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molecular docking analysis of novel b-ketoiminato
palladium(II) complexes with anticancer properties
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A novel series of palladium(II) coordination complexes of the formula [Pd(CH3C(NAr)CHC(O)CH3)2] (4a–j)

were synthesized by the reaction of enaminone ligands (3a–j) with [PdCl2(NCCH3)2] in a molar ratio of

2 : 1 in the presence of tBuOK. The square planar coordination geometry around Pd(II) of the 4c complex,

with electrostatic potential calculations rationalizing the formation of C–H/p contacts, leading to chain

structures, was confirmed by single-crystal X-ray diffraction. UV-vis spectra, supported by TD-DFT

(B3LYP) calculations, indicated that the long-wavelength absorptions arose from intra-ligand charge

transfer transitions (p / p*) involving HOMO–LUMO+1 excitations, with Pd(II) orbitals contributing to

the HOMO. Thermogravimetric analysis demonstrated high thermal stability of the series. Biological

evaluation revealed notable cytotoxicities of the compounds 4b, 4d, 4h, 4i, and 4j. The compound 4i

shows the strongest activity (IC50 = 5.42 mM, MCF-7; 17.20 mM, and HCT-116) and high selectivity toward

cancer cells. Molecular docking against oncogenic targets (PIK3CA-E545K, ERBB4-Y1242C, KRAS-G13D,

PIK3CA-H1047R, and ATM-A112V) identified meta- and para-substituted analogues (4b, 4c, and 4h) as

the most favorable binders, while bulky ortho substituents reduced the affinity due to steric effects.

Docking against PIK3CA-E545K produced binding energies that qualitatively paralleled several of the

measured MCF-7 selectivity indices, with planar aromatic interactions and hydrophobic contacts defining

the structure–activity relationships.
1. Introduction

Schiff base compounds are considered a well-established class
of organic compounds, valued for their straightforward
synthesis through the reaction of primary aromatic amines with
carbonyl compounds.1–3 Their role as ligands in coordination
chemistry, combined with their high stability and broad range
of biological activities, makes them signicant in various
scientic applications. Researchers today are particularly
focusing on the pharmacological potential of this class of
compounds and their metal complexes, exploring their
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antitumoral, antiviral, antibacterial, antifungal, and antioxi-
dant properties.4–8 Schiff base ligands are pivotal in the design
of coordination complexes, especially with relevant transition
metals, such as Pd2+, Pt2+, Co2+, Ni2+, Cu2+, and Zn2+.9–14 In
addition to enhanced biological activity, these complexes
acquire a lipophilic nature, improving their ability to traverse
biological membranes. Structural modications, such as
aromatic substitutions with halogen, hydroxyl, or methoxy
groups, have shown further enhancement of their antifungal,
antibacterial, antitumoral, and antioxidant properties.5,15–20 A
major challenge in modern pharmaceutical research is the
development of therapeutic agents that operate through novel
mechanisms of action while exhibiting minimal side effects,
mainly for the treatment of cancer and infection.21,22 Coordi-
nation chemistry has emerged as a promising approach to
address this demand due to its extensive research, diverse
biological activities, and low toxicity.23,24 Among coordination
chemists, Schiff base-derived palladium complexes have
attracted signicant interest due to their diverse biological
properties.25 A wide range of palladium(II) coordination
complexes has been reported, many of which demonstrate
signicant cytotoxic activity against a wide spectrum of cancer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 4a–j. (i) 2a–j (1 equiv.), substituted aniline (1
equiv.), refluxing toluene, and 24 h. (ii) 3a–j (2 equiv.), KOtBu (2 equiv.),
[PdCl2(NCCH3)2] (1 equiv.), methanol, ambient temperature, and 3 d.
Yields are based on 3a–j.
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cell lines.26–30 These complexes exhibit antimicrobial,31,32 anti-
fungal,33 and anticancer activities,34–36 along with other
biochemical and pharmacological properties. Palladium(II)
complexes have garnered considerable interest in bioinorganic
chemistry largely owing to their structural similarity to plati-
num(II) compounds, with both ions exhibiting comparable
coordination geometries and ionic radii.37,38 Compared with
Pt(II) analogues, Pd(II) complexes typically exhibit higher ther-
modynamic and kinetic lability, which are characterized by
ligand exchange rates that are approximately 104 to 105 times
faster.38,39 This high reactivity can lead to premature hydrolysis
before reaching the pharmacological target; moreover, the use
of chelating ligands has helped stabilize Pd(II) complexes,38

making themmore kinetically inert.40,41 Additionally, palladium
complexes offer superior solubility compared with platinum-
based compounds,42 increasing their attractiveness for
biomedical applications. Although platinum-based drugs (i.e.,
carboplatin, cisplatin, and oxaliplatin) remain the cornerstone
agents in cancer therapy, their clinical utility is frequently
constrained by severe side effects.43 Palladium complexes, with
their improved stability and selectivity, present a promising
alternative with their potential therapeutic advantages.38,39

Furthermore, b-ketoiminate ligands, commonly referred to as
“NAcAc”, have expanded the possibilities for modifying the
behavior of transition metal complexes. The ability to ne-tune
steric and electronic properties through ligand substitutions
allows for greater control over the resulting metal
complexes.44–46 The versatility and tunable properties of NAcAc
complexes render them promising candidates for applications
in cancer therapy and antimicrobial treatment strategies.

McGowan et al. reported iridium and ruthenium complexes
with naphthoquinone (O,O), b-ketoiminato (N,O), and picoli-
namide (N,N) ligands to investigate the role of coordination
mode in cytotoxicity.47 The activity correlated with the ligand
binding mode, following the order of (N,O) > (O,O) > (N,N). An
expanded complex library incorporating functionalized b-
ketoiminate ligands exhibited cytotoxicity against multiple
human cancer types, such as breast, colorectal, and human
ovarian (including cisplatin-resistant) carcinomas.48,49 Carbonyl
complexes based on bis(b-ketoiminato) ruthenium(II) were
synthesized but showed lower activity, which was attributed to
aqueous instability.50 Mechanistic studies indicated that (N,N)
complexes hydrolyzed quickly and bound guanine differently,
whereas (N,O) complexes hydrolyzed more slowly, reducing
cytotoxicity.51,52

Recently, we reported on palladium complexes incorporating
functionalized b-ketoiminate ligands for signicant effective-
ness against human breast carcinoma.53,54 Molecular docking
studies were performed to evaluate the interactions of these
Pd(II) complexes with the target proteins PIK3CA-E545K, ERBB4-
Y1242C, and BRAF-V600E, revealing moderate-to-strong
binding affinities.12,53 Docking results demonstrated that
bulky substituents on Pd(II) complexes reduce optimum
binding interactions by preventing them from being accom-
modated within the protein binding sites due to steric
hindrance.53,54 Interestingly, it was discovered that the biolog-
ical activity of Pd(II) complexes was signicantly affected by the
© 2026 The Author(s). Published by the Royal Society of Chemistry
location of the substituents on the NAcAc ligand.47–50 Based on
these ndings, the present study focuses on the design of pal-
ladium(II) coordination complexes with b-ketoiminate ligands
bearing reduced steric bulk and evaluates their cytotoxic
potential against tumor cell lines.

