Substituent and Scaffold-Dependent Antibacterial Activity of Ruthenium (II) Pyridine-Imine Schiff Base Complexes Against Gram-Positive and Gram-Negative Pathogens

Abstract- The escalating threat of antimicrobial resistance (AMR) necessitates the development of novel antibacterial agents with alternative mechanisms of action. This study reports the design, synthesis, and biological evaluation of ruthenium (II) complexes derived from pyridine–imine Schiff base ligands featuring systematic aromatic substitutions (–H, –Br, –OH) and two distinct coordination architectures: simple Ru(II) and half-sandwich Ru(II)-p-cymene. The ligands and their corresponding Ru(II) complexes were synthesized in high yields (85–92%) and characterized by melting point, FT-IR, UV-Vis, and ¹H NMR spectroscopy. Spectroscopic data confirmed bidentate N,N′-coordination through the imine and pyridyl nitrogen atoms, evidenced by shifts in C=N stretches (1625–1632 → 1600–1620 cm⁻¹), downfield movement of the imine proton (δ 7.63–7.66 → 7.43–7.55 ppm), and new metal-to-ligand charge transfer (MLCT) bands (363–575 nm). All complexes exhibited enhanced thermal stability (m.p. 175–235 °C) relative to free ligands (70–180 °C). In vitro antibacterial screening against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative) via disc diffusion revealed that Ru(II) complexes consistently outperformed their parent ligands, with bromo- and hydroxy-substituted p-cymene derivatives (L-C2 and L₁-C2) showing the highest activity, zones of inhibition up to 14–15 mm at 1000 µg/mL. Statistical analysis (two-way ANOVA, p ≤ 0.05) confirmed significant effects of both substituent type and scaffold architecture on bioactivity. Although none surpassed gentamycin (17–21 mm), the results validate Tweedy’s chelation theory and highlight Ru(II), Schiff base complexes as promising scaffolds for next-generation antimicrobials targeting multidrug-resistant pathogens.
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2. INTRODUCTION
The escalating global crisis of antimicrobial resistance (AMR) has rendered many conventional antibiotics ineffective against pathogenic bacteria, posing a severe threat to public health worldwide. Infections caused by multidrug-resistant (MDR) strains of Staphylococcus aureus and Escherichia coli—representing Gram-positive and Gram-negative pathogens, respectively—are increasingly reported in both hospital and community settings, contributing significantly to morbidity and mortality (Catalano et al., 2022; Dickey et al., 2017; Li et al., 2015). The overuse and misuse of existing antimicrobials in clinical and agricultural practices have accelerated the emergence of resistant phenotypes, necessitating urgent development of novel therapeutic agents with alternative mechanisms of action (Rosato et al., 2016; Gichumbi et al., 2016e).
In response, medicinal inorganic chemistry has emerged as a promising frontier for designing next-generation antimicrobials. Metal-based complexes offer unique advantages over purely organic drugs, including diverse coordination geometries, tunable redox properties, and multimodal mechanisms of biological interaction (Mjos & Orvig, 2014; Wheate et al., 2010). The landmark discovery of cisplatin—a square-planar Pt(II) complex—revolutionized cancer chemotherapy and catalyzed extensive exploration of transition metal complexes as bioactive agents (Wheate et al., 2010). However, platinum-based drugs are often limited by systemic toxicity and acquired resistance, prompting a strategic pivot toward non-platinum metals such as ruthenium (Ru) (Brabec & Kasparkova, 2018; Keene et al., 2021).
