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ABSTRACT

Background: The development of metal-based therapeutics represents a significant advancement in medicinal
inorganic chemistry. Here, the strategic synthesis and comprehensive characterization of a new imidazole-azo ligand, (E)-
4-methyl-2-((4-phenoxyphenyl)diazinyl)imidazole (MPDI), are presented. Divalent transition metal complexes with
Co(II), Ni(II), and Cu(II) were also investigated.

Methods: The compounds were characterized using IHNMR, mass spectrometry, UV-Vis spectroscopy, and CHN
analysis. Structural investigations, including molar conductivity and magnetic susceptibility measurements, confirmed a
non-electrolytic octahedral geometry for all complexes. Scanning electron microscopy (SEM) revealed a significant
morphological transformation from bulk microcrystalline ligands 5-20 um to nano-sized, interconnected porous networks
100-250 nm in the Ni(Il) complexes, attributed to the metal-template effect.

Results: Cytotoxicity was assessed against the MCF-7 breast cancer cell line using the MTT assay. Coordination
resulted in a marked synergistic enhancement of bio-potency; the free ligand exhibited an IC50 of 1211.53 mu g/mL,
while the Cu(Il) complex demonstrated a 26.5-fold increase in efficacy with an IC50 of 45.70 \mu g/mL. Molecular
docking simulations with the 5T92 protein (Estrogen Receptor Alpha) supported these results, revealing high binding
affinities ranging from -15.26 to -17.24 kcal/mol. The Ni(Il) complex showed the strongest theoretical affinity, stabilized
by a unique m-cation interaction with ARG394.
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Synergistic effect
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demonstrated that copper complexes can integrate chemotherapy with catalytic in situ synthesis of therapeutic
agents, paving the way for highly targeted dual-agent cancer therapies ['> 4. In this work, we prepared and
characterized a new azo-imidazole ligand based on 4-methylimidazole. We then examined its coordination to
divalent cobalt, nickel, and copper ions. The anticancer activity of the free ligand and its copper complex was
evaluated against breast cancer cells. A theoretical molecular docking study was also performed to investigate
their binding affinity.

2. Experimental part

2.1. Chemicals and Apparatus

All chemicals utilized in this study were supplied by reputable companies, including Fluka, B.H.D., and
AK Scientific, and possessed high purity. FT-IR measurements were performed with a Shimadzu 8400. Mass
spectrometry was performed on a SCIEX-3200. Elemental analysis was carried out with a PerkinElmer 2400
Series II CHNS/O at the same institute. The electronic spectrum was measured with a Shimadzu UV-1650
spectrophotometer. Molar conductivity was determined using a 720-WTW at the University of Kufa, Faculty
of Science, Iraq. The 1H NMR spectrum in DMSO-d6 was recorded on a Bruker DRX-500 spectrometer.

2.1.1. Preparation of (MPDI) ligand

The ligand (E)-4-methyl-2-((4-phenoxyphenyl)diazinyl) imidazole was synthesized via diazotization and
coupling of 4-phenoxyaniline and 4-methylimidazole. The first step was to prepare a diazonium compound. 4-
Phenoxyaniline (1.852 g, 0.01 mole) was dissolved in 25 mL of distilled water, and 3 mL of concentrated
hydrochloric acid at below 5°C, and the mixture was treated drop-wise with sodium nitrite. This formed a
diazonium salt by dissolving in about 10 mL of distilled water (0.7 g). To stabilize the diazonium intermediate,
the solution was allowed to stand for 30 min. It was then released and dissolved in an ethanolic solution of 4-
methylimidazole (0.82 g in 25 mL absolute ethanol). An orange precipitate formed after a few minutes,
indicating successful formation of the azo compound. The product was washed with distilled water, dried, and
recrystallized from hot ethanol. Scheme 1 shows the overall synthesis strategy.
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Scheme 1. General synthetic reaction for the ligand (MPDI).

