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Abstract
A series of four η⁶-arene ruthenium(II) half-sandwich complexes (RuL1-RuL4) with bis(pyrazol-1-yl)methane ligands (dpzm, bdmpzm) were synthesized and characterized by FTIR, NMR, ESI-MS, elemental analysis, and single-crystal X-ray diffraction. The structures confirmed robust piano-stool geometries, with subtle effects of arene identity (p-cymene vs. toluene) and pyrazole methylation on Ru–N bond distances and chelate angles. DFT calculations (B3LYP/6-31G**//LanL2DZ) reproduced crystallographic metrics within ≤2.7% and revealed consistently large HOMO–LUMO gaps (3.97–4.07 eV), indicating high electronic hardness. Methylated complexes showed slightly reduced gaps, yet all remained electronically inert. Cytotoxicity assays across nine cancer cell lines (breast, cervical, pancreatic, rhabdomyosarcoma) at concentrations of 20 μM revealed weak antiproliferative activity (cell viability ≥ 100%), in sharp contrast to related Ru(II) scaffolds. The poor activity correlates with wide band gaps, electronic inertness, and steric shielding that limit ligand exchange and charge-transfer processes. These results underscore the importance of ligand design in tuning biological activity: incorporating π-acceptor or labile functionalities could reduce ΔE, enhance MLCT pathways, and unlock the anticancer potential of this scaffold.
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Introduction 
The search for alternative metal-based anticancer agents has increasingly turned to ruthenium complexes due to their diverse oxidation states, versatile coordination chemistry, and distinct mechanisms of action compared with platinum drugs [1-6]. Unlike Pt(II)-based agents, which primarily target DNA, ruthenium complexes exhibit non-conventional pathways of antiproliferative activity, providing unique opportunities in rational drug design [7-10]. Several candidates have progressed to preclinical and clinical evaluation, underscoring their therapeutic promise [5,11-13].
 Clinically relevant examples include the Ru(III) complexes KP1019, KP1339, and NAMI-A, belonging to the RAPTA (Ru–arene–phosphine) family. These compounds demonstrated encouraging anticancer and antimetastatic activity with reduced systemic toxicity compared to platinum analogues [13-16]. Their activity has been attributed in part to the biological resemblance of Ru(III) to Fe(III), which enables interaction with transferrin and albumin, facilitating selective delivery [17]. In vivo, these species are believed to function as prodrugs, undergoing thiol-mediated reduction to active Ru(II) forms [18-22]. Despite promising preclinical profiles, challenges such as poor solubility and low therapeutic index hindered their progression beyond Phase I trials [20].
To overcome these limitations, attention has shifted to η⁶-arene Ru(II) complexes, which display enhanced stability and lipophilicity and allow fine-tuning of steric and electronic properties through ligand design [23-25]. Their biological activity has been linked not only to DNA interactions but also to protein binding and enzyme modulation [26-32]. Numerous half-sandwich Ru(II) complexes bearing N,Nʹ-donor ligands have shown significant cytotoxicity and activity against cisplatin-resistant cell lines [33-38]. For instance, hydrazinyl-thiazolo Ru(II) complexes modulated p53 signaling to induce apoptosis in ovarian cancer cells, while arene–thiosemicarbazone complexes exhibited potent activity against both primary and metastatic ovarian models [25,39]. These studies highlight the critical role of ligand architecture in dictating stability, reactivity, and biological outcome.
Bis(pyrazol-1-yl)methane (dpzm) ligands are particularly attractive scaffolds owing to their tunable donor properties and established pharmacological activities, including antioxidant, anti-inflammatory, antimicrobial, and anticancer effects [40-46]. Substituent variation on the pyrazole rings or methylene bridge allows precise modulation of steric and electronic factors, offering opportunities for tailoring ruthenium complexes with improved pharmacological potential. Recent reports suggest that Ru(II)–dpzm complexes can induce apoptosis-mediated cell death, but their structural features and reactivity remain underexplored [32]. 
