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Antimicrobial and Antifungal Study of Thiazolotriazolium Salts: 
in vivo Investigation, and Molecular Docking
Abstract
Three thiazolo[3,2-b][1,2,4]triazol-7-ium hexabromotellurates 1 – 3 were synthesized via the electrophilic heterocycliza-
tion of methallyl thioether precursors using a classical tellurium(IV) electrophilic reagent generated in situ from TeO2 and 
1 M hydrobromic acid. The resulting salts were comprehensively screened for the antimicrobial activity against five clinically 
relevant pathogens: Staphylococcus aureus, Candida albicans, Klebsiella pneumoniae, Escherichia coli, and Pseudomonas 
aeruginosa. Biological assays revealed that compound 1 containing a 2-(4-pyridyl) substituent demonstrated the strongest 
activity profile, particularly against C. albicans (MIC = 15.625 μg mL–1) and E. coli (MIC = 31.25 μg mL–1). Compound 2, substi-
tuted with the 3-hydroxyphenyl moiety, also showed a significant antifungal efficacy, while compound 3 (with the 2-phenyl 
substituent) exhibited a relatively low activity. To rationalize these differences, the molecular docking was performed target-
ing MurB (UDP-N-acetylenolpyruvoylglucosamine reductase, PDB 1MBT) and DNA gyrase B (GyrB, PDB 4URO), two bacterial 
enzymes known to be essential for the viability of Gram-negative pathogens. The docking results confirmed the experimental 
data, showing strong π–π stacking and hydrogen bonding between compound 1 and the FAD-containing binding pocket of 
MurB. This work highlights the utility of the tellurium-induced annulation in producing biologically potent heterocycles and 
emphasizes the structure–activity relationships driven by substituents in position 2 of the fused scaffold.
Keywords: [1,3]thiazolo[3,2-b][1,2,4]triazol-7-іum hexabromotellurates; anti-microbial activity; docking; electrophilic cyclization; 
MurB; GyrB; molecular docking
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Антимікробне й протигрибкове дослідження солей тіазолотриазолію: in vivo вивчення 
та молекулярний докінг
Анотація
Три тіазоло[3,2-b][1,2,4]триазол-7-ій гексабромтелурати 1 – 3 синтезовано електрофільною гетероциклізацією металіл-
тіоетерів з використанням класичного електрофільного реагенту на основі телуру(IV), отриманого in situ з TeO2 та 
1 M бромоводневої кислоти. Отримані солі ретельно досліджено на антимікробну активність проти п’яти клінічних 
штамів: Staphylococcus aureus, Candida albicans, Klebsiella pneumoniae, Escherichia coli та Pseudomonas aeruginosa. 
Мікробіологічними дослідженнями виявлено, що сполука 1, яка містить 2-(4-піридил)-замісник, продемонструвала 
найсильніший профіль активності, особливо проти C. albicans (МІК = 15.625 мкг мл–1) та E. coli (МІК = 31.25 мкг мл–1). 
Сполука 2, заміщена 3-гідроксифенільним фрагментом, також продемонструвала значну протигрибкову ефективність, 
тоді як сполука 3 (з 2-фенільним замісником) продемонструвала порівняно низьку активність. Щоб раціоналізувати 
ці відмінності, було проведено молекулярний докінг на ферментах MurB (UDP‑N‑ацетиленолпірувоїлглюкозамін ре-
дуктаза, PDB 1MBT) та ДНК‑гірази B (GyrB, PDB 4URO), які відіграють важливу роль у життєдіяльності грамнегативних 
бактерій. Результати докінгу підтвердили експериментальні дані, показавши сильний π–π-стекінг та водневі зв’язки 
між сполукою 1 та кишенею зв’язування MurB, що містить FAD. Ця робота підкреслює корисність індукованої телуром 
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ануляції для отримання біологічно активних гетероциклів та акцентує на взаємозв’язках структура-активність, зумов-
лених замісниками в положенні 2 конденсованого каркаса.
Ключові слова: [1,3]тіазоло[3,2-b][1,2,4]триазол-7-ій гексабромтелурати; антимікробна активність; докінг; електрофільна 
циклізація; MurB; GyrB; молекулярний докінг
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■ Introduction

The escalating global health threat posed by  
the antimicrobial resistance (AMR) across bac-
terial and fungal pathogens necessitates conti- 
nuous, intensive efforts to identify structurally 
novel antimicrobial agents [1 – 3]. The emergence 
of multidrug-resistant (MDR) organisms has ren- 
dered many conventional antibiotics ineffective, 
leading to the increased morbidity and mortality  
worldwide. Consequently, modern medicinal che- 
mistry prioritizes the development of new com-
pounds with unique scaffolds that can circum-
vent resistance mechanisms [4, 5].