2.1.2. Preparation of solid complexes

Solid complexes of divalent cobalt, nickel, and copper ions were synthesized at a molar ratio of 2:1 (metal:
ligand) by slowly adding a ligand solution, prepared by dissolving 0.55 g of the compound in 20 mL of absolute
ethanol, to the metal ion solution under continuous stirring. The formation of solid precipitates confirmed the
completion of complexation; the precipitates were then separated, recrystallized from hot ethanol, and dried.
Scheme 2 illustrates the overall reaction pathway in ordered solid complexes with the studied ligand.
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Scheme 2. The general synthetic reaction for the solid complexes.

2.2. Anti-cancer Activity

Cell lines and culture. MCF7 (human breast cancer cell line) and MCF10A (human breast normal cell
line) were obtained from the National Cell Bank of Iran (Pasteur Institute, Iran). MCF7 Cells were cultured in
RPMI-1640 medium (Gibco) with 10% FBS (Gibco), antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin). Cells were cultured at 37 °C in humidified air supplemented with 5% CO; and subculture with
trypsin/ethylene diamine tetraacetic acid (EDTA) (Gibco) in phosphate-buffered saline (PBS) solution.

MTT cell viability assay. Cell growth and cell viability were measured by the MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium Bromide] (Sigma-Aldrich) assay. In short, dcells trypsinized,
collected, diluted at a density of 1.4 x 10* cells/well and added to a 96-well plate containing 200 ul fresh media
for each well before further expand on their monolayer, then treated with various concentrations (600-7.4
pg/ml) of the tested compounds in DMEM containing glucose for overnight incubation at 37 °C and 5% CO,.
At the end of treatment (24 h), the monolayer culture was left in the original plate undisturbed. Supernatant
was discarded, and 200 ul/well of MTT solution (0.5 mg/ml in PBS) was added, and the plate was incubated
for 4 h in the dark at 37 °C. Finally, after removing the MTT solution (supernatant from cells), dimethyl
sulfoxide was added (100 pl per well). The solvent control (DMSO < 0.1%), the positive control, the number
of independent replicates (n=3), and the specific statistical software used for the ICs fitting procedure is Excel.

Cells were incubated in a shaker at 37 °C until crystals were fully dissolved. Absorbance was measured
at 570 nm with an ELISA reader (Model Wave XS2, BioTek, USA) to quantify cell viability. IC50, the
concentration of the compounds needed to achieve 50% of cell death, was determined from appropriate dose-
response curves.

2.3. Molecular docking

All the docking and scoring calculations were performed using the molecular operation environment
software (MOE) (Molecular Operating Environment (MOE), 2019). The crystal structure of the (ESTROGEN
RECEPTOR ALPHA LIGAND BINDING DOMAIN IN COMPLEX WITH (2E)-3-{4-[(1R)-2-(4-
fluorophenyl)-6-hydroxy-1-methy 1-1,2,3,4- tetrahydroisoquinolin-1-yl]phenyl}prop-2-enoic acid) (PDB ID:
5T92) at a resolution of 2.22 A was obtained from the Protein Data Bank. A resolution between 1.5 and 2.5 A
is considered a good quality for docking studies. It is known that the best score of RMSD values should be
near 2 A with an energy score less than or equal to -7 kcal/mol. These two values are often used as criteria to
validate the result of the molecular docking.



3. Results and discussion

3.1. '"H-NMR of (MPDI) ligand

The free ligand was analyzed using 'H-NMR spectroscopy in DMSO-d®, which helped determine its
chemical structure. The spectrum showed a singlet at 12.94 ppm, corresponding to the (NH) proton of the
imidazole ring (s, 1H, NH imidazole) [!]. A peak at 8.21 ppm was assigned to the protons of the phenyl ring
located ortho to the (N=N) group (d, J = 8.5 Hz, 2H, Ar-H ortho to N=N). The CH protons of the imidazole
and the terminal Ar-H rings appeared as multiple signals between 7.50 and 7.97 ppm (m, 6H, Ar-H terminal
ring + Imidazole CH). Peaks at 7.17 ppm were attributed to the protons of the phenyl ring in the ortho position
relative to the O-ether group (d, J=8.5 Hz, 2H, Ar-H ortho to O-ether). Finally, a singlet for the methyl protons
appeared at 2.27 ppm (s, 3H, CH3), as shown in the figure 1.

ordibehestt.254.fid 55000
Code 1-

50000

40000

35000

30000

20000

15000

| | 10000

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1. 'HNMR spectrum of (MPDI) ligand.

