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The current study aimed to synthesize seven new metal coordination complexes (Q1-Q7) with potential
biomedical applications. Novel mononuclear, polynuclear and mixed-ligand coordination compounds of
the elements, cadmium(i) and silver(i) derived from a pyridine containing ligand (2,4,6-tris-(2-pyridyl)-
1,3,5-triazine (TPT)) have been synthesized successfully with the general formulae [Cd(TPT)Clg]-H,O and
[AgL(TPT), (L) (CLOLICIO,), (x = 1,2,3, y = 1,2,3, L = PPhsz or phen, z = 1,2). The structural features were
fully characterized using various spectroscopic techniques, such as infrared, ultraviolet-visible
spectroscopy, 1D and 2D-NMR (*H, 3C, 3P, 'H-H COSY and H-3C HSQCAD), CHN analysis, molar
conductance (), thermogravimetric analysis (TGA), and powder X-ray diffraction analysis. The structure
of complex Q6 was also confirmed by single-crystal X-ray analysis. The luminescence and
electrochemical properties of complexes, in solution, have been studied. X-ray crystallographic
determination of the [Ag(TPT)(PPhs),IClO4-EtOH (@6) complex shows that the Ag* cation is bonded to
one tridentate TPT ligand through NNN set of donor atoms and two triphenylphosphine ligands, giving
the Ag™ a distorted trigonal bipyramidal geometry. X-ray powder diffraction analysis showed that metal
complexes Q3, Q6 and Q7 display crystalline peaks. The complexes were evaluated for their in vitro
antibacterial efficacy against various bacterial and fungal species. The in vitro efficacy against the MCF-7
human breast cancer cell line was assessed to determine the anticancer activities. The tri-nuclear silver
complex Q3 shows great potential as a therapeutic candidate for treating breast cancer, since it exhibits
a half-maximal inhibition concentration (ICsp) of 13.45 + 0.9 uM. Molecular docking simulations were
also carried out to evaluate the interaction strength and properties of the metal complexes with selected
cancer and bacteria relevant proteins namely cyclin-dependent kinase 2 (CDK2), cyclin-dependent
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DOI: 10.1035/d4ra05305b kinase 6 (CDK®6), signal transducer and activator of transcription 3 (STAT3), and beta-lactamases from

rsc.li/rsc-advances Escherichia coli and Staphylococcus aureus.

The coordination numbers commonly seen for Cd(u) are four,
five, and six due to its significant size.

1 Introduction

Nowadays, transition metal complexes have gained consider-
able attention due to their structural, magnetic and electro-
chemical properties, as well as their potential use as models for
biologically important species. Among their several biological
functions, they show remarkable antifungal, antibacterial and
antitumor activities." Recent research efforts have demon-
strated the antibacterial and anticancer properties of several
cadmium compounds.** The Cd(u) ion exhibits a strong
attraction towards donor atoms such as sulfur and nitrogen.
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Silver(1), with an electronic configuration of [Kr] 4d"° 55", has
a diverse coordination chemistry with many geometries."*** The
geometries of silver(i) complexes are often linear,"**® trian-
gular,"”*® T-shaped,'*** tetrahedral,®*" or square planar.'**
Silver has the ability to form as well five to eight coordination
numbers*~* in some compounds, forming coordination poly-
mers.>*”” The nitrogen atom has been identified as one of the
most commonly utilized chelating atoms to Ag(i). It is typically
present in polypyridyl ligands. TPT; 2,4,6-tris-(2-pyridyl)-1,3,5-
triazine is a polypyridyl ligand that has been extensively
researched. It has shown a broad range of coordination possi-
bilities with the silver cation.”®** TPT is an appealing poly-
dentate ligand with N atoms, capable of bridging metal ions
through a bidentate site for chelation and an exo N-donor site
for bridging.*® The TPT ligand has the capability to form
mononuclear, dinuclear, and polynuclear complexes,?®**® as
demonstrated in Scheme 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The known coordination modes of TPT complexes.?8-3¢

The ability to adjust the chelation environment around the
Ag(1) cation has facilitated the creation of very effective Ag
compounds for medical purposes.’”™* Silver(i) complexes that
have a greater propensity for ligand substitution by biological
ligands, namely sulfur-containing compounds, have strong
antibacterial properties. Consequently, it is logical to infer that
complexes containing weak metal-ligand connections, specifi-
cally Ag-N and Ag-O bonds, would have a wider spectrum of
antimicrobial activity compared to complexes with Ag-S and
Ag-P links. The latter have been found to have little or no effect
against bacteria, molds, and yeast.**** Silver compounds have
gained significant attention in recent years as promising
candidates for anticancer therapies. These complexes have
shown effective activity against different types of cancer cells in
numerous studies.**** The utilization of TPT in conjunction
with Cd(u) and Ag(1) ions yields the creation of complexes pos-
sessing a wide-ranging activity in terms of biological properties.

