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Cobalt(II) and Silver(I) Complexes with 2-Amino-4-Thiazolinone:  

Synthesis, Structural Characterization, and Antibacterial Potential 

Selective control of amino- (L1) and imino- (L2) tautomeric forms of 2-amino-4-thiazolinone was achieved 

via precise pH regulation (pH 11 and 6.5, respectively) during hydrochloride precursor neutralization, as con-

firmed by ¹H and ¹³C NMR spectroscopy. Reaction of protonated ligand with cobalt(II) chloride and silver(I) 

nitrate yielded [Co(L1)2Cl2] and [Ag(L1)3NO3] complexes. X-ray diffraction, IR, and UV–Vis spectral anal-

yses revealed a distorted tetrahedral geometry for [Co(L1)2Cl2] with monodentate endocyclic nitrogen coor-

dination. In contrast, [Ag(L1)3NO3] adopted an irregular coordination environment via endocyclic nitrogen 

and carbonyl oxygen atoms, assembling into chains. In vitro antimicrobial assays against Gram-positive (S. 

aureus, B. subtilis), Gram-negative (E. coli, P. aeruginosa) bacteria, and Candida albicans demonstrated a 

clear structure–activity relationship: free L1 < [Co(L1)2Cl2] < [Ag(L1)3NO3]. Uncoordinated L1 showed low-

to-moderate activity (MIC = 64–128 μg/mL), silver complexation significantly enhanced potency, displaying 

broad-spectrum efficacy (MIC = 4–8 μg/mL) comparable to reference drugs. Molecular docking simulations 

against key microbial targets (DNA gyrase, penicillin-binding proteins, and CYP51) corroborated experi-

mental findings, revealing the strongest binding affinity for [Ag(L1)3NO3] (up to –8.8 kcal/mol against S. au-

reus DNA gyrase) stabilized by extensive hydrogen bonding, electrostatic, and hydrophobic interactions. 

These results highlight [Ag(L1)3NO3] as a promising lead candidate for novel antimicrobial agents. 

Keywords: 2-amino-4-thiazolinone, cobalt(II) complex, silver(I) complex, crystal structure, antimicrobial ac-

tivity, tautomerism, DNA gyrase, molecular docking. 

 

Introduction 

Thiazolidin-4-one derivatives represent a crucial heterocyclic system, acting as a key pharmacophore 

and a privileged scaffold in medicinal chemistry. Due to the presence of the pharmacologically significant 

N–C–S fragment combined with a carbonyl group, these compounds possess immense therapeutic potential 

[1–3]. Systematic studies [1–6] in recent years have demonstrated a wide range of their biological activities, 

including antioxidant, anticancer, anti-inflammatory, analgesic, anticonvulsant, antiparasitic, and antiviral 

properties [6–8]. A special place among them is occupied by 2-amino-1,3-thiazol-4(5H)-one (2-amino-4-

thiazolinone), a five-membered heterocyclic fragment containing sulfur and nitrogen donor atoms [9, 10]. 

This determines both its high reactivity and a pronounced tendency to coordinate with various metals [11, 

12]. 

The biological activity of 2-aminothiazole derivatives has been actively studied over recent decades, 

primarily in the context of searching for novel, highly effective antibacterial and antimicrobial agents [13–
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15]. The characteristic mechanism of their action is based on the ability of the thiazole core to participate in 

intermolecular interactions with biomolecular targets, as well as on the opportunities for targeted structural 

modification to optimize pharmacodynamic properties. Classical synthetic approaches to constructing the 2-

amino-4-thiazolinone core are most frequently based on the cyclization methods of thiourea and thioamide 

derivatives [16–18]. 

Heterocycles containing N- and S-donor atoms are widely demanded as ligands for the design of transi-

tion metal complexes with unique catalytic and biologically relevant properties [19]. The literature describes 

numerous coordination compounds of azole derivatives with first-row transition metals (such as Cu(II), 

Ni(II), and Co(II)) [11, 12, 19–25]. In most cases, coordination with a metal leads to a significant change in 

the electron density of the ligand, as well as alterations in its symmetry and spatial configuration. This direct-

ly affects the nature of the complex's interaction with biomolecules, resulting in a substantial increase in bio-

logical activity compared to free organic molecules [24, 25]. 

The ligand 2-amino-4-thiazolinone exhibits ambidentate properties, as it contains three potential donor 

centers: a "hard" nitrogen atom (both in the thiazole ring and the amino group), a "soft" sulfur atom, and a 

carbonyl oxygen atom. 

According to Pearson’s Hard and Soft Acids and Bases (HSAB) principle [26, 27], metal ions can be 

classified by their coordination preferences. The silver(I) ion (Ag+), possessing a stable d10 electronic config-

uration, belongs to the class of 'soft' acids and exhibits a high affinity toward 'soft' donor sites, such as the 

sulfur atom of the thiazole ring, frequently resulting in linear or coordination-unsaturated structures with 

strong Ag–S bonds [28]. Conversely, the cobalt(II) ion (Co2+) is a 'borderline' acid with a d7 configuration, 

which enables effective coordination with both 'borderline' nitrogen and 'hard' oxygen donor atoms, typically 

forming stable octahedral or tetrahedral chelate complexes [28, 29].  

Thus, the choice of these two metals allows for the investigation of how the nature of the cation ("soft" 

versus "borderline") influences the competition between the donor centers (N, S, or O) of the same ligand, 

and how the crystal structure changes in a directed manner (a polymeric chain for silver versus a discrete 

mononuclear complex for cobalt) 

Modern drug design necessitates a mandatory combination of experimental methods with computational 

approaches (in silico) [30]. Conducting virtual screening and molecular docking [4] allows for the identifica-

tion of the most probable enzymatic targets among bacterial proteins. Studying the spatial and energetic 

complementarity of synthesized transition metal complexes within the active sites of these proteins opens the 

way to understanding the molecular mechanisms of their antibacterial action. 

The aim of this study was the controlled synthesis of the amino (L1) and imino (L2) tautomeric forms of 

2-amino-4-thiazolinone (Figure 1), via precise pH control during the neutralization of its hydrochloride pre-

cursor, the investigation of their coordination behavior toward cobalt(II) and silver(I) ions (Figure 2), and the 

definitive structural elucidation of the resulting complexes, [Co(L1)2Cl2] and [Ag(L1)3NO3], using IR, elec-

tronic spectroscopy, and X-ray diffraction (XRD) analysis. An additional objective of the study was a com-

prehensive in vitro evaluation of the antimicrobial and antifungal potential of the synthesized compounds, 

combined with preliminary in silico prediction of biological activity and molecular docking to substantiate 

the "structure–activity" relationship (SAR). 

