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o-4-nitrobenzyl pyridinium
bromide as a potent anti-lung cancer molecule
prepared using a single-step solvent-free method†

Sadaiyan Govindaraj,a Kilivelu Ganesan, *a Perumal Elumalai,b

Rajanathadurai Jeevitha,b Annadurai Subramani,c Mohammed Amanullahd

and Awad Saeed Al-Samghane

Mono-/dimeric-substituted pyridinium and pyrazolium bromides were prepared under conventional and

solvent-free silica-supported domestic microwave conditions. The atom economy, environmental

product mass intensity and product mass intensity for solvent-free reactions showed significant

importance for the synthesis of target molecules. 4-Nitrobenzyl-substituted pyridinium bromide showed

potent anticancer properties compared with mono-/dimeric-substituted pyridinium and pyrazolium

bromides against a lung cancer cell line (A-549). Molecular simulation studies were carried out for

mono-/dimeric-substituted pyridinium and pyrazolium bromide against protein human CDK1/cyclinB1/

CKS2 using the AutoDock program.
1. Introduction

Osteosarcoma is a common cancer that begins in the bone and
affects people under 25 years of age.1,2 Imidazole, thiazole,
pyrazole, triazole and pyridine derivatives play a crucial role in
medicinal chemistry and biomedical applications. Almost 80–
90 percent of novel drug molecules are made of derivatives of
heterocyclic compounds.3–6 Mohamed et al. reported on deriv-
atives of pyridone, thiazolidinone and pyrazolone and studied
their anticancer properties against A-549 (lung) and MDA-MB-
231 (breast) cancer cell lines using MTT assay. They tested the
anticancer properties of nitro-, N,N-dimethyl amino-, methoxy-,
and methyl-substituted pyridone derivatives. Among these,
methyl-substituted pyridone showed a signicant response
against breast and lung cancer cell lines with IC50 values.7

Amide-substituted pyrazolo pyrimidine derivatives showed
a potent anticancer response against HepG2, MCF7, HCT116
and HeLa cancer cell lines among other derivatives of pyrazolo
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pyrimidine and thione pyridone.8 The anticancer activities of
naturally occurring communesin alkaloid and synthesized
derivatives of communesin against ve human cancer cell lines
were compared using cell Titer-G10 method. Methyl-substituted
communesin showed a ten fold greater anticancer response
against the tested cancer cell lines than the other derivatives
and naturally occurring communesin.9

A pH-responsive PEGylated paclitaxel prodrug is mixed with
a 3D printed titanium scaffold, which is used for bone stem cell
transplantation under physiological conditions for the eradi-
cation of osteosarcoma cancer in mice models.10 A bromo-
substituted 1,2,3-triazole derivative showed signicant anti-
cancer activities against the MCF-7 and Caco-2 cancer cell lines
compared to the uoro-, chloro- and ester-substituted triazole–
triazole derivatives.11 Cytotoxic properties of amide-based pyri-
dine and amide-based pyridine iodide have been demonstrated
against glioma cells using short term cell culture. Amide-based
pyridinium iodide showed signicant anticancer properties
compared with amide-based bipyridines.12 IC50 values of
steroid-substituted pyridine derivatives showed a signicant
anticancer response when compared with its parent
compounds.13–15 Phenyl amino pyrimidine and hydroxy-
substituted phenyl amino pyrimidine showed a selective src
kinase inhibitory response and excellent anticancer response
against the HT29CRC and HCT-116 cell lines.16 Mohammed
et al. reported on in vitro anti-proliferative studies of trimethoxy
phenyl-substituted pyridine against the MCF7, HEPG-2 and
HCT116 cancer cell lines. 4-Nitro-substituted trimethoxy phenyl
pyridine showed a signicant anticancer response against the
HCT116, HEPG-2 and MCF7 cancer cell lines compared with
hydroxy-, methoxy-, methyl-substituted and chloro trimethoxy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
phenyl pyridine.17 Substituted pyrido pyrimidithione and
substituted pyrazo pyridine showed interesting anticancer
responses against the human hepatoma (Huh-7), lung cancer
adenocarcinoma (A549) and Michigan cancer foundation 7
(MCF-7) cell lines with IC50 values of 2.48 mm and 2.23 mm,
respectively.18 Antiproliferative screening of steroid-substituted
pyridine moieties was performed against human tumor cell
lines and some selected protein targets for breast cancer.19

Rajavenkatesh and coworkers reported on the synthesis of
simple and substituted imidazopyridine derivatives via one-pot
multicomponent cycloaddition reactions. They have tested the
anticancer properties of imidazopyridine derivatives against
Hep-2, HepG2, MCF-7 and A375 cancer cell lines. 4-
Aminophenyl-substituted imidazopyridine showed an excellent
anticancer response against the tested cancer cell lines.20