Among the most promising classes of molecu- 
les are heterocyclic compounds containing fused 
nitrogen- and sulfur-containing rings. These scaf- 
folds exhibit a notable conformational rigidity,  
redox properties, and binding specificity, posi-
tioning them as privileged frameworks for the  
drug design [6 – 16]. Specifically, thiazole-fused 

systems, such as thiazolotriazoles, have attracted 
attention due to their broad spectrum of biologi-
cal activities, including antimicrobial, antiviral, 
antioxidant, and enzyme-inhibitory effects [13, 
17 – 23]. Their aromatic rigidity and electron-rich  
structure enable fine-tuning of pharmacodyna- 
mic and pharmacokinetic parameters.

A powerful synthetic approach for assembling 
such heterocycles involves electrophilic hetero-
cyclization [24]. In particular, reactions mediated  
by tellurium(IV) electrophiles (generated in situ 
from TeO2 and aqueous hydrobromic acid) have 
enabled the efficient introduction of the tellurium  
moiety into condensed heterocyclic salts with the  
pharmaceutical potential [25 – 27]. Tellurium-
containing organic compounds have the biologi- 
cal potency [28 – 32], but their behavior in biolo- 
gical systems has not been elucidated to date [33].  
As previously reported in our works, the electro-
philic heterocyclization method provides access 
to bioactive thiazolotriazole TeHal3 frameworks  
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in excellent yields under mild conditions [34, 35]  
(Figure 1). An additional design element involves 
incorporating the halotellurate anion, which can  
improve the bactericidal and fungicidal activity  
[36, 37]. This anion not only stabilizes the catio- 
nic framework, but also confers physicochemical 
properties that are beneficial for the biological 
activity, such as altered solubility, membrane per- 
meability, and redox activity. Prior studies have 
shown that tellurium-based fragments can dis-
rupt the microbial redox balance or form cova-
lent bonds with intracellular thiols, thereby by-
passing conventional resistance pathways [36].

Despite these promising features, the struc-
ture-activity relationship (SAR) studies for 
thiazolotriazolium salts remain underexplored.  
In particular, the effect of varying the substitu-
ent in position 2 of the heterocyclic core on the 
antimicrobial potency and selectivity is not well 
understood. To fill this gap, we synthesized and 
investigated three thiazolotriazolium hexabromo- 
tellurates with systematically varied position 2 
substituents:

•	 Compound 1: 2-(4-pyridyl), chosen for its 
capacity for the hydrogen bonding and the 
potential metal chelation.

•	 Compound 2: 2-(3-hydroxyphenyl), to exa- 
mine the role of the polar, hydrogen-bond- 
donating phenyl group.

•	 Compound 3: 2-phenyl, serving as a neu-
tral, lipophilic reference.

Following the synthesis, their antimicrobial 
activities were screened against representative 
Gram-positive (Staphylococcus aureus), Gram- 
negative (Escherichia coli, Klebsiella pneumoniae,  
Pseudomonas aeruginosa), and fungal (Candida 
albicans) strains. To rationalize the bioactivities  
observed, we conducted the predictive molecular 
docking against two bacterial enzymes: UDP-N- 
acetylenolpyruvoylglucosamine reductase (MurB,  
PDB ID: 1MBT), a key enzyme in the peptidogly-
can biosynthesis, and DNA gyrase B (GyrB, 
PDB ID: 4URO), a crucial target for quinolone 

antibiotics [38]. These computational studies 
aimed to correlate the binding affinity and inter-
action profiles with experimental minimum in- 
hibitory concentration (MIC) values and to iden-
tify structural determinants of activity.