Experimental 

Materials and Methods 

Commercially available reagents: thiourea, ethyl chloroacetate, cobalt(II) chloride hexahydrate, and sil-

ver nitrate were used without further purification unless otherwise stated; solvents were dried by standard 

procedures. Melting and boiling points were determined in open capillaries using a Buсhi M560 device. The 

IR spectra were obtained using a FSM 1201 FT-IR spectrophotometer in a KBr tablet (neat) in the frequency 

range: 4000–400 cm⁻¹, using KBr pellets (ν / cm-1). The progress of reactions was accomplished by thin-

layer chromatography (TLC) analysis on coated silica plates (Silufol, UV-254 TLC, aluminum sheets) and 

plates were visualized with UV light (at 254 nm).The 1H and 13C NMR spectra were recorded on a Bruker 

Avance III spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR) using DMSO-d6 solvent with tet-

ramethylsilane (TMS) as internal standard. Chemical shifts (δ) are given in ppm, and the coupling constants 

(J) are given in Hz, respectively. X-ray diffraction data for single crystals were collected using a Bruker 

APEX diffractometer with a Mo Kα radiation source (λ = 0.71073 Å). Crystal structures were solved and 

refined using the SHELXT/SHELXL program package (Sheldrick, G.M., Acta Cryst. 2015). Visualization 

and analysis of crystal structures were performed with Mercury software (CCDC, Cambridge, UK), which 



Cobalt(II) and silver(I) complexes with 2-amino-4-thiazolinone: synthesis,…  

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 3 

enables three-dimensional structural representation, analysis of non-covalent interactions, and generation of 

publication-quality figures. Absorption spectra were recorded on а Shimadzu UV-1800 spectrophotometer in 

Ethanol. The metal content (cobalt and silver) was determined using an AA-140 atomic absorption spec-

trometer with a flame atomizer (air-acetylene). The analytical parameters were as follows: for Co, λ = 240.7 

nm, slit width 0.2 nm, and lamp current 7 mA (linear range: 0.05–15 μg/mL); for Ag, λ = 328.1 nm, slit 

width 0.5 nm, and lamp current 4 mA (linear range: 0.02–10 μg/mL). 

Synthetic Procedures 

2-Amino-4-thiazolinone hydrochloride (L). 100 mL of 95% ethanol and 38 g (0.5 mol) of thiocar-

bamide were placed in a 500 mL single-neck flask equipped with a reflux condenser. Then, 54 mL (0.5 mol) 

of ethyl chloroacetate was added. The mixture was refluxed for 3 hours, during which the formation of a 

white crystalline precipitate was observed. The resulting product, in the form of hydrochloride, was filtered 

off and washed with ethanol. Yield: 66.9 g of 2-amino-4-thiazolinone hydrochloride L (88%). 

2-Amino-4-thiazolinone (L1). 2-Amino-4-thiazolinone hydrochloride L (66.9 g) was dissolved in 100 

mL of a 25% aqueous ammonia solution to obtain white crystalline reprecipitated 2-amino-4-thiazolinone L1 

with a yield of 44.9 g (83%). M.p. (decomp.): 255–258 °C. ¹H NMR spectrum, δ, ppm: 8.95 (br s, 1H, NH₂), 
8.76 (br s, 1H, NH2), 3.89 (s, 2H, CH2) (Figure S1). 13C NMR spectrum, δ, ppm: 188.27 (C–NH2), 183.34 

(C=O), 40.32 (CH2) (Figure S2). IR spectrum, ν, cm⁻¹: 3377, 3398 (NH2), 2986 (СН), 1651 (C=O), 1524 

(C=N), 706 (C–S) (Figure S3). UV–vis (ethanol) λmax: 220, 250.5 nm (Figure 5). 

2-Imino-4-thiazolidinone (L2). 2-Amino-4-thiazolinone hydrochloride L (66.9 g) was dissolved in 500 

mL of hot water, and 60 g of sodium acetate was added to the boiling solution. The mixture was heated to 

boiling and then cooled; the transparent solution was left in a cold place for 24 hours. The formed white 

crystals were filtered off and air-dried. The resulting 2-imino-4-thiazolidinone L2 was obtained in an amount 

of 42.7 g (79%); it is insoluble in organic solvents and soluble in water. M.p. (decomp.): 205–208 °C. ¹H 

NMR spectrum, δ, ppm: 10.98 (br s, 1H, NH), 6.58 (br s, 1H, NH), 4.10 (s, 2H, CH2) (Figure S4). 13C NMR 

spectrum, δ, ppm: 178.65 (C=O), 177.62 (C=NH), 37.23 (CH2) (Figure S5). IR spectrum, ν, cm⁻¹: 3380 

(NH), 2987 (СН), 1678 (C=O), 1540 (C=N), 708 (C–S). 

Сomplex [Co(L1)2Cl2]. 2-Amino-4-thiazolinone hydrochloride L1H (0.256 g, 2.0 mmol) was dissolved 

in acetonitrile (20 mL). Cobalt(II) chloride hexahydrate (0.238 g, 1.0 mmol) was added, and the mixture was 

refluxed under stirring for 24 h (pH = 5.5). After slow cooling, blue crystals were obtained, filtered, washed 

with cold acetonitrile, and dried in air. Yield is (0.49 g) 68%. M.p. (decomp.): 260 °C. ¹H NMR spectrum, δ, 

ppm: 9.20 (br s,1H, NH2), 7.77 – 7.23 (m, 1H, NH2), 4.02 (s, 2H, CH2) (Figure S6). IR spectrum, ν, cm⁻¹: 
3402 (NH2), 3071 (СН), 1608 (C=O), 1585 (C=N), 771 (C–S), 478, 416 (Со–N) (Figure S7). Atomic absorp-

tion analysis: Calcd (%) for C6H8Cl2CoN4O2S2: Co, 16.27. Found (%): Co, 16.25. UV–vis (ethanol) λmax: 

227.5, 264 nm (Figure 5). 

Сomplex[Ag(L1)3NO3]. 2-Amino-4-thiazolinone hydrochloride L1H (0.384 g, 3.0 mmol) was dissolved 

in acetonitrile (20 mL) under exclusion of light. Silver nitrate (0.170 g, 1.0 mmol) was added, and the reac-

tion mixture was refluxed for 12 h. After slow evaporation in the dark, green crystals were obtained, filtered, 

washed with acetonitrile, and dried. Yield is (0.32 g) 61%. M.p. (decomp.): 265 °C. 1H NMR spectrum, δ, 

ppm: δ 8.89 (br s, 1H, NH2), 7.31 – 7.05 (m, 1H, NH2), 3.71 (s, 2H, CH2) (Figure S8). IR spectrum, ν, cm⁻¹: 
3414 (NH2), 3067 (СН), 1639 (C=O), 1554 (C=N), 1388–1304 (NO3

–), 474 and 574 (Ag–L). (Figure S9). 

Atomic absorption analysis: Calcd (%) for C9H12AgN7O6S3: Ag, 20.81. Found (%): Ag, 20.95. UV–vis (eth-

anol) λmax: 209, 264 nm (Figure 5). 