Many metal complexes possess both anti-microbial and cyto-
toxic properties, our study specifically aims to investigate this
relationship in silver and cadmium complexes. We believe
a deeper understanding of this connection can offer valuable
insights for developing targeted anti-cancer drugs with minimal
side effects. The link between antimicrobial and anticancer
activities is a fascinating and evolving area of research.®® Some
antimicrobial agents, particularly those targeting cell membranes,
might have unintended consequences on cancer cells.>*** Cancer
cells often have rapid growth and altered membrane composi-
tions, making them more susceptible to disruption by these
agents. Therefore, the objective of this study was to focus on the
synthesis, characterization, and biological investigations of
cadmium and silver compounds of the TPT ligand. The title ligand
can exhibit various coordination modes and accommodate varied
numbers of metal centers. As a result, the properties of the
resultant compounds may be influenced. In this context, we
present the preparation of a new set of Cd(u) and Ag(r) compounds.
Our synthesized complexes in ethanol and at different ratios of
reactants consist of mononuclear, polynuclear, and mixed ligand
structures (Scheme 2). The main and/or primary chelating agent
used is TPT, while the secondary chelating agents employed are
triphenylphosphine (PPh;) and 1,10-phenanthroline (phen). The

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

choice of PPh; and phen as co-ligands is based on their electron-
conjugated heterocyclic aromatic properties, which provide them
a greater capacity to coordinate due to their N- or P- donor
chelation nature, resulting in the formation of stable complexes.
The CHN analysis, IR spectroscopy, molar conductivity tests,
single-crystal X-ray diffraction examinations, and 1D and 2D-NMR
techniques (including 'H, **C, *'P, 'H-'H COSY, and 'H-"C
HSQCAD) were used to completely characterize the structure,
stoichiometry, and geometry of the produced compounds. Addi-
tionally, thermal degradation measurements were performed.
Furthermore, the article delves into the examination of the pho-
toluminescence and electrochemical characteristics of metal
complexes. The antibacterial activity of the compounds (Q1-Q7)
was assessed against various bacterial and fungal species.
Furthermore, we examined the harmful effects of the analyzed
complexes (Q1-Q7) on MCF-7, a type of breast cancer that is highly
prevalent and a leading cause of mortality in women.

2 Results and discussion

2.1. General aspects

The crystals and solid silver complexes remain air stable when
preserved in darkness at ambient temperature. Complexes Q1-
Q7 exhibit solubility in MeCN, CHCl;, CH,Cl,, DMSO and DMF.
Molar conductivity measurements and 'H-NMR spectroscopy
were used to investigate the complexes' solution stability over
a 24 hours period in conditions that are relevant to biology, as
these complexes are not soluble in water. The difference
between the molar conductivity values in DMSO varied between
0.5 and 0.9 Q' cm? mol %, with no notable differences detec-
ted. The stability of the compounds was assessed by comparing
the "H NMR spectra obtained in DMSO-d,, at 0 hours and 24
hours (Fig. S1-S71). The 'H NMR spectra indicated that the
compounds maintained their integrity for the entire 24 hours
duration, implying that the stability of the compounds is
unaffected by the DMSO solvent. The conductance measure-
ments, recorded for 10 M solutions of the metal complexes in
DMSO. The values of the complexes Q2-Q7 were determined to
fall within the range of 36-64 Q' cm® mol ™', which suggests
their electrolytic character.***® The cadmium complex Q1 has
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Scheme 2 Structures of the prepared TPT complexes.

a comparatively low electrical conductivity of 23.8 Q' cm?

mol ', indicating that it is non-electrolytic nature.*** The test
of chloride by silver nitrate to clarify the presence of chloride
(out or inside the coordination) supports our results because
the test showed that no white precipitate (AgCl) has been
formed indicating the coordination of all of the chloride ions to
cadmium ion in complex Q1.