As part of our ongoing research into palladium
compounds,12,53–62 this study presents the synthesis, spectral
analysis, theoretical investigations and X-ray crystallography of
Pd(II) complexes containing Schiff bases. Characterization was
achieved using UV-vis, IR, and NMR spectroscopy, as well as
elemental and thermal analyses. The crystal structure of
complex 4c was determined, conrming its geometry. Further
investigations, including Hirshfeld surface analysis, density
functional theory (DFT) calculations, and time-dependent DFT
(TD-DFT) analysis, provided insights into the crystallographic
interactions, electronic properties, and UV-vis spectral transi-
tions. These complexes were evaluated for in vitro antitumor
activity against various human cell lines (MCF-7 and HT-29)
alongside docking studies. Cancer cell lines were obtained
from the ATCC (Manassas, VA), MCF7 human breast cancer cell
line (ATCC® HTB-22™, USA), HCT-116 colon cancer cell line
(ATCC CCL-247™, USA) and human skin broblast (ATCC®
PCS-201-012™).
2. Results and discussion
2.1. Synthesis

Scheme 1 depicts the synthetic routes used to synthesize
ligands63–72 and their corresponding complexes.73,74 Moderate to
excellent yields (55–92%) of the complexes were achieved. The
obtained Pd(II) complexes exhibit good solubility in some
common solvents, such as tetrahydrofuran, acetonitrile, chlo-
roform, dichloromethane, and dimethyl sulfoxide. The
complexes are non-hygroscopic and visually air-stable in both
RSC Adv., 2026, 16, 22352–22367 | 22353
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Fig. 1 ORTEP (50% probability level) of the molecular structure of 4c
with an atom-numbering scheme. Hydrogen atoms are omitted for
clarity. Symmetry operation for generating the equivalent atoms: −x +
1, −y + 1, −z + 1.
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the solid-state and solution for several months. Interestingly, it
was discovered that the melting points of the complexes is
higher than those of the ligands. This is due to the large size of
the molecule and the ligand oxygen and nitrogen atoms, which
form coordination and ionic bonds with Pd(II) ions. The struc-
ture of 4c is further investigated using X-ray diffraction struc-
ture analysis. The structural, spectral, and electronic transition
properties were conrmed by measuring the UV-vis spectra and
using theoretical techniques, like DFT and TD-DFT. Complexes
4a–j were studied for their thermal characteristics using ther-
mogravimetric analysis.

A useful method for determining different functional groups
and their vibrational frequencies in free ligands and verifying
their coordination with the central metal ion is infrared spec-
troscopy.12,53,54 Functional group characteristics were evaluated,
and their interaction with the Pd(II) centre was conrmed by
recording the IR spectra of the ligands and their matching Pd(II)
complexes within the 4000–400 cm−1 range. Prominent
absorption bands observed between 1618 and 1420 cm−1 in the
free ligands, attributed to n(C]O), n(C]C), and/or n(C]N)
stretching frequencies, support the formation of Schiff base 3a–
j (Table S1 and Fig. S1–S10).12,53,54 In the synthesized complexes,
the characteristic peaks were displaced to the 1592–1598 cm−1

range, indicating a decrease in the electron density of the
carbonyl group as a result of its coordination with the Pd(II) ion.
This coordination involves the donation of a lone pair of elec-
trons (Table S1 and Fig. S11–S20).12,53,54 Furthermore, for the
uncoordinated ligands, the n(N–H) vibration manifested as
a prominent absorption band between 3100 and 3350 cm−1.75–77

These bands disappeared upon complexation, which demon-
strates the deprotonation of the aniline hydrogen and provides
evidence that the imine nitrogen is bound to the Pd(II)
centre.12,53,54 Moreover, the n(C–O) and n(C–N) stretching
frequencies were observed to shi toward lower wavenumbers
in the complexes, conrming the involvement of both oxygen
and nitrogen donor atoms in metal coordination.78–80 The
emergence of new absorption bands attributed to n(Pd–N) and
n(Pd–O) vibrations further validates the coordination of the
carbonyl oxygen and imine nitrogen to the Pd(II) ion.12,53,54,81

The NMR spectra of both the ligands and their Pd(II)
complexes were obtained in deuterated chloroform (CDCl3),
and the detailed data are shown in the SI (Tables S2, S3, and
Fig. S21–S60). The methine (HC]C) protons in ligands 3a–j
appeared as singlets within the range of 5.14–5.21 ppm in their
1H NMR spectra.63–72 Upon coordination with Pd(II), these
signals shied slightly upeld to 4.81–4.86 ppm in the Pd(II)
complexes 4a–j,12,53,54 which can be attributed to the shielding
inuence of the Pd(II) center as well as conformational modi-
cations accompanying chelation. This behavior corroborates
the IR spectral results, where the (C]O), (C]C), and/or (C]N)
stretching vibrations were observed to shi toward lower
wavenumbers, conrming the participation of the nitrogen and
oxygen atoms in metal coordination.

The aromatic proton coupling patterns for both the free
ligands and their complexes remained within the expected
chemical shi region, displaying JHH coupling constants in the
range of 6.4–8.5 Hz.12,53,54,63–72 In the spectra of ligands 3a–j, the
22354 | RSC Adv., 2026, 16, 22352–22367
amine (NH) proton resonances appeared between 12.49 and
11.84 ppm but disappeared entirely upon complexation, indi-
cating deprotonation and subsequent coordination of the
nitrogen atom to the Pd(II) ion.12,53,54,75–77 This nding is further
supported by IR analysis, where the absence of the n(N–H)
stretching band in the complexes provides additional evidence
for imine nitrogen coordination.12

In Pd(II) complexes 4a–j, the backbone methyl protons were
observed as singlets between 1.40 and 1.60 ppm, showing
a slight upeld shi relative to the corresponding ligand
signals. The 13C{1H} NMR spectra of the ligands exhibited
downeld carbonyl (C]O) signals in the region of 196.5–
195.5 ppm for compounds 3a–j. Aer coordination with Pd(II),
this resonance shied to a higher eld between 176.9 and
175.9 ppm for complexes 4a–j, which is consistent with the
shielding effect produced by the metal center. This observation
substantiates coordination through the imine nitrogen and
carbonyl oxygen atoms, which is in agreement with previously
reported Pd(II) complexes.12,53,54,75–77 All remaining organic
substituents displayed their expected chemical shis without
anomalous deviations.

Molecular ion peaks [M + H]+ were observed for all
complexes 4a–j (Fig. S61–S71). HRMS (ESI+) analysis of the
complexes reveals well-dened isotopic clusters corresponding
to the protonated molecular ions [M + H]+, arising from the
natural isotopic distribution of palladium. For C24H29N2O2Pd
(4a–c), an isotopic envelope is observed in the m/z 479–489
range. Complexes with the formula C26H33N2O2Pd (4d–f, 4h,
and 4i) display characteristic clusters in the m/z 507–516 range,
while complex C28H37N2O2Pd (4g) shows an isotopic pattern in
the m/z 535–545 range. In addition, the dichloro complex C24-
H27Cl2N2O2Pd (4j) exhibits a distinctive isotopic envelope in the
m/z 549–557 range (Table S4). The results obtained from the
elemental (CHN) analysis of these complexes closely match the
theoretically calculated values (Experimental section).
2.2. Crystal structures

Single crystals of complex 4c were obtained by slow evaporation
of a chloroform solution. The molecular structure is illustrated
in Fig. 1, and the selected bond lengths and angles around the
Pd(II) center are listed in Tables S6 and S7, respectively.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Complex 4c crystallizes in the triclinic space group P�1, with the
asymmetric unit containing half of the molecule and the Pd(II)
atom positioned at a crystallographic inversion center (Table
S5). The ligand binds to the metal in a bidentate manner via the
imine nitrogen and carbonyl oxygen atoms from two neigh-
boring ligands. The coordination environment around the Pd(II)
center adopts a slightly distorted square-planar geometry,
characterized by a bond angle of 92.50(12)°. The C2–C3 and C3–
C4 bond distances fall between the typical single and double
bond values, suggesting the delocalization of the C]C p-elec-
trons within the ligand backbone. The observed C2–O1 bond
length of 1.272(5) Å is longer than that of a conventional C]O
double bond (1.23 Å), implying partial electron delocalization
throughout the ligand system.71 The Pd–N bond distance
(2.031(3) Å) is marginally longer than the Pd–O bond distance
(1.991(3) Å), which is consistent with the established coordi-
nation characteristics. These structural parameters align well
with the literature values reported for analogous palladium
complexes.12,53,54

Within the crystal lattice of 4c, CH/p interactions (2.880 Å)
contribute to structural stabilization, as depicted in Fig. S72.82–84

Geometry optimization of complex 4c was carried out using the
PBE0/def2-TZVP computational level combined with the CPCM
solvation model (CHCl3), and the optimized structure was
compared with the experimental X-ray crystallographic data.
The optimized geometric parameters for 4c, listed in Tables S6
and S7, show excellent agreement with the experimentally
determined bond lengths and angles.
Fig. 2 Calculated HOMO−1, HOMO, LUMO and LUMO+1 energies of
4a–j.
2.3. Hirshfeld surface analysis

Hirshfeld surface analysis was employed to examine and
compare the intermolecular interactions present within the
crystal structure of complex 4c. This technique highlights the
regions where weak intermolecular forces occur and provides
quantitative data on the atom$$$atom short contacts respon-
sible for such interactions.85 For complex 4c, the Hirshfeld
surfaces were mapped over dnorm, shape index, curvedness, and
fragment patch parameters. To enhance the visualization of the
molecular framework, the surfaces were rendered transparent
(Fig. S73).