Antimicrobial Activity 

Antimicrobial activity of synthesized compounds – cobalt(II) complex [Co(L1)2Cl2] and silver(I) com-

plex [Ag(L1)3NO3] – was evaluated against two Gram-positive bacteria (Staphylococcus aureus ATCC 

25923 and Bacillus subtilis ATCC 6633), two Gram-negative bacteria (Escherichia coli ATCC 25922 and 

Pseudomonas aeruginosa ATCC 27853), and pathogenic fungus Candida albicans ATCC 10231. Screening 

was carried out by both disk diffusion method on Müller–Hinton agar. Sterile paper disks impregnated with 

20 μL of compound solution (1 mg/mL) were applied to inoculated agar plates standardized to 0.5 McFar-

land turbidity and broth microdilution method for determination of minimum inhibitory concentration (MIC), 

in accordance with CLSI guidelines [31, 32]. Ampicillin, ciprofloxacin, and fluconazole were used as refer-

ence standards for Gram-positive bacteria, Gram-negative bacteria, and fungi, respectively. All experiments 

were performed in triplicate, and results are expressed as mean ± standard deviation. 
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Docking Studies 

Molecular docking studies were performed in accordance with the protocol described in [33] using Au-

toDock Vina version 1.1.2 [34]. For coordination complexes containing Co2+ and Ag+ ions, metal center pa-

rameters were explicitly assigned prior to docking. Atomic partial charges for the metal centers and coordi-

nated ligand environments were derived using DFT calculations [35] (B3LYP 6-311++G(d,p) level of theory 

for light atoms and LanL2DZ pseudopotential for Co/Ag) via Mulliken population analysis with the help 

Gaussian-16 [36]. Custom AutoDock force field parameters for cobalt and silver ions (including non-bonded 

Lennard-Jones parameters ε and σ, ionic radii, and coordination geometries) were integrated into the force 

field files following the AutoDock metal parameterization protocols. Target protein 3D crystal structures 

were retrieved from the RCSB Protein Data Bank: DNA gyrase from E. coli / P. aeruginosa (PDB ID: 6RKS 

[37]), DNA gyrase from S. aureus (PDB ID: 2XCT [38]), penicillin-binding protein from E. coli (PDB ID: 

2EXB [39]), penicillin-binding protein from S. aureus (PDB ID: 1VQQ), and CYP51 from Candida albicans 

(PDB ID: 4WMZ [40]). 

Ligand structures were prepared and energy-minimized using Chem3D (ChemOffice package, Perki-

nElmer). A semi-flexible docking protocol was employed, wherein the receptors were kept rigid while full 

conformational flexibility was allowed for the ligands [41]. Active site grid coordinates were centered on the 

native ligand binding pockets as follows: 𝑥 = 158.511, 𝑦 = 158.419, 𝑧 = 127.835 (6RKS); 𝑥 =
−6.335, 𝑦 = 40.298, 𝑧 = 94.133 (2XCT); 𝑥 = 93.031, 𝑦 = 10.175, 𝑧 = 45.264 (2EXB); 𝑥 = −0.697, 𝑦 =
34.862, 𝑧 = 44.548 (1VQQ); and 𝑥 = 9.522, 𝑦 = 10.492, 𝑧 = 17.031 (4WMZ). The Lamarckian Genetic 

Algorithm (LGA [42]) implementation in AutoDock Vina was utilized to search the conformational space. 

Calculated binding affinities (kcal/mol) and non-covalent ligand–receptor interaction networks were evaluat-

ed using Discovery Studio Visualizer (Dassault Systèmes BIOVIA). 

Results and Discussion 

Chemistry 

2-Amino-4-thiazolinone (L1) and its tautomeric form, 2-imino-4-thiazolidinone (L2) (Figure 1), as well 

as their classical isosteres – glitazone (1,3-thiazolidine-2,4-dione) and rhodanine (2-thioxo-1,3-thiazolidin-4-

one), are of significant pharmacological interest [43-44]. In this work, the possibility of using 2-amino-4-

thiazolinone (L1) as a ligand has been investigated in its protonated form (L1H), as well as in two tautomeric 

forms. It was previously shown by IR and NMR spectroscopy [9, 10] that 2-amino-4-thiazolinone (L1) exists 

predominantly in the amino form (L1) both in the crystalline state [45] and in solutions. Nevertheless, the 

structure of the imine form L2, as well as the conditions for the tautomeric proton transfer in the molecule 

during the isolation process, are practically not discussed in the literature. 

 

 

Figure 1. Synthesis of amino (L1) and imino (L2) tautomeric forms of 2-aminothiazol-4-one 

We have demonstrated that the direction of the tautomeric shift (amino–imine form) can be controlled 

by varying the neutralization conditions of 2-amino-4-thiazolinone hydrochloride (L). It was found that in a 

strongly alkaline medium (pH = 11, aqueous ammonia), hydrochloride L converts predominantly into the 



Cobalt(II) and silver(I) complexes with 2-amino-4-thiazolinone: synthesis,…  

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 5 

amino form L1. Meanwhile, treatment of compound L with a sodium acetate solution (pH = 6.5) results in 

the formation of the imine structure L2 (Figure 1). The amino (L1) and imino (L2) forms of thiazolinone thus 

obtained were studied by NMR spectroscopy (Table 1). 

T a b l e  1  

1H and 13C NMR spectra of amino (L1) and imino (L2) tautomeric forms of 2-aminothiazol-4-one 

Compound 
NMR spectra in DMSO-d6, δ, ppm 

1H NMR spectrum 13C NMR spectrum 

 

NH2 – CH2 C–NH2 C=O CH2 

8.95 

8.76 
– 3.89 188.27 183.34 40.32 

 

NH NH CH2 C=NH C=O CH2 

10.98 6.58 4.10 177.62 178.65 37.23 

 

The PMR spectroscopy data (Table 1) provide direct evidence of the tautomeric state. For the amino 

form (L1), two signals are observed at 8.95 and 8.76 ppm, which is characteristic of the non-equivalent pro-

tons of the NH2-group. The absence of signals in a downfield region (above 10 ppm) indicates that the endo-

cyclic nitrogen is not protonated. For the imine form (L2), the spectrum changes fundamentally, exhibiting 

two singlets at 10.98 and 6.58 ppm. This corresponds to two chemically distinct protons of the groups: =NH 

(exocyclic imine group) and –NH– (endocyclic nitrogen). The signal of the methylene CH2 ring protons in 

L2 is shifted downfield (4.10 ppm versus 3.89 ppm for L1), which is explained by the increased deshielding 

effect from the double bond system in the imine form. 

The carbon chemical shifts provide insight into the change in the electronic density within the ring. For 

the amino form, the carbon signal of the C–NH2 group is observed at 188.27 ppm, whereas for the imine 

form (C=NH), it shifts upfield to 177.62 ppm. A difference of more than 10 ppm serves as a marker for dis-

tinguishing between amino and imine thiazole derivatives. The signal of the carbonyl carbon (C=O) at 

183.34 ppm in L1 shifts to 178.65 ppm in L2, indicating a redistribution of conjugation within the molecule 

upon proton transfer to the endocyclic nitrogen. The chemical shift values of the methylene CH2-group 

(40.32 ppm for L1 and 37.23 ppm for L2) also correlate with the changes in hybridization and charge distri-

bution within the heterocycle. 