31852 | RSC Adv, 2024, 14, 31850-31860

2.2. Characterization of metal complexes Q1-Q7

2.2.1.
were uncovered by a comparison of the IR spectra of the metal
complexes (Fig. S8-S151) with those of the free TPT.>** The
infrared spectra exhibit a wide range of frequencies between
3200 and 3500 cm™ ', which correspond to the anti-symmetric
and symmetric stretching of the OH bond. Furthermore, there

Vibrational spectra. Several noteworthy findings

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is a prominent peak observed at around 1600-1640 cm ', which
is ascribed to the bending motion of the H-O-H bond.* The
complexes have peaks in the spectrum range of 3100-
2900 cm™', suggesting the existence of the TPT ligand's
aromatic C-H stretching vibrations. Additionally, peaks in the
range of 770-778 cm ™' suggest the presence of aromatic C-H
deformation vibrations.*** The C=N and C=C bonds exhibit
stretching vibrations within the range of 1600-1550 cm ™,
whereas the C-C and C-N bonds display vibrations within the
range of 1477-1217 cm™ '.*%* The metal complexes demon-
strate both downward and upward (C=N) variations, which can
be ascribed to the movement of the electron density of the
imine nitrogen lone pair towards the metal atom.*"** This
suggests that there are interactions occurring between the core
metal atoms and the TPT ligand via the nitrogen atom of the
imine group.®* The spectra displayed new bands of moderate
strength in the 412-449 and 516-580 c¢cm ' ranges, which
correspond to the vibrations of M-N and M-O, respectively.®***
The silver complex Q6 displayed a distinct peak at 1377 cm-1 in
its spectra, as well as a less pronounced peak at 1159 cm ™ '. The
presence of coordinated PPh3 in the complex*** is indicated by
these bands, which are referred to as the »(P-CPh) band. The
band observed at around 490 cm ' was attributed to the
vibrational mode of the M-P bond.®® The perchlorate complexes
Q2-Q7, which include silver, have a broad peak at 1090-
1103 cm ™" (v;) and a prominent peak at 621-625 cm ™" (v,4). The
bands observed correspond to the stretching vibration of the
ClO, ion within the complex.®*®” The FTIR spectrum of
compound Q7 displays four distinct peaks, providing confir-
mation of the presence of the 1,10-phenanthroline ligand. More
precisely, the vibrations that occur when the C=N and C=C
double bonds stretch are detected at frequencies of 1621 and
1587 cm ™, respectively. Furthermore, a peak that corresponds
to the vibrations of the skeletal structure is detected at
1574 cm ™', whereas the bending oscillations of the C-H bond in
a direction perpendicular to the plane are identified at
725 cm™ %

2.2.2. Thermogravimetric analysis. The thermogram of
[Cds(TPT)Cls]-EtOH (Q1) (Fig. S16%) exhibits three distinct
stages within the temperature range of 26-396, 396-565, and
565-685 °C region. Their respective stages involve the removal
of the following compounds: EtOH molecule + Cl, (calculated
12.9, found 12.9%), 2Cl, + 2HCN + 2H, + IN, (calculated 23.5,
found 23.6%) and fragments of {C;cHs and Cd;N; residue
species} (calculated 63.6, found 63.6%). In this study, we aimed
to characterize silver complexes using Thermogravimetric
Analysis (TGA). However, due to safety concerns associated with
the use of silver perchlorate, which is known to be explosive
under certain conditions, we were unable to perform TGA
measurements directly on the silver complexes.