Substituted imidazopyridine was synthesized under moderate
reaction conditions, and its cytotoxic screening was performed
against human lung cancer, human breast cancer marine skin
cancer cell lines.21 Based on the available literature, we wish to
prepare novel amide-based mono-/dimeric pyridinium and
pyrazolium bromide under conventional/muffle furnace solid-
supported solvent-free methods and study the anticancer,
molecular docking and DFT properties of mono-/dimeric pyr-
idinium pyrazolium bromides.
2. Results and discussion
2.1 Chemistry

2.1.1 Synthesis of mono-/dimeric pyridinium/pyrazolium
bromides. 4-Nitrobenzylbromide/1,6-dibromohexane/m-xylene
dibromide treated with 2-chloropyridine-3-carbonitrile in the
presence of dry CH3CN under reuxing condition afforded the
mono- and dimeric pyridinium derivatives 1/2/3 in quantitative
yield. We wished to avoid the environmental pollution caused
by the use of volatile organic solvents, so we tried to perform the
reaction under a greener synthetic method. In this method, we
completely avoided volatile organic solvents. The required
equivalents of 2-chloropyridine-3-carbonitrile and 4-nitro-
benzylbromide/1,6-dibromohexane/m-xylene dibromide were
mixed with 2 g of 60 – 120 mesh silica gel, and transferred into
a mortar and pestle, followed by simple manual grinding for
uniform mixing and absorption. The solvent-free silica-
supported reaction mixture was divided into ve portions for
optimization of the reaction condition and percentage of
conversion. Fortunately, we obtained the mono- and dimeric
derivatives of pyridinium bromide in excellent yield with
Table 1 Reaction condition and percentage of yield for mono-/dimeric

Dimeric pyridinium
bromide 1

Dimeric pyridinium
bromide 2

Monomeric p
bromide 3

Reux MW Reux MW Reux

Min % Min. % Min % Min % Min %
60 90 04 92 30 92 02 95 45 90

© 2024 The Author(s). Published by the Royal Society of Chemistry
a shorter reaction time without any volatile organic solvents.
The results are summarized in Table 1 (Scheme 1 and 2).

The rate of the reaction is much greater with 2-chloropyr-
idine-3-carbonitrile than with 5-amino-1-pheneyl-1H pyrazole-
4-carbonitrile due to steric hindrance. The microwave-assisted
solvent-free silica-supported method has more merits
compared with the conventional reuxing condition, such as
the complete avoidance of volatile organic solvents, the greater
percentage yields, and a reaction time that is nearly een
times shorter. Hence, the microwave-assisted solvent-free silica-
supported synthetic method ismost suitable for the preparation
of mono- and dimeric-substituted pyridinium bromide/
substituted pyrazolium bromides 1–5. The preparation of the
longer alkyl chain linked pyridinium bromide 1 requires 60 min
reaction time under the reuxing condition, but the formation
of them-xylene linked dimeric pyridinium bromide 2 is requires
only 30 min under the reuxing condition.

2.1.2 Atom economy (AE). The atom economy of a chemical
reaction is dened as the number of atoms of the reactant
converted into the product (Scheme 3). The atom economy of
a reaction is determined as follows:

Atom economy = molecular weight of product O
P

(molecular weight of reactants) × 100
AE = 0.5210 g mmol−1 O (0.1385 g mmol−1 + 0.1385 g

mmol−1 + 0.243.9 g mmol−1) × 100
AE = 100%
2.1.3 Environmental factor. The environmental factor is

dened as the ratio between the mass value of waste/byproduct
and the mass value of the product (Scheme 4).

Environmental factor = [mass value of waste]/mass value of

product

Here, the mass of waste is calculated as follows:

Mass of waste ¼ net mass of starting materials

�net mass of product obtained ¼ �
0:138 g mmol�1

þ 0:2639 g mmol�1

þ 0:1385 g mmol�1
�

� 0:5410 g mmol�1

¼ 541:06� 541:06 ¼ 0

E-factor = [mass of waste]/mass of product
bromo derivatives 1–5

yridinium Dimeric pyridinium
bromide 4

Dimeric pyridinium
bromide 5

MW Reux MW Reux MW

Min % Min % Min % Min % Min %
03 94 120 91 07 93 90 92 05 95

RSC Adv., 2024, 14, 24898–24909 | 24899
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Scheme 1 Conventional method: CH3CH, reflux, 30–60 min: 90–92% microwave method: silica gel, 2–4 min; 92–95%.

Scheme 2 Conventional method: CH3CN, reflux, 90–120 min: 91–92%; microwave method: silica gel, 5–7 min; 93–95%.

Scheme 3 The model chemical reaction used for the atom economy calculation.

Scheme 4 The model chemical reaction used for the environmental factor calculation.
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E-factor = [0]/541.06

E-factor = 0

2.1.4 Product mass intensity (PMI). The PMI is the ratio
between the total amount of mass utilized in a reaction and the
mass of product in a reaction. In the product mass intensity, the
solvent is also considered. Hence, acetonitrile also adds value to
the PMI (Scheme 5).