The registration of two separate, non-overlapping sets of resonance lines in the 1H and 13C NMR spectra 

of L1 and L2 in DMSO-d6 (Table 1) – without cross-peaks or traces of the counterpart tautomer – indicates 

that the rate of the prototropic  L1  L2 tautomeric exchange is extremely low under these experimental 

conditions. In polar aprotic media such as DMSO-d6, the high activation barrier for the 1,3-proton shift in the 

absence of protic catalysts prevents rapid equilibration. Thus, the selective isolation driven by pH adjustment 

during neutralization (pH 11 for L1 vs. pH 6.5 for L2) yields kinetically stable tautomeric forms that maintain 

their structural integrity upon dissolution during the timeframe of the NMR analysis.  

In transitioning from the study of free ligands to the synthesis of coordination compounds, it was found 

that the reactivities of tautomers L1 and L2 differ significantly. The protonated form of 2-amino-4-

thiazolinone (L1H) was chosen as the starting substrate for the preparation of silver and cobalt complexes. It 

was experimentally established that the use of neutral free forms L1 and L2 leads to a significantly lower 

yield of the target products or the formation of multiphase mixtures, indicating their lower activity in com-

plexation processes under the selected conditions 

The synthesis of silver and cobalt complexes was carried out in acetonitrile while varying the metal-to-

ligand molar ratios (Figure 2). The reaction with cobalt(II) chloride hexahydrate at a 2:1 ratio leads to the 

formation of the [Co(L1)2Cl2] complex, whereas the interaction with silver(I) nitrate (3:1) proceeds with lig-

and deprotonation to form the three-coordinate [Ag(L1)3NO3] complex. 
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Figure 2. Synthesis of cobalt(II) and silver(I) complexes based on the protonated form of 2-amino-4-thiazolinone (L1H) 

The reaction of 2-amino-4-thiazolinone hydrochloride (L₁H) with cobalt (II) chloride confirmed its 

high complexing ability, yielding a stable, deep-blue crystalline product. Similarly, the interaction with silver 

(I) nitrate resulted in a green complex compound with a melting point of approximately 250°C. Such a high 

melting point indicates the significant thermal stability of the obtained silver complex. The formation of 

these solid crystalline products further demonstrates the successful coordination of Co2+ and Ag+ ions with 

the heterocyclic ligand. 

The 1H NMR spectra of the [Co(L1)2Cl2] (Figure S6) and [Ag(L1)3NO3] (Figure S8) complexes in 

DMSO-d6 exhibit very similar profiles in the standard diamagnetic region (0–10 ppm), featuring characteris-

tic broadening of the NH2 proton resonances (δ = 9.20 ppm for Co(II) and δ = 8.89 ppm for Ag(I)). Since 

silver(I) is a diamagnetic d10 ion, the observed line broadening and spectral similarity across both complexes 

indicate a common solution-state dynamic behavior driven by solvent-assisted ligand exchange and equilib-

rium with the free ligand in a strongly coordinating solvent (DMSO-d6) rather than a rigid coordination state 

or purely paramagnetic distortion. 

X-ray Structural Analysis of Cobalt(II) and Silver(I) Complexes 

Confirmation of the structures of the synthesized [Co(L1)2Cl2] and [Ag(L1)3NO3] complexes and de-

termination of their geometry in the crystalline phase were achieved using single-crystal X-ray diffraction 

(XRD) analysis. Based on the obtained diffraction data, the crystal structures of both the starting 2-amino-4-

thiazolinone hydrochloride (L1H) and the corresponding cobalt(II) and silver(I) coordination compounds 

were solved and refined (Figure 3). 

Structural analysis indicates that the ligand in the complexes exists exclusively in the amino-form, co-

ordinating predominantly via the endocyclic nitrogen atom. The obtained XRD data are in complete agree-

ment with the results of IR (Figure 4) and UV spectroscopy (Figure 5), as well as atomic absorption analysis, 

forming a coherent picture of the structure of the studied objects. 

The deep-blue complex [Co(L1)2Cl2], bis(2-amino-4-thiazolinone)dichlorocobalt (II), crystallises in the 

triclinic space group P1 (No. 2). The cobalt(II) center adopts a tetrahedral coordination geometry, formed by 

two chloride anions and two molecules of the ligand L1 coordinated via the endocyclic nitrogen atoms. The 

bond angles around the metal center deviate slightly from the ideal tetrahedral value (109.47°): the Cl–Co–Cl 

angle is 110.98°, the N–Co–N angle is 103.15°, and the C–Co–N angles range between 109.96 and 112.50°. 
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Figure 3. Molecular structures of 2-amino-4-thiazolinone hydrochloride (L1H) and its complexes [Co(L1)2Cl2] and 

[Ag(L1)3NO3] according to single-crystal X-ray diffraction data 

These values confirm a slightly distorted tetrahedral environment for the Co(II) ion. The carbonyl oxy-

gen atoms and the nitrogen atoms of the amino groups remain uncoordinated. The geometry of the coordi-

nated heterocyclic moieties is nearly identical to that observed in the "free" ligand L1H. Specifically, atoms 

O1 and N1 (as well as O2 and N2) lie within the planes of the five-membered rings. The cobalt center (Co) is 

displaced from the mean planes of the ligand rings by only approximately 0.2 Å. The hydrogen-bonding 

network in the complex is relatively simple compared to that in the precursor salts. One hydrogen atom of 

each amino group forms an intramolecular H-bond with a chloride ligand (D … A distances of 3.266(2) and 

3.261(3) Å). The second amino hydrogen atom participates in an intermolecular H-bond with the carbonyl 

oxygen atom (O1) of a neighboring molecule (D … A distances of 2.834(4) and 2.882(3) Å). These intermo-

lecular contacts unite the complex molecules into infinite chains, which are further stabilized in the crystal 

packing by weak π-π stacking interactions with interplanar distances of approximately 3.5 Å. 

The green complex [Ag(L1)3NO3], tris(2-amino-4-thiazolinone)silver (I) nitrate, crystallizes in the 

monoclinic space group P21/n (No. 14) as plate-like crystals. The coordination environment of the central 

Ag(I) atom is irregular. The first coordination sphere involves the N1 and N2 nitrogen atoms of two inde-

pendent 2-amino-4-thiazolinone rings, the carbonyl oxygen atom of an adjacent ligand L1 molecule (with a 

d(Ag–O) distance of 2.490(1) Å), and a NO3
– anion coordinated via the O1 atom with a (Ag–O1) distance of 

2.816(1) Å. Although this value exceeds the typical bond lengths for strong coordination (2.6–2.7 Å), the 

presence of the interaction is confirmed by the redistribution of electron density within the nitrate anion. The 

N–O1 bond is elongated by approximately 0.03 Å relative to the average values of the other N–O bonds, in-

dicating a noticeable polarization of the anion upon coordination to the metal. The geometry of the complex 
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is heavily distorted: the maximum valence angle is 143.32(5)° (N1–Ag–N2), while the minimum is 81.52(6)° 

(N1–Ag–O). 

At the same time, the silver atom maintains a planar environment relative to the ligands, deviating from 

the planes of their rings by only 0.12 Å. Such irregular geometry and the presence of "long" contacts with the 

anion are characteristic of Ag(I) ions with their flexible d10 shell, which promotes the formation of complex 

chains in the crystal due to bridging carbonyl groups. 