3.2. Mass spectra of the (MPDI) ligand

Mass spectrometry plays a critical role in elucidating the molecular structure of the ligand and its
fragmentation pathways. The mass spectrum of the free ligand (MPDI), as presented in Figure 2 and Scheme
3, reveals the molecular ion [Ci¢H1sN4O] * at m/z 278.3, confirming the ligand's structure. The proposed
fragmentation mechanism consists of two principal pathways, both initiated by cleavage of the azo group,
resulting in the release of nitrogen gas (N»). This initial step is well documented in previous qualitative studies
on azo compound fragmentation. The process yields the ion fragment [CsH4N>O] * at m/z 250.3, which
exhibits a relative abundance of 100%.
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Figure 2. Mass spectrum of (MPDI) ligand.
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Scheme 3. General pathways for the fragmentation of the ligand (MPDI).

3.3. SEM analysis

Scanning electron microscopy reveals that complexation alters the Ni(II) ion as an example material's
shape. The uncomplexed MPDI ligand forms nonporous, irregular macrocrystals between 5 and 20
micrometers in size. This compact structure points to strong n-n* stacking and self-assembly without a metal
center, While comparing with one of its complexes with the Ni (II) ion. When Ni (II) is added, much smaller
particles form, measuring 100-250 nanometers.

The [Ni (MPDI) , Cl,] complex forms a connected, spongy, porous network composed of spherical and
nearly spherical nanoparticles. The smaller size arises from the Metal-Template Effect, in which the Ni (II)
ion directs the arrangement of azo-imidazole groups. During complexation, nucleation occurs faster than
crystal growth, a common phenomenon in coordination polymer synthesis. This rapid nucleation prevents
random clumping and yields particles in a narrow size range, unlike the broader distribution seen with free
ligand. The spongy structure is important for chemistry, Large MPDI units and chloride ligands add bulk, and
preventing particles from packing tightly and leaving empty spaces that create porosity. The spherical shape
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lowers surface energy. Because the nano complex has a high surface-to-volume ratio, more active sites are
exposed, as shown in figures 3-6.
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Figure 5. SEM of [Ni(MPDI)2Cl2] at 1 pm. Figure 6. SEM of (MPDI) ligand at 1 pm.

3.4. Electronic Transitions

The electronic transitions of the ligand and its complexes were studied in the 200900 nm range. Two
bands at 205 and 245 nm are attributed to n—n* transitions in distinct aromatic ring environments, while a third
band at 393 nm is ascribed to intra-ligand charge transfer and shows a clear red shift in the complexes. This
shift, explained by metal-to-ligand charge transfer (MLCT) upon coordination, is illustrated in the figures and
tables. The observed trend (Co < Ni < Cu) indicates that electronic transition energy depends on the metal
ion!"®! Therefore, the magnitude of the red shift directly reflects the strong regulatory effect of the specific
metal ion on the electronic structure of the ligand. , reflecting each complex’s electron configuration and d-
orbital properties. Coordination stabilizes the ligand’s n* orbitals and lowers the energy gap. The small shift
in the Co (II) complex arises from its d’ configuration, which requires more energy for electron transfer. The
Ni (II) complex, with a d® configuration, shows a larger shift because it donates electrons more readily, while
the Cu(Il) complex, with a d° configuration, displays the largest shift. The high electron count and octahedral
geometry of Cu (II) complexes facilitate electron transfer from the metal to the ligand. Additionally, Jahn-
Teller distortion in octahedral Cu(Il) complexes removes orbital degeneracy, creating a low-energy pathway
for electron transfer to the ligand’s n* system and minimizing the HOMO-LUMO gap ['”, as shown in figures
7-10 and table 1.
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Table 1. Types of electronic transitions of the (MPDI), and its complexes at (10#*) M using ethanol solvent.