In this study, we synthesized and characterized a series of half-sandwich η⁶-arene Ru(II) complexes containing dpzm and bdpzm ligands with either toluene or p-cymene as spectator arenes and are provided in Scheme 1. Their molecular structures were determined by single-crystal X-ray diffraction, and their electronic properties were examined through Density Functional Theory (DFT) calculations. Cytotoxic activity was evaluated against a panel of cancer cell lines, including cervical (CaSki, HeLa), breast (MCF-7, T-47D, MDA-MB-231), pancreatic (CFPAC-1, PANC-1), and rhabdomyosarcoma (RH-30, RD). By systematically combining experimental and computational approaches, this work provides new insights into how dpzm-derived ligands influence the geometry, electronic stability, and cytotoxic profile of η⁶-arene Ru(II) complexes.
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Scheme 1: Structures of the studied Ru(II) bis(pyrazol-1-yl)methane complexes (RuL1-C7, RuL2-C1, RuL3-C6 and RuL4-C2).
Experimental Section
Synthetic Procedure for Complexes
Bis(pyrazol-1-yl)methane ligands were synthesised as previously described [47]. The arene complexes RuL1 - RuL4, with the general formula [Ru(N^N’)(η⁶-arene)Cl]BF₄, where N^N’ = bis(pyrazol-1-yl)methane (dpzm) or bis(3,5-dimethylpyrazol-1-yl)methane (bdmpzm), and η⁶-arene = p-cymene (cym) or toluene (tol), were prepared according to the literature procedures (Scheme 2) [48]. A solution of 1 mmol (612 mg for cymene dimer; 528 mg for toluene dimer) of the dinuclear precursor [(η⁶-arene)RuCl(μ-Cl)]₂ was mixed with 2.2 mmol of the bidentate ligand in dry acetonitrile (~10 mL) under a nitrogen atmosphere at 25 °C for 4 hours. The reaction mixture was concentrated under reduced pressure, and a cold ethanolic solution (5 mL) of NH₄BF₄ (2.5 mmol) was slowly added to precipitate the complexes. After cooling in an ice bath for 1 hour, the resulting orange/yellow crystalline products were filtered, washed with cold diethyl ether, and dried under vacuum. Single crystals suitable for X-ray diffraction were obtained by slow vapour diffusion (1–2 weeks) of diethyl ether into methanol solutions of the complexes. Yields were typically between 40 and 84.1%.
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Scheme 2. Synthetic route for [(cym/tol)dpzm/bdmpzm)Ru(Cl)]BF4 complexes, RuL1 (R = CH3, R1 = H) RuL2; (R = H, R1 = CHMe2); RuL3 (R = H, R1 = CHMe2) and RuL4 (R = CH3, R1 = CHMe2). 
Characterization of Complexes
1H and 13C NMR spectra were recorded on a Bruker Avance DPX 500 MHZ spectrometer equipped with a 5 mm sample probe at 30 °C (Bruker BioSpin GmbH, Rheinstetten, Germany) operating at frequencies of 500 MHz for 1H and 100 MHz for 13C, respectively. All chemical shifts () for protons or carbons are reported in parts per million (ppm) relative to tetramethylsilane (SiMe4). Peak multiplicities are abbreviated: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). Mass spectral data for the ligands and complexes were obtained using an LC Premier micro-mass spectrometer. 
FT-IR spectra of complexes were recorded in the 3800–600 cm−1 range on an Agilent Technologies Cary 630 spectrometer (Vienna, Austria). Elemental analyses (C, H, and N) for complexes RuL1-RuL4 were performed using a Thermo Scientific Flash 2000 Spectrometer. The full characterization data are given in the Supporting Information (SI1 - 15). 
Single-crystal X-ray diffraction data of RuL1-RuL4 were collected using a Bruker APEX Duo CCD area detector diffractometer [49] fitted with an Incoatec micro source operating at 30 W. The crystals were maintained at a constant temperature within the range of 100–104 K during data collection using an Oxford Instruments Cryojet accessory (Oxford, UK). Diffraction was performed using graphite-monochromated Cu Kα radiation (λ = 1.54178 Å), with a crystal-to-detector distance of 50 mm. Data were collected using ω-/φ-scans, 30 W X-ray power and 0.50o frame widths, and a 2θ range in the range 6.98–142.948° using SAINTS’ APEX2 [50]. Crystal structures were solved using the OLEX2 program [51], with the SHELXT structure solution program [52] employing Intrinsic Phasing, and refined using SHELXL. All non-hydrogen atoms were refined anisotropically via full-matrix least-squares minimisation/refinement on F2. Hydrogen atoms were included in the model but not refined. Crystallographic visualization was performed in Mercury v.4.3 (Cambridge Crystallographic Data Centre, Cambridge, UK). A summary of the data collection and refinement parameters is provided in Tables 1and 2. Intramolecular contacts for complex RuL4 are listed in Table S1.
Computational Analysis