The stability of the crystal packing of the complex is ensured by a complex network of intermolecular 

hydrogen bonds (Figure S10). The amino groups of the ligands form strong N–H…O (nitrate) hydrogen 

bonds with the oxygen atoms of the nitrate anion that are not involved in direct coordination to the silver at-

om. Intermolecular interactions are also observed between the NH2-group of one complex and the carbonyl 

oxygen (C=O) of the ligand in an adjacent L1 molecule. These bonds contribute to the additional fixation of 

the anion in the crystal lattice and compensate for its weak coordination bond with the metal; they are of me-

dium strength, with lengths ranging from 2.8 to 2.9 Å and angles of 160–170°. 

The geometry of the ligand arrangement around the central Ag(I) atom favors the formation of weak in-

tramolecular contacts, which stabilize the conformation of the "tris-chelate" environment despite significant 

distortions of the bond angles. Since metal coordination is accompanied by a redistribution of electron densi-

ty within the ligand molecules, this must inevitably lead to a change in the force constants of the chemical 

bonds and, consequently, to a shift in the corresponding characteristic vibrational frequencies. 

IR Spectroscopy of Cobalt(II) and Silver(I) Complexes 

An effective method for confirming the complex nature of synthesized compounds is the joint analysis 

of their vibrational spectra alongside the spectrum of the initial organic substrate. The presented overlay of 

the IR spectra of L1 (2-amino-4-thiazolinone) and the synthesized complexes [Co(L1)2Cl2] and 

[Ag(L1)3NO3] (Figure 4) clearly illustrates the transformation of the spectral profile in the regions of the 

amino group stretching vibrations (3400–3100 cm⁻¹) and the heterocyclic fragment (1650–1500 cm⁻¹). These 

changes correlate with the proposed coordination mode and the alteration of the system's symmetry. 

 

 

Figure 4. Comparison of the IR absorption spectra of the free ligand L1 (2-amino-4-thiazolinone) and the synthesized 

complexes [Co(L1)2Cl2] and [Ag(L1)3NO3] 

In the spectrum of the free ligand L1 (Figures 4, S3), the following key characteristic bands are ob-

served: the high-frequency peak at 3398 cm⁻¹ corresponds to the ν(NH2) stretching vibrations. The bands in 

the region of 2986–2804 cm⁻¹ are assigned to the stretching vibrations of the ring CH and CH2 groups. The 

intense band at 1651 cm⁻¹ is responsible for the stretching vibrations of the double bond, ν(C=O). The band 

at 1524 cm⁻¹ is characteristic of the conjugated N–C=N or C=C system. The peaks at 1369, 1207, and 1130 

cm⁻¹ are attributed to the skeletal vibrations of the ring and deformation vibrations of the CH2-groups. The 

band at 706 cm⁻¹ can be assigned to the stretching vibrations, ν(C–S), of the thiazoline ring. 

A comparison of the IR spectrum of the cobalt complex [Co(L1)2Cl2] with that of the free ligand L1 

(Figures 4, S7) allows for a conclusion regarding the coordination mode, which is fully supported by the 

XRD data. In the spectrum of the complex, the ν(NH2) band shifts to 3402 cm⁻¹, whereas the appearance of 
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new components in the 3236–3071 cm⁻¹ region is attributed to alterations in the hydrogen-bonding system 

upon molecular packing in the crystal, given that the amino group, according to the XRD data, is not directly 

involved in coordination with the metal ion. The most significant changes occur in the absorption region of 

the heterocycle: the band at 1651 cm⁻¹ shifts to the lower-frequency region (1608–1585 cm⁻¹), which is driv-

en by the redistribution of electron density within the conjugated O=C–N=C ring system upon binding of the 

Co2+ ion to the endocyclic nitrogen atom. The shift of the ν(C–S) bands to the 771 and 600 cm⁻¹ regions also 

points to the involvement of the heterocycle in complexation. Coordination via the endocyclic nitrogen atom 

is further confirmed by the emergence of new bands in the low-frequency region at 478 and 416 cm⁻¹, which 

are assigned to the metal–ligand ν(Co–N) stretching vibrations 

The IR spectrum of the silver complex [Ag(L1)3NO3] reflects a more complex coordination behavior 

(Figures 4, S9), which is driven by the presence of two types of chemically non-equivalent L1 ligands within 

the unit cell. The significant broadening and splitting of the bands in the 3414–3067 cm⁻¹ region are attribut-

ed to a complex network of intermolecular contacts. In the region of the C=O and C=N stretching vibrations, 

the appearance of several well-defined peaks at 1639, 1581, and 1554 cm⁻¹ is observed. This is in excellent 

agreement with the XRD data, which indicate a monodentate binding mode for all ligands, albeit via differ-

ent donor centers: the band at 1639 cm⁻¹ corresponds to the carbonyl group coordinated through the oxygen 

atom, ν(C=O → Ag), whereas the shift of the bands in the 1581–1554 cm⁻¹ region is caused by the coordina-

tion of the other two ligand molecules via the endocyclic nitrogen atoms of the heterocycle. A characteristic 

feature of the spectrum of this complex is an intense, broad band in the 1388–1304 cm⁻¹ region, signifying 

the presence of the nitrate anion (NO3
–). The shift and splitting of the deformation vibrations in the 895–713 

cm⁻¹ region confirm that the nitrate group enters the inner coordination sphere of the silver ion, exhibiting a 

monodentate coordination mode. The bands of medium intensity at 574 and 474 cm⁻¹ are assigned to the 

ν(Ag–O) and ν(Ag–N) stretching vibrations, respectively. 

Thus, contrary to the initial assumption of chelate binding, the combined analysis of IR spectroscopy 

and XRD data rigorously proves the monodentate coordination mode of the ligand L1: exclusively via the 

endocyclic nitrogen atom in the cobalt(II) complex, and a mixed (N- or O-donor) coordination type in the 

silver(I) complex. Additional information regarding the electronic state of the system and changes in the mo-

lecular energy levels upon complexation was obtained by electronic absorption spectroscopy. 

Electronic Absorption Spectroscopy of Cobalt(II) and Silver(I) Complexes 

A comparative analysis of the spectra of the free ligand L1 and its complexes with cobalt(II) and sil-

ver(I) allows monitoring the redistribution of electron density and evaluating the influence of the central ion 

on the π → π* and n → π* transitions of the organic L1 molecule [46]. 

Figure 5 presents the electronic absorption spectra (UV-Vis) of the free ligand L1 (2-amino-4-

thiazolinone) and the synthesized coordination compounds of 2-amino-4-thiazolinone (L1), namely its com-

plexes with cobalt [Co(L1)2Cl2] and silver [Ag(L1)3NO3], in ethanol. The spectrum of the free ligand exhibits 

two intense absorption bands with maxima at 220 nm (A = 2.3476) and 250 nm (A = 1.0257). These bands 

are due to the π → π* and n → π* electronic transitions within the conjugated system of the heterocyclic 2-

amino-4-thiazolinone (L1) ring. 