PMI =
P

(mass of reactants + solvent)/mass of product

PMI = (2 × 0.1842 g mmol−1 + 0.2439 g mmol−1 + 0.4110 g

mmol−1)/0.6123 g mmol−1
24900 | RSC Adv., 2024, 14, 24898–24909
PMI = 653.48/612.36

PMI = 1.0

2.1.5 Product mass intensity solvent-free (PMISF). The
product mass intensity solvent-free (PMISF) is the ratio between
the total amount of mass utilized in a reaction and the mass of
product in a reaction (Scheme 6).

PMISF =
P

(mass of reactants + solvent free)/mass of product

PMISF = (2 × 0.1842 g mmol−1 + 0.2639 g mmol−1 + 0)/0.6323 g

mmol−1

PMISF = 632.36/632.35
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 The chemical reaction used for the product mass intensity
calculation.

Scheme 6 The chemical reaction used for the product mass intensity
solvent-free calculation.
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PMISF = 1.0

Similarly, we have calculated the atom economy, environ-
mental factors and the product mass intensity for the remaining
reactions (Table 2). We used non-toxic and low boiling solvents
for our syntheses. The mass value is given in Table 2, which is
used for all of the reactions. We did not used any expensive,
toxic and environmental hazardous catalysts for the preparation
of our target drug molecules.
3. Anticancer activity
3.1 Materials and methods

3.1.1 Cell line maintenance. The lung cancer (A-549) cell
lines were provided by NCCS, Pune. The T25 culture ask was
used to sustain the cells, along with DMEM, 10% fetal bovine
serum (FBS) (Gibco, Thermo Fisher Scientifc Inc.) 1% antibi-
otics. The cells were maintained at 37 °C in a humid atmo-
sphere with 5% CO2. Trypsinization and subsequent passage
were performed on conuent cells.

3.1.2 Cell viability (MTT) assay. Cell viability of the A-549
cells was assessed using the MTT test to assess how well they
reacted to mono- and dimeric-substituted pyridinium bromide/
Table 2 Atom economy, environmental factors and product mass inten

Compound No of steps
Overall yield
(%)

Overall AE
(%) E-factor E-solvent

E
f

1 1 90 100 0 41.01 0
2 1 92 100 0 41.01 0
3 1 90 100 0 41.01 0
4 1 91 100 0 41.01 0
5 1 92 100 0 41.01 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
substituted pyrazolium bromides 1–5. In order for the test to
work, metabolically active cells must convert soluble yellow
tetrazolium salt into insoluble purple formazan crystals. We
placed A-549 cells in 96-well plates at a density of 5 × 103 cells
per well. Subsequently, the cells were starved for three hours at
37 °C in the medium aer being twice cleansed with 100 mL of
serum-free medium aer twenty-four hours. Aer starvation,
mono- and dimeric-substituted pyridinium bromide/
substituted pyrazolium bromides 1–5 were exposed to the
cells for a duration of 24 hours. Aer treatment, the media from
the cells treated with the rutin fraction and control were
removed, and 100 mL of DMEM containing 0.5 mg ml−1 of MTT
was added to each well. Aer that, the cells were maintained at
37 °C for 3 hours in the CO2 chamber. The cells were washed
with 1× PBS aer the MTT-containing solution was discarded.
Subsequently, the formazan crystals were dissolved in 100 mL of
dimethyl sulfoxide following an hour of dark incubation. A
micro ELISA plate reader was then used to measure the color's
intensity at 570 nm. The percentage of control cells cultured in
serum-free medium representing the quantity of viable cells was
determined by the proportion of cells that survived in the
control media without receiving any medication. The following
formula is used to calculate the cell viability:

% cell viability = [A570 nm of treated cells/A570 nm of reference

cells] × 100

3.1.3 Cell morphological analysis. For the study of
morphology based on theMTT assay, the most effective doses of
mono- and dimeric-substituted pyridinium bromide/
substituted pyrazolium bromides 1–5 were chosen for addi-
tional study with IC50 concentrations exible dimeric pyr-
idinium bromide 1 (100 mg ml−1), m-xylene linked pyridinium
bromide 2 (100 mg ml−1), monomeric pyridinium bromide 3 (20
mg ml−1), exible dimeric pyrazolium bromide 4 (140 mg ml−1),
and m-xylene linked pyrazolium bromide 5 (20 mg ml−1).
Changes in the cell morphology were examined with a phase
contrast microscope. For the study, 2 × 105 cells were plated in
6-well plates and treated with the IC50 concentrations of 1–5 for
24 hours. Following the incubation period, the media was
removed, and the cells received one saline wash in phosphate
buffer solution (pH = 7.4). The plates were examined using
a phase contrast microscope.