The corresponding 2D ngerprint plots (Fig. S74) illustrate
the nature and intensity of the various intermolecular interac-
tions and contact types within the crystal lattice. A prominent
feature observed is the extensive H/H contact region, indi-
cating strong van der Waals contributions. Moreover, a consid-
erable C/H contact surface is evident in 4c (Fig. S74c),
corroborating the presence of CH/p interactions observed in
the crystal packing (Fig. S75). Additional O/H, Pd/H, and
H/N contact regions are also identied, further emphasizing
the complex network of weak interactions stabilizing the
structure. Comparable interaction patterns have been docu-
mented for related palladium complexes.13,50,51

In the intermolecular topology network of complex 4c,
molecules displayed in identical colors represent those
participating in the same interaction network (Fig. S76). Each
color corresponds to a distinct symmetry operation (Sym op),
© 2026 The Author(s). Published by the Royal Society of Chemistry
and the centroid–centroid distances (R) associated with these
interactions are listed in Table S8. The most prominent inter-
action within the structure occurs at R = 7.84 Å, followed by
another notable contact at R = 7.49 Å. In general, an inverse
correlation is observed between the centroid distance (R) and
the total interaction energy (Etot), where smaller R values are
associated with higher Etot magnitudes. However, the interac-
tion at R = 13.42 Å deviates from this pattern, indicating that
stronger interaction energies are predominantly found at
shorter centroid separations.

The total interaction energy (Etot) is expressed in eqn (1),
derived aer applying a perturbation that enables its decom-
position into individual energy components as follows:

Etot = Eele + Epol + Edis + Erep, (1)

where Eele, Epol, Edis, and Erep denote the electrostatic, polari-
zation, dispersion, and repulsive energy components, respec-
tively.86 The energy framework for molecular pairs within the
topological network of each crystal unit is depicted in Fig. S77.
Consistent with the observations from the two-dimensional
ngerprint plot analysis, this framework is constructed by
linking the atoms involved in intermolecular interactions
throughout the crystal lattice.
2.4. DFT calculations and electronic structures

Time-dependent density functional theory (TD-DFT) calcula-
tions were carried out to determine the vertical excitation
energies and gain deeper insight into the electronic character-
istics of the enaminone-based ligands (3a–j) and their corre-
sponding Pd(II) complexes (4a–j). The computed absolute
energies of the frontier molecular orbitals (HOMO and LUMO),
along with the associated HOMO–LUMO energy gaps for 3a–j
and 4a–j, are summarized in Tables S9 and S10. The main
electronic transitions for the ligand and complex series for 3a–j
and 4a–j are listed in Tables S11 and S12, respectively.
RSC Adv., 2026, 16, 22352–22367 | 22355
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Fig. 3 Isosurface densities of the frontier orbitals, LUMO+1, LUMO,
HOMO and HOMO−1, of the compound 4j (isosurface value = 0.06).
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A schematic diagram illustrating the relative frontier orbital
energy levels for complexes 4a–j is presented in Fig. 2. It is
evident that in complexes containing one or two methyl
substituents on the aryl ring (4a–f, 4h and 4i), the HOMO−1,
HOMO, LUMO, and LUMO+1 orbitals possess nearly identical
absolute energy values, resulting in an almost constant HOMO–
LUMO energy gap (Fig. 2 and Table S10). In contrast, the
substitution of one methyl group by a chlorine atom in
compound 4j leads to the stabilization of these orbitals,
a consequence of the electron-withdrawing effect of chlorine.
Interestingly, for compound 4g, which contains three methyl
substituents, the HOMO−1 and HOMO orbitals are destabi-
lized, whereas the LUMO and LUMO+1 orbitals exhibit
stabilization.

As illustrated in Fig. 3 for complex 4j, the HOMO−1 orbitals
are primarily localized on the two enaminone ligands, while the
HOMO orbitals are delocalized over both the enaminone
ligands and the Pd(II) center. The LUMO orbitals are mainly
concentrated on the palladium atom, while the LUMO+1
orbitals are largely distributed over the enaminone ligands.
This pattern of orbital localization is consistently maintained
throughout the entire series of complexes, as depicted in
Fig. S78–S87.

2.5. UV-visible absorption studies

The electronic absorption spectra of the ligands and their cor-
responding Pd(II) complexes were recorded in chloroform, and
the combined spectra are presented in Fig. S88–S97. The
ligands 3a–j exhibited a single absorption band in the range of
310–327 nm, which can be assigned to p / p* electronic
Fig. 4 Electronic absorption spectra (CHCl3 and ambient tempera-
ture) of 4a–j.

22356 | RSC Adv., 2026, 16, 22352–22367
transitions (Table S11).87 Upon complexation with Pd(II), these
bands underwent a bathochromic shi to 335–342 nm and
showed reduced intensities, indicating a hypochromic effect
(Table S12 and Fig. 4). This red shi likely arises from confor-
mational changes associated with coordination to the Pd(II)
center. Additionally, new broad absorption bands appeared
between 400 and 436 nm in the spectra of the complexes, cor-
responding to spin-allowed 1A1g / 1B1g transitions, which are
characteristics of square-planar geometries.88 These spectral
observations further support the square-planar coordination
environment around the Pd(II) ion, which is consistent with
single-crystal X-ray diffraction data.89,90

The overall spectral features closely resemble those reported
for other square-planar Pd(II) complexes derived from Schiff-
base ligands.91,92 The measured molar extinction coefficients
(3) ranged from 1.0 × 104 to 2.2 × 104 M−1 cm−1, suggesting
that the observed bands originate from intra-ligand charge
transfer (ILCT) transitions.93 TD-DFT calculations, performed
using the optimized geometries of the ligands and complexes,
reproduced these experimental absorption features. The calcu-
lated and observed maximum absorption wavelengths (lmax) for
compounds 3a–j and 4a–j were in close agreement (Tables S11
and S12). For complexes 4a–j, the dominant electronic transi-
tions correspond to excitations from HOMO−1 to LUMO+1,
while for free ligands 3a–j, the transitions occur mainly from
HOMO to LUMO, resulting in relatively higher-energy absorp-
tions.94 Consequently, the intense absorption bands observed
for the Pd(II) complexes for 4a–j in the UV-vis region are
attributed to intra-ligand charge transfer (ILCT) transitions, as
corroborated by the TD-DFT computational results.95

2.6. Thermogravimetric analysis

The TGA of Pd(II) complexes 4a–j was carried out over
a temperature range of 25 °C to 900 °C (Table S13), with indi-
vidual thermograms presented in Fig. S100–S109. Complexes
4a–j displayed a gradual weight loss as the temperature
increased, indicating stepwise decomposition. All compounds
were thermally stable up to approximately 220 °C, aer which
they began to decompose, with the observed weight losses
corresponding to ligand dissociation, followed by the formation
of PdO.