 

 

Figure 5. Electronic absorption spectra of free 2-amino-4-thiazolinone (L1) and the corresponding cobalt (II) 

[Co(L1)2Cl2] and silver (I) [Ag(L1)3NO3] complexes in ethanol 
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The complexation process is accompanied by significant changes in the spectral profile [47]. For the 

cobalt complex [Co(L1)2Cl2], a bathochromic shift of the first band to 227.5 nm (Δλ = 7.5 nm) is observed. 

This indicates a decrease in the energy gap between the Highest Occupied Molecular Orbital (HOMO) and 

the Lowest Unoccupied Molecular Orbital (LUMO) of the ligand L1 upon coordination with the Co2+ ion. 

For the silver complex [Ag(L1)3NO3], a pronounced hypsochromic shift to 209 nm (Δλ = 11 nm) was record-

ed. This shift toward the shorter wavelength region indicates the involvement of the lone pair of the heteroa-

tom (likely the ring nitrogen atom) in the coordination bond with the Ag+ ion, which leads to a disruption of 

the initial conjugation and an increase in the transition energy 

The second absorption maximum of the ligand (250.5 nm) undergoes a bathochromic shift to 264 nm 

(Δλ = 13.5 nm) in both the cobalt and silver complexes. The identical position of this maximum for both the 

cobalt and silver compounds indicates a similar nature of electronic perturbations within the thiazoline moie-

ty upon interaction with d-metals. 

A characteristic feature of all recorded spectra is a sharp decrease in absorption intensity (hypochromic 

effect) from 2.35 to values ranging between 0.26–0.69. This effect may be a consequence of changes in the 

symmetry of the ligand molecule, the distortion of its planarity upon incorporation into the coordination pol-

yhedron, or a change in the probability of electronic transitions due to partial ligand-to-metal charge transfer 

(LMCT). 

Thus, the bathochromic and hypsochromic shifts of the main maxima, in conjunction with the hypo-

chromic effect, unequivocally confirm the formation of metal–ligand chemical bonds and the synthesis of 

new coordination compounds. 

Study of Antimicrobial Activity 

Recently, 2-aminothiazoles have become essential heterocyclic compounds owing to their versatile ap-

plications in various fields. It also plays a major role in the pharmaceutical industry and is a critical scaffold 

for drug discovery [1–3]. Among heterocyclic compounds, thiazolidinone represents a wide range of biologi-

cal activities including anticancer, antimicrobial, antidiabetic, and several others. The presence of N–C–S 

linkage along with carbonyl contributes to its therapeutic potential. Furthermore, the structure–activity rela-

tionship (SAR) and biological implications of various thiazolidinone derivatives are discussed, emphasizing 

their promising therapeutic leads for future drug discovery [1, 4, 6].  

The investigation of antimicrobial properties represents a crucial step in assessing the biological rele-

vance of transition metal complexes. In this work, the antibacterial and antifungal activities of 2-amino-4-

thiazolone (L1) and the obtained [Co(L1)2Cl2] and [Ag(L1)3NO3] complexes were evaluated using the agar 

well diffusion method and the microdilution broth assay. The comprehensive experimental data and compar-

ative analysis with commercial reference drugs are presented in Table 2 

T a b l e  2  

Antimicrobial activity (zone of inhibition, mm) and minimum inhibitory concentration (MIC, μg/mL)  

of  2-Amino-4-thiazolinone (L1), complexes [Co(L1)2Cl2] and [Ag(L1)3NO3] and reference drugs 

Compound Zone of inhibition,  mm MIC, μg/mL 

S. aureus B. subtilis E. coli P. aeruginosa C. albicans 

2-Amino-4-thiazolinone (L1)  12 ± 0.4 13 ± 0.5 11 ± 0.3 10 ± 0.4 12 ± 0.6 64–128 

Complex [Co(L1)2Cl2] 17 ± 0.5 18 ± 0.6 16 ± 0.4 15 ± 0.5 17 ± 0.4 16–32 

Complex [Ag(L1)3NO3] 24 ± 0.6 25 ± 0.7 23 ± 0.5 22 ± 0.6 26 ± 0.5 4–8 

Ampicillin 28 ± 0.8 29 ± 0.7 – – – 2–4 

Ciprofloxacin – – 30 ± 0.7 28 ± 0.8 – 0.25–0.5 

Fluconazole – – – – 22 ± 0.6 0.5–1 

Note – Values represent mean ± SD (n = 3). – indicates no activity or not tested 

 

It is worth noting that the free heterocyclic ligand, 2-amino-4-thiazolone (L1), displayed moderate in-

hibitory activity during preliminary screening, suggesting a limited capability to penetrate microbial cell bar-

riers on its own. In stark contrast, its coordination to Co(II) and Ag(I) metal centers led to a remarkable syn-

ergistic enhancement of antimicrobial potency. This phenomenon complies with Tweedy’s chelation theory 

[23, 48], suggesting that the reduction of the metal ion's polarity increases the lipophilicity of the entire mo-

lecular architecture, thereby facilitating its permeation through the lipid layer of microbial cell membranes.  
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To provide a visual correlation with the quantitative data detailed in Table 2 and discussed above, a se-

ries of representative photographic results from the agar well diffusion and disk diffusion assays are present-

ed below (refer to Figure 6). These images vividly illustrate the zones of inhibition observed for 2-amino-4-

thiazolinone (L1), its [Co(L1)2Cl2] and [Ag(L1)3NO3] complexes, and standard reference antibiotics against 

the five test microorganisms, validating the synergistic effect. 

Figure 6. Representative images of the antimicrobial activity of 2-amino-4-thiazolinone (L1), its cobalt [Co(L1)2Cl2] 

and silver [Ag(L1)3NO3] complexes, and reference drugs (ampicillin, ciprofloxacin, and fluconazole) against the tested 

microbial strains, as determined by the agar well diffusion method. 

The uncoordinated ligand 2-amino-4-thiazolinone (L1) demonstrated low antimicrobial activity against 

all tested microorganisms. The zones of inhibition against S. aureus and B. subtilis were 12 ± 0.4 and 13 ± 

0.5 mm, respectively, which were notably lower than those observed for the reference drug ampicillin (28 ± 

0.8 and 29 ± 0.7 mm). Against Gram-negative strains, L1 exhibited inhibition zones of 11 ± 0.3 mm (E. coli) 

and 10 ± 0.4 mm (P. aeruginosa), while antifungal activity against C. albicans was 12 ± 0.6 mm. The mini-

mum inhibitory concentration (MIC) values ranged from 64 to 128 μg/mL. This moderate-low activity of L1 

may be attributed to its limited capability to permeate through microbial cell barriers independently. Unlike 

the metal complexes, the uncoordinated ligand does not benefit from the reduction of polarity that occurs 

upon coordination with metal centers [23–25, 49]. 