3.1.4 Determination of nuclear morphological changes of
cells (DAPI staining). For the nuclear morphological analysis,
sity for mono-/dimeric pyridinium/pyrazolium bromides 1–5

-solvent
ree E-catalyst

Product mass intensity
with solvent (PMI) total

Product mass intensity
solvent-free (PMISF) total

0 1.0 1.0
0 1.0 1.0
0 1.0 1.0
0 1.0 1.0
0 1.0 1.0

RSC Adv., 2024, 14, 24898–24909 | 24901

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03538k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 4

:3
4:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the monolayer of cells was washed with PBS and xed with 3%
paraformaldehyde for 10 min at room temperature. The xed
cells were permeabilized with 0.2% Triton X-100 in PBS for
10 min at room temperature, and incubated with 0.5 mg ml−1 of
DAPI for 5 min. The apoptotic nuclei (intensely stained, frag-
mented nuclei, and condensed chromatin) were viewed under
a uorescence microscope.
3.2 Cytotoxic effect of mono-/dimeric substituted
pyridinium/pyrazolium bromides on lung cancer cells (A-549)

Mono- and dimeric-substituted pyridinium bromide/
substituted pyrazolium bromides 1–5 were evaluated for their
cytotoxic characteristics in lung cancer cells with concentra-
tions ranging from 10–140 mg ml−1 using the MTT technique
during a 24 hours period. The lung cancer cells' vitality is
signicantly decreased by mono- and dimeric-substituted pyr-
idinium bromide/substituted pyrazolium bromides 1–5 (Fig. 1).
Mono- and dimeric-substituted pyridinium bromide/
substituted pyrazolium bromides 1–5 were reported to have
IC50 dosages at the following concentrations: compound 1 (100
mg ml−1), compound 2 (100 mg ml−1), compound 3 (20 mg ml−1),
compound 4 (140 mg ml−1) and compound 5 (20 mg ml−1).

Bar 1: exible dimeric pyridinium bromide 1; Bar 2: m-xylene
linked pyridinium bromide 2; Bar 3: monomeric pyridinium
bromide 3; Bar 4: exible dimeric pyrazolium bromide 4; Bar 5:
m-xylene linked pyrazolium bromide 5. Data are shown as means
± SD (n = 3). * Compared with the control blank group, p < 0.05.
3.3 Cell morphological analysis

The morphological analysis of A-549 cells was viewed and
photographed using a phase contrast microscope. The A-549
Fig. 1 Cytotoxic effects of mono- and dimeric-substituted pyridinium b
549). Cells were treated with concentrations from 10 to 140 mg ml−1 for

24902 | RSC Adv., 2024, 14, 24898–24909
cells treated with IC50 concentrations of exible dimeric pyr-
idinium bromide 1 (100 mg ml−1), m-xylene linked pyridinium
bromide 2 (100 mg ml−1), monomeric pyridinium bromide 3 (20
mg ml−1), exible dimeric pyrazolium bromide 4 (140 mg ml−1),
andm-xylene linked pyrazolium bromide 5 (20 mg ml−1) showed
signicant morphological changes (Fig. 2), including cell
shrinkage and decreased cell density, which are suggestive of
apoptotic cells. Apoptotic cells also exhibited other morpho-
logical alterations, such as rounder cells that contract and
become disconnected from neighboring cells. A few fragile cells
were also observed to separate from the plate surface.

3.4 DAPI staining for apoptosis detection

The induction of apoptosis via the mono- and dimeric-
substituted pyridinium and pyrazolium bromides 1–5 (100 mg
ml−1, 100 mg ml−1, 140 mg ml−1, 20 mg ml−1, and 20 mg ml−1)
treated cells was analyzed by DAPI staining. Aer a 24 h treat-
ment period, the cells were stained with nuclear staining (DAPI)
and observed via uorescence microscopy. The treated cells
clearly showed condensed chromatin and nuclear fragmenta-
tion, which are characteristics of apoptosis compared to the
control, which showed clear round nuclei (Fig. 3).

4 Molecular docking studies

Molecular docking studies were performed using the AutoDock
Tools (ADT) version 1.5.6 and the AutoDock version 4.2.5.1
docking program. The energy calculations were achieved using
genetic algorithms, which allowed for a comprehensive explo-
ration of molecular interactions and binding affinities between
the molecules of interest. The chemical structures from
ChemDraw were transformed into energy-optimized PDB
romide/substituted pyrazolium bromides 1–5 on lung cancer cells (A-
24 h, and the cell viability was evaluated using MTT assay.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03538k


Fig. 2 Effect of monomeric- and dimeric-substituted pyridinium bromide/substituted pyrazolium bromides 1–5 on the cell morphology of lung
cancer cells (A-549). Cells were treated with monomeric- and dimeric-substituted pyridinium and pyrazolium bromides 1–5 of IC50 concen-
trations for 24 h, along with the control group. Images were obtained using an inverted phase contrast microscope.