To gain deeper insights into the structural and electronic properties of the η⁶-arene ruthenium(II) complexes, computational modeling was carried out. The ground-state geometries of complexes RuL1-RuL4 were optimized using Density Functional Theory (DFT) as implemented in the Gaussian 09 software suite [53]. The B3LYP (Becke, 3-parameter, with Lee-Yang-Parr) method [54,55], in combination with the LANL2DZ basis sets, was employed to optimize the geometries of the complexes. All calculations were carried out in methanol, using the conductor-like polarizable continuum model (C-PCM) to simulate solvation effects [56,57]. The calculations assumed a singlet spin ground state and a total charge of +2. The optimized geometries are summarised in Table 3, while key computed parameters—including HOMO and LUMO energies, NBO atomic charges, selected bond lengths and other relevant electronic descriptors—are provided in Tables 4 and 5.
Cell Culture and Cytotoxicity Assay
The breast cancer cell lines, MCF-7 (estrogen-receptor positive), T-47D, and MDA-MB-231 (triple-negative); as well as cervical cancer subtypes (Caski and HeLa), pancreatic cancer subtypes (CFPAC-1 and PANC-1), and rhabdomyosarcoma cancer subtypes (RH-30 and RD) were cultured in the Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma Aldrich, USA) and Dulbecco’s Modified Eagle Medium (DMEM) (Sigma Aldrich, USA), respectively. All media were supplemented with 10% heat-inactivated foetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 μg/mL penicillin. To maintain physiological pH and temperature, the cells were incubated in a 5% CO2 atmosphere at 37°C. Additionally, the culture media were replaced with fresh media every 48 to 72 hours.
The cytotoxic effects of the η⁶-arene Ru(II) complexes (RuL2–RuL1) were assessed in vitro against nine cancer cell line subtypes. Cells were seeded in 96-well plates at the following densities per well: MCF-7, T-47D, Caski, and HeLa (4,500 cells); MDA-MB-231 (3,000 cells); CFPAC (10,000 cells); PANC-1 (8,000 cells); and RD and RH30 (6,500 cells each). The cells were allowed to adhere under standard physiological conditions using either RPMI or DMEM growth media for 24 hours (Caski, HeLa, RD, RH30, CFPAC, and PANC-1) or 48 hours (MCF-7, MDA-MB-231, and T-47D), depending on the cell line.
Once the cells reached approximately 50–60% confluence, they were treated for 48 hours with either 0.1% DMSO (vehicle control) or 20 μM of each test complex (RuL1– RuL4) prepared in 0.1% DMSO. Cell viability and proliferation were evaluated using the MTT assay, following the method developed by Mosmann [58]. This colorimetric assay is based on the NAD(P)H-dependent reduction of MTT by cellular oxidoreductase enzymes, producing purple formazan crystals in metabolically active cells [59]. Following incubation with the MTT reagent, the absorbance of the resulting formazan was measured at 600 nm using a pre-calibrated GloMax® Explorer Multimode Microplate Reader GM3500 (Promega). Absorbance values were corrected by subtracting the blank readings obtained from the corresponding media (RPMI and DMEM) used for each cell line [60]. Each compound was tested in quadruplicate wells, and the entire experiment was conducted in triplicate to ensure reproducibility. The mean percentage cell viability for each treatment group was normalized to the vehicle control, which was set as 100% viability.
Results and Discussion
The η⁶-arene ruthenium(II) complexes were characterized using FTIR, NMR (¹H and ¹³C), ESI-MS, elemental analysis, and single-crystal X-ray diffraction. These complementary techniques confirmed the molecular structures, coordination environments, and solution stability of the complexes.
The ¹H and ¹³C NMR spectra (Figures S1–S8 and Table S1) showed all expected resonances for the coordinated η⁶-arene (p-cymene or toluene) and the N,N′-chelating bis(pyrazol-1-yl)methane ligands, consistent with a single species in solution. A diagnostic feature was the methylene bridge (–CH₂–) of the bis(pyrazolyl)methane ligands, which exhibited clear diastereotopism. In the dpzm- and bdmpzm-based complexes (RuL2 and RuL1), the methylene protons appeared as AB spin systems at δ 6.25–7.08 ppm, while in RuL3 and RuL4 (substituted bdmpzm) they appeared as AX systems at δ 5.84–6.34 ppm, confirming restricted rotation and a rigid chelating environment around Ru(II). Similar methylene diastereotopy has been observed in η⁶-arene Ru(II) complexes containing bis(pyrazol-1-yl)methane ligands, where chelation locks the CH₂ bridge in a rigid geometry [42,61].