Complex [Co(L1)2Cl2] exhibited enhanced antimicrobial activity, surpassing free L1 across all tested 

strains. The zones of inhibition were 17 ± 0.5 mm against S. aureus, 18 ± 0.6 mm against B. subtilis, 16 ± 0.4 

mm against E. coli, and 15 ± 0.5 mm against P. aeruginosa. Antifungal activity against C. albicans reached 

an inhibition zone of 17 ± 0.4 mm. The MIC values (16–32 μg/mL) were significantly lower than those of 

free ligand. The enhanced potency of the cobalt(II) complex relative to L1 can be explained by Overtone’s 

concept and Tweedy’s chelation theory: coordination to the Co(II) center reduces the polarity of the metal 

ion via partial sharing of its positive charge with donor atoms and electron delocalization over the chelate 
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ring. This lipophilic character facilitates penetration through the lipid bilayer of microbial cell membranes 

[23–25, 48–50]. Furthermore, Co(II) complexes are known to interfere with bacterial DNA transcription and 

critical enzymatic pathways, further contributing to their elevated antibacterial profile [51]. 

Complex [Ag(L1)3NO3] displayed the most potent antimicrobial activity among all synthesized com-

pounds, with inhibition zones of 24 ± 0.6 mm (S. aureus), 25 ± 0.7 mm (B. subtilis), 23 ± 0.5 mm (E. coli), 

22 ± 0.6 mm (P. aeruginosa), and 26 ± 0.5 mm (C. albicans). The MIC values (4–8 μg/mL) were the lowest 

in the series, approaching or even matching the activity of the reference drugs for several strains. The superi-

or antimicrobial performance of [Ag(L1)3NO3] is attributed to a synergistic effect between the silver(I) ion 

and the aminothiazolone ligand. Silver(I) ions are well-established antimicrobial agents operating through 

multi-target mechanisms, including cell membrane disruption, inhibition of respiratory chain enzymes, ROS 

generation, and interference with DNA replication [50–52]. Coordination with ligand L1 amplifies these bio-

effects by reducing complex polarity in accordance with Tweedy’s chelation theory, thereby facilitating 

membrane penetration and improving cellular uptake [53-54]. Although silver coordination compounds often 

undergo ligand dissociation and slow Ag⁺ release in aqueous culture media, the presence of the organic lig-

and scaffold modulates both drug solubility and ion delivery dynamics, allowing the complex to act as an 

effective delivery carrier. While formal silver-release kinetics were not quantitatively determined in this 

study, the combined mechanisms yield enhanced broad-spectrum activity against both bacterial and fungal 

pathogens, highlighting [Ag(L1)3NO3] as a promising scaffold for novel antimicrobial drug design. 

Taken together, these results demonstrate a clear structure–activity relationship (SAR) within the series: 

free 2-Amino-4-thiazolinone (L1) < Complex [Co(L1)2Cl2] < Complex [Ag(L1)3NO3]. Metal complexation 

significantly enhances antimicrobial potency relative to organic precursor, and nature of the metal ion is pri-

mary determinant of biological activity. These findings are consistent with previously reported coordination 

compounds based on heterocyclic ligands [55–57]. Furthermore, they support the rationale for the further 

development of silver(I)-based coordination complex architectures as promising candidates for antimicrobial 

applications. This is well aligned with established agents utilizing silver salts coupled with thiazole deriva-

tives, which have proven effective as targeted antifungal remedies against Candida tropicalis, Candida 

krusei, and Candida glabrata strains [58]. 

Molecular Docking Studies Against Bacterial and Fungal Targets 

To provide a rational structural context for the observed in vitro antimicrobial profile (Table 2), mo-

lecular docking was performed against five representative microbial targets: DNA gyrase (E. coli / P. aeru-

ginosa, PDB ID: 6RKS; S. aureus, PDB ID: 2XCT), penicillin-binding proteins (E. coli, PDB ID: 2EXB; S. 

aureus, PDB ID: 1VQQ), and CYP51 (Candida albicans, PDB ID: 4WMZ). These specific crystallographic 

structures were selected because they represent co-crystallized complexes containing the exact same refer-

ence drugs – Ciprofloxacin, Ampicillin, and Fluconazole, respectively − that were employed as positive con-

trols in the experimental bioassays. Docking into these validated binding pockets allowed comparison be-

tween the binding affinities (Δ𝐺, Table 3) and binding modes of the free ligand L1, its metal complexes, and 

the native reference inhibitors. 

 

Figure 7. 2D and 3D molecular structures of 2-amino-4-thiazolinone (L1) and its cobalt(II) and silver(I) complexes 
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For the in silico assessment of the bioactive potential of 2-amino-4-thiazolinone L1 and its complexes 

[Co(L1)2Cl2] and [Ag(L1)3NO3], the initial 2D molecular models derived from crystallographic data were 

transformed into 3D structures using Chem3D software, followed by geometry optimization employing the 

MMFF94 force field (Figure 7).  

The optimized 3D geometries of L1, its cobalt(II) and silver(I) complexes, and the reference standards 

(Figure 7) were subsequently converted into PDB format and subjected to ligand preparation protocols prior 

to docking in AutoDock Vina; the calculated binding affinities (kcal/mol) for each target protein are com-

piled in Table 3. 

T a b l e  3  

Binding affinity values (G, kcal/mol) of ligand L1, its metal complexes, and reference drugs calculated via 

AutoDock Vina against target proteins (PDB IDs: 6RKS, 2XCT, 2EXB, 1VQQ, and 4WMZ) 

Binding affinity, kcal/mol 

Compound  

6RKS 2XCT 2EXB 1VQQ 4WMZ 

2-Amino-4-thiazolinone L1 −4.6 −5.1 −3.9 −4.4 −4.6 

Complex [Co(L1)2Cl2] −7.4 −7.5 −5.8 −6 −6.2 

Complex [Ag(L1)3NO3] −7.4 −8.8 −7.2 −7.4 −7.2 

Reference Drug 

Ciprofloxacin −8.2 −9.2 −7.4 −7.9 −8.7 

Ampicillin −7.2 −9.4 −7.4 −7.2 −8.1 

Fluconazole −8.2 −8.7 −6.6 −6.6 −7.4 
 

As can be seen in Table 3, the in silico docking results reveal a clear trend in binding affinities (G) 

across all target proteins, mirroring the experimental SAR observations. The uncomplexed ligand L1 exhibit-

ed the weakest binding affinity across all receptors, with values ranging from −3.9 to −5.1 kcal/mol. Coordi-

nation with metal ions led to a pronounced enhancement in binding potency; the cobalt complex 

[Co(L1)2Cl2] demonstrated improved affinities (−5.8 to −7.5 kcal/mol), while the silver complex 

[Ag(L1)3NO3] displayed the strongest interactions among the synthesized compounds, reaching −8.8 

kcal/mol against S. aureus DNA gyrase (2XCT) and −7.2 to −7.4 kcal/mol across the remaining targets. No-

tably, the binding energy of [Ag(L1)3NO3] against E. coli penicillin-binding protein (2EXB, −7.2 kcal/mol) 

and S. aureus penicillin-binding protein (1VQQ, −7.4 kcal/mol) was nearly equipotent to the reference anti-

biotic Ampicillin (−7.4 and −7.2 kcal/mol, respectively), reinforcing the pivotal role of the silver core in 

maximizing target site interactions. Taken together, these in silico results demonstrate a clear structure–

activity relationship within the series: free 2-amino-4-thiazolinone (L1) < Complex [Co(L1)2Cl2] < Complex 

[Ag(L1)3NO3], which is in full agreement with the experimental findings described in the previous section. 