Fig. 3 Human lung cancer cells were treated with monomeric and dimeric-substituted pyridinium and pyrazolium bromides 1–5 IC50

concentrations for 24 h, along with the control group. After the treatment, the cells were incubated with DAPI staining. Images were obtained
using an inverted fluorescence phase contrast microscope.
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(Protein Data Bank) format using Chem 3D 17.0. This conver-
sion allows the representation of the compounds in a suitable
format for further computational analysis and modeling. Pymol
soware was used for the visualization of the docked molecules.
4.1 Ligand and protein preparation

The 3D structures of synthesized compounds were constructed
by maestro builder panel. The ligand preparation wizard was
used to add hydrogen atoms and regulate the rational bond
angles, geometry and ring conformations. The most favourable
ionization state of compounds was produced with the aid of
© 2024 The Author(s). Published by the Royal Society of Chemistry
force eld OPLS-2005 (optimized potentials for liquid simula-
tions), and geometry minimization was carried out until it
reached a RMSD cutoff of 0.01 Å. The subsequent output
structure of compounds was suitable for docking with protein
Human CDK1/CyclinB1/CKS2. The crystal structure of the
Human CDK1/CyclinB1/CKS2 (PDB ID: 4AGD) was downloaded
from the protein data bank (http://www.rcsb.org, https://
www.rcsb.org/structure/4y72). The receptor was fully
optimized in the protein preparation wizard, which involved
adding polar hydrogen atoms, assigning bond orders,
determining protonation states, and subsequently removing
water molecules beyond a 5 Å distance. Thereaer, by using
RSC Adv., 2024, 14, 24898–24909 | 24903
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the force eld (OPLS-2005), an energy minimization of 0.03 Å
RMSD was performed to reduce the steric hindrance caused
by the addition of hydrogen atoms. Now, the minimized
Human CDK1/CyclinB1/CKS2 receptor22,23 was suitable for
docking by the supplied x, y, and z coordinates 45.14, −7.99,
and −8.72 Å, respectively, with the grid box diameter (xyz) of
30 × 30 × 30 Å. The output results were visualized with the
help of the PyMol console for virtual examination of various
binding modes between the compounds and receptor.
4.2 Molecular docking with Human CDK1/CyclinB1/CKS2

Molecular docking study is an attractive scaffold to understand
the protein interactions with mono-/dimeric substituted pyr-
idinium and pyrazolium bromides, which can corroborate our
experimental results. The best interaction site of the mono-/
dimeric substituted pyridinium and pyrazolium bromides
with the target protein was visualized (Fig. 4–8 and Table 3). The
observed docking score values of the mono-/dimeric substituted
pyridinium and pyrazolium bromides are −3.668, −4.036,
−4.458, −3.501 and −3.755 kcal mol−1, respectively. The
docking score results revealed that mono-/dimeric substituted
pyridinium and pyrazolium bromides were well located in the
hydrophobic site and strongly interacted with Human CDK1/
Fig. 4 3D and 2D interactions of flexible dimeric pyridinium bromide 1

Fig. 5 3D and 2D interactions of m-xylene linked pyridinium bromide 2

24904 | RSC Adv., 2024, 14, 24898–24909
CyclinB1/CKS2 kinase receptor via p–p stacking, hydrophobic
and hydrogen bonding interactions. The hydrogen bonding
interaction of compounds 1–5 shows ARG A:151, SER B:167,
TYR A:169, SER B:166 and TYR A:160 GLY A:154, respectively.
Among the synthesized compounds, the mono-/dimeric
substituted pyridinium and pyrazolium bromides showed the
highest docking score, which was inuenced by the hydrogen
bond with residue TYR A:169 and numerous hydrophobic
contacts like TYR A:160, VAL A:174, MET B:260, PRO A:156, ILE
A:155, TYR A:181, and ALA A:179. Based on the aforementioned
evidence, the mono-/dimeric substituted pyridinium and pyr-
azolium bromides exhibit robust binding, surpassing the
affinity observed. The m-xylene linked dimeric pyrazolium
bromide 3 effectively modulates CDK1/CyclinB1/CKS2 activity,
showcasing its potential in therapeutic strategies and cancer
prevention Table 3.
4.3 Frontier molecular orbital analysis (FMO's)

Frontier molecular orbital analysis of mono-/dimeric
substituted pyridinium and pyrazolium bromides focuses on
the electron transition between the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO), with the former functioning as electron-donating
with the receptor human CDK1/cyclinB1/CKS2.

with the receptor human CDK1/cyclinB1/CKS2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D and 2D interactions of monomeric pyridinium bromide 3 with the receptor human CDK1/cyclinB1/CKS2.

Fig. 7 3D and 2D interactions of flexible dimeric pyrazolium bromide 4 with the receptor human CDK1/cyclinB1/CKS2.

Fig. 8 3D and 2D interactions of m-xylene linked pyrazolium bromide 5 with the receptor human CDK1/cyclinB1/CKS2.
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species or nucleophiles and the latter as electron-accepting
species or electrophiles in nature.24 The calculated energy
values of HOMO and LUMO provide more information about
the compound.

The FMO analysis, which is represented in the lowest
unoccupied molecular orbital (LUMO) and highest occupied
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecular orbital (HOMO), is crucial in identifying the mole-
cule's optical and electric characteristics, in addition to its
chemical activities. This technique produced a clear image of
the HOMO and LUMO energies.25 The energy differences (DE) of
HOMO–LUMO were considered an important parameter for
enlightening the structure and reactivity (Fig. 9). An essential
RSC Adv., 2024, 14, 24898–24909 | 24905
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Table 3 Molecular docking parameters of mono-/dimeric substituted p

Compound Docking score kcal mol−1

Active sites with a mod

H-bond p–p st

1 −3.668 ARG A:151 —

2 −4.036 SER B:167 ARG A

3 −4.458 TYR A:169 —

4 −3.501 SER B:166 —

5 −3.755 TYR A:160 —
GLY A:154

Fig. 9 Frontier molecular orbitals of the investigated mono-/dimeric
substituted pyridinium and pyrazolium bromides 1–5 using the B3LYP/
LACVP++ basis set.