Taken together, this study provides a com-
prehensive analysis of the antimicrobial poten- 
tial of thiazolotriazolium hexabromotellurates and  
offers valuable insights into the SAR trends that 
govern their efficacy, supporting future optimi-
zation and development of this class of metallo-
heterocyclic antibiotics.

■ Results and Discussion

Synthesis of compounds 1 – 3
The thiazolo[3,2-b]triazol-7-ium hexabromotel- 

lurate derivatives 1 – 3 were synthesized via a con- 
cise electrophilic heterocyclization of their respec- 
tive methallyl thioether precursors (Scheme 1)  
similar to the procedure described [37]. This trans- 
formation was mediated by an in situ-generated  
tellurium(IV) electrophilic reagent, generated from  
tellurium dioxide (TeO2) and hydrobromic acid in  
acetonitrile.

The above approach confers notable synthetic  
benefits as it simultaneously accomplishes the 
annulation of the fused heterocyclic core and the 
formation of the biologically active hexabromo-
tellurate counterion TeBr6

2– in a single operational  
step. This dual-function transformation not only  
simplifies the workflow, but also enhances the 
atom economy and the isolation efficiency of the 
desired products 1 – 3.

Antimicrobial and Аntifungal Activity 
Evaluation

The antimicrobial and antifungal activities of  
compounds 1 – 3 were evaluated against Staphylo- 
coccus aureus, Candida albicans, Klebsiella pneu- 
moniae, Escherichia coli, and Pseudomonas aeru- 
ginosa using MIC and MBC assays (Table 1). 
Specified strains were collected from the periodon- 
tal pockets of patients with chronic generalized 
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periodontitis who underwent treatment at the 
Uzhhorod University dental clinic. All three thi-
azolotriazolium salts demonstrated a measurable 
activity against this panel of clinically relevant 
pathogens, and were consistent with the well-
established antimicrobial potential of thiazole- 
and triazole-based heterocycles [39 – 41].

To enrich the structure–activity relationship 
(SAR) analysis, the antimicrobial performance of  
compounds 1 – 3 was compared with that of previ-
ously reported 2-substituted thiazolotriazolium  
analogs from reference [36], specifically the ali-
phatic derivatives.

The MIC/MBC data reveal that the substitu-
ent in position 2 markedly influences the poten-
cy across both aromatic and aliphatic analogs. 
For the Gram-positive S. aureus, compound 2 
(3‑hydroxyphenyl) exhibited the lowest MIC 
(62.5 µg mL–1) among compounds 1 – 3. This po-
tency is comparable to methyl derivative 4 (MIC 
≈ 31.25 µg mL–1), but superior to the bulky hep- 
tyl 5 and pentadecyl 6 (MIC > 500 µg mL–1).  
All tested compounds 1 – 3 displayed primarily bac- 
teriostatic effects, as evidenced by high MBC va- 
lues (~250 µg mL–1). Thus, while a polar aroma- 
tic substituent (compound 2) or methyl group (5)  
improves MIC relative to the phenyl group or 
a bulky alkyl group, neither class substantially 
reduces the bactericidal concentration for this 
pathogen.

A different trend emerges with the fungal pa- 
thogen C. albicans. The aromatic derivatives 1  
and 2 achieved a four‑fold lower MIC (15.63 µg mL–1)  
than the phenyl analog 3 and showed a stronger 
antifungal activity than the only aliphatic refe- 
rence with available data (compound 4, MIC ≈ 
31.25 µg mL–1). Antifungal data for the heptyl and  
pentadecyl derivatives (compounds 5 and 6) were  
not determined (ND). These results indicate that  
polar and π-conjugated 2-substituents confer  
a superior antifungal potency, likely by facili-
tating stronger interactions with fungal targets 

or enhancing the membrane insertion, whereas 
very short or long alkyl groups are less favorable.

As MIC values are reported in µg mL–1, equal 
mass concentrations do not always correspond 
to equal molar concentrations. When converted 
to micromoles per liter (µM), compounds 1 and 2 
have nearly identical MIC values due to similar 
molecular weights, whereas among the aliphat-
ic analogs, the heptyl derivative (compound 5) 
has a higher molecular weight than the methyl 
derivative 4, leading to the lower molar potency 
despite the identical MIC in µg mL–1.