The aromatic region also provided useful structural information. Complexes RuL1 and RuL2 exhibited three distinct pyrazolyl resonances between δ 6.63–8.22 ppm, while RuL3 and RuL4 displayed a single, well-resolved set at δ 6.26–7.00 ppm. The bdmpzm methyl substituents appeared as sharp singlets at δ 2.48 ppm in RuL3 and RuL4, in agreement with their symmetric environment. The η⁶-arene protons were observed as multiplets in the δ 5.91–6.18 ppm range for the toluene derivatives and δ 6.00–6.18 ppm for the cymene analogues, both appearing as typical AA′BB′ spin systems of centrosymmetric arene–ruthenium complexes [62,63]. Comparable arene resonance patterns have been reported in other half-sandwich Ru(II) systems bearing pyrazolyl or imidazolyl ligands, confirming that such features are diagnostic of the piano-stool geometry [64].
The 13C NMR spectra corroborated these findings, with methylene and arene carbons signals aligning with values reported for related Ru(II) η⁶-arene complexes [65]. These trends indicate that substitution on the bis(pyrazolyl) backbone (dpzm → bdmpzm) induces only minor electronic perturbations at the Ru center, similar to those observed in other Ru(II) arene–heteroscorpionate systems [66].
The FTIR spectra (Figures S9–S11) exhibited characteristic absorptions consistent with coordination of the bis(pyrazol-1-yl)methane ligands. Two ν(C–H) stretching bands were observed at ~3133 and 2950 cm⁻¹, attributable to aromatic and aliphatic moieties, respectively. A band in the 1516–1559 cm⁻¹ region was assigned to the ν(C=N) stretch of the coordinated pyrazolyl groups, while absorptions between 1200–1422 cm⁻¹ corresponded to ν(C=C) vibrations within the heteroaromatic rings [47]. 
In addition, a sharp absorption band near 1030 cm⁻¹ (RuL1 and RuL3) and ~1050 cm⁻¹ (RuL2 and RuL4) was attributed to the vibronic ν(B–F) stretch of the tetrafluoroborate (BF₄⁻) counterion, confirming its retention in the isolated complexes. The absence of extraneous bands in the carbonyl region supported the purity of the compounds, while the diagnostic ν(C=N) shifts relative to the free ligands indicated successful coordination through the pyrazolyl donors.
These ν(C=N) shifts are comparable to those reported for other Ru(II)–pyrazolyl complexes, reflecting similar electron withdrawal upon metal coordination [42,64].
ESI-MS provided further confirmation of the proposed molecular formulas. The spectra revealed distinct molecular ion peaks with isotopic distributions characteristic of ruthenium (Figures S12–S15). The most intense signals corresponded to the [M + H]⁺ species for each complex: m/z 377 (RuL1), 419 (RuL2), 433 (RuL3), and 475 (RuL4), all in excellent agreement with calculated values. The observed isotopic envelopes closely matched theoretical Ru isotope patterns, reinforcing the elemental analysis results. Minimal fragmentation under ionization, as observed here, has also been reported for similar Ru(II) arene–pyrazolyl species, highlighting the stability of the Ru–N coordination [64].
Overall, the combined spectroscopic and analytical results confirm the successful formation of η⁶-arene Ru(II) half-sandwich complexes with bis(pyrazol-1-yl)methane ligands. The observed NMR, FTIR, and MS profiles show strong parallels with those reported for structurally related η⁶-arene Ru(II) scaffolds [64,66,67] suggesting that the dpzm/bdmpzm substitution primarily tunes steric and electronic effects without altering the core piano-stool geometry. Such ligand-dependent modulation has been correlated with subtle changes in redox and biological behavior in comparable complexes, as noted in recent reports.
Single-crystal X-ray diffraction confirmed the molecular structures of RuL1–RuL4 (Figures 1–4), and crystallographic parameters are summarized in Tables 1 and 2. In all cases, the Ru(II) center adopts the expected distorted octahedral “piano-stool” geometry, comprising an η⁶-arene, a bidentate bis(pyrazol-1-yl)methane ligand, and a terminal chloride donor.
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Figure 1: RuL1-toluene and unsubstituted N,N’ bidentate ligand complex
[image: D:\ru\discussion\pp4\e44.tif]
Figure 2: RuL2-p-cymene complex with methyl substituted N,N’ bidentate ligand
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Figure 3: RuL3- toluene complex with methyl substituted N,N’ bidentate ligand