Compound Electronic Transitions (nm) Assignment
(MPDI) 205 n- 7* (Aromatic)
245 n- 7* (Resonance)

393 (¢=7x10° L .mol-.cm-) n- 7* (ILCT)
[Co(MPDI)Cl2] 225 n- 1* (Aromatic)
255 n- 1* (Resonance)

465 (e=4.6x10° L .mol-.cm-) CT (MLCT)
[Ni(MPDI):Cl2] 228 n- t* (Aromatic)
265 n- 7* (Resonance)

471(e=4.4x10% L .mol-.cm-) CT (MLCT)
[Cu(MPDI):Cl] 230 - m* (Aromatic)
280 n- 1* (Resonance)

488 (e=4.4x10° L .mol-.cm-) CT (MLCT)

3.5. Magnetic susceptibility, Molar Conductivity, and Element Analysis

Magnetic moment (peff) measurements for the synthesized complexes were conducted at room
temperature (298 K) to determine the coordination geometry and electronic configuration of each central ion.
The results indicate significant orbital involvement in addition to spin contribution, as evidenced by the
experimental peff value of 4.90 B.M, which exceeds the spin-only value for [Ar] 3d’ in an octahedral
environment '8!, The Ni(II) complex exhibits a peff of 3.12 B.M, which falls within the range of 2.80-3.50
B.M, confirming a high-spin d8 octahedral system 2°!. The Cu (II) complex displays a peff value of 2.30 B.M,
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which is higher than the spin-only value (peff's.o = 1.73 B.M), supporting the presence of orbital contribution.
This increase is attributed to Jahn-Teller distortion affecting the system's spin-orbit coupling ?!-2¥], Elemental
microanalysis showed strong agreement between calculated and experimental values, confirming the
molecular formulas of the synthesized compounds. Compared to theoretical predictions, molar conductivity
measurements in methanol and DMSO also revealed non-electrolytic behavior, indicating the absence of
external counter-ions. The silver nitrate test further supported this conclusion: adding AgNOj3 to the complex
samples did not produce silver chloride (AgCl) precipitation 22, providing clear evidence that the chloride
ions are coordinated within the inner coordination sphere, as shown in Table 3

Table 2. Some physical properties, molar conductivity values, element analysis of the ligand, and its complexes.

Element Analysis

Molar conductivity Calc. (Found)

Compound Color m.p

Methanol DMSO C H N
Do e on o an
[Co(MPDI)Clo] Brown 226-228 276 233 (222(9)(9)) (:H;) (12:;21)
[Ni(MPDI):Cl] Brown 231-233 272 23.0 (22:8;) (2:};) (}2?2)
[Cu(MPDI:Cl]  Dark Brown  254-256 2538 206 (22:%) (2:(1)3) (12%)

3.6. Coordination Suggested Structure

Analytical data indicate that all synthesized complexes possess an octahedral geometry. The ligand forms
a five-membered chelate ring by simultaneously coordinating to the central metal ion through the nitrogen
atom of the azo bridge and the N3 nitrogen of the imidazole ring. The remaining coordination sites within the
coordination sphere are occupied by two chloride ions, which preferentially adopt Trans positions, as
illustrated in Figure 11.
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Cl

Figure 11. Suggested 2D, and 3D [M (MPDI)2Cl2] complex structure.