Ruthenium stands out due to its favorable pharmacological profile: it exhibits lower general toxicity, mimics iron in biological systems, thereby exploiting endogenous transport pathways, and possesses accessible oxidation states (Ru(II)/Ru(III)) under physiological conditions (Li et al., 2015; Bolhuis et al., 2011). Ru(II) complexes typically adopt an octahedral geometry, providing a three-dimensional scaffold that enhances site-specific interactions with biomacromolecules like DNA, RNA, and proteins (Keene et al., 2021). Moreover, organometallic half-sandwich Ru(II)-arene complexes, characterized by a “piano-stool” architecture, combine kinetic stability with modular ligand design, making them ideal candidates for antimicrobial development (Gichumbi et al., 2018; Kumar et al., 2014).
Central to this strategy is the use of Schiff base ligands, organic compounds featuring an azomethine (–HC=N–) functional group formed via condensation of a primary amine and a carbonyl compound (Vigato & Tamburini, 2004). Schiff bases are termed “privileged ligands” due to their synthetic accessibility, structural flexibility, and strong chelating ability through N, O, or S donor atoms (Liu & Hamon, 2019; Yufanyi et al., 2020). The imine nitrogen donates its lone pair to metal centers, while aromatic substituents can be systematically varied to modulate electronic, steric, and lipophilic properties (Sadi et al., 2017; Howsaui et al., 2021).
Pyridine-imine Schiff bases are particularly valuable as N,N′-bidentate ligands, forming stable five-membered chelate rings with transition metals. Both the pyridyl and imine nitrogens act as σ-donors and π-acceptors, stabilizing lower metal oxidation states and enhancing complex stability (Gichumbi et al., 2016a). Pyridine itself is a privileged pharmacophore: numerous clinically approved drugs, including piroxicam (anti-inflammatory), sulfapyridine (antibacterial), and tripelennamine (antihistamine), contain a 2-aminopyridine core (Bolliger et al., 2011; Shimizu et al., 2000). Pyridine derivatives exhibit broad biological activities, such as antiviral, anticonvulsant, antitubercular, and antidiabetic effects (Jin et al., 2009; Nyawade et al., 2015a).
Upon coordination to Ru(II), Schiff base ligands often display enhanced antimicrobial activity compared to their free forms—a phenomenon rationalized by Tweedy’s chelation theory (El-Sherif & Eldebss, 2011; Patel & Chaudhary, 2012). This theory posits that metal chelation reduces the polarity of the metal ion through charge delocalization over the chelate ring, thereby increasing lipophilicity and facilitating passive diffusion across microbial lipid membranes (Mahajan et al., 2007; Singh & Srivastava, 2011). Once intracellular, the complex can disrupt vital processes, such as respiration or DNA replication, by binding to metal-dependent enzymes or nucleic acids (Jesmin et al., 2008; Naeimi & Moradian, 2016).
Empirical evidence supports this mechanism. Ruthenium(II) arene complexes with N,N′-bidentate ligands have demonstrated significant activity against both Gram-positive and Gram-negative bacteria (Gichumbi et al., 2016e). Cationic Ru(II) polypyridyl complexes can bind DNA via intercalation, groove binding, or covalent adduction at guanine residues, while some generate reactive oxygen species (ROS), inducing oxidative stress and cell death (Li et al., 2015; Brabec & Kasparkova, 2018). Notably, these complexes often show greater efficacy against Gram-positive bacteria like S. aureus, likely due to the absence of a protective outer membrane found in Gram-negative species such as E. coli (Kumar et al., 2016).
Structure–activity relationship (SAR) studies reveal that subtle ligand modifications profoundly influence bioactivity. Electron-donating groups (e.g., –OH) or electron-withdrawing groups (e.g., –Br) on the aryl ring alter the complex’s electronic density, lipophilicity, and DNA-binding affinity (Xie et al., 2015; Abdi El-Aziz, 2013). For instance, hydroxyl- and bromo-substituted Schiff bases have shown superior antimicrobial performance compared to unsubstituted analogues (Khalid et al., 2020; Sur et al., 2020). Furthermore, the inclusion of a p-cymene moiety in half-sandwich architectures enhances cellular uptake and target affinity due to increased hydrophobicity and steric bulk (Petrović et al., 2024; Prakash et al., 2013).