[image: D:\ru\discussion\pp4\e66.tif]
Figure 4: RuL4- p-cymene complex with methyl substituted N,N’ bidentate ligand


Table 1: Crystallographic data and structure refinement parameters for the complexes.
	
	RuL1
	
	RuL2
	RuL3
	RuL4
	

	Empirical formula
	C14H16BClF4N4Ru
	
	C34H44B2Cl2F8N8Ru2
	C36H48B2Cl2F8N8Ru2
	C21H30BClF4N4Ru
	

	Color 
	Yellow
	
	Orange 
	Orange 
	Orange 
	

	Formula weight
	463.64
	
	1011.43
	1039.48
	561.82
	

	Temperature/K
	103.17
	
	99.95
	100.01
	102.36
	

	Crystal system
	monoclinic
	
	triclinic
	triclinic
	monoclinic
	

	Space group
	P21/c
	
	P-1
	P-1
	P21/n
	

	a/Å
	7.0627(2)
	
	9.9969(2)
	13.0289(2)
	9.7370(3)
	

	b/Å
	19.5075(5)
	
	13.8338(3)
	13.8249(2)
	24.5694(7)
	

	c/Å
	12.0646(3)
	
	14.2960(3)
	14.0532(2)
	9.9199(3)
	

	α/°
	90
	
	87.5770(10)
	109.4400(10)
	90
	

	β/°
	96.6580(10)
	
	89.5590(10)
	115.09
	99.0130(10)
	

	γ/°
	90
	
	85.0700(10)
	100.26
	90
	

	Volume/Å3
	1651.00(8)
	
	1967.98(7)
	2004.98(5)
	2343.86(12)
	

	Z
	4
	
	2
	2
	4
	

	ρcalcg/cm3
	1.865
	
	1.707
	1.722
	1.592
	

	μ/mm‑1
	9.627
	
	8.132
	8
	6.89
	

	F(000)
	920
	
	1016
	1048
	1144
	

	Crystal size/mm3
	0.215 × 0.075 × 0.04
	
	0.23 × 0.17 × 0.125
	0.335 × 0.205 × 0.205
	0.125 × 0.105 × 0.06
	

	Radiation (CuKα (λ))
	1.54178
	
	 1.54178
	1.5417
	1.54178
	

	2Θ range for data collection/°
	8.66 to 136.284
	
	6.188 to 134.354
	7.31 to 143.952
	7.196 to 136.53
	

	Index ranges
	-7 ≤ h ≤ 7, -23 ≤ k ≤ 23, -14 ≤ l ≤ 14
	
	-11 ≤ h ≤ 11, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17
	-15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -16 ≤ l ≤ 15
	-9 ≤ h ≤ 11, -29 ≤ k ≤ 29, -11 ≤ l ≤ 11
	

	Reflections collected
	23923
	
	56434
	49369
	32378
	

	Independent reflections
	2934 [Rint = 0.0253, Rsigma = 0.0142]
	
	6893 [Rint = 0.0271, Rsigma = 0.0141]
	7309 [Rint = 0.0260, Rsigma = 0.0151]
	4179 [Rint = 0.0302, Rsigma = 0.0165]
	

	Data/restraints/parameters
	2934/0/247
	
	6893/0/511
	7309/0/553
	4179/0/296
	

	Goodness-of-fit on F2
	1.061
	
	1.162
	1.133
	1.042
	

	Final R indexes [I≥2σ (I)]
	R1 = 0.0161, wR2 = 0.0411
	
	R1 = 0.0199, wR2 = 0.0491
	R1 = 0.0238, wR2 = 0.0593
	R1 = 0.0182, wR2 = 0.0448
	

	Final R indexes [all data]
	R1 = 0.0166, wR2 = 0.0415
	
	R1 = 0.0202, wR2 = 0.0494
	R1 = 0.0240, wR2 = 0.0595
	R1 = 0.0190, wR2 = 0.0452
	

	Largest diff. 
peak/hole / e Å-3
	0.31/-0.32
	
	0.26/-0.61
	0.48/-0.96
	0.29/-0.38
	



Table 2: Comparative bond lengths and angles of half-sandwich η⁶-arene Ru(II) complexes
	Complex
	Ru–N (Å)
	Ru–Cl (Å)
	N–Ru–N / bite angle (°)
	N–Ru–Cl (°)
	

	RuL1 (toluene, non-Me)
	2.088–2.099
	2.4089
	85.72
	85.10
	Slightly shorter Ru–N; toluene less steric

	RuL2 (cymene, non-Me)
	2.097–2.104
	2.4016
	84.40
	86.90
	Shorter Ru–N; less distortion