3.7. Anti- Cancer Activity

The in vitro cytotoxicity of the azo-imidazole ligand (HMPDI) and its copper (II) complex [Cu (MPDI),
Cl,] was evaluated against MCF-7 breast cancer cells. The ICso results indicate a substantial increase in potency
after coordination. The free ligand exhibited a high IC50 value (1211.53 pg/mL), indicating limited inhibition
of cancer cell proliferation. In contrast, [Cu (MPDI) »Cl,] displayed significantly greater cytotoxicity due to
physiological redox capabilities, with an ICso of 45.70 pg/mL, representing an approximately 26.5-fold
increase in efficacy. These findings indicate that the enhanced anticancer effect arises from a synergistic
interaction between the ligand and copper, rather than merely the additive effects of the individual components.
Tweedy’s Chelation Theory largely explains the complex’s increased activity. In the free ligand, polar groups
such as imidazole and azo nitrogen atoms have difficulty penetrating the lipid-rich cell membrane. When
chelated to the Cu (I) ion, the metal shares its positive charge with HMPDI donor atoms, increasing pi-electron
delocalization in the chelate ring.

This redistribution of electron density substantially reduces the polarity of the metal center and increases
the complex's lipophilicity. As a result, the complex can traverse the semipermeable cell membrane more
efficiently than the free ligand, enabling greater uptake and retention within the intracellular environment.

The proposed octahedral geometry is central to the mechanism of action. The incorporation of two
bidentate azo-imidazole ligands and two chloride ions results in a configuration that is both stable and reactive.
Copper exhibits a well-documented capacity for redox cycling between the Cu (II) and Cu (I) oxidation states
within the reductive intracellular environment of cancer cells. While the exact mechanism of cell death was
not explicitly investigated in this study using flow cytometry or ROS-scavenging assays, literature on related
Cu(Il) azo-imidazole complexes suggests that the enhanced cytotoxicity may hypothetically proceed via a
ROS-mediated apoptotic pathway. Future mechanistic studies will focus on confirming this proposed pathway.
As a result, the oxidative stress induces mitochondrial dysfunction and irreversible DNA damage in MCF-7
cells, ultimately activating the apoptotic pathway. Furthermore, the octahedral arrangement is likely to
optimize the orbital overlap necessary for these electron-transfer processes.

In comparison to reported literature values for Cisplatin, the clinical benchmark for chemotherapy with a
typical ICsof (5-25) mu g/mL in MCF-7 cells 1211, the prepared copper (II) complex demonstrates a promising
pharmacological profile. While Cisplatin exhibits a lower absolute ICsy value, copper-based complexes are
widely discussed in the literature for their potential advantages in biocompatibility, as copper is an essential
trace element with well-defined metabolic pathways in human cells. Structurally, these properties suggest a
potentially favorable selectivity index and reduced systemic side effects compared to platinum-based therapies;
nevertheless, comprehensive comparative trials are necessary to fully validate these biosafety assumption.



. y = -6.463In(x) + 95.885
.84 R? = 0.9571 ,a=-6.463 , b=95.885
7.18 6557  1C50= 1211.53 pg/mL

voe
ces

60 F e 52,37

0 L L L >-

0 200 400 600 800

Figure 12. Dose-response curve of (MPDI) ligand for the
MCF-7 breast cancer cell viability with different
concentrations.

10000 = -9.8491 84.817
90.00 F y=-9. n(x) + 84.
20.00 | R? = 0.9916 a=-10.00, b=88.22

— IC50= 45.70 pg/mL
e 70.00 | HE

(] 200 400 600 800
Concentration (pg/mL)

Figure 13. Dose-response curve of Cu(Il) complex for the
MCEF-7 breast cancer cell viability with different concentrations.

Figure 14. Cytotoxic effect of. [Cu (MPDI)2Cl2] at 200
(ng/mL) towards MCF10 A cell lines.

Figure 15. Cytotoxic effect of. (MPDI) at 200 (ng/mL)
towards MCF10 A breast cancer cell lines.

Figure 16. Cytotoxic effect of. [Cu (MPDI)2Cl.] at 200
(ng/mL) towards MCF-7 breast cancer cell lines.

Figure 17. Cytotoxic effect of. (MPDI) at 200 (ng/mL) towards
MCEF-7 breast cancer cell lines.
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Table 3. Dose -Response Data of Free ligand towards MCF-7 breast cancer cell lines.