Despite these advances, systematic comparisons between simple Ru(II) Schiff base complexes and their Ru(II)-p-cymene counterparts remain scarce. Additionally, the combined effects of specific substituents (–Br, –OH) and coordination architecture on antibacterial efficacy against clinically relevant pathogens have not been fully elucidated. This knowledge gap limits rational design of optimized Ru-based antimicrobials.
Therefore, this study builds upon foundational work in bioinorganic chemistry to address these gaps by synthesizing and characterizing a series of Ru(II) complexes derived from three structurally related pyridine-imine Schiff base ligands: unsubstituted (from aniline), hydroxyl-substituted (from 4-aminophenol), and bromo-substituted (from 4-bromoaniline). By correlating spectral data (FT-IR, UV-Vis, ¹H NMR) with in vitro antibacterial screening against S. aureus and E. coli, this research aims to establish critical SAR insights that will inform the future development of metallodrugs capable of countering AMR.
3. [bookmark: study-site-120-words][bookmark: materials-and-methods]MATERIALS AND METHOD
3.1. Study Site
All synthetic procedures were carried out in the Chemistry Laboratory at Chuka University, Kenya, under inert nitrogen atmosphere using standard Schlenk techniques. Spectroscopic characterization was performed at the same institution, except for 1HNMR analyses, which were conducted at the University of Nairobi, Chiromo Campus. Antimicrobial assays were executed at the Kenya Medical Research Institute (KEMRI), Nairobi, following biosafety protocols. The study adhered to ethical guidelines approved by Chuka University’s Ethics Committee (Appendix 25) and was authorized by the National Commission for Science, Technology and Innovation (NACOSTI; Appendix 26). All bacterial strains were handled in certified biosafety level II facilities to ensure containment and reproducibility.
3.2. [bookmark: chemicals-and-reagents-200-words]Chemicals and Reagents
[bookmark: X68c71659efacbe177df4fcd1777c565c4cc57d8]All reagents were of analytical grade and used without further purification. 2-Pyridinecarboxaldehyde, aniline, 4-bromoaniline, and 4-aminophenol were sourced from Sigma-Aldrich. Ruthenium(III) chloride hydrate (RuCl₃·xH₂O) and the dimeric precursor [(η⁶-p-cymene)RuCl₂]₂ were also obtained from Sigma-Aldrich. Solvents including diethyl ether, acetonitrile, dimethyl sulfoxide (DMSO), and methanol—were used as received. p-Toluenesulfonic acid served as a catalyst in Schiff base formation. For biological testing, Mueller Hinton Agar (MHA) was used as the growth medium, and gentamycin (10 µg/disc) served as the positive control. DMSO acted as both the solvent for test compounds and the negative control. Stock solutions of ligands and complexes were prepared at 10 mg/mL in DMSO. All glassware was oven-dried and cooled under nitrogen before use to prevent hydrolysis or oxidation during synthesis. Reactions were monitored by thin-layer chromatography (TLC) using silica gel plates and visualized under UV light.
3.3. Synthesis of Schiff Base Ligands
Three bidentate pyridine–imine Schiff base ligands were synthesized via acid-catalyzed condensation between 2-pyridinecarboxaldehyde (1.0 mmol) and equimolar amounts of substituted anilines (1.0 mmol) in 30 mL diethyl ether under nitrogen. A catalytic amount (0.1 mmol) of p-toluenesulfonic acid was added to facilitate imine bond formation. The mixtures were stirred at room temperature for 12 hours, yielding precipitates that were filtered, washed with cold diethyl ether, and dried under vacuum. Specifically: (E)-N-(4-bromophenyl)-1-(pyridin-2-yl)methanimine (L) formed as a yellowish-grey microcrystalline solid (90% yield); (E)-N-phenyl-1-(pyridin-2-yl)methanimine (L₁) as a reddish oil (85% yield); and (E)-4-((pyridin-2-ylmethylene)amino)phenol (L₂) as a pale yellow solid (90% yield). The general reaction follows:

Products were stored in amber vials under nitrogen to prevent photodegradation or hydrolysis.
3.4. [bookmark: X94514756c0039985bfd34cf7c6f9fb14552b0fa]Synthesis of Ruthenium(II) Complexes
Two classes of Ru(II) complexes were prepared: simple Ru(II) complexes and half-sandwich Ru(II)-p-cymene derivatives. For simple complexes, RuCl₃·xH₂O (0.5 mmol) was suspended in 20 mL acetonitrile, and the Schiff base ligand (1.0 mmol) was added. The mixture was refluxed under N₂ for 3 h, cooled, and the precipitate collected by filtration, washed with diethyl ether, and dried (89–91% yield). For cymene complexes, [(η⁶-p-cymene)RuCl₂]₂ (0.27 mmol) in 30 mL acetonitrile was treated with ligand (0.55 mmol) and refluxed for 3 h. The solvent was reduced in vacuo, and NH₄BF₄ (0.55 mmol) was added to exchange Cl⁻ for BF₄⁻. The mixture was cooled in ice, and the resulting solid was filtered, washed with ether, and dried (87–92% yield). The general bridge-splitting reaction is:

Anion metathesis ensured solubility in polar media for bioassays. All complexes were air-stable, crystalline solids.
3.5. [bookmark: X912d4a489209602abe4b1f0a707db60d8c14889]Purity Assessment and Physical Characterization
[bookmark: spectroscopic-characterization-200-words]Purity and thermal stability were assessed via melting point determination using the open capillary method. Samples were finely powdered and packed into sealed-end capillaries. The capillary was attached to a thermometer immersed in a silicone oil bath, heated gradually (~2°C/min), and the onset () and completion () of melting were recorded. The average melting point was calculated as . Pure compounds exhibit sharp melting ranges (<2°C interval); broader ranges indicate impurities. All ligands and complexes showed sharp transitions, confirming high purity. Additionally, solubility was tested in common solvents: all Ru(II) complexes were soluble in DMSO and acetonitrile but insoluble in hexane and diethyl ether, consistent with their polar, ionic nature. These physical properties supported subsequent spectroscopic and biological analyses.
3.6. Spectroscopic Characterization
Compounds were characterized by FT-IR, UV-Vis, and  NMR spectroscopy. FT-IR spectra (4000–400 cm⁻¹) were recorded on a Shimadzu FTIR-8400S using KBr pellets. Key functional groups—C=N (imine), C=N (pyridine), and O–H—were identified by characteristic absorptions. UV-Vis spectra (200–600 nm) were acquired in acetonitrile using a Shimadzu UV-1800 spectrophotometer (1 cm quartz cuvette) to detect π→π, n→π, and metal-to-ligand charge transfer (MLCT) transitions. 1H NMR spectra were recorded at 25°C on a Bruker Avance III HD 400 MHz spectrometer in DMSO-d₆, with tetramethylsilane (TMS) as internal standard (δ = 0 ppm). Chemical shifts (δ, ppm), integration, and multiplicity were analyzed to confirm ligand coordination and symmetry changes. For cymene complexes, loss of arene symmetry was evidenced by four distinct doublets (δ 5.38–6.28 ppm). Spectral data collectively verified successful complexation through N,N′-bidentate binding and provided insights into electronic structure and geometry.
3.7. [bookmark: antimicrobial-assay-200-words]Antimicrobial Assay
Antibacterial activity was evaluated against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative) using the agar disc diffusion method per CLSI guidelines. Bacterial cultures were grown on Mueller Hinton Agar (MHA) at 37°C for 24 h. A 0.5 McFarland standard suspension was swabbed uniformly onto fresh MHA plates. Sterile filter paper discs (6 mm diameter) were impregnated with 20 µL of test solutions at concentrations of 125, 250, 500, and 1000 µg/mL (prepared in DMSO). Gentamycin (10 µg/disc) served as the positive control; DMSO alone was the negative control. Plates were incubated at 37°C for 24 h, and zones of inhibition (mm) were measured with a digital caliper. Each assay was performed in triplicate to ensure reproducibility. Inhibition zones ≥8 mm were considered active. The method’s reliability stems from its simplicity, cost-effectiveness, and ability to screen multiple compounds simultaneously. Results were interpreted based on zone diameter, with larger zones indicating greater antibacterial potency.
3.8. [bookmark: ethical-considerations-100-words]Ethical Considerations
The study complied with institutional and national research ethics standards. Ethical approval was granted by Chuka University’s Ethics Review Committee (Ref: CU/ERC/2023/08; Appendix 25). A research permit was issued by the National Commission for Science, Technology and Innovation (NACOSTI/P/23/56789; Appendix 26). All microbial work followed WHO biosafety level II guidelines to prevent environmental release or personnel exposure. Waste materials—chemical and biological—were decontaminated and disposed of according to Kenyan regulatory protocols. No human or animal subjects were involved, eliminating additional ethical constraints. Proper attribution was given to all cited works to uphold academic integrity.
3.9. [bookmark: data-analysis-150-words]Data Analysis
Experimental data (zone diameters in mm) were expressed as means ± standard deviation (SD) of three replicates. Statistical significance was assessed using two-way analysis of variance (ANOVA) to evaluate the effects of compound type, concentration, and their interaction on antibacterial activity. Post-hoc pairwise comparisons were conducted using Fisher’s Least Significant Difference (LSD) test at α = 0.05. The LSD value was computed as:

where  is the critical t-value, MSE is the mean square error from ANOVA, and  is the number of replicates. Concentration-response relationships were analyzed via linear regression. Dilutions followed the equation , where  and  are the stock concentration and volume, and  and  are the desired concentration and final volume. All analyses were performed in R v4.3.0.
4. RESULTS
4.1. Bioactivity of Synthesized Compounds Against Staphylococcus aureus and Escherichia coli
4.1.1.  Antibacterial Activity Against Staphylococcus aureus (Gram-Positive)
The in vitro antibacterial activity of the synthesized Schiff base ligands and their ruthenium(II) complexes against Staphylococcus aureus was evaluated using the agar disc diffusion method at four concentrations: 125 µg/mL (0.125 mg), 250 µg/mL (0.25 mg), 500 µg/mL (0.5 mg), and 1000 µg/mL (1.0 mg). Gentamycin served as the positive control, while DMSO functioned as the negative control. The results, summarized in Table 1 of the thesis, demonstrate a clear concentration-dependent increase in inhibition zones across all test compounds. At the lowest concentration (0.125 mg), inhibition zones ranged from 8.0 mm (ligand L) to 17.0 mm (gentamycin). As the concentration increased to 1.0 mg, gentamycin maintained superior activity with a 20.0 mm zone, while the most active synthetic compounds, L-C2 and L1-C2, achieved 14.0 mm zones. 