	RuL3 (toluene, Me)
	2.119–2.127
	2.3904–2.4066
	85.98–86.87
	84.88
	Methylation lengthens Ru–N, minor angular shifts

	RuL4 (cymene, Me)
	2.112–2.127
	2.4013
	87.68
	84.56
	Methylation elongates Ru–N, widens bite angle



Comparative structural analysis reveals subtle but systematic effects of arene identity and methyl substitution on the Ru–N coordination environment. In both the toluene and p-cymene series, methyl substitution on the ligand leads to slightly longer Ru–N bonds (2.112–2.127 Å in RuL3–RuL4) relative to their non-methylated analogues (2.088–2.104 Å in RuL1–RuL2), accompanied by small increases in the N–Ru–N bite angle. These values are consistent with those typically reported for η⁶-arene Ru(II) half-sandwich complexes (Ru–N = 2.08–2.13 Å, Ru–Cl = 2.38–2.41 Å [13,68]. Similar ligand-induced variations in bond lengths and bite angles have been noted in related Ru(II)–bis(pyrazolyl) and heteroscorpionate systems, where steric and electronic effects subtly tune metal–ligand interactions [61,64]. 
The Ru–Cl distances (2.39–2.41 Å) remain effectively constant across the series, indicating that arene and ligand substitution primarily modulate the chelate domain rather than the monodentate site. This observation aligns with prior crystallographic studies showing that Ru–Cl bond rigidity contributes to kinetic stability in half-sandwich complexes [66]. 
Crystal packing is reinforced by weak C–H···Cl and C–H···π contacts (2.7–2.9 Å), comparable to those found in other η⁶-arene Ru(II) salts [65,69]. Such interactions enhance lattice stability without perturbing the primary coordination geometry (Figure S16 and Table S2).
Overall, these results confirm that both arene identity and methyl substitution induce predictable but modest geometric adjustments, consistent with structure–property correlations observed in similar Ru(II) arene systems and likely relevant to the complexes’ electronic and biological behavior.
Density Functional Theory (DFT) Calculations 
Density Functional Theory (DFT) calculations were undertaken to complement and rationalize the experimental findings. The geometry-optimized structures of RuL1–RuL4 at the B3LYP/LANL2DZ level reproduced the crystallographic parameters closely, with Ru–N and Ru–Cl bond length deviations below 0.03 Å and bite angle differences within 1°. This strong agreement confirms that both arene type and methyl substitution exert only subtle, predictable influences on the coordination geometry (Table 3). 
Methyl substitution led to slightly longer Ru–N bonds and smaller HOMO–LUMO gaps (3.12–3.36 eV), suggesting increased electron donation from the ligand and enhanced metal–ligand back-donation (Table 4). These trends parallel experimental observations and align with previous reports on η⁶-arene Ru(II) and pyrazolyl complexes, where small electronic perturbations fine-tune reactivity and redox potential without compromising structural integrity [61,64].
Frontier molecular orbital (FMO) analysis revealed that the HOMO is primarily localized on the Ru–arene fragment, while the LUMO is mainly ligand-centered, indicating mixed metal-to-ligand charge transfer (MLCT) character. This orbital distribution is typical of half-sandwich Ru(II) complexes [68,69] and mirrors findings in other bioactive N,N′-chelating Ru(II) scaffolds [66,67]. Such MLCT features are significant for DNA or protein binding, where charge delocalization facilitates π–π stacking and electron-transfer processes.
Overall, the DFT results corroborate the crystallographic and spectroscopic data, confirming that ligand and arene substitutions subtly modulate the electronic distribution without altering the core piano-stool structure. This delicate balance of geometric stability and electronic tenability also observed in analogous Ru(II) arene systems—provides valuable insights into their potential chemical reactivity and biological performance.
Table 3: Overlays of the geometry-optimized structures on their crystal structures, and HOMO and LUMO electron density mappings for RuL1-RuL4. 
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Table 4: Summary of DFT calculated data for the optimized complexes.
	Parameter
	RuL1
	RuL2
	RuL3
	RuL4

	HOMO-LUMO energy/eV
	 
	 
	 
	 