2.7. Anticancer activity

The biological evaluation of two groups of compounds, the
methyl-substituted [Pd(CH3C(NAr)CHC(O)CH3)2] (4) (Ar = 2-m-
ethylphenyl (a); 3-methylphenyl (b); 4-methylphenyl (c); 2,4-di-
methylphenyl (d); 2,6-dimethylphenyl (e); 3,5-dimethylphenyl
(f); 2,4,6-trimethylphenyl (g); 3,4-dimethylphenyl (h); 2,5-di-
methylphenyl (i); and 4-chloro-2-methylphenyl (j)) and the
chloro-substituted [Pd(CH3C(NAr)CHC(O)CH3)2] (5) (Ar = 2-
chlorophenyl (a); 3-chlorophenyl (b); 4-chlorophenyl (c); 2,4-di-
chlorophenyl (d); 2,6-dichlorophenyl (e); 3,5-dichlorophenyl (f);
2,4,6-trichlorophenyl (g); 2,3-dichlorophenyl (h); and 2,4,5-tri-
chlorophenyl (i)),12 was carried out using three cell lines: normal
broblasts, breast cancer (MCF-7), and colon cancer (HCT-116).
The cytotoxic responses of complexes 4a–j, their corresponding
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Combined histogram showing the IC50 values of the Pd(II)
complexes 4 and 5 against the MCF-7 and HCT-116 cell lines.
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ligands on cell viability and corresponding IC50 values aer 48
hours of incubation are displayed in Fig. 5, Tables S14 and S15,
respectively.

Overall, several compounds displayed substantial cytotoxic
effects, with a pronounced activity toward the MCF-7 cell line.
Within the methyl-substituted group, compound 4i was found
to be the most effective against MCF-7 cells (IC50 = 5.42 mM),
showing moderate inhibition of HCT-116 cells (IC50 = 17.20
mM) and minimal cytotoxicity toward broblasts (IC50 = 44.73
mM), which conrms its selectivity for cancerous cells. Likewise,
compound 4j, containing both methyl and chloro substituents,
exhibited preferential cytotoxicity against MCF-7 (IC50 = 6.70
mM) while remaining inactive toward broblasts and HCT-116
cells.

In the chloro-substituted series, compound 5c demonstrated
the highest activity, with IC50 values of 6.71 mM for MCF-7 and
9.78 mM for broblasts, indicating strong cytotoxic behavior but
slightly reduced selectivity relative to 4i and 4j. Compound 4d
also exhibited intermediate cytotoxic potency across all tested
lines, with IC50 values of 10.48, 17.55, and 28.41 mM for bro-
blasts, MCF-7, and HCT-116, respectively. Additional methyl
derivatives, such as 4b, 4h, and 4c, displayed moderate to good
activity toward MCF-7, with IC50 values in the range of 13–50
mM, while their chloro analogues (5b and 5f) showed compa-
rable or slightly lower potency.

In contrast, compounds containing bulky or multiple
substituents, including 4g, 5e, 5h, and 5i, were inactive across
all tested cell lines (IC50 > 100 mM), suggesting that excessive
steric crowding or substituent effects may hinder biological
activity. Among all compounds, 4i, 4j, and 5c emerged as the
most promising candidates due to their strong cytotoxic
potential and favorable selectivity proles. In particular, 4i
demonstrated potent anticancer activity with minimal impact
on normal broblasts. These ndings highlight the signicance
of substitution patterns, especially at the 2- and 5-positions with
methyl or chloro groups in modulating cytotoxic potency and
selectivity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Comparison of the present results with previously reported
analogues [Pd(CH3C(NAr)CHC(O)Ph)2] (6) (Ar = methyl-
substituted phenyl)53 and (7) (Ar = chloro-substituted
phenyl)54 revealed that complexes based on [Pd(CH3C(NAr)
CHC(O)Ph)2] exhibited distinct cytotoxic behavior compared to
those derived from [Pd(CH3C(NAr)CHC(O)CH3)2], as summa-
rized in Table S16.53,54 The position and type of substituents on
the aromatic ring had a pronounced effect on cytotoxic activity
against MCF-7 breast cancer cells.

A clear structure–activity relationship (SAR) was observed
when comparing compounds containing methyl (Me), chloro
(Cl), and mixed substituents. Compound (4a) was inactive (IC50

> 100 mM), whereas its 2-chloro analogue (5a) showed moderate
activity (IC50 = 36.57 mM). In contrast, compound (6a) (2-
methyl) demonstrated slightly better cytotoxicity (IC50 = 35.61
mM), while (7a) (2-chloro) was inactive, suggesting only modest
inuence from 2-position substitution. The meta-substituted
compound (4b) (3-methyl) displayed the highest activity among
mono-methyl derivatives (IC50 = 14.49 mM), with its chloro
counterpart (5b) (3-chloro) also showing good activity (IC50 =

16.39 mM), whereas (6b) and (7b) (3-substituted analogues) were
inactive. This implies that meta-substitution enhances cytotox-
icity mainly in simpler molecular scaffolds.

A signicant improvement in potency was observed at the 4-
position, particularly with chlorine substitution. Compound
(5c) (4-Cl) was highly potent (IC50 z 6.71 mM), while (7c) (4-Cl)
showed moderate activity (IC50 = 49.62 mM) and (4c) (4-Me)
weak activity (IC50 = 49.75 mM); compound (6c) (4-Me) was
inactive. These ndings highlight that para-chlorination
substantially enhances cytotoxicity in simpler ligand systems.
The 2,4-dimethyl compound (4d) exhibited moderate activity
(IC50 = 17.55 mM), whereas (5d) (6d), and (7d) (2,4-dichloro or
2,4-dimethyl analogues) were inactive or weakly active, sug-
gesting that ortho–para dimethyl substitution is advantageous
mainly in less complex frameworks.

Compound (4e) (2,6-dimethyl) exhibited weak activity, while
its dichloro analogues (5e) and (6e) (2,6-dichloro) were inactive
(IC50 > 100 mM), indicating that ortho–ortho substitution reduces
cytotoxicity, likely due to steric hindrance. The meta-dimethyl
derivative (4f) (3,5-dimethyl) showed low activity (IC50 = 51.5
mM), while (5f) and (7f) (3,5-dichloro) were inactive, conrming
that meta–meta substitution patterns are unfavorable.

Compounds (4g) (5g), and (6g), with substitutions at all ortho
and para positions, were completely inactive, reinforcing that
bulky or symmetric substitution limits cytotoxic potential. The
meta–para disubstituted compound (4h) (3,4-dimethyl) showed
notable activity (IC50 = 13.64 mM), whereas (6h) (3,4-dimethyl
analogue) and (7h) (3,4-dichloro analogue) were inactive. This
suggests that 3,4-substitution may impart benecial electronic
effects though these depend strongly on the molecular
framework.

The ortho–meta disubstituted compound (4i) (2,5-dimethyl)
exhibited excellent cytotoxicity (IC50 = 5.42 mM), while its
analogue (6i) was inactive, demonstrating that the favorable
substitution pattern is diminished in more rigid scaffolds.
Compound (4j) (4-Cl-2-Me) also displayed strong activity (IC50 =

6.70 mM), further conrming that para-chlorination combined
RSC Adv., 2026, 16, 22352–22367 | 22357
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with ortho-methyl substitution enhances potency. Compounds
(5h) and (7i) (2,3-dichloro) and (5i) and (7l) (2,4,5-trichloro) were
largely inactive although (7l) showed moderate cytotoxicity (IC50

= 33.88 mM), indicating that multiple chloro groups can yield
modest activity depending on their orientation. The unsub-
stituted compound (7m) was weakly active (IC50 = 81.05 mM),
and the ethyl-substituted derivative (6n) (2-Et) was inactive (IC50

> 400 mM), underscoring the importance of specic electron-
donating or withdrawing substituents rather than simple
alkylation for biological effectiveness.