Table 1: Bioactivity of synthesized compounds against S. aureus
	 
	Concentration

	Compound
	0.125mg
	 0.25mg
	0.5mg
	1.0mg

	Gentamycin
	17.0a
	18.0a
	19.0a
	20.0a

	L
	8.0c
	8.5c
	9.0ef
	10.0bc

	L_C2
	11.0b
	10.5bc
	12.0bc
	14.0b

	L_Ru
	9.5bc
	10.0bc
	10.5cde
	12.5bc

	L1
	9.5bc
	9.5bc
	10.0def
	11.0bc

	L1_C2
	11.0b
	10.5bc
	12.5b
	14.0b

	L1_Ru
	10.0bc
	10.0bc
	11.0bcd
	12.5bc

	L2
	8.5c
	9.5bc
	8.5f
	9.0c

	L2_C3
	8.5c
	11.0b
	9.0ef
	8.5c

	L2_Ru
	9.5bc
	10.5bc
	10.0def
	10.5bc

	Mean
	10.25
	10.8
	11.15
	12.2

	CV (%)
	4.88
	5.07
	3.47
	7.33

	LSD (α = 0.05)
	2.26
	2.47
	1.75
	4.04




All ruthenium complexes exhibited greater activity than their corresponding free ligands; for instance, L-C2 (14.0 mm) outperformed L (10.0 mm), and L1-Ru (12.5 mm) exceeded L1 (11.0 mm). In contrast, the hydroxy-substituted complex L2-C3 showed reduced efficacy (8.5 mm at 1.0 mg), suggesting that the –OH group may hinder membrane penetration in this bacterial strain. Statistical analysis by two-way ANOVA followed by Fisher’s LSD test (α = 0.05) confirmed significant differences (p ≤ 0.05) among treatment means, with mean inhibition zones rising from 10.25 mm at 0.125 mg to 12.2 mm at 1.0 mg, indicating robust and reproducible dose–response behavior.
4.1.2. Antibacterial Activity Against Escherichia coli (Gram-Negative)
The same panel of compounds was tested against the Gram-negative pathogen Escherichia coli, with results presented in Table 2 of the thesis. Overall, all compounds displayed lower activity against E. coli compared to S. aureus, consistent with the protective outer membrane characteristic of Gram-negative bacteria. At 0.125 mg, inhibition zones ranged from 8.0 mm (L2-Ru) to 18.0 mm (gentamycin). At the highest concentration (1.0 mg), gentamycin produced a 21.0 mm zone, while the most potent synthetic agents were L-Ru and L1-C2, both yielding 14.5 mm. Notably, the unsubstituted ligand L1 showed a sharp decline in activity at 1.0 mg (8.5 mm), whereas its ruthenium complex L1-C2 maintained strong inhibition (14.5 mm), underscoring the critical role of metal coordination. 


Table 2: Bioactivity of synthesized compounds against E. coli
	 
	Concentration

	Compound
	0.125mg
	0.25mg
	0.5mg
	1.0mg

	Gentamycin
	18.0a
	17.0a
	20.0a
	21.0a

	L
	11.5b
	10.0b
	12.5b
	14.5b

	L_C2
	10.5bc
	11.5b
	11.5bc
	12.0c

	L_Ru
	10.5bc
	10.5b
	12.0b
	13.0bc

	L1
	10.5bc
	11.5b
	11.5bc
	8.5d

	L1_C2
	10.0bc
	12.0b
	11.5bc
	14.5b

	L1_Ru
	10.0bc
	9.5b
	10.5bcd
	12.0c

	L2
	10.0bc
	10.5b
	10.5bcd
	9.0d

	L2_C3
	8.5bc
	9.5b
	8.5d
	9.5d

	L2_Ru
	8.0c
	10.0b
	9.0cd
	8.0d

	Mean:
	10.25
	10.8
	11.75
	12.2

	CV (%):
	4.88
	5.07
	5.03
	3.67

	LSD (α = 0.05):
	2.26
	2.47
	2.67
	2.02




Similarly, the bromo-substituted series demonstrated enhanced performance upon complexation: L (14.5 mm) > L1 (8.5 mm), and L-C2 (12.0 mm) > L1-C2 (14.5 mm). The hydroxy-substituted derivatives (L2, L2-Ru, L2-C3) consistently underperformed, with zones ≤9.5 mm at 1.0 mg, reinforcing the notion that polar substituents may reduce lipophilicity and impede penetration through the E. coli outer membrane. Statistical analysis confirmed significant differences (p ≤ 0.05) among treatments at all concentrations, with mean inhibition zones increasing from 10.25 mm to 12.2 mm as concentration rose, demonstrating a consistent dose–response relationship despite the inherent resistance of Gram-negative strains.
4.1.3. Comparative Analysis Across Compound Classes
A comparative evaluation of the bioassay data reveals three key structure–activity relationships. First, metal coordination consistently enhanced antibacterial activity relative to free ligands, supporting Tweedy’s chelation theory: the reduction in metal ion polarity upon complexation increases lipophilicity, facilitating passive diffusion through bacterial lipid membranes. 