2.2.3. NMR spectra. The TPT ligand's 'H-NMR and “C-
NMR spectra were recorded in DMSO-ds (Fig. S17 and S257).
Furthermore, "H NMR, "*C NMR and gCOSY spectra (Fig. S18-
S24, S26-S32 and S33-S38,} respectively) for complexes Q1-Q7
were recorded in DMSO-d,. The chemical shifts and their
assignments are given in Tables S1 and S2.} The spectral data
indicates that the organic component of the TPT moiety in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Q1-Q7 complexes matches its expected structure. Additionally,
there are no notable changes in the chemical shifts upon
complexation with TPT. However, new peaks are observed in
complexes Q6 and Q7, which can be attributed to the presence
of triphenylphosphine and 1,10-phenanthroline ligands,
respectively. These findings can be attributed to the involve-
ment of C=N groups in various processes. These procedures
involve the alignment of these groups with cadmium and silver
cations, the breakdown of robust hydrogen bonds among the
unattached ligand molecules, and the creation of hydrogen
bonds that engage the unbound C=N groups from one of the
ligands. The "H NMR spectra of TPT and the corresponding
metal complexes associated to the pyridyl rings display two
triplets signals for the protons H(4) and H(3) at 6 = 7.67-8.22
and two doublets peaks for the protons H(2) and H(1) at ¢ =
8.64-8.99 ppm. The spectra of the cadmium complex Q1
exhibited broad or undetectable signals, possibly resulting from
the complex's exceptionally low solubility. The distinct peaks
corresponding to the aromatic hydrogens in the triphenyl-
phosphine (PPh;) ligand were seen in compound Q6. The
appearance of extra aromatic protons at 6 = 7.33-7.59 ppm in
complex Q6 indicated the coordination of the triphenylphos-
phine ligand. Additionally, the aromatic carbons of two PPh;
were seen at 128.73-133.46 ppm. The *'P NMR spectra
(Fig. S3971) of the complex exhibited a single distinct signal at
25.56 ppm, referring to two chemically equivalent PPh3
ligands,”®”® which were confirmed by single-crystal X-ray
structural analyses (the bond lengths of Ag(1)-P(1) and Ag(1)-
P(2) are 2.4757(6) A, 2.4715(6) A, respectively). The presence of
phenanthroline in compound Q7 was verified using 'H and *C-
NMR spectroscopy (Fig. S24 and S327). Additionally, there are
four resonances in the proton spectrum, located at around 9.12,
8.78, 8.23, and 8.01 ppm. Doublets were detected and assigned
to the H, and Hg protons, respectively, at the highest reso-
nances of 9.12 and 8.79 ppm. It was determined that the
8.01 ppm resonance, which displayed a quartet pattern, was
caused by Hp proton. Ultimately, the 8.23 ppm resonance was
finally determined to be a singlet and associated with the H¢
proton. The original proton assignments, determined by
considering multiplicity and chemical shift, were subsequently
validated using a COSY experiment (Fig. S387). This experiment
was employed to establish the connections between the ring's
protons. At certain chemical shifts of 151.30, 141.93, 138.78,
129.01, 127.25, and 125.31 ppm, the carbon spectrum showed
six aromatic signals that corresponded to C,, Cg, Cc, Cp, Cg, and
Cr carbons, respectively. The assignment of the C,, C¢, Cg, and
Cr carbons was accomplished by utilizing a "H-'>C HSQCAD
experiment (Fig. S407). So far, only the carbons from Cg and Cp,
have not been assigned. Resonances at 141.93 and 129.01 were
respectively ascribed to Cy and Cp, according to the chemical
shift.

2.2.4. Electronic spectra. When ligands formed chelates
with metal ions, it caused notable shifts in the electronic
properties of the system (Fig. S41}). The spectra of complexes
exhibit a red shift in the n — 7* transition, namely in the range
of 315 nm to 324 nm. This shift is caused by the coordination
between the cadmium or silver ions and the C=N groups.” The

RSC Adv, 2024, 14, 31850-31860 | 31853
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appearance of additional bands at a wavelength of 390 nm in
the silver complexes mainly assigned to metal-to-ligand charge
transfer (MLCT) transitions involving Ag and TPT or phen
ligands.”>”® Clearly, the maximum intensity rises as the silver
ratio in the complex composition increases. In addition,
a supplementary band is seen at around 455 nm in compound
Q6 that contains triphenylphosphine (PPhj). This band is

possibly attributed to MLCT and ILCT (intraligand)
transitions.””*
2.2.5. Luminescence spectra. Luminescent complexes are

highly important in the visualization of biological processes
and the identification of significant molecules inside living
systems. The TPT ligand has great promise in the development
of luminous complexes because of its robust luminescence,
adjustable characteristics, and potential for
biocompatibility.*®*>7*7” The luminescent properties of both
the TPT ligand® and complexes Q1-Q7 were examined in
DMSO. Fig. S427 shows that when excited at 200 nm, the TPT
ligand emitted a wide emission at approximately 543.97 nm, as
reported in our previous study.®” The highest intensity of
emission bands were observed at wavelengths of 485 nm and
452 nm. Due to the striking resemblance in the locations and
characteristics of the emission peaks in the TPT and the Q1-Q7
complexes, the observed emission in these complexes can be
explained as intra-ligand n-m* and w-7* transitions within the
1,3,5-triazine derivative.