	- (LUMO), eV
	2.420
	2.330
	2.403
	2.338

	-(HOMO), eV
	6.468
	6.398
	6.374
	6.330

	Band gap, ΔE, eV
	4.048
	4.068
	3.971
	3.992

	Global electrochemical parameters

	Chemical hardness (η)
	2.024
	2.034
	1.986
	1.996

	Chemical potential (μ)
	−4.444
	−4.364
	−4.389
	-4.334

	Chemical softness (σ)
	0.494
	0.492
	0.504
	0.501

	Electronegativity (χ)
	4.444
	4.364
	4.389
	4.334

	Electrophilicity index (ω)
	4.879
	4.681
	4.850
	4.705

	Nucleophilicity (ε)
	0.205
	0.214
	0.206
	0.213

	Dipole moments
	7.0519
	7.8202
	6.8039
	6.6336

	(NBO) charge
	 
	 
	 
	 

	Ru
	−0.046
	-0.032
	−0.035
	-0.019

	Cl
	−0.289
	−0.299
	−0.303
	-0.312

	N1
	−0.235
	−0.237
	−0.256
	-0.253

	N3
	−0.232
	−0.235
	−0.215
	-0.257



The DFT-predicted geometries are in excellent agreement with the crystallographic measurements, validating the computational model (Table 5). Across the series, methyl-substituted complexes exhibit slightly elongated Ru–N bonds (by ~0.02–0.03 Å) relative to their unsubstituted analogues, reflecting a modest weakening of the donor environment. In contrast, Ru–Cl bond lengths remain essentially invariant (2.39–2.41 Å), underscoring the negligible influence of substitution on trans influence at the metal center. The N–Ru–N bite angles (83–88°) are largely dictated by the chelate geometry of the bis(pyrazol-1-yl)methane ligand and show only minor electronic contributions.
Overall, the congruence between experimental and theoretical results supports the reliability of the B3LYP/6-31G**//LanL2DZ level of theory for describing half-sandwich ruthenium complexes. Importantly, the subtle bond length variations observed here are consistent with recent integrative crystallographic–DFT studies on η⁶-arene Ru(II) scaffolds, which attribute such effects to a combination of steric congestion and modest electronic redistribution rather than to fundamental changes in coordination mode [70].
Table 5: Comparison of selected DFT data metrics with those from the crystal structures for complexes
	
	RuL1
	
	
	
	RuL2
	RuL3
	RuL4
	
	
	