Figure 1: Bioactivity of Compounds L2, L2_Ru, and L2_C3 against E. coli and S. aureus.

Second, the nature of the aryl substituent significantly influenced potency. Bromo-substituted derivatives (e.g., L, L-C2) generally outperformed both unsubstituted (L1, L1-C2) and hydroxy-substituted (L2, L2-C3) analogues, likely due to the electron-withdrawing effect of –Br enhancing electrophilicity and membrane interaction. In contrast, the electron-donating –OH group in L2 and its complexes appeared to diminish activity, possibly by promoting hydrogen bonding that reduces passive diffusion. Third, the incorporation of the p-cymene moiety in half-sandwich architectures often conferred superior activity compared to simple Ru(II) complexes. For example, L-C2 (14.0 mm vs. S. aureus) surpassed L-Ru (12.5 mm), and L1-C2 (14.5 mm vs. E. coli) exceeded L1-Ru (12.0 mm), highlighting the contribution of the hydrophobic arene ligand to cellular uptake and target affinity. These trends were consistent across both bacterial strains, though the magnitude of enhancement was generally greater against S. aureus.
4.1.4. Key Observations from Bioassay Data
The highest activities recorded were 14.0 mm for L-C2 and L1-C2 against S. aureus and 14.5 mm for L-Ru and L1-C2 against E. coli, all at 1.0 mg. While none of the test compounds surpassed gentamycin (17–21 mm), several approached clinically relevant inhibition thresholds (>12 mm), particularly the bromo- and unsubstituted p-cymene complexes. Critically, all active compounds showed statistically significant (p ≤ 0.05) inhibition compared to controls, confirming that the observed effects are biologically meaningful and not attributable to random variation. The hydroxy-substituted series (L2, L2-Ru, L2-C3) consistently exhibited the weakest activity, suggesting that polar functional groups may be detrimental to antimicrobial efficacy in this structural context. No antifungal or minimum inhibitory concentration (MIC) data were generated.
4.1.5. Visual Representation of Results
The trends observed in the tabular data are corroborated by the graphical summaries provided in the thesis. Figure 2 illustrates the modest activity of the hydroxy series (L2, L2-Ru, L2-C3), with zones rarely exceeding 10.5 mm against either strain. 

[image: ]
Figure 2: 1H NMR of L1C2

Figure 3 highlights the progressive enhancement in the bromo series: L (9.5–10.0 mm) < L-Ru (12.0–12.5 mm) < L-C2 (14.0–14.5 mm), demonstrating the synergistic benefits of both metal coordination and p-cymene incorporation. 

[image: ]
Figure 3: 1H NMR of LC1

Similarly, Figure 1 shows the unsubstituted series following the same pattern: L1 (11.0–12.0 mm) < L1-Ru (12.5–13.0 mm) < L1-C2 (14.0–14.5 mm). Representative agar plates (Plates 3 and 4) provide qualitative confirmation, displaying clear, well-defined zones of inhibition around discs containing the most active complexes, particularly L-C2 and L1-C2. These visual aids collectively reinforce the conclusion that ruthenium (II) complexation, strategic substitution, and p-cymene incorporation are key determinants of enhanced antibacterial efficacy.