2.2.6. Cyclic voltammetry. In the voltammograms of the
silver complexes Q5-Q7 (Fig. S43-5S457), one oxidation peak (I,)
at 396, 379 and 550 mV, respectively, was coupled to a broad
reduction peak (I.) at —384, —389 and —370 mV. The presence
of these peaks suggests the involvement of the Ag(i)/silver(i)
system in a quasi-reversible process, with a AE, of 920-768 mV
and the ratio of the faradaic oxidation current to that of the
reduction current deviates from unity, i.e. Iinode/lcathode < 1
(—0.60, —0.58 and —0.98 for Q5, Q6 and Q7, respectively).”®*>

2.2.7. X-ray diffraction. The crystallinity of the both TPT
ligand®* and its complexes Q3, Q6, and Q7 were evaluated using
the X-ray diffractograms. XRD diffraction patterns of the
compounds were presented in Fig. S46.1 The precise diffraction
data, including the angle (26), interplanar spacing (d value,
Angstrom), and relative intensity (%), are consolidated in Table
S3.t All compounds exhibited sharp peaks in their XRD
patterns, indicating their crystalline nature.

2.2.8. X-ray crystallography

2.2.8.1. SC-XRD description of complex Q6. The SC-XRD
technique is used to identify the crystal structure of complex
Q6. Table S47 presents empirical data. The X-ray evaluation
indicates that the target molecule formed crystals in the triclinic
space group P1. The asymmetric unit consists of one Ag"
complex, one ClO,  counter ion, and one disordered ethanol
solvent molecule, as shown in Fig. 1. The Ag" ion is coordinated
with three nitrogen atoms (N1, N2, and N3) from the TPT ligand
and two phosphorus atoms (P1, P2) from triphenylphosphine.
This coordination results in a distorted trigonal bipyramidal
shape. The bond length between Ag(1) and N(3) is 2.419(18) A,
which is comparable to the bond lengths reported in previous
studies.”®** The bond distances between Ag(1) and N(1) and

31854 | RSC Adv, 2024, 14, 31850-31860
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between Ag(1) and N(2) are 2.711 (2) A and 2.572 (19) A,
respectively. These distances are slightly greater than the typical
Ag-N bond length, suggesting a weak contact between Agl and
N1 and N2 atoms.?®*** The lengths of the Ag(1)-P(1) and Ag(1)-
P(2) bonds are 2.4757(6) and 2.4715(6) angstroms, respectively.
The bond angles involving the silver(i) ions, specifically N(3)-
Ag(1)-P(2), N(3)-Ag(1)-P(1), P(2)-Ag(1)-P(1), N(3)-Ag(1)-N(2),
P(2)-Ag(1)-N(2), P(1)-Ag(1)-N(2), N(3)-Ag(1)-N(1), P(2)-Ag(1)-
N(1), P(1)-Ag(1)-N(1), and N(2)-Ag(1)-N(1), fall within the
approximate range of 64.63(6)-130.62(6) degrees. These angles
correspond to a strongly distorted trigonal bipyramidal geom-
etry. The PPh; ligands are responsible for the deformation of
the trigonal bipyramidal geometry. The bond lengths and bond
angles that have been chosen are compiled in Tables S5 and
S6.F

Two independent locations adequately characterized the
ClO,~ counter ion, which exhibited positional disorder. The
ethanol solvent molecule exhibited positional disorder as well
and was adequately represented over three distinct locations. As
illustrated in Fig. 1, the alcohol group establishes a hydrogen
bond with the N6 atom from the TPT ligand in the Ag" complex
in the first and primary location, which occupies about 75% of
the space. Table S77 lists the hydrogen bonds. The disarray in
the ethanol group is probably caused by the disarray in the TPT
ligand. Since the N6 atom can only form hydrogen bonds with
the ethanol about 64% of the time, the ethanol molecule can
freely rotate to different positions the other 36% of the time,
and it looks like it does so about 25% of the time.

2.3. Evaluation of biological activity

2.3.1. In Vitro anticancer activity. The newly synthesized
complexes were assessed for cytotoxicity utilizing the MTT test.
In this investigation, doxorubicin was employed as a bench-
mark medicine for the purpose of comparison. The drug
concentrations were graphed against cell viability to determine
the ICso (uM) (Fig. S477), which represents the concentration
needed to inhibit 50% of cell viability. Table S8 displays the
cytotoxicity of the recently created complexes against the MCF-7
cell line in a laboratory setting. Certain compounds shown
noteworthy activity in comparison to doxorubicin. The trinu-
clear silver complex Q3 exhibited high cytotoxic potency (ICs, =
13.45 uM) comparing to the other synthesized complexes.
Complexes Q1, Q5, and Q7 exhibited moderate activity, with
ICs, values of 38.35 uM, 46.60 uM, and 22.54 uM, respectively,
when compared to doxorubicin. Complexes Q2, Q4, and Q6
exhibited low activity with IC5, values of 51.71 uM, 80.95 uM,
and 74.80 pM, respectively, in comparison to doxorubicin. The
phosphine complex Q6 exhibited significantly higher activity
compared to the bis-chelated complex Q4 due to the lipophilic
nature of triphenylphosphine, which facilitated their passage
across the cytoplasmic membrane.®” Furthermore, the potential
toxicity of the compounds was evaluated by conducting an MTT
experiment on MCF-10A cells, a normal cell line. The results of
our study indicate that the compounds shown low cytotoxicity
towards normal cells when used at quantities that were effective
against cancer cells. Notably, all complexes showed minimal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Molecular structure of Q6, shown with 50% probability displacement ellipsoids and the selected atom-numbering scheme (left), hydrogen