Against Gram‑negative bacteria, distinct SAR  
profiles were observed. Compound 1 (4‑pyridyl) was  
uniquely potent against E. coli (MIC 31.25 µg mL–1),  
whereas compounds 2 and 3 required 125 µg mL–1  
to inhibit the growth. None of the simple alkyl 
analogs from [36] matched this activity: even 
the heptyl derivative 5 inhibited E. coli only in 
125 µg mL–1. This underscores that the basic 
4‑pyridyl substituent that is capable of protona-
tion and hydrogen bonding is far more effective  
in penetrating the Gram-negative outer membra- 
ne or engaging intracellular targets than hydro- 
phobic groups. In contrast, all compounds dis-
played a modest activity against K. pneumoniae  
and P. aeruginosa (MIC ≥ 125 µg mL–1). Even the  
long‑chain 6 did not improve potency. It is con- 
sistent with the notion that excessive lipophili- 
city hinders penetration of Gram-negative enve- 
lopes. The heptyl analog 5 achieved sub‑2 µg mL–1  
MICs against certain Klebsiella isolates in [36], 
but lost its activity against Gram‑positives, in-
dicating a compromise, in which hydrophobicity  
favored Gram-negative uptake at the cost of Gram- 
positive efficacy. The small methyl substituent (4)  
maintained a broader, balanced profile.

Introducing polar functionality in position 2 
markedly enhanced the activity against C.  al-
bicans and S. aureus. Compounds 1 (4‑pyridyl) 
and 2 (3‑hydroxyphenyl) both lowered the MIC 
four‑fold relative to the unsubstituted phenyl  

Table 1. The antimicrobial and antifungal activities of compounds 1 – 3 evaluated against Staphylococcus aureus, Candida albicans, 
Klebsiella pneumoniae, Escherichia coli, and Pseudomonas aeruginosa using MIC and MBC assays

Compound Substituent
MIC / MBC, µg mL–1

C. albicans S. aureus K. pneumoniae E. coli P. aeruginosa
1 4-pyridyl 15.625 / 62.5 125 / 250 125 / 125 31.25 / 62.5 125 / 125
2 3-hydroxyphenyl 15.625 / 31.25 62.5 / 250 125 / 125 125 / 125 125 / 250
3 phenyl 62.5 / 125 125 / 250 125 / 125 125 / 125 125 / 125
4b methyl 31.25 / 125 31.25 / 62.5 7.81 / 15.63 1.95 / 3.9 – / –a

5b heptyl NDa – / –a 1.95 / 15.63 62.5 / 125 250 / 500
6b Pentadecyl NDa – / –a 31.25 / 62.5 15.63 / 31.25 62.5 / 125

Note: a “–” indicates that the compound was not active against the test organism at 500 µg mL–1; ND – not determined; b compounds 4, 5, 6 were 
reported previously (4 – compound 2a [36]; 5 – compound 2b [36]; 6 – compound 2d [36])
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analog 3, suggesting that hydrogen‑bonding or 
dipolar groups were highly beneficial for the an- 
tifungal efficacy. The 4‑pyridyl moiety introduces  
a basic nitrogen that can accept a proton and 
engage in the hydrogen bonding, while the 3‑hy-
droxyphenyl group offers both donor and accep- 
tor capability. These functionalities likely strength-
en interactions with fungal biomolecules (e.g. en-
zymes or membrane components) and improve 
distribution in aqueous media. Compound 2 ex- 
hibited the lowest MBC against C.  albicans 
(31.25 µg mL–1), indicating a more rapid fungi-
cidal effect when a hydroxyl group was present. 
On the contrary, the nonpolar phenyl group of 
compound  3 cannot enter into such interac-
tions, correlating with its reduced potency.

Against S. aureus, only compound 2 showed 
a markedly improved MIC relative to other ana-
logs, suggesting that a hydroxyl substituent is 
particularly advantageous for the Gram-positive 
activity. The simpler peptidoglycan-rich envelope 
of Gram-positive bacteria may allow easier pen-
etration of polar compounds, and the hydrogen 
bonding likely enhances binding to targets. 
While compound 1 did not improve the MIC in  
S. aureus to the same extent, both polar‑substi- 
tuted derivatives (1, 2) achieved lower MICs than  
the phenyl analog. Nonetheless, identical MBCs 
across the series imply that high concentrations 
remain necessary for the bactericidal activity 
against S. aureus.