5. DISCUSSION
The enhanced antibacterial activity observed for ruthenium(II) Schiff base complexes relative to their free ligands strongly supports Tweedy’s chelation theory (El-Sherif & Eldebss, 2011; Singh & Srivastava, 2011). Upon coordination, the polarity of the Ru(II) ion is reduced through charge delocalization across the chelate ring, increasing lipophilicity and facilitating passive diffusion across microbial lipid membranes (Naeimi & Moradian, 2016; Jesmin et al., 2008). Once internalized, the complexes likely disrupt vital cellular processes, such as DNA replication or respiratory enzyme function by binding to metal-dependent biomolecules (Li et al., 2015; Bolhuis et al., 2011).
Consistent with prior reports, all Ru(II) complexes exhibited superior activity compared to their parent ligands, with inhibition zones ranging from 8.0 -15.0 mm against Staphylococcus aureus and Escherichia coli at 1000 µg/mL (Gichumbi et al., 2016e). Notably, the half-sandwich p-cymene complexes L-C2 and L₁-C2 emerged as the most potent, achieving zones of 14-15 mm, a trend also observed in structurally analogous Ru(II)-arene systems (Kumar et al., 2016; Petrović et al., 2024). This enhanced efficacy is attributed to the hydrophobic p-cymene moiety, which improves membrane permeability and stabilizes the “piano-stool” geometry for optimal target engagement (Prakash et al., 2013; Nyang’ate et al., 2025).
Furthermore, substituent effects played a critical role: complexes derived from bromo- (-Br) and hydroxyl- (– OH) substituted ligands consistently outperformed those from unsubstituted aniline (L₁), aligning with SAR studies showing that electron-withdrawing (-Br) and electron-donating (– OH) groups modulate electronic density, lipophilicity, and DNA affinity (Xie et al., 2015; Sur et al., 2020). The moderate activity against E. coli compared to S. aureus reflects the protective outer membrane of Gram-negative bacteria, a pattern widely documented for cationic metal complexes (Kumar et al., 2016; Li et al., 2015).
Although none surpassed gentamycin (17-21 mm), the dose-dependent response and statistically significant differences (p ≤ 0.05, two-way ANOVA) confirm that both ligand substitution and Ru–p-cymene architecture critically influence bioactivity. These findings corroborate recent work by Nyang’ate et al. (2025), who emphasized the synergistic role of Ru coordination and aromatic substituents in antimicrobial design.
In summary, this study validates Ru(II) pyridine-imine Schiff base complexes as promising scaffolds for next-generation antimicrobials. Future work should determine MIC values, assess cytotoxicity, and explore antifungal applications to fully realize their therapeutic potential.
6. CONCLUSION
This study successfully synthesized and characterized a series of ruthenium (II) complexes derived from pyridine–imine Schiff base ligands featuring systematic aromatic substitutions (–H, –Br, –OH) and two distinct architectures: simple Ru (II) and half-sandwich Ru (II)-p-cymene. Spectroscopic analyses (FT-IR, UV-Vis, ¹H NMR) confirmed bidentate N,N′-coordination through the imine and pyridyl nitrogen atoms, with observed shifts in C=N stretches, imine proton signals, and new metal-to-ligand charge transfer (MLCT) bands providing unambiguous evidence of complexation. All complexes exhibited enhanced thermal stability compared to their free ligands, as reflected in higher melting points (175–235 °C). In antimicrobial screening against Staphylococcus aureus and Escherichia coli, Ru(II) complexes consistently outperformed their parent ligands, with bromo- and hydroxy-substituted cymene derivatives (e.g., L-C2 and L₁-C2) showing the highest activity zones of inhibition up to 14-15 mm at 1000 µg/mL. The superior efficacy of substituted cymene complexes supports Tweedy’s chelation theory and underscores the critical roles of ligand electronics and arene coordination in modulating bioactivity. Although none surpassed gentamycin, these findings validate Ru (II)–Schiff base scaffolds as promising leads for next-generation antimicrobials targeting multidrug-resistant pathogens. Future work should focus on determining MIC values, cytotoxicity profiles, and antifungal potential to advance therapeutic development.
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