bonding connecting the molecule (right).

toxicity towards normal MCF-10A breast cells, with an IC5, value
greater than 100 pM as tabulated in Table S8.t

2.3.2. Antibacterial activity. The biological properties of the
complexes were compared to those of reference compounds in
order to determine how the coordinated metal ion, metal to
ligand ratio, and co-ligand presence affected the complexes’
antibacterial activity. The antibacterial effectiveness was evalu-
ated using ciprofloxacin and colitrimazole as benchmark drugs.
In order to increase the probability of discovering antibiotic
characteristics in the examined compounds, the antibacterial
activity of complexes Q1-Q7 was evaluated using multiple test
organisms. Staphylococcus aureus and Escherichia coli, two types

of Gram-positive and Gram-negative bacteria, were used to
investigate the antibacterial activity. The antifungal effects of
the compounds were tested against Candida albicans. To
measure the antibacterial activity, the inhibitory zone diameter
was measured in millimetres, as shown in Table S9.1 All of the
complexes investigated showed a broad spectrum of antibac-
terial action, according to the inhibition zone diameter data
(Table S9t). When tested against Candida albicans, the results
showed that Q3, Q7, and Q1 were the most successful (77.8%,
70.4%, and 55.5% of the time, respectively). Complex Q4
exhibited weak antibacterial action against Gram-positive
Staphylococcus aureus and Candida albicans, but no effect
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Fig. 2 3D and 2D interaction between CDK2 and compound Q4.
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against Gram-negative Escherichia coli at the doses that were
tested.

2.4. Molecular docking study

Implementing the MOE module, the docking process was
executed between compounds Q1-Q7 and target proteins:
cyclin-dependent kinase 2 (CDK2, UniProt: Q63699), cyclin-
dependent kinase 6 (CDK6, UniProt: FIMAS87), signal trans-
ducer and activator of transcription 3 (STAT3, UniProt: P52631),
and beta-lactamases from Escherichia coli (PDB: 40QG) and
Staphylococcus aureus (UniProt: Q7BWD2). Findings from the
molecular docking study are presented in Tables S10-S19.1 The
2D/3D interaction of compounds and the proteins are presented
in Fig. 2-6. Based on the molecular docking results, we can
analyze the potential binding affinities of the compounds
against various targets. The HDOCK scores represent the
docking scores, while the AG values represent the predicted

View Article Online
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binding free energies (in kcal mol ) obtained from the Prodigy
server.

2.4.1. Docking studies with CDK2 and CDK6 proteins. For
CDK2 and CDK6, which are cyclin-dependent kinases involved
in cell cycle regulation, the docking scores and AG values
suggest that some compounds have favorable binding affinities.
Compounds Q3 and Q4 exhibit the lowest (most favorable)
HDOCK scores and AG values for both CDK2 and CDKB6, indi-
cating their potential as inhibitors of these kinases. The best
cpmpound for CDK2 appears to be compound Q4, with
a docking score of —137.08 and a binding free energy (AG) of
—5.13. The interactions between compound Q4 and CDK2 (as
shown in Fig. 2) include; (a) carbon-hydrogen bonds: These
involve interactions between the ligand and the backbone
atoms of residues like GLY11, LYS89, and VAL163. Carbon-
hydrogen bonds can contribute to binding affinity and speci-
ficity. (b) m—Cation interaction: the ligand forms a m-Cation

3D
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A:23

VAL
A:179

Interactions
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Fig. 3 3D and 2D interaction between CDK6 and compound Q4.
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Fig. 4 3D and 2D interaction between STAT3 and compound Q7.