Cisplatin, a palladium-based chemotherapy medication,
exhibits IC50 values of 4.7 ± 0.97 against MCF7, 14.38 ± 2.5
against HCT116, and 54.02 ± 2.46 against broblast cells.
Compared with our novel palladium complex anticancer
activity, several complexes were able to achieve very similar
results, such as compounds 4i and 4j (Fig. 5).

UV-vis measurements of the most active Pd(II) complex 4i in
media revealed no signicant spectral changes over the moni-
tored period, indicating satisfactory solution stability and an
appreciable half-life under near-physiological conditions
(Fig. S110).

HPLC provides precise quantitative results of samples in
solutions and ensures the consistent quality of the products,
meeting their regulatory requirements, because it delivers
repeatable results across different batches. To further assess the
stability of complex 4i, we analyzed its aqueous solutions using
the proposed HPLC procedure.96,97 Complex 4i was dissolved at
a 20 mM concentration in a 3% DMSO media solution and
injected as described in the Experimental section. The chro-
matograms were collected (Fig. S111), showing that the signal
from the freshly prepared solutions remained practically
unchanged over time. We graphically plotted the stability as the
percentage of intact complex remaining, with the initial amount
(t = 0) set as 100%. The integral of the signal corresponding to
the complexes only slightly diminished aer 72 h (89%).
2.8. Docking studies

As the anticancer efficacy of the newly synthesized Pd(II)
complexes was assessed against breast cancer (MCF-7) and
colon cancer (HCT-116) cell lines, the top 20 genes linked to
each cancer type were examined using the COSMIC database.98

In the breast cancer (MCF-7) model, only PIK3CA (E545K) and
ERBB4 (Y1242C) were found to possess somatic mutations for
which representative crystal structures were available. In the
HCT-116 cell line, KRAS (G13D), PIK3CA (H1047R), and ATM
(A112V) satised the same criteria. Consequently, molecular
docking analyses were conducted by employing the PIK3CA-
E545K mutant structure (PDB ID: 8GUD),99 ERBB4-Y1242C
(PDB: 2R4B),100 KRAS-G13D (PDB: 8UN5),101 PIK3CA-H1047R
(PDB: 8TGD),102 and ATM-A112V (PDB: 7NI5).103

The PIK3CA gene encodes the p110a catalytic subunit of
phosphoinositide 3-kinase (PI3K), a lipid kinase responsible for
regulating essential cellular activities, such as proliferation,
metabolism, and survival.104 Mutations in PIK3CA, particularly
the E545K substitution within the helical domain, are
commonly detected in numerous breast cancer cases.102 This
22358 | RSC Adv., 2026, 16, 22352–22367
mutation leads to persistent activation of the PI3K/AKT/mTOR
signaling cascade, thereby promoting oncogenic trans-
formation of mammary epithelial cells.105 Moreover, the E545K
alteration has been associated with resistance to chemotherapy
in triple-negative breast cancer due to its suppression of
apoptosis and stimulation of pro-survival signaling pathways.105

ERBB4, also referred to as HER4, is a receptor tyrosine kinase
that belongs to the epidermal growth factor receptor (EGFR)
family. It interacts with neuregulins and other EGF-like ligands
and plays a vital role in neural and cardiovascular development,
as well as mammary gland differentiation.106 Mutations in
ERBB4 have been observed in several human malignancies,
including breast carcinoma, highlighting its probable role in
tumorigenesis.

KRAS functions as a small GTPase that conveys growth-
promoting signals from surface receptors to downstream
effectors, including the RAF–MEK–ERK and PI3K–AKT path-
ways, supporting cell survival and proliferation.107,108 Both KRAS
and PI3K are pivotal components in mitogenic signaling, with
KRAS capable of directly activating PI3K, thereby intensifying
downstream proliferative and survival mechanisms.109

ATM is a serine/threonine kinase that is activated in
response to DNA double-strand breaks. It plays a vital role in
preserving genomic stability by regulating DNA repair
processes, enforcing cell-cycle checkpoints, and inducing
apoptosis when necessary.110 Once activated, ATM phosphory-
lates several downstream substrates to trigger cell-cycle arrest or
promote DNA repair mechanisms. Loss or dysfunction of ATM
leads to chromosomal instability and substantially increases
the likelihood of cancer development.111

Mutations within KRAS, PIK3CA, and ATM proteins are key
drivers of colorectal cancer (CRC). The KRAS-G13D mutation
impairs GTP hydrolysis, resulting in the continuous activation
of downstream signaling cascades.109 The PIK3CA-H1047R
mutation, located in the kinase domain, enhances catalytic
activity and strengthens AKT signaling, thereby facilitating
tumor growth.112 These alterations work synergistically to
promote highly aggressive and treatment-resistant CRC
phenotypes.109 Although the ATM-A112V variant has been less
extensively characterized, it may compromise ATM's DNA repair
function. ATM mutations are frequently detected in CRC and
are associated with genomic instability and heightened cancer
susceptibility.104 The A112V alteration could potentially disrupt
ATM's structural integrity or enzymatic activity, weakening the
DNA damage response and contributing to colorectal
tumorigenesis.104,111

Fig. 6 and 7 illustrate the binding energies of the Pd(II)
complexes, while Tables S17 and S18 provide a summary of the
binding energy values of these complexes against the ve
oncogenic protein targets. Overall, the docking scores for the
breast cancer-associated proteins ranged from −4.386 to
−8.469 kcal mol−1, reecting low to high binding affinity, while
those for the colon cancer-associated proteins ranged from
−4.514 to −7.915 kcal mol−1, indicating low to moderate
affinity. The results demonstrate distinct structure–activity
correlations for each protein target.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Combined histogram displaying the binding energy scores of
the Pd(II) complexes 4 and 5 against two targeted proteins (PIK3CA-
E545K and ERBB4-Y1242C) in MCF-7 cells. Note: docking energies are
presented for comparison with cell-based activity. No statistical
correlation or regression analysis between these two datasets was
performed in this study.

Fig. 7 Combined histogram displaying the binding energy scores of
the Pd(II) complexes 4 and 5 against the KRAS-G13D, PIK3CA-H1047R
and ATM-A112V targeted proteins in HCT-116.

Fig. 8 Binding site in the PIK3CA-E545K protein occupied by the best-
and worst-docked methyl- and chloride-substituted Pd(II) complexes:
(a) 4c, (b) 4g, (c) 5c, and (d) 5i.
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2.9. Docking against PIK3CA-E545K protein

For the PIK3CA-E545K target (a breast cancer-associated
protein), the methyl-substituted complexes (refer to Table S17)
exhibited binding energies ranging from −6.373 to
−8.162 kcal mol−1, corresponding to moderate to high binding
affinity. Among these, complex 4c (4-methylphenyl) demon-
strated the strongest binding, with a score of−8.162 kcal mol−1.
Two other para-substituted derivatives, 4b (3-methylphenyl) and
4j (4-chloro-2-methylphenyl), showed moderate affinities, with
docking scores of −7.640 and −7.639 kcal mol−1, respectively.
Conversely, the sterically crowded analogue 4g (2,4,6-tri-
methylphenyl) displayed the weakest binding energy
(−6.373 kcal mol−1), emphasizing the adverse impact of
multiple ortho substituents on tting within the PIK3CA-E545K
binding pocket. This trend indicates that a single para substit-
uent promotes favorable interactions, while bulky ortho groups
hinder optimal binding.

The chloride-substituted series exhibited a comparable trend
but generally demonstrated stronger affinities (as summarized
in Table S17). Notably, complex 5c (4-chlorophenyl) produced
the most favorable docking score among all the examined
compounds (−8.469 kcal mol−1). Other para and meta-
substituted chlorides, including 5b, 5d, and 5h, also showed
relatively strong binding, with energies between −7.893 and
−7.950 kcal mol−1. In contrast, ortho-substituted chlorides,
such as 5e (2,6-dichlorophenyl) and 5i (2,4,5-trichlorophenyl),
© 2026 The Author(s). Published by the Royal Society of Chemistry
displayed weaker interactions, with scores of −6.870 and
−6.847 kcal mol−1, respectively. These observations suggest
that substituting a methyl group with chlorine at the para
position enhances protein affinity likely due to chlorine's higher
polarizability and dispersion effects, while extensive ortho
substitution continues to introduce steric hindrance that
reduces binding efficiency.