E.  coli was uniquely susceptible to com-
pound 1. Its MIC of 31.25 µg mL–1 is four times 
lower than that of compounds 2 or 3. This selec-
tivity arises from the properties of the 4-pyridyl 
substituent: the pyridine nitrogen can be pro-
tonated under physiological conditions, impart-
ing a positive charge and the hydrogen‑bonding  
capacity that may enhance interactions with the  
negatively charged lipopolysaccharide layer and  
facilitate passage through porins. Furthermore,  
compound 1 has a lower logP (~2.6) and a mode- 
rate polar surface area (~35 Å²) relative to com-
pounds 2 and 3 (logP ≈ 3.1 and TPSA ~42/22 Å2), 
suggesting a more balanced polarity-lipophilicity  
profile suited to the Gram-negative penetration. 
By comparison, 3‑hydroxyphenyl compound 2  
carries a neutral polar group which higher TPSA  
may impede transit across the hydrophobic outer  
membrane; phenyl compound 3 is more hydro-
phobic and may be sequestered in membrane li-
pids or effluxed before reaching its target. These 
differences rationalize why only compound  1 
exhibits a strong activity against E. coli, while 

the others do not. Against K. pneumoniae and 
P. aeruginosa, however, none of the 2‑substitu-
ents were sufficient to overcome the formidable 
permeability barriers and efflux mechanisms 
characteristic of these species, resulting in uni-
formly modest MIC values.

Thus, the SAR trends reveal that the pola- 
rity and hydrogen-bonding capacity in position 2  
dramatically improve the antifungal and Gram-
positive activity, whereas an optimal balance of 
polarity and basicity (exemplified by the 4‑pyri-
dyl group) is crucial for the potent E. coli activity.  
Hydrophobic 2-substituents can enhance uptake 
in certain Gram-negatives (e.g., the heptyl group 
in 5 [36]), but tend to compromise the Gram- 
positive efficacy and do not outperform the polar 
analogs overall. In general, the new aromatic com- 
pounds 1 – 3 in almost all cases correspond to or  
exceed the activity of aliphatic analogs. In parti- 
cular, the 4‑pyridyl and 3‑hydroxyphenyl substi-
tutions increase the activity against C. albicans, 
S.  aureus, and E.  coli relative to simple alkyl  
groups, while an optimally sized alkyl chain (heptyl)  
offers the intermediate activity, but fails to rival 
the broad-spectrum efficacy of aromatic analogs. 
These findings highlight the value of incorpo-
rating the polar or π-conjugated functionality in 
C-2 to improve the antimicrobial profile of this 
scaffold.

In silico ADMET analysis of com-
pounds 1 – 3

To complement the experimental evaluation,  
we used ADMETlab to predict the absorption, 
distribution, metabolism, excretion, and toxicity  
profiles of compounds 1 – 3. These models inte- 
grate physicochemical descriptors and machine‑ 
learning algorithms to estimate pharmacokine- 
tic and safety parameters [42 – 45], offering a com- 
parative view of how the three 2‑substituents in- 
fluence drug‑likeness. A radar‑plot visualizing 
the predicted physicochemical spaces of com-
pounds 1 – 3 is presented in Figure 2.

As summarized in Table 2, all three cations 
tested fulfill Lipinski’s rule-of-five criteria with 
molecular weights below 325 Da, logP values 
between ~2.6 and 3.2, and hydrogen-bond donor 
counts ≤ 1, indicating classical drug-like charac-
teristics [46]. Compound 1 (4-pyridyl) exhibits 
the highest predicted aqueous solubility and un-
bound fraction, while compound 2 (3-hydroxy-
phenyl) has the largest topological polar surface 
area due to its phenolic OH and is predicted to 
be the least soluble. Compound 3 (phenyl) is the 
least polar and slightly more hydrophobic than 
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Figure 2. A radar-plot comparison of the predicted physicochemical profiles of thiazolo[3,2-b]triazol-7-ium cations 1 – 3 synthesized. 
Each panel illustrates the compound-specific descriptor values (orange) relative to the established lower (green) and upper (blue) 
thresholds associated with drug-likeness and acceptable oral bioavailability ranges. (a) Compound 1. (b) Compound 2. (c) Compound 3.
	