31856 | RSC Adv, 2024, 14, 31850-31860

© 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/d4ra05305b

Open Access Article. Published on 08 October 2024. Downloaded on 1/19/2026 7:14:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Interactions

[ Fication

[ unfavorable Bump
[ conventional Hydrogen Bond
[] carbon Hydrogen Bond

[ Pitonepair
I Piistacked
[ PiiTshaped

Fig. 5 3D and 2D interaction between B-lactamases s.auerus and compound Q4.
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Fig. 6 3D and 2D interaction between E. coli and compound Q4.

interaction with the NZ atom of LYS89, suggesting an electro-
static attraction between the positively charged lysine side chain
and the ligand's aromatic system. (c) w—-Anion interaction: the
ligand forms a m-anion interaction with the OD1 atom of
ASP86, indicating an electrostatic attraction between the nega-
tively charged aspartic acid side chain and the ligand's aromatic
system. (d) m-Donor hydrogen bond: the ligand forms
a hydrogen bond with the OG1 atom of THR165, involving the =
electrons of the ligand as hydrogen bond acceptors. (e) Hydro-
phobic interactions: the ligand participates in w—sigma, amide—
7 stacked, and m-alkyl interactions with nearby hydrophobic
residues like VAL163, VAL164, LYS88, and LYS89, suggesting
favorable hydrophobic contacts. These interactions suggest that
compound Q4 likely exhibits good binding affinity and
complementarity with the CDK2 binding site through

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

a combination of hydrogen bonding, electrostatic interactions,
and hydrophobic contacts.

While, the best compound for CDK6 appears to be
compound Q3, with a docking score of —149.39 and a binding
free energy (AG) of —5.15. The interactions between compound
3 and CDKG6 (as shown in Fig. 3) include; (a) w—anion interac-
tion: the ligand forms a w-anion interaction with the OD2 atom
of ASP104, indicating an electrostatic attraction between the
negatively charged aspartic acid side chain and the ligand's
aromatic system. (b) t-Donor hydrogen bond: the ligand forms
a hydrogen bond with the N atom of ALA23, involving the ©
electrons of the ligand as hydrogen bond acceptors. (c¢) Hydro-
phobic interactions: the ligand participates in m-alkyl interac-
tions with nearby hydrophobic residues like VAL179 and ALA23,
suggesting favorable hydrophobic contacts. (d) The w-anion
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and w-donor hydrogen bond interactions suggest that
compound 3 can form favorable electrostatic and hydrogen
bonding interactions with the CDK6 binding site, while the
hydrophobic interactions contribute to the overall binding
affinity.

2.4.2. Docking studies with STAT3 protein. STAT3 (Signal
Transducer and Activator of Transcription 3) is a transcription
factor involved in various cellular processes, including cell
growth, survival, and inflammation. For STAT3, compound Q7
shows the lowest HDOCK score (—138.64) and a relatively low
AG value (—5.52 keal mol %), suggesting its potential as a STAT3
inhibitor. The best ligand for STAT3 appears to be compound 7,
with a docking score of —138.64 and a binding free energy (AG)
of —5.52. The interactions between compound 7 and STAT3 (as
shown in Fig. 4) include; (a) conventional hydrogen bonds: the
ligand forms hydrogen bonds with the N atom of MET726 and
the O atom of LEU724, suggesting the potential for favorable
polar interactions. (b) Carbon-hydrogen bonds: the ligand
forms carbon-hydrogen bonds with the CA atom of PRO725, the
0OG1 atom of THR714, the OH atom of TYR657, and the O atom
of MET726, contributing to the overall binding affinity. (c)
Hydrophobic interactions: The ligand participates in alkyl and
m-alkyl interactions with nearby hydrophobic residues like
VAL637, CYS712, PRO715, MET726, ILE659, and TYR657, sug-
gesting favorable hydrophobic contacts. The combination of
hydrogen bonding, carbon-hydrogen bonding, and hydro-
phobic interactions suggests that compound Q7 can engage in
a variety of favorable interactions with the STAT3 binding site,
potentially leading to high binding affinity and specificity.