Fig. 8 illustrates these binding modes. In the high-affinity
poses (Fig. 8a and c), the aromatic ring of the 4c and 5c
complexes points deeply into a hydrophobic cle of PIK3CA-
E545K, maximizing van der Waals contacts. In contrast, the
low-affinity complexes 4g and 5i (Fig. 8b and d) cannot t fully;
their bulky ortho groups clash with the protein and force the
ring out of the optimal position. The corresponding 2D inter-
action diagrams (Fig. S112) conrm that hydrophobic contacts
dominate in all cases. No strong hydrogen bonds or electro-
static interactions were observed, emphasizing that binding is
driven largely by nonpolar interactions with the pocket.

Taken together, for PIK3CA-E545K, docking suggests that
analogues with a single para substituent (especially chloride)
should bind most tightly. Because PIK3CA-E545K is an onco-
genic driver in breast cancer, the strong-binding complexes (4c
and especially 5c) are prime candidates for inhibiting this
target. Their predicted high affinity implies that they may
effectively compete with ATP and disrupt PIK3CA protein
signaling in the MCF-7 cell line, which is consistent with
potential anticancer activity.
2.10. Docking against ERBB4-Y1242C protein

The ERBB4-Y1242C variant, also associated with breast cancer,
exhibited a wide distribution of binding affinities (as shown in
RSC Adv., 2026, 16, 22352–22367 | 22359
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Table S17). For the methyl-substituted series, docking scores
ranged from−4.386 to−8.059 kcal mol−1, corresponding to low
through high affinity. The most potent ligand was 4h (3,4-di-
methylphenyl, −8.059 kcal mol−1), featuring mixed meta/para
substitution, while 4c (4-methyl) also showed strong binding at
−7.937 kcal mol−1. In contrast, compounds with extensive ortho
substitution, namely 4g (2,4,6-trimethyl) and 4e (2,6-dimethyl),
demonstrated markedly weaker affinities at −4.386 and
−4.623 kcal mol−1, respectively. These reduced scores indicate
that the relatively at and elongated kinase groove of ERBB4-
Y1242C cannot effectively accommodate bulky ortho groups,
leading to suboptimal occupancy of the binding site.

Similarly, the chloride-substituted series displayed a range
from −4.925 to −8.245 kcal mol−1. The highest affinities were
observed for 5b and 5c (3-chlorophenyl and 4-chlorophenyl),
both scoring −8.245 kcal mol; each contains a single chlorine
atom at the meta or para position. Conversely, 5e (2,6-di-
chlorophenyl,−4.925 kcal mol−1) and 5g (2,4,6-trichlorophenyl,
−4.970 kcal mol−1) exhibited the weakest binding. This again
highlights that multiple ortho substitutions, particularly in
ortho–para congurations, signicantly diminish binding
affinity most likely due to steric interference within the ERBB4-
Y1242C binding pocket.

Fig. 9 illustrates the representative binding poses of the
selected ligands within the ERBB4-Y1242C active site. Complex
4h (Fig. 9a) positions both methyl-substituted rings tightly
along the hydrophobic groove, achieving optimal alignment,
whereas 4g (Fig. 9b) fails to orient correctly and binds more
supercially, being displaced from the optimal site. Similarly,
5c (Fig. 9c) ts comfortably within the binding pocket, while 5e
Fig. 9 Binding site in the ERBB4-Y1242C protein occupied by the
best- and worst-docked methyl- and chloride-substituted Pd(II)
complexes: (a) 4h, (b) 4g, (c) 5c, and (d) 5e.

22360 | RSC Adv., 2026, 16, 22352–22367
(Fig. 9d) experiences steric hindrance due to its two ortho
chlorine substituents. The ligand–interaction diagrams
(Fig. S113) demonstrate that 4h and 5c form numerous hydro-
phobic contacts with residues in the ATP-binding cle, while 4g
and 5e exhibit substantially fewer interactions. Notably, no
hydrogen bonds were observed in any of the ERBB4-Y1242C
complexes, indicating that binding is primarily mediated by
dispersion (van der Waals) forces.

These ndings imply that the most potent ERBB4-Y1242C
inhibitors are analogues resembling 4h and 5c/5b, whose
strong hydrophobic engagement could disrupt abnormal EGFR
family signaling in cancer cells, which is consistent with the
potential anticancer activity observed in the MCF-7 cell line. In
contrast, compounds, such as 4g and 5e, which fail to achieve
stable pocket occupation, are unlikely to inhibit kinase activity
effectively.
2.11. Docking against KRAS-G13D protein

For the KRAS-G13D target (a key mutant associated with colon
cancer), the methyl-substituted series (Table S18) exhibited
binding energy values ranging from −4.960 to
−6.870 kcal mol−1, corresponding to low-to-moderate affinity.
The strongest binder was 4c (4-methylphenyl) with a score of
−6.870 kcal mol−1, while the sterically congested analogue 4e
(2,6-dimethylphenyl) produced the weakest score
(−4.960 kcal mol−1). This difference highlights that a single
para substituent favors optimal binding, whereas multiple ortho
methyl groups create steric clashes that hinder proper accom-
modation within the KRAS-G13D binding site.

The chloride-substituted series followed a similar pattern
but generally demonstrated stronger affinities, with binding
energies ranging from −5.312 to −7.253 kcal mol−1 (Table S18).
Among these, 5c (4-chlorophenyl) achieved the most favorable
value of−7.253 kcal mol−1, representing the best overall binder.
In contrast, ortho-substituted chlorides such as 5e (2,6-di-
chlorophenyl) performed poorly, with a score of
−5.312 kcal mol−1. These results indicate that substituting
methyl with chlorine at the para position enhances binding
likely due to chlorine's higher polarizability and stronger
dispersion interactions, while heavy ortho substitution
continues to impose steric penalties.

Fig. 10 illustrates the representative binding poses for these
complexes. In the high-affinity structures (Fig. 10a and c), the
aromatic rings of 4c and 5c extend deeply into the hydrophobic
cle of KRAS-G13D, forming extensive van der Waals contacts.
In contrast, low-affinity analogues 4e and 5e (Fig. 10b and d) fail
to t properly; their bulky ortho groups create steric clashes that
push the ligands toward the pocket entrance and into solvent
exposure. The corresponding 2D interaction diagrams
(Fig. S114) conrm that hydrophobic interactions dominate
across all complexes, with no signicant hydrogen bonding or
electrostatic contacts observed, indicating that binding is
primarily driven by nonpolar forces.

Overall, the docking results for KRAS-G13D suggest that
analogues containing a single para substituent, particularly
chlorine, exhibit the most favorable binding proles. Given that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Binding site in the KRAS-G13D protein occupied by the best-
and worst-docked methyl- and chloride-substituted Pd(II) complexes:
(a) 4c, (b) 4e, (c) 5c, and (d) 5e.

Fig. 11 Binding site in the PIK3CA-H1047R protein occupied by the
best- and worst-docked methyl- and chloride-substituted Pd(II)
complexes: (a) 4b, (b) 4e, (c) 5b, and (d) 5e.
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KRAS-G13D is an oncogenic driver mutation in colon cancer,
strong-binding compounds 4c and especially 5c emerge as
promising candidates for disrupting KRAS-mediated MAPK
signaling.
2.12. Docking against PIK3CA-H1047R protein

For the PIK3CA-H1047R target (another colon cancer–associ-
ated mutant), the methyl-substituted series (Table S18) exhibi-
ted binding energies ranging from−4.514 to−6.651 kcal mol−1,
indicating low-to-moderate affinity. The strongest binder in this
set was 4b (3-methylphenyl), with a score of −6.651 kcal mol−1,
while the most sterically hindered analogue, 4e (2,6-di-
methylphenyl), showed the weakest binding at
−4.514 kcal mol−1. This trend indicates that a single meta
substituent promotes favorable interactions within the PIK3CA-
H1047R binding site, while multiple ortho substituents intro-
duce steric congestion that prevents optimal accommodation of
the ligand in the pocket.