Table 2. Physicochemical and absorption descriptors for compounds 1 – 3

Descriptor
Compound

Comments
1 2 3

Molecular weight  
(MW, Da) 309.12 324.12 308.12 all below 500 Da, fulfilling the Lipinski’s 

mass criterion

H‑bond donors/acceptors 
(nHD/nHA) 0 / 4 1 / 4 0 / 3

introducing a phenolic OH in 2 increases 
the donor count and TPSA; the hydrogen-
bond acceptor count includes hetero 
atoms of the fused thiazolotriazolium 
core (notably the N1 atom of the 
triazolium ring)

Topological polar surface 
area (TPSA, Å2) 34.59 41.93 21.7 TPSA correlates with polarity; 2 is most 

polar due to the hydroxyl group
No rotatable bonds /  
rings / hetero atoms 2 / 4 / 5 2 / 4 / 5 2 / 4 / 4 a similar core rigidity across the series

Fraction of sp³ carbons 
(Fsp3) 0.235 0.222 0.222 all highly aromatic cations (low Fsp3)

Predicted solubility logS -3.73 -4.67 -4.07 negative values imply low aqueous 
solubility; 2 is least soluble

Predicted lipophilicity logP 2.61 3.15 3.06 2 and 3 are more hydrophobic; 1 is more 
balanced

Caco‑2 permeability 
(log cm s–1) -5.19 -5.43 -5.02 values < −5 indicate poor intestinal 

permeability for all compounds
MDCK cell permeability  
(log cm s–1) -4.53 -4.81 -4.63 consistent with the limited passive 

diffusion
Predicted human intestinal 
absorption (HIA) ≈ 0 ≈ 0 ≈ 0 extremely low (<10−5), reflecting the 

permanent cationic charge

Blood–brain barrier (BBB) 
permeability 0.114 0.006 0.181

probabilities < 0,5 indicate a negligible 
CNS penetration; only 3 shows a slightly 
higher score, but remains low

P‑gp inhibition / substrate inhibitor ≈1; 
substrate ≪1

inhibitor ≈1; 
substrate ≈0.01

inhibitor ≈1; 
substrate 
≈0.0046

all three strongly inhibit P‑gp while being 
poor substrates; this could the increase 
intracellular accumulation, but may cause 
drug–drug interactions

BCRP / BSEP

moderate BCRP 
(0.51 – 0.62) 

and strong BSEP 
inhibition (≈1) 

for all

similar for all
potential for the 
biliary transport 

inhibition
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compound 1. All three cations exhibit very low 
predicted Caco-2 and MDCK permeabilities and 
negligible human intestinal absorption prob-
abilities, consistent with their permanent posi-
tive charge and high polarity. The blood–brain 
barrier penetration is predicted to be minimal.

Table 3 shows that the compounds are pre-
dicted to have moderate volumes of distribution 
and strong plasma protein binding (> 90  %). 
Compound 1 has the highest unbound fraction  
(≈ 8  %), suggesting greater availability for the  
target engagement. Predicted elimination half‑ 
lives are short (< 0.5 h), implying rapid clearance  
although this may be offset by a high protein 
binding and potential transporter interactions. 
Bioconcentration factors are modest (≈ 2 – 3), in-
dicating the limited environmental persistence.

Cations 1 – 3 differ in their predicted cytochro- 
me P450 inhibition profiles. Compound 1 shows 
a strong inhibition of CYP2C19 and CYP2B6 and 
a moderate inhibition of CYP1A2, 2C9, 2D6, and  
3A4, raising the possibility of drug–drug interac-
tions. Compound 2 retains the strong CYP2C19  
inhibition, but exhibits low probabilities of in-
hibiting other isoforms. Compound 3 shows an 
intermediate behavior, with the modest inhibi-
tion of CYP2B6 and CYP2C9 and the low inhibi-
tion of CYP1A2 and CYP2D6. None of the com-
pounds are predicted to be CYP substrates.