2.4.3. Docking studies with B-lactamases (S. aureus and E.
coli) proteins. B-Lactamases are enzymes produced by certain
bacteria, such as Staphylococcus aureus and Escherichia coli,
which confer resistance to B-lactam antibiotics. For S. aureus p-
lactamase, compound Q3 exhibits the lowest HDOCK score
(—247.43) and a relatively low AG value (—5.09 kcal mol %),
indicating its potential as an inhibitor. Similarly, for E. coli -
lactamase, compound Q3 shows the lowest HDOCK score
(—204.45) and a favorable AG value (—5.26 kcal mol™'), sug-
gesting its potential as an inhibitor. The interactions between
compound Q3 and the B-Lactamase S. aureus receptor (as shown
in Fig. 5) include; (a) conventional hydrogen bonds: the ligand
forms a hydrogen bond with the O atom of TYR120, suggesting
the potential for favorable polar interactions. (b) Carbon-
hydrogen bonds: the ligand forms carbon-hydrogen bonds with
the CB atom of SER207, the OE1 atom of GLN228, and the O
atom of GLN228, contributing to the overall binding affinity. (c)
m—-Cation interaction: The ligand forms a m—cation interaction
with the NH1 atom of ARG235, indicating an electrostatic
attraction between the positively charged arginine side chain
and the ligand's aromatic system. (d) m-Lone pair interaction:
The ligand forms a w-lone pair interaction with the OH atom of
TYR96, suggesting a weak electrostatic interaction. (e) Hydro-
phobic interactions: The ligand participates in -7 stacked and
-1 T-shaped interactions with nearby aromatic residues like
TYR96 and TYR120, suggesting favorable hydrophobic and -
stacking interactions. The combination of hydrogen bonding,
electrostatic interactions (m-cation and w-lone pair), and
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hydrophobic 7-stacking interactions suggests that compound
Q3 can engage in a diverse range of favorable interactions with
the B-lactamase S. aureus binding site, potentially contributing
to its high binding affinity and specificity.

The best compound for the PB-lactamase E. coli receptor
appears to be compound Q4, with a docking score of —175.17
and a binding free energy (AG) of —5.45. The interactions
between compound 4 and the receptor (as shown in Fig. 6)
include; (a) conventional hydrogen bonds: the ligand forms
multiple hydrogen bonds with the NH1, NH2, and O atoms of
ARG275 and the O atom of GLY238, suggesting the potential for
favorable polar interactions. (b) Carbon-hydrogen bonds: the
ligand forms carbon-hydrogen bonds with the OE2 atom of
GLU104 and the OG atom of SER70, contributing to the overall
binding affinity. (¢) w-Anion interaction: the ligand forms a -
anion interaction with the OE2 atom of GLU104, indicating an
electrostatic attraction between the negatively charged glutamic
acid side chain and the ligand's aromatic system. (d) w-Sulfur
interaction: the ligand forms m-sulfur interactions with the SD
atom of MET272, suggesting a potential electrostatic or polari-
zation effect involving the sulfur atom. (e) Hydrophobic inter-
actions: the ligand participates in m-pi stacked and m-alkyl
interactions with nearby residues like TYR105 and ALA237,
suggesting favorable hydrophobic and m-stacking interactions.
The combination of hydrogen bonding, electrostatic interac-
tions (w-anion and m-sulfur), and hydrophobic m-stacking
interactions suggests that compound Q4 can engage in a diverse
range of favorable interactions with the B-lactamase E. coli
binding site, potentially contributing to its high binding affinity
and specificity.

3 Conclusion

Concisely, seven new Cd(u) and Ag(1) compounds have been
described herein, including their structures, biological proper-
ties, and methods of synthesis. These compounds are generated
via interactions with a polydentate N ligand, namely 2,4,6-tris-
(2-pyridyl)-1,3,5-triazine (TPT), the predominant or main
chelating agent. The TPT compound was expected to produce
a range of complexes, such as mononuclear, dinuclear, and
polynuclear complexes, as well as coordination polymers. A
study has been carried out to examine the luminescent and
electrochemical properties of complexes in a solution. The
emission peaks of the compounds are attributed to ligand-
centered transitions. The examination of cyclic voltammetry
revealed the existence of quasi-reversible processes linked to the
redox pair of Ag(i)/Ag(u). Synthesised complexes Q1-Q7 showed
improved efficacy against Candida and a more favourable
therapeutic profile than the clinically used references, accord-
ing to the most important finding from the evaluation of in vitro
antibacterial activity and toxicity. Antibacterial and therapeutic
medicines with intriguing pharmacological properties may be
found in the molecules that are formed when metal ions and
TPT complex. These compounds merit additional investigation.
In docking studies, the best compounds for each receptor
exhibit a combination of hydrogen bonding, electrostatic
interactions (mw-cation, w-anion, m-lone pair, m-sulfur), and

© 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/d4ra05305b

Open Access Article. Published on 08 October 2024. Downloaded on 1/19/2026 7:14:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

hydrophobic interactions (7-stacking, m-alkyl, alkyl), which can
contribute to their favorable binding affinities and specificities.
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