Table 4 Calculated quantum parameters of the mono-/dimeric
substituted pyridinium and pyrazolium bromides

Compound HOMO (eV) LUMO (eV) DE (eV)

1 −6.254 −2.020 4.234
2 −6.023 −2.055 3.968
3 −6.214 −3.089 3.125
4 −5.397 −1.239 4.158
5 −3.837 −2.216 1.622

24906 | RSC Adv., 2024, 14, 24898–24909
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factor in assessing a compound's stability or activity is its band
gap. A molecule known as the “so molecule” has low kinetic
stability, high reactivity, and greater polarizability when its DE
value is low. In this study, the following values were used to
calculate the quantum parameter DE of mono-/dimeric
substituted pyridinium and pyrazolium bromides: (EHOMO

values are −6.254, −6.023, −6.214, −5.397 and −3.837, while
the ELUMO values are −2.020, −2.055, −3.089, −1.239 and
−2.216 eV) (Table 4). The differences of the HOMO–LUMO (DE)
for the mono-/dimeric substituted pyridinium and pyrazolium
bromides molecules were determined as follows: DE = 4.234,
3.968, 3.125, 4.158 and 1.622 eV, respectively. The negative
convention for the HOMO–LUMO is due to the zero point on the
energy scale corresponding to an innite separation of the
electron from the molecule, so any electron in an orbital
(HOMO or LUMO, bonding or anti-bonding) corresponds to
a more stable state than an innite separation, and therefore
would have a negative energy. The m-xylene linked substituted
pyrazolium bromide 5 was found to have the lowest band gap,
withDE= 1.622 eV. The lesser band gap favored easy transitions
of electrons from the ground state to the excited state. More-
over, the biological activity of the compound is inuenced by
the smaller band gap.
5 Experimental section
5.1 Preparation of ionic salts

5.1.1 Preparation of 1,10-(hexane-1,6-diyl)bis(2-chloro-3-
cyano)pyridin-1-ium bromide (1). 1,6-Dibromohexane
(0.00178 mmol; 1.0 equiv.) treated with 2-chloropyridine-3-
yridinium and pyrazolium bromides with VEGFR-2 kinase

e of interaction

acking Salt bridge Hydrophobic contacts (at 5 Å)

ARG A:180 PHE B:304, LEU B:177, TYR B:174, ILE
B:173, VAL B:170, LEU A:125

:123 ARGA:180 TYR B:169, VAL B:170, ILE B:173, LEU
B:177

ARGA:151 TYR A:160, VAL A:174, MET B:260, PRO
A:156, ILE A:155, TYR A:181, ALA A:179

LYS B:310 PHE A:153, ILE A:155, PRO B:299, LEU
B:218, LEU B:177, TYR B:174, ILE B:173,
VAL B:170

GLUB:220

TYR B:169, VAL B:170, ILE B:173, LEU
A:125

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbonitrile (0.00360 mmol; 2.02 equiv.) in the presence of
30 ml of dry CH3CN under reuxing condition for 60 min
afforded the 1,1'-(hexane-1,6-diyl)bis(2-chloro-3-cyano)pyridin-
1-ium bromide 1 in 90% yield. Reactants were completely
soluble in CH3CN when the reaction proceeded, and a colour-
less precipitate was obtained. Aer completion of the reaction,
the unreacted slight excess amount of substituted pyridine was
removed via ltration and washing with CH3CN. Colourless
solid; yield 90%; Rf (EtOH : Hex 2 : 3) 0.46; MP= 110–112 °C; 1H-
NMR (400MHz, CDCl3, d ppm): 8.54–8.56 (d, J= 8 Hz, 2H), 7.95–
7.98 (d, J = 12 Hz, 2H), 7.33–7.36 (dd, J = 12 Hz, 2H), 3.33–3.36
(t, J = 12 Hz, 4H), 1.79–1.82 (q, 4H), 1.39–1.41 (t, 4H); 13C-NMR
(100 MHz, CDCl3, d ppm): 152.8, 142.6, 142.3, 122.4, 114.5,
110.9, 33.7, 32.5, 27.2; HRMS: m/z: 180.0814; anal. calcd.: C18-
H18Br2Cl2N4: C: 41.45; H: 3.45; N: 10.74; found C: 41.42; H:
3.42; N: 10.70.