The chloride-substituted series followed a comparable
pattern but demonstrated slightly stronger overall binding
affinities, with docking scores ranging from −4.884 to
−6.764 kcal mol−1 (Table S18). Among these, 5b (3-chloro-
phenyl) exhibited the highest affinity with a score of
−6.764 kcal mol−1, representing the best binder in the set. In
contrast, the ortho-substituted analogue 5e (2,6-dichlorophenyl)
yielded a much weaker score of −4.884 kcal mol−1. These
results suggest that the substitution of a methyl group by
chlorine at the meta position enhances binding likely due to
chlorine's higher polarizability and stronger dispersion forces,
© 2026 The Author(s). Published by the Royal Society of Chemistry
while multiple ortho substituents continue to cause steric
interference that reduces ligand t and affinity within the
PIK3CA-H1047R binding site.

Fig. 11 depicts the representative binding conformations of
the ligands within the PIK3CA-H1047R active site. In the high-
affinity complexes (Fig. 11a and c), the aromatic rings of 4b
and 5b are deeply inserted into a hydrophobic cle of PIK3CA-
H1047R, allowing for optimal van der Waals interactions. In
contrast, low-affinity complexes 4e and 5e (Fig. 11b and d) are
sterically hindered by their bulky ortho substituents, which
prevent proper tting and force the ligands toward the pocket
entrance, resulting in partial solvent exposure. The corre-
sponding 2D interaction diagrams (Fig. S115) conrm that
hydrophobic interactions dominate across all complexes. No
strong hydrogen bonds or electrostatic interactions were
detected, indicating that ligand binding in PIK3CA-H1047R is
primarily governed by nonpolar forces.

Collectively, the docking results for PIK3CA-H1047R indicate
that analogues bearing a single meta substituent, particularly
chlorine, exhibit the strongest binding affinity. Given that
PIK3CA-H1047R is an oncogenic driver mutation in colon
cancer, high-affinity complexes 4b and especially 5b emerge as
promising candidates for inhibiting this target effectively.
2.13. Docking against ATM-A112V protein

For the ATM-A112V target (another colon cancer-associated
mutant), the methyl-substituted series (Table S18) exhibited
binding energy scores ranging from −6.283 to
−7.641 kcal mol−1, indicating moderate affinity. The strongest
binder in this set was 4b (3-methylphenyl) with a score of
−7.641 kcal mol−1, while the most sterically hindered analogue
RSC Adv., 2026, 16, 22352–22367 | 22361
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4g (2,4,6-trimethylphenyl) showed the weakest binding at
−6.283 kcal mol−1. This trend indicates that a single meta
substituent enhances binding, while multiple ortho methyl
groups introduce steric crowding that limits optimal tting
within the ATM-A112V pocket.

The chloride-substituted series displayed a comparable
pattern but generally demonstrated stronger binding, with
energy scores ranging from −6.946 to −7.915 kcal mol−1 (Table
S18). Among these, 5b (3-chlorophenyl) achieved the most
favorable score of−7.915 kcal mol−1, representing the strongest
binder overall. In contrast, 5i (2,4,5-dichlorophenyl) exhibited
the weakest affinity at−6.946 kcal mol−1, reecting the negative
impact of extensive ortho and meta substitution. These ndings
suggest that replacing a methyl group with chlorine at the meta
position improves binding likely due to chlorine's higher
polarizability and enhanced dispersion interactions, while
excessive substitution continues to impose steric hindrance.

Fig. 12 illustrates these binding modes. In the high-affinity
complexes (Fig. 12a and c), the aromatic rings of 4b and 5b
are deeply positioned within a hydrophobic cle of ATM-A112V,
maximizing van der Waals contacts. In contrast, the low-affinity
complexes 4g and 5i (Fig. 12b and d) fail to t properly due to
steric clashes from bulky ortho groups, which displace the
ligands toward the pocket entrance. The 2D interaction
diagrams (Fig. S116) conrm that hydrophobic interactions
predominate across all complexes, with no signicant hydrogen
bonding or electrostatic interactions observed, emphasizing
that binding is primarily driven by nonpolar forces.

Overall, the docking results for ATM-A112V indicate that
analogues featuring a single meta substituent, particularly
Fig. 12 Binding site in the ATM-A112V protein occupied by the best-
and worst-docked methyl- and chloride-substituted Pd(II) complexes:
(a) 4b, (b) 4g, (c) 5b, and (d) 5i.

22362 | RSC Adv., 2026, 16, 22352–22367
chlorine, exhibit the strongest binding affinity. Since ATM-
A112V is an oncogenic driver mutation in colon cancer, high-
affinity complexes 4b and especially 5b emerge as promising
candidates for effective inhibition of this target.
2.14. Comparative analysis of docking results and cell-based
selectivity

The docking results reveal qualitative agreement with some of
the experimentally measured selectivity indices. We emphasize
that these observations are descriptive: no quantitative statis-
tical correlation was performed for the docking versus biological
data, and no biochemical validation of the target engagement
was carried out. Consequently, the docking results should be
considered hypothesis-generating and used to guide future
validation experiments rather than as proof of target inhibition.
This relationship indicates that more favorable docking ener-
gies are generally associated with higher tumor-cell selectivity.

In the MCF-7 cell line, cytotoxicity assays identied four
selective and two toxic complexes: 4b (SI = 2.6), 4c (SI = 2.2), 4h
(SI = 10.8), 4i (SI = 8.3), 5b (SI = 1.9), and 5c (SI = 1.5). These
compounds displayed moderate to high docking affinities
toward PIK3CA-E545K and ERBB4-Y1242C, as summarized in
Table S18. The four selective complexes (4b, 4c, 4h, and 4i)
share planar aryl–Pd(II) scaffolds with single meta or para
substituents, which enable efficient hydrophobic interactions
within the hinge region and deeper lipid-binding pockets. In
contrast, 5b and 5c, although exhibiting the most negative
docking scores, presented lower SI values, implying that
extensive halogenation may increase nonspecic cytotoxicity
despite favorable binding energies. These observations are
consistent with independent natural-product studies reporting
that planarity and hydrophobic surface area are key determi-
nants of biological activity in MCF-7 models.113,114

In the HCT-116 cell line, cytotoxicity assays revealed only two
selective complexes: 4h (SI = 3.7) and 4i (SI = 2.6). These
compounds demonstrated low-to-moderate docking affinities
against KRAS-G13D, PIK3CA-H1047R, and ATM-A112V, as
shown in Table S16. For HCT-116, the pattern is less concor-
dant: complexes with the most favorable docking scores did not
consistently show the highest selectivity indices. This discrep-
ancy underlines the important limitations of docking-to-
cellular-activity comparisons: (i) docking assesses a static,
structural interaction with an isolated protein and does not
account for cellular uptake or efflux; (ii) metabolic trans-
formation or decomposition may alter the active species; (iii)
multiple intracellular targets and pathway crosstalk can deter-
mine cytotoxic outcomes; and (iv) protein expression and
mutation context in a cell line may differ from the single crystal
structure used for docking. Hence, docking results for HCT-116
are best interpreted cautiously and as pointers to possible
binding modes rather than as predictors of cell-line potency.