	Bond lengths
	Theoret
	Cryst.
	%RE
	
	Theoret.
	Cryst.
	Theoret.
	Cryst
	%RE
	%RE
	Theoret.
	Cryst.
	%RE
	

	Ru-‡ Cl
	2.468
	2.4088
	2.5
	
	2.4468
	2.4015
	2.4598
	2.4012
	2.4
	1.9
	2.4541
	2.3905
	2.7
	

	Ru-Ccentroid
	1.864
	1.673
	11.4
	
	1.850
	1.676
	1.860
	1.688
	10.2
	10.4
	1.873
	1.676
	11.8
	

	Ru-N1
	2.0826
	2.0983
	0.7
	
	2.0915
	2.1037
	2.0952
	2.112
	0.8
	0.6
	2.1025
	2.1206
	0.9
	

	Ru-N3
	2.0853
	2.0878
	0.1
	
	2.0848
	2.0975
	2.1075
	2.1270
	0.9
	0.6
	2.0937
	2.1192
	1.2
	



Theoret. = DFT-calculated data; Cryst = crystal data taken as the accurate data; % relative error (RE) = {(DFT Theoret. – Cryst)/Cryst} × 100.
[bookmark: _Toc186453756][bookmark: _Toc186899350][bookmark: _Toc191035892]Cytotoxicity Evaluation of Complexes against Various Cancer Subtypes
The antiproliferative activities of the ruthenium(II) complexes (RuL1–RuL4) were evaluated against a diverse panel of human cancer cell lines, including cervical (Caski, HeLa), breast (MCF-7, T-47D, MDA-MB-231), pancreatic (CFPAC-1, PANC-1), and rhabdomyosarcoma (RH-30, RD), using the MTT assay after 48 h exposure. At 20 µM, all complexes displayed limited cytotoxicity, with cell viability generally exceeding 90% across all subtypes, indicating low antiproliferative activity (Figures 5–8, Table S3). For instance, in MCF-7 cells, RuL1–RuL4 maintained viability between 94–97%, whereas cisplatin (CDDP) reduced viability to approximately 52%. Similar trends were observed in T-47D, MDA-MB-231, and Caski cells (90–96% viability vs. 35–65% for CDDP). Notably, pancreatic cancer cells (CFPAC-1, PANC-1) even exhibited apparent proliferation (104–125% viability), further confirming the lack of growth inhibition.
The low antiproliferative response of RuL1–RuL4 contrasts markedly with the stronger activities reported for structurally related η⁶-arene Ru(II) complexes containing bis(pyrazol-1-yl)methane (bpzm) or analogous ligands. In this study, all four complexes retained cell viabilities above 88% at 20 μM across nine human cancer cell lines, indicating estimated IC₅₀ values exceeding 100 μM. By comparison, Matveevskaya et al. (2021) [66] reported that [Ru(η⁶-p-cymene)(bis(pyrazol-1-yl)methane)Cl]Cl exhibited IC₅₀ = 47.3 ± 0.8 μM in MCF-7 breast cancer cells, while cisplatin in the same study showed IC₅₀ = 33.7 ± 1.8 μM, confirming the higher potency of the reference drug. Similarly, Montani et al. (2016) [42] demonstrated that a methyl-substituted bpzm complex, [Ru(η⁶-p-cymene)(bis(3,5-dimethylpyrazol-1-yl)methane)Cl]Cl (UNICAM-1), induced significant tumour growth suppression in triple-negative breast cancer models, consistent with low micromolar in vitro activity. More recently, Pereira et al. (2023) [13] and Allison et al. (2023) [71] reported families of arene–Ru(II) derivatives, including RAPTA-like and ferrocene-substituted analogues, with IC₅₀ values ranging from 1.8 to 15 μM against breast cancer subtypes such as MCF-7 and MDA-MB-231. These comparative data indicate that RuL1–RuL4 are less cytotoxic than many reported η⁶-arene ruthenium(II) complexes. 
[image: D:\ru\discussion\pp4\e88.tif]
Figure 5: Cell viability (%) of human cancer subtypes (MCF-7, T-47D, and MDA-MB-231) breast cancer cells after 20 µM 48-hour treatment as determined by the MTT assay. 
[image: D:\ru\discussion\pp4\e99.tif]
[bookmark: _Toc191034519][bookmark: _Toc186815671][bookmark: _Toc185588755]Figure 6: Cell viability (%) of human cancer subtypes (Caski & Hela) cervical cancer cells after 20 µM 48-hour treatment as determined by the MTT assay. 
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Figure 7: Cell viability (%) of human cancer subtypes (CFPAC-1 & PANC-1) pancreatic cancer cells after 20 µM 48-hour treatment as determined by the MTT assay. 
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[bookmark: _Toc191034521][bookmark: _Toc186815673][bookmark: _Toc185588757]Figure 8: Cell viability (%) of human cancer subtypes (RH-30 & RD) rhabdomyosarcoma cancer cells after 20 µM 48-hour treatment as determined by the MTT assay. 
The weaker activity observed for RuL1–RuL4 can be attributed to their enhanced electronic and steric stability. Methylation on the pyrazole ring (in RuL3 and RuL4) slightly increases electron density at the Ru(II) center, but spectroscopic data (NMR, FTIR) reveal minimal changes in coordination geometry or donor strength. Furthermore, replacing p-cymene with toluene does not significantly affect electron donation, consistent with literature showing that arene substitution primarily influences redox lability rather than ground-state structure [61,65,71]. The large calculated HOMO–LUMO gaps (~4.0 eV) for RuL1–RuL4 correlate with their low reactivity, whereas reported active analogues possess narrower gaps (2.5–3.5 eV), supporting the view that excessive stability suppresses biological activation processes such as aquation and redox cycling. Collectively, these findings emphasize a crucial structure–activity relationship: fine-tuning the bpzm backbone and electronic environment of Ru(II) complexes may substantially enhance cytotoxic potency while preserving selectivity.
Conclusions 
This study demonstrates a clear structure–activity relationship in η⁶-arene ruthenium(II) half-sandwich complexes. Crystallographic and spectroscopic analyses confirmed robust piano-stool geometries, while DFT calculations validated these structures and revealed frontier orbital distributions consistent with high electronic hardness and large HOMO–LUMO gaps (~4.0 eV). These features, only minimally affected by pyrazole methylation or arene substitution, correlate directly with the poor cytotoxicity observed (cell viability ≥ 100%).
Collectively, the results demonstrate that although structural and redox stability are desirable for complex integrity, excessive rigidity suppresses biological activation pathways. Effective therapeutic design will therefore require ligand architectures that balance kinetic robustness with tunable electronic flexibility, enabling charge-transfer processes and biomolecular interactions. Incorporating π-acceptor, conjugated, or moderately labile substituents into the ligand scaffold may lower ΔE, enhance MLCT efficiency, and unlock the latent cytotoxic potential of this Ru(II) arene platform.
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