5.1.2 Preparation of 1,10-(1,3-phenylenebis(methylene))
bis(2-chloro-3-cyano)pyridin-1-ium bromide (2). m-Xylene
dibromide (0.00192 mmol; 1.0 equiv.) was treated with 2-
chloropyridine-3-carbonitrile (0.0038 mmol; 2.02 equiv.) in the
presence of 30 ml of dry CH3CN under reuxing condition for
30 min to get 1,10-(1,3-phenylenebis(methylene))bis(2-chloro-3-
cyano)pyridin-1-ium bromide 2 in 92%. Reactants were
completely soluble in CH3CN when the reaction proceeded, and
a colourless precipitate was obtained. Aer completion of the
reaction, the unreacted slight excess amount of substituted
pyridine was removed via ltration and washing with CH3CN.
Colourless solid; yield 92%; Rf (EtOH : Hex 2 : 3) 0.42; MP = 94–
96 °C; 1H-NMR (400 MHz, CDCl3, d ppm): 8.61–8.63 (d, J = 8 Hz,
2H), 8.02–8.04 (dd, J = 8 Hz, 2H), 7.44–7.46 (d, J = 8 Hz, 2H),
7.41–7.43 (d, J = 8 Hz, 1H), 7.36–7.39 (d, J = 12 Hz, 2H), 7.33 (s,
1H), 4.48 (s, 4H); 13C-NMR (100 MHz, CDCl3, d ppm): 152.9,
152.8, 143.9, 142.6, 142.3, 129.0, 122.4, 122.2, 114.5, 110.9, 66.5;
HRMS: m/z: 190.0835; anal. calcd.: C20H14N4Br2Cl2: C: 44.36; H:
2.58; N: 10.35; found C: 44.33; H: 2.54; N: 10.32.

5.1.3 Preparation of 2-chloro-3-cyano-1-(4-nitrobenzyl)
pyridin-1-ium bromide (3). 2-Chloropyridine-3-carbonitrile
(0.0042 mmol; 1.0 equiv.) was mixed with 4-nitro-
benzylbromide (0.00433 mmol; 1.02 equi.) in the presence of
40 ml of dry CH3CN under reuxing condition for 45 min to
afford 90% of 2-chloro-3-cyano-1-(4-nitrobenzyl)pyridin-1-ium
bromide 3. Reactants were completely soluble in CH3CN when
the reaction proceeded, and a colourless precipitate was ob-
tained. Aer completion of the reaction, the unreacted slight
excess amount of substituted pyridine was removed via ltra-
tion and washing with CH3CN. Colourless solid; yield 90%; Rf

(EtOH : Hex 2 : 2) 0.36; MP = 84–86 °C; 1H-NMR (400 MHz,
CDCl3, d ppm): 8.62–8.60 (d, J= 8 Hz, 2H), 8.18–8.20 (d, J= 8 Hz,
2H), 8.03–8.05 (d, J = 8 Hz, 1H), 7.55–7.57 (dd, J = 8 Hz, 1H),
7.42–7.44 (d, J = 8 Hz, 1H), 4.52 (s, 2H); 13C-NMR (100 MHz,
CDCl3, d ppm): 152.8, 151.0, 144.8, 142.6, 129.9, 129.3, 124.0,
122.2, 114.6, 110.9, 55.1; HRMS: m/z: 274.0248; anal. calcd.:
C13H9BrClN3O2: C: 44.06; H: 2.54: N: 11.86; found C: 44.02; H:
2.50: N: 11.83.

5.1.4 Preparation of 2,0-(hexane-1,6-diyl)bis(5-amino-4-
cyano-1-phenyl)-1H-pyrazol-2-ium bromide (4). 1,6-Dibromo-
hexane (0.00806 mmol; 1.0 equiv.) treated with 5-amino-1-
© 2024 The Author(s). Published by the Royal Society of Chemistry
pheneyl-1H-pyrazole-4- carbonitrile (0.0162 mmol; 2.02 equiv.)
in the presence of 60 ml of dry CH3CN under reuxing condi-
tion for 2 hours afforded 2,20-(hexane-1,6-diyl)bis(5-amino-4-
cyano-1-phenyl)-1H-pyrazol-2-ium bromide 4 in 91% yield.
Reactants were completely soluble in CH3CN when the reaction
proceeded, and a colourless precipitate was obtained. Aer
completion of the reaction, the unreacted slight excess amount
of substituted pyridine was removed via ltration and washing
with CH3CN. Colourless solid; yield 91%; Rf (EtOH : Hex 3 : 2)
0.40; MP = 156–158 °C; 1H-NMR (400 MHz, CDCl3, d ppm): 7.86
(s, 2H), 7.78–7.81 (d, J= 12 Hz, 4H), 7.58–7.59 (dd, J= 4 Hz, 4H),
7.38–7.40 (d, J = 8 Hz, 2H), 3.53–3.56 (t, 4H), 1.75–1.84 (q, 4H),
1.29–1.32 (t, 4H), 13C-NMR (100 MHz, CDCl3, d ppm): 151.7,
142.1, 137.9, 129.9, 128.3, 124.5, 115.3, 74.0, 35.3, 32.5, 27.1;
HRMS: m/z: 226.1851; anal. calcd.: C26H28Br2N8: C: 50.98; H:
4.57: N: 18.30; found C: 50.95; H: 4.54; N: 18.26.