Ligand speciation and biological relevance: palladium(II)
complexes can be kinetically labile and may undergo aquation,
solvent coordination, or ligand exchange in aqueous media;
chelation by biomolecules and the formation of substituted
species are well documented for Pd(II) chemistry. These
© 2026 The Author(s). Published by the Royal Society of Chemistry
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transformations can alter lipophilicity, charge, and the molec-
ular surface presented to protein binding pockets and therefore
inuence biological outcomes. Our docking experiments
modelled intact neutral complexes; readers should be aware
that bioactive species inside cells may differ. We therefore
interpret docking predictions as plausible binding hypotheses
contingent on the intact complex (or a closely related species)
reaching and interacting with the target protein.
2.15. Effect of compounds on apoptosis via qPCR

To evaluate the efficiency of the compounds over cell fate, the
effects of one active (4h) and one inactive (4a) compound on
apoptosis-related genes (Bax and Bcl-2) were assayed. For this
purpose, 100 thousand cells of each MCF7 and HCT116 cancer
cell type were seeded in a 12-well plate. Then, they were treated
with the corresponding compound. Two concentrations of each
compound were selected for this experiment based on the IC50

values of each compound for each cell line. The treated cells
were cultured for 24 hours. Then, the total RNA was extracted
using the RNeasy PlusMini Kit (Qiagen). The amount of 1000 ng
of RNA was converted to complementary DNA (cDNA) using the
PrimeScript 1st strand cDNA Synthesis Kit (Takara). Real-time
PCR was performed using Applied Biosystems™ Power-
Track™ SYBR Green Master Mix (ThermoFisher Scientic).
Then, qPCR was performed to test the changes in the expression
of apoptosis-related genes, Bax and Bcl-2. The 18S rRNA gene
was used as a reference gene in this experiment. The primer
sequences used are listed in Table S19.

The relative expressions of the pro-apoptotic gene Bax and
the anti-apoptotic gene Bcl-2 were evaluated across broblast
and cancer cell lines following treatment with different
compound concentrations (Table S20). Changes in gene
expression were quantied using DDCt analysis, and the Bax/
Bcl-2 ratio was calculated as an indicator of apoptotic balance.
In normal broblast cells, treatment resulted in generally low
DDCtBax values, particularly at higher compound concentra-
tions, while DDCtBcl-2 values remained comparatively higher.
Consequently, the Bax/Bcl-2 ratio remained below or close to 1
in broblast cells, indicating a limited pro-apoptotic response
under these conditions.

In contrast, cancer cell lines exhibited a marked increase in
Bax expression relative to Bcl-2, and DDCtBax values were
substantially elevated, while DDCtBcl-2 values were reduced,
resulting in a pronounced increase in the Bax/Bcl-2 ratio,
particularly at higher concentrations. In MCF-7 cells,
compound 4h reachedDDCtBax: DDCtBcL2 up to (12.3) at a high
concentration, while compound 4a had values around (1.5). A
similar trend was observed in HCT116 cells, where treatment
induced a strong shi toward pro-apoptotic signaling in active
compound 4h, as reected by Bax/Bcl-2 ratios well above 1,
while the inactive compound 4a has values #1.

Overall, these ndings demonstrate that compound 4h
selectively enhances pro-apoptotic gene expression in cancer
cells while exerting minimal apoptotic effects in normal bro-
blasts, suggesting a cancer-specic apoptotic response medi-
ated through modulation of the Bax/Bcl-2 balance.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3. Conclusion

New palladium(II) complexes, [Pd(CH3C(NAr)CHC(O)CH3)2] (4)
(Ar = 2-methylphenyl (a); 3-methylphenyl (b); 4-methylphenyl
(c); 2,4-dimethylphenyl (d); 2,6-dimethylphenyl (e); 3,5-di-
methylphenyl (f); 2,4,6-trimethylphenyl (g); 3,4-dimethylphenyl
(h); 2,5-dimethylphenyl (i); and 4-chloro-2-methylphenyl (j)),
were synthesized by reacting one equivalent of [PdCl2(NCCH3)2]
with two equivalents of the corresponding substituted en-
aminone ligands in the presence of two equivalents of KOtBu.
The newly synthesized palladium complexes were characterized
by IR, 1H NMR, 13C{1H} NMR, elemental analysis, and UV-vis
spectroscopy.

The X-ray crystallographic analysis of 4c conrmed that the
Pd(II) ion adopts a centrosymmetric square-planar geometry.
Comparison of the experimental data with the optimized
molecular geometries obtained from DFT/B3LYP calculations
showed strong agreement. The HOMO−1 and LUMO+1 orbitals
were mainly localized on the p and p* systems of the en-
aminone ligands. TD-DFT calculations indicated that the single
absorption band observed in the UV-vis spectra corresponded to
ligand-to-ligand charge transfer (LLCT) transitions. Thermog-
ravimetric analysis revealed a single major decomposition stage
for all complexes, indicating similar thermal stability.

Biological evaluation demonstrated that 4i, 4b, 6c, and 4j
exhibited low IC50 values against MCF-7 breast cancer cells.
Among these, 4i and 5c emerged as the most promising
candidates for further development due to their strong cytotoxic
activity against both breast and colon cancer cell lines.

Comprehensive molecular docking studies on PIK3CA,
ERBB4, KRAS, and ATM oncogenic targets revealed that the
position and nature of aryl substituents critically inuence
binding strength. Complexes containing a single meta substit-
uent or para-halogenation showed optimal van der Waals
interactions, while heavily ortho-substituted analogues experi-
enced steric hindrance at the binding site entrance. A qualita-
tive correspondence between docking affinities (notably for
PIK3CA-E545K) and some MCF-7 selectivity indices suggests
that docking may be a useful tool for hypothesis generation and
prioritizing analogues but should not be taken as predictive
proof in the absence of quantitative correlation analysis or
biochemical validation.

The apoptosis gene expression assay indicates that the active
compound 4h modulates apoptotic signaling in a cell type-
dependent manner, as reected by differential regulation of
Bax and Bcl-2 expression. In normal broblast cells, the
consistently low Bax/Bcl-2 ratios suggest that treatment does
not substantially activate pro-apoptotic pathways, supporting
a favorable safety prole in non-malignant cells. In contrast,
both MCF-7 and HCT116 cancer cell lines exhibited
a pronounced increase in the Bax/Bcl-2 ratio, which was driven
primarily by the upregulation of Bax and/or suppression of Bcl-
2, indicating a shi toward apoptosis. This effect was more
evident at higher compound concentrations, suggesting
a concentration-dependent pro-apoptotic response in malig-
nant cells. Collectively, these results support the notion that
RSC Adv., 2026, 16, 22352–22367 | 22363
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compound 4h selectively promotes apoptosis in cancer cells
while sparing normal broblasts likely through the disruption
of the mitochondrial apoptotic balance, highlighting its
potential therapeutic relevance as an apoptosis-inducing agent.

Overall, these ndings provide valuable insights for the
rational design of next-generation b-ketoiminato Pd(II)
complexes, demonstrating that controlling substituent patterns
can enhance target engagement and improve anticancer
potency.
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428–439.

89 V. Nagalakshmi, M. Sathya, M. Premkumar,
D. Kaleeswaran, G. Venkatachalam and K. Balasubramani,
J. Organomet. Chem., 2020, 914, 121220.

90 S. Munusamy, P. Muniyappan and V. Galmari, J. Coord.
Chem., 2019, 72, 1910–1921.

91 L. F. Dechouk, A. Bouchoucha, Y. Abdi, K. Si Larbi,
A. Bouzaheur and S. Terrachet-Bouaziz, J. Mol. Struct.,
2022, 1257, 132611.

92 M. Krause, R. Von Der Stück, D. Brünink, S. Buss,
N. L. Doltsinis, C. A. Strassert and A. Klein, Inorg. Chim.
Acta, 2021, 518, 120093.

93 A. N. Gupta, V. Kumar, V. Singh, K. K. Manar, M. G. B. Drew
and N. Singh, CrystEngComm, 2014, 16, 9299–9307.

94 L. Zhou, Q. Hu, L.-Q. Chai, K.-H. Mao and H.-S. Zhang,
Polyhedron, 2019, 158, 102–116.

95 X. Chen, Q. Zhou, Y. Cheng, Y. Geng, D. Ma, Z. Xie and
L. Wang, J. Lumin., 2007, 126, 81–90.
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