in vitro
studies, 3a compound was interacted in molecular docking.
While calculating these interactions, they were evaluated in
terms of binding interactions with molecular docking studies
using Schroédinger 2021-2 software. The 3D crystal structures of
EGFR (PDB ID:1M17)™ and VEGFR-2 (PDB ID:2RL5)" were
obtained from the protein database, respectively.

In Table 3, the interactions of the co-ligand and 3a
compound on EGFR, VEGFR-2 receptors are given. The 3a
compound, which interacts as in silico with EGFR and VEGFR-2
crystal structures, has been shown with docking score, XP
Gceore, Glide Score, Glide Energy, Glide Emodel and AGgq
energy values.

© 2023 Wiley-VCH GmbH
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Figure 4. 2D and 3D interaction diagram of the 3a compound interacting
with VEGFR-2 crystal structure (PDB ID:2RL5).
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Figure 5. (a) 2D interaction diagram of co-ligand interaction with EGFR
crystal structure (PDB ID:1M17). (b) 2D interaction diagram of co-ligand
interaction with VEGFR-2 crystal structure (PDB ID:2RL5).

ADMET Prediction

The absorption, distribution, metabolism, excretion, and tox-
icity (ADMET) of the compounds that may be drug candidates
are preferred in drug design recently. ADMET parameter values
were estimated using Schrodinger 2021-2 Qikprop wizard in

silico approaches. The pharmacokinetic profile of these com-
pounds is presented in Table4 of QPlogBB, QPlogPo/w
QPPCaco, QPlogHERG, QPPMDCK, QPlogKHSA, RuleofFive.
ADMET parameters for all synthesized compounds were
determined to be within the acceptable range defined for
human use. This presents its positive pharmacokinetic profile.

Conclusion

In summary, this is the first paper on the synthesis and
spectroscopic characterization of novel piperazinyl-methyl-
3(2H)pyridazinone based compounds 3(a-k) in satisfactory
yields, as well as evaluation of their potential anticancer
activities in vitro and in silico studies. The anticancer activity
profiles of the piperazinyl-pyridazinone analogues 3a suggest
that these derivatives could be further investigated as a
template for the synthesis of promising piperazinyl-pyridazi-
none derivatives with fewer side effects and better cancer cell
inhibitory effects. The anticancer activity profiles of the
piperazinyl-pyridazinone analogs 3a suggest that these deriva-
tives could be further investigated as a hopeful formwork for
the synthesis of promising piperazinyl-pyridazinone derivatives
with fewer side effects and better cancer cell inhibitory effects.
The synthesized compounds were tested in vitro against two
different human cancer cell lines including lung and colon.
Among the tested compounds, it was determined that the
compounds containing methoxy group on the phenyl ring (3a,
3b, 3e-3g) showed high activity against both types of cancer.
It was seen that one of the compounds (3a) had the highest
cytotoxic effect against both cell lines with IC, values of 36.79
and 34.84 pM, respectively. It has been understood from the
results of the study that computational approaches including
molecular docking and DFT results are supported of in vitro
studies. It was determined that the free binding energy
calculated according to the MM-GBSA method for the com-
pound with the best activity value (3a) docked on the EGFR
and VEGR-2 targets. When the results presented according to
the DFT method in Table2 are examined, almost all the
calculated quantum descriptors are supportive with the

Table 4. ADMET parameters for all synthesized compounds.

Com. QPlogBB® QPlogPo/w" QPlogHERG'™ QPPCaco QPPMDCK"™ QPlogKhsal® Rule of five!™
3a 0.184 4122 —7.283 793.111 109.490 0.496 0
3b 0.203 4414 —7.078 835.039 450.406 0.648 0
3c 0.491 5.130 —7.290 868.297 2070.300 0.765 1
3d 0.350 4.628 —7.196 796.165 1056.600 0.624 0
3e 0.442 3.749 —7.980 194.145 104.678 0.457 0
3f 0.515 3.590 —8.049 259.732 141.020 0.261 0
39 0.565 3.665 —7.949 196.245 188.471 0.331 0
3h 0.630 3.928 —7.948 198.185 190.487 0.527 0
3i 0.493 3.998 —7.969 193.311 102.479 0.652 0
3j 0.438 3.758 —7.989 195.931 103.981 0.461 0
3k 0.385 4.625 —7.217 851.697 833.003 0.730 0

to 1.5) [g] Lipinski rule of five.

[a] Predicted blood brain barrier permeability (—3 to 1.2) [b] Predicted octanol/water partition coefficient (—2.0 to 6.5) [c] Predicted IC50 value for blockage
of HERG K+ channels (< —5.0) [d] Permeability in Caco cell assay, model for intestinal absorption (< 25-low; > 500-high) [e] Predicted apparent MDCK cell
permeability in nm/s (acceptable range in nm/s (acceptable range: < 25 is poor and > 500 is great) [f] Prediction of binding to human serum albumin (—1.5
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experimental IC;, data for compound 3a. In addition, the
properties of the compounds synthesized by ADME studies
were determined and their ranges within the determined
reference values are presented in Table 4. Molecular docking
studies of compound 3 a, which was synthesized and had high
in vitro activity, were applied by interacting with two different
receptors. The binding parameter values of compound 3a,
which interacts with both EGFR and VEGFR-2, and amino acids
in the binding site were determined. The pharmacokinetic
properties of all synthesized compounds were calculated by
Schrédinger ADMET estimation. According to both experimen-
tal and computational results, it can be suggested that the
compounds whose anticancer properties are investigated are
candidates for AChE and drug research.