5.1.5 Preparation of 2,20-(1,3-phenylenebis(methylene))
bis(5-amino-4-cyano-1-phenyl)-1H-pyrazol-2-ium bromide (5).
m-Xylenedibromide (0.0026 mmol; 1.0 equiv.) treated with 5-
amino-1-pheneyl-1H-pyrazole-4-carbonitrile (0.0050 mmol; 2.02
equiv.) in the presence of 60 ml of dry CH3CN under reuxing
condition for 90 min afforded 2,20-(1,3-phenylenebis(-
methylene))bis(5-amino-4-cyano-1-phenyl)-1H-pyrazol-2-ium
bromide 5 in 92% yield. Reactants were completely soluble in
CH3CN when the reaction proceeded, and a colourless precip-
itate was obtained. Aer completion of the reaction, the
unreacted slight excess amount of substituted pyridine was
removed via ltration and washing with CH3CN. Colourless
solid; yield 92%; Rf (EtOH : Hex 3 : 3) 0.36; MP= 102–104 °C; 1H-
NMR (400 MHz, CDCl3, d ppm): 7.54 (s, 2H), 7.45–7.47 (d, J =
8 Hz, 4H), 7.42–7.44 (dd, J = 8 Hz, 4H), 7.40–7.41 (d, J = 4 Hz,
2H), 7.38–7.39 (d, J = 4 Hz, 2H), 7.36–7.37 (d, J = 4 Hz, 1H), 7.34
(s, 1H), 4.86 (s, 4H); 13C-NMR (100 MHz, CDCl3, d ppm): 154.4,
153.6, 150.2, 141.3, 136.9, 133.2, 131.0, 129.9, 128.8, 124.2,
117.8, 114.3, 75.6; HRMS: m/z: 236.0182; anal. calcd.:
C28H24Br2N8: C: 53.16; H: 3.79: N: 17.72; found C: 53.13; H:
3.75; N: 17.68.
5.2 General procedures for the solid-supported solvent-free
microwave reaction

A domestic 20 litre microwave oven (1350 watts, 230 volts) was
used for all solvent-free silica-supported microwave reactions.
We used column chromatography silica gel with 60–120 mesh
size from suppliers to make the silica-supported reaction
mixture without any further purication/treatment. A 1 : 2
equivalence of 2-chloropyridine-3-carbonitrile 1/5-amino-1-
pheneyl-1H pyrazole-4-carbonitrile 2 and alkyl/aryl dibromide
were mixed, along with 5 g of silica gel (80–120 mesh), followed
by manual grinding. The reaction mixture was divided into two
and three portions to optimize the reaction time and yield.
Flexible dimeric pyridinium bromide 1 was obtained in 4 min
with 92% yield. The m-xylene linked pyridinium bromide 2 was
obtained in 2 min with 95% yield. The monomeric pyridinium
bromide 3 was obtained in 3 min with 94% yield. The exible
dimeric pyrazolium bromide 4 was obtained in 7 min with 93%
yield and the m-xylene linked pyrazolium bromide 5 was
RSC Adv., 2024, 14, 24898–24909 | 24907
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obtained in 5 min with 95% yield. The reaction mixture was
dissolved in ethanol, followed by concentration, to obtain the
colourless precipitate. The crude product was washed with
CH3CN to remove the unreacted slight excess amount of
substituted pyridine.
6 Conclusion

Mono/dimeric pyridinium and pyrazolium bromides were
prepared under conventional reuxing conditions and solvent-
free silica-supported domestic microwave conditions. The
solvent-free silica supported method has more merits when
compared with the conventional method, and volatile organic
solvents were completely avoided. Pyridinium and pyrazolium
salts were formed nearly een time faster with a higher
percentage of yield. We have calculated the atom economy for
pyridinium and pyrazolium bromide formation, which was
100% for all reactions. The environmental factors for all of the
reactions showed zero percent of environmental waste. In
addition, the product mass intensity for the solvent-free reac-
tions and PMISF value were 1. We have studied the anticancer
properties of mono-/dimeric substituted pyridinium and pyr-
azolium bromide against lung cancer (A-549) lines at 10/20/40/
80/100/140 mg ml−1 concentration under MTT assay for 24
hours. We found that the pyridinium and pyrazolium bromides
showed signicant cytotoxicity against the lung cancer cell
lines. 4-Nitrobenzylpyridiniumbromide showed excellent anti-
cancer properties when compared with the exible aliphatic
chain and m-xylene linker based dimeric pyridinium and pyr-
azolium bromides. We have performed computer-assisted
molecular docking with human CDK1/CyclinB1/CKS2 kinase
receptor. m-Xylene linked pyrazolium bromide showed the
highest docking score when compared with other mono-/
dimeric pyridinium and pyrazolium bromides. The docking
outcome was in good agreement with the anticancer activity
result. Further applications of this approach will be performed
on the synthesis of various substituted mono-, di- and trimeric
pyridinium bromides, and the anticancer activities will be
studied.
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