C"‘(‘:g‘gﬁ;i““ 74 2222 66.66 200 600
a"s"rpg‘l’: atS70 0552 0633 0531 0.555 0476 0486 0452  0.487 0.332 0.418
Viability (%) 77.09 8841 7416 7751 6648 6788  63.13  68.02 46.37 58.38

Averag(‘f, /:’)iab“i‘y 82.75 75.84 67.18 65.57 5237

Standard 8.00 237 0.99 3.46 8.49

Deviation (%)

Table 4. Dose -Response Data of Cu(Il) complex towards MCF-7 breast cancer cell lines.

Concentration

7.4 2222 66.66 200 600
(ng/mL)
abs"rpg‘l’: ats70 455 0521 0392 0428 0342 0338 0240 0487 0.144 0.203
Viability (%) 63.57 7282 5479 5977 4529 4724 3357 3685 20.07 2424
Average Viability 68.20 57.28 46.27 3521 22.16
(%)
Standard 6.54 3.52 1.38 232 2.95

Deviation (£)

3.8. Molecular Docking study

The docking analysis of the free ligand and its complexes against the 5T92 protein demonstrates a distinct
binding profile The Free ligand, in its optimal pose, presents a binding affinity of approximately —7.92 kcal/mol
and an RMSD of 2.04 A, serving as a robust reference for comparison. In contrast, Cu(II), Co(II), and Ni(II)
complexes significantly stronger binding affinities of —15.26, —15.29, and —17.24 kcal/mol, respectively, each
with RMSD values within the acceptable range of 1.08 to 1.79 A. These findings indicate that these three
complexses have much greater theoretical affinity for the 5ST92 active site than the standard, and their predicted
poses are both stable and well-defined. Notably, Ni(II) complex achieves the most negative docking score and
maintains a stable RMSD of 1.78 A, indicating the best fit ,Co(II) complex closely matches Cu(II) complex in
binding energy, but the slightly lower RMSD of compound Cu(Il) complex suggests that forms a more compact
geometric orientation within the binding site, while compound Co(II) complex is still highly favorable and
structurally plausible. Detailed analysis of interaction profiles clarifies the molecular basis for the observed
binding strengths: Cu(Il) complex is stabilized by hydrogen-bond donor interactions with MET343 and an
acceptor contact with a structural water molecule, along with several n—H interactions with THR347 and
LEUS25, offering a combination of directional binding and surface complementarity. Co(II) complex forms
strong hydrogen-bond donor interactions with THR347 and extensive n—H interactions with LEU387, PHE404,
PHEA425, and MET421, reflecting broader engagement with the aromatic region of the active site and
benefiting from dispersion-type stabilization. Ni(Il) complex, being the strongest binder, exhibits the most
extensive pattern, including hydrogen-bond donor contacts with MET421 and ASP351 as well as a m-cation
interaction with ARG394. The presence of the m-cation interaction, where the ligand's aromatic system is
positioned near a positively charged side chain, is particularly significant for stabilization. This combination
of multiple hydrogen bonds and a charged aromatic interaction likely explains why Ni(Il) complex outperforms
all other ligands and the standard in docking energy. Although the Ni(II) complex exhibited the highest
theoretical binding affinity in silico, the Cu(Il) complex was prioritized for the in vitro biological evaluation
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due to copper's well-established physiological redox cycling capacity (Cu**/Cu'"), which is highly relevant for
inducing intracellular oxidative stress and cytotoxicity.

Figure 18. 2D and 3D interaction between (PDB ID: 5T92) protein and free ligand.

Figure 19. 2D and 3D interaction between (PDB ID: 5T92) protein and [Co(MPDI)2Cl..
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Figure 21. 2D and 3D interaction between (PDB ID: 5T92) protein and [Cu(MPDI)2Cl..

4. Conclusions

The findings directly support Tweedy’s chelation theory. Enhanced lipophilicity and reactive pathways
was identified as key drivers of the observed anticancer activity. This study establishes a robust framework for
the development of azo-imidazole metallopharmaceuticals as potent, biocompatible alternatives to
conventional platinum-based therapies.
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