Experimental Section
Synthesis

Unless otherwise noted, all of the reagents were commercial quality
and were used without purification. The progress of reactions and
the purity of the compounds were monitored by TLC using silica
gel plates (250 pm, F,s,) under UV light. NMR spectra were recorded
on a Bruker Ultrashield Plus Biospin Avance Il 400 MHz NaNoBay
FT NMR ('H, 400 MHz; "*C, 100 MHz), in DMSO-d, (internal standard
tetramethylsilane). Chemical shifts (0) are expressed as parts per
million (ppm) downfield from tetramethylsilane (TMS) and the
coupling constants (J) quoted in Hertz. Splitting patterns have been
designated as follows: s (singlet), d (doublet), dd (doublet of
doublets), t (triplet) and m (multiplet), br (broad). The IR Spectra
were recorded on Thermo Scientific Nicolet 6700 ATR/Fourier
transform infrared spectrophotometer. Naming of products was
done using PerkinElImer ChemDraw Ultra 18.1.0.535.

General procedure for the preparation of compounds (1)
and (2)

The substituted-acetophenone (1 mmol), glyoxylic acid monohy-
drate (1 mmol), and acetic acid (2 mL) were heated and stirred
under reflux for 5 h. After the reaction was completed, the reaction
mixture cooled down to room temperature, and 20 mL of water
and ammonium hydroxide solution (25%) were added until the
medium pH became 8. Then the reaction mixture was extracted
with dichloromethane (320 mL). To the aqueous layer was added
hydrazine hydrate (10 mmol) and the reaction mixture was refluxed
for 3 h. After completion of the reaction, the reaction mixture
cooled down to room temperature. The resulting white precipitate
was filtered and used for the next step without further
purification."

General procedure for the preparation of compounds 3(a-k)

A solution of 35% aqueous formaldehyde (1 mmol) and compound
2 (1 mmol) in EtOH (15 mL) were refluxed for 12 h with continuous
stirring. After the reaction is completed, the crude was evaporated
under reduced pressure. The oily residue was triturated with diethyl
ether, and the resulting solid was collected by filtration and
recrystallized from EtOH:Diethyl ether (2:3)."” Compounds 3 (a-k)
were obtained shown in Scheme 1.
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Scheme 1. Synthesis of piperazinyl-methyl-3(2H)pyridazinone based com-
pounds 3 (a—k).

Biological studies

Cytotoxic activity studies were conducted according to the
procedure in previous studies" Human colon cancer cell line
(DLD-1; ATCC® CCL-221™), human lung cancer cell line (A549;
ATCC® CCL-185™) were purchased from the American Type Culture
Collection (ATCC, USA). Cells were cultured in Dulbecco’s modified
Eagle’s Medium-high-glucose supplemented with 10% fetal bovine
serum and %1 glutamax. The cell seeding was done at a density of
5x10° cells/well into sterile 96-well plates. The DLD-1 and A549
cells were exposed to the compounds at different concentrations
(200, 100, 50, 25, 12.5 and 6.25 uM) for 72 h. The MTT solution was
added to each well in the plates and they were incubated for an
additional 2 h. Absorbance values were measured in Elisa plate
reader device at 590 nm, and IC;, values were calculated by
GraphPad Prism Software 5.

Computational Details

Molecular modelling aims to represent or understand the behav-
iour of molecules using all computational methods."” Computa-
tional studies were carried out in three parts. For this, the
synthesized compound with the best cytotoxic activity was used in
the calculations. First, the geometric optimization of the 3a
compound with the best cytotoxic activity was performed using
the B3LYP/6-311G theory level DFT calculations in the Spartan’08
package program. In the second part, molecular docking inves-
tigations were carried out in silico. As the last part, the ADME
properties of all synthesized compounds were calculated with the
Schrodinger 2021-2 QikPrep interface.
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DFT Studies

The study of molecular orbital and molecular electrostatic proper-
ties is the most widely used in the quantum mechanical methods
of computational chemistry. Geometry optimization and modifica-
tion of the compounds investigated as DFT in different environ-
ments were performed using Spartan’08 program. Density func-
tional theory (DFT), Beck’s (B)® three-parameter hybrid model, Lee,
Yang and Parr’s (LYP)=2" optimizing functional correlation, thermal
and thermal values under a 6-311G basis set and used to predict.
Frontier molecular orbital features, HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital)
were counted at the same theory level.

Molecular Docking Studies

Schrédinger 2021-2 software program®? was used for ligand

preparation, protein preparation and determination of ligand-
target interactions in molecular docking. The method part of the
molecular docking study was applied in previous studies.®™?¥ The
reason why 3aa compound is used as ligand in silico approaches is
because it has given the best results against anti-cancer exper-
imentally. In molecular docking, compound 3a was targeted by
EGFR and VEGR-2 receptors, which are important in anticancer.
Crystal structures of PDB ID:1 M17" for EGFR and PDB ID:2RL5 for
VEGFR-2 were downloaded from the protein database.

ADMET Prediction

[24]

ADME properties were calculated with Schrodinger’'s QikProp
module. All synthesized compounds were subjected to estimations
of absorption, distribution, metabolism, excretion (ADME) using the
QikProp tool of the Schrédinger package.*” Calculations of ADME
parameters such as QPlogBB, QPlogPo/w, QPlogS, QPlogHERG,
QPPCaco, QPPMDCK, QPlogKhsa logarithm were performed.

Supporting Information Summary

Supplementary data ('"H NMR & *C NMR and IR spectra of the
synthesized compounds) associated with this article can be
found, in the online version, at DOI: 10.1002/slct.202300910
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