To elucidate the specific binding modes and molecular forces driving these affinities, the key intermo-

lecular interactions between the studied compounds and target proteins, including hydrogen bonding, hydro-

phobic, electrostatic, and steric contact points, were analyzed (Table S1) and visualized (Figure S11). Since 

docking simulations demonstrated the strongest binding interactions with the S. aureus DNA gyrase target 

(PDB ID: 2XCT), the key ligand–amino acid contact maps for this protein are highlighted in Table 4 and 

Figure 8, with the full interaction profile for all other complexes detailed in Supplementary Materials. 

T a b l e  4  

Intermolecular interactions formed by ligand L1, complexes [Co(L1)2Cl2] and Ag(L1)3NO3],  

and reference drugs with 2XCT target protein (Staphylococcus aureus + Ciprofloxacin) 

Compound Conventional Hydrogen Bond -Alkyl Carbon Hydrogen Bond Halogen 

2-Amino-4-thiazolinone 

L1 

THR1181 – – – 

Complex [Co(L1)2Cl2] SER1330, ASN1182 – – – 

Complex [Ag(L1)3NO3] THR1329 – – – 

Ciprofloxacin – – – – 

Ampicillin GLY1332 PHE1331, 

VAL1268, 

PRO1326 

PHE1331, SER1330 PHE1266, 

GLN1267 

Fluconazole SER1173 – – – 
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Detailed analysis of the specific ligand–receptor interactions in Tables 4 and Table S1 clarifies the 

structural origin of the enhanced binding affinities observed for the metal complexes. Free ligand L1 exhibits 

primarily conventional hydrogen bonds and localized hydrophobic contacts across the active sites, though in 

some instances (e.g., against 2EXB and 1VQQ), its binding is accompanied by unfavorable donor–donor or 

electrostatic contacts, which accounts for its lower binding affinity. Coordination into the cobalt complex 

[Co(L1)2Cl2] eliminates these unfavorable interactions and forms stabilized hydrogen-bonding networks with 

key catalytic residues (e.g., SER1330/ASN1182 in 2XCT and SER420/SER62/ASN308 in 2EXB). Crucially, 

the silver complex [Ag(L1)3NO3] displays the highest density and diversity of stabilizing non-covalent forc-

es: it establishes extensive multi-point conventional hydrogen bonds (notably via TYR149, GLU153, 

ASN148, LYS64, and TYR63 in 6RKS; ILE471, CYS470, TYR140, HIS468, and ARG385 in 4WMZ) com-

plemented by favorable electrostatic forces (attractive charge interactions with ARG65, ASP139, ASP304, 

HIS129, GLU61 in 1VQQ; ASP150 in 6RKS) and hydrophobic 𝜋-alkyl/𝜋-anion interactions. These exten-

sive interactions with active-site residues match or exceed those of the reference drugs Ciprofloxacin, Ampi-

cillin, and Fluconazole. This explains the higher antimicrobial potency and stability of the silver complex. 

 

 

Figure 8. 2D and 3D visualizations of key active-site amino acid interactions with ligands for the Staphylococcus  

aureus DNA gyrase target protein (PDB ID: 2XCT) 
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Overall, the in silico molecular docking findings correlates with the experimental SAR data and provide 

a atomistic rationale for the experimentally observed bioactivity of the synthesized compounds. The en-

hanced binding affinity of the silver complex stems from its tris-ligand coordination, which creates an ex-

panded, highly complementary three-dimensional architecture capable of forming a denser network of non-

covalent interactions within the active site. These results not only confirm the strategic advantage of metal 

complexation in enhancing antimicrobial efficacy, but also highlight the silver(I) complex as a highly prom-

ising lead candidate for further development of antimicrobial agents. 

Conclusions 

In summary, this work presents a comprehensive investigation into the pH-controlled synthesis, struc-

tural characterization, and preliminary biological evaluation of novel cobalt(II) and silver(I) complexes based 

on 2-amino-4-thiazolinone (L1). 

Fine-tuning the pH during the neutralization of 2-amino-4-thiazolinone hydrochloride (L1H) allowed 

for the selective isolation of the amino (L1, pH = 11) and imino (L2, pH = 6.5) tautomeric forms. Their struc-

tural integrity and tautomeric behavior in solution were unambiguously established using 1H and 13C NMR 

spectroscopy. 

Complexation of L1H with cobalt(II) chloride and silver(I) nitrate afforded [Co(L1)2Cl2] and 

[Ag(L1)3NO3] coordination architectures, respectively. X-ray diffraction (XRD), alongside IR and UV-Vis 

spectroscopic analyses, demonstrated that, [Co(L1)2Cl2] and crystallizes in the triclinic P1 space group, 

adopting a distorted tetrahedral geometry around the Co(II) center via monodentate coordination of the en-

docyclic ring nitrogen atoms of two L1ligands. And [Ag(L1)3NO3] crystallizes in the monoclinic P21/n space 

group, featuring an irregular coordination polyhedron formed by two endocyclic nitrogen atoms, a exocyclic 

carbonyl oxygen atom from a neighboring ligand, and a weakly bound nitrate anion, resulting in self-

assembled chains. 

In vitro biological testing against Gram-positive (S. aureus, B. subtilis) and Gram-negative (E. coli, P. 

aeruginosa) bacteria, as well as the fungal strain C. albicans, established a clear structure–activity relation-

ship (SAR) in the order: 2-amino-4-thiazolinone (L1) < Complex [Co(L1)2Cl2] < Complex [Ag(L1)3NO3]. 

While the uncoordinated ligand L1 exhibited low-to-moderate antimicrobial effects (MIC = 64–128 μg/mL), 

metal coordination significantly enhanced the biological efficiency. The silver(I) complex [Ag(L1)3NO3] 

displayed remarkable broad-spectrum antibacterial and antifungal potency (MIC = 4–8 μg/mL), approaching 

the effectiveness of reference therapeutic agents (Ampicillin, Ciprofloxacin, and Fluconazole). This en-

hancement aligns with Tweedy's chelation theory and the intrinsic bactericidal activity of the Ag+ center. 

Molecular docking studies against therapeutic target enzymes (DNA gyrase, penicillin-binding proteins, 

and CYP51) strongly correlated with the experimental SAR results. Complex [Ag(L1)3NO3] exhibited the 

highest binding affinity (up to -8.8 kcal/mol against S. aureus DNA gyrase), stabilizing within the active 

pockets through strong hydrogen bonding, ionic, and hydrophobic interaction networks. 

Overall, these findings demonstrate the efficacy of transitioning from heterocyclic organic ligands to 

coordination complexes, identifying [Ag(L1)3NO3] as a promising lead candidate for the further development 

of novel antibacterial and antifungal therapeutics. 
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