ADMETlab predicts moderate to high prob-
abilities of mutagenicity, carcinogenicity, drug‑ 
induced liver injury, and genotoxicity for all three  
compounds. Probabilities for nephrotoxicity, neu- 
rotoxicity, and hERG inhibition fall in the low 
to moderate range, suggesting some cardiotoxic 
and neurological risks. Skin sensitization prob-
abilities are high. Among the three derivatives, 
compound 2 generally shows slightly lower toxi- 
city scores.

The predicted ADMET profiles underscore 
both advantages and limitations of this scaffold.  
On the positive side, the cations satisfy funda- 
mental drug‑likeness criteria and exhibit a mode- 
rate lipophilicity, which can support the passive  

membrane diffusion. However, their predicted  
oral bioavailability is extremely low due to the  
poor permeability and permanent cationic char- 
ge, suggesting that the parenteral administra-
tion or prodrug strategies may be necessary. 
Compound 1 combines relatively better solubility  
with a higher risk of CYP‑mediated interactions 
and toxicity; compound 2 has a lower solubility, 
but slightly reduced toxicity; compound 3 is the 
most hydrophobic and strongly protein‑bound. 
Future optimization should therefore focus on 
enhancing the permeability and reducing the 
enzyme inhibition and toxicity while maintain-
ing the beneficial aspects of the scaffold. 

Molecular docking study
Taking into account the pronounced antifun-

gal activity of compounds 1 and 2 against Can-
dida albicans (Table 1), the molecular docking 
studies were primarily designed to investigate la- 
nosterol 14-α-demethylase (CYP51, PDB ID: 5V5Z),  
a key enzyme in the ergosterol biosynthesis and 
a well-established molecular target of clinically 
used azole antifungals. The inhibition of CYP51 
provides a direct and biologically plausible ex-
planation for the antifungal effects of the thia-
zolotriazolium salts observed. The corresponding 
docking results and binding energy trends are 
summarized in Table 4.

For comparative and exploratory purposes only,  
docking calculations were additionally performed  
against two representative bacterial enzymes –  
MurB (PDB ID: 1MBT), involved in the bacte-
rial cell wall biosynthesis, and DNA gyrase B 
(PDB ID: 4URO), a key enzyme in the DNA 
replication. These targets were selected as well-
characterized, druggable antibacterial models 
supported by high-resolution crystal structures, 
allowing a preliminary assessment of potential 
antibacterial binding modes.

The docking against CYP51 revealed favora-
ble binding affinities for compounds 2 and 3  
(−8.6 kcal mol–1), which moderately exceeded that  
of compound 1 (−8.0 kcal mol–1). AutoDock Vina 
generated a single dominant binding pose for each  

Table 3. Distribution, metabolism, and excretion for compounds 1 – 3 

Descriptor
Compound

Comments
1 2 3

Volume of distribution logVd 0.065 0.236 0.226 moderate volumes (0.1 – 0.3 L kg−1) expected; 2 and 3 distribute 
slightly more than 1

Fraction unbound (Fu,  %) 8.16 4.15 1.54 compound 1 has the highest free fraction; 3 is almost completely 
protein-bound

Plasma protein binding (PPB,  %) 90.2 94.9 98.1 all bind strongly to plasma proteins, particularly 3
Elimination half-life (t1/2, h) 0.38 0.47 0.36 short predicted half-lives (<1 h) suggest rapid clearance
Bioconcentration factor (BCF) 2.18 2.12 2.85 slightly higher for 3, but all are moderate
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ligand, suggesting a well-defined interaction mode  
within the enzyme active site.

All three compounds positioned their aroma- 
tic thiazolotriazolium core within a hydrophobic 
region of the CYP51 binding pocket. Compound 2  
(3-hydroxyphenyl) adopted a particularly favora-
ble orientation, in which the phenolic OH group 
formed a π-donor hydrogen bond / π-sulfur inter- 
action with CYS470 (3.65 Å), accompanied by stabi- 
lizing π-alkyl interactions with ILE131 and ILE304  
(Figure 3). This interaction pattern provides a clear  
structural rationale for the strong antifungal ac-
tivity of compound 2 observed experimentally.

Compound 3 (phenyl) achieved a compara-
ble binding energy through π–π stacking with 
TYR118 (≈ 3.80 Å) and hydrophobic contacts 
with CYS470 and ILE379, but lacked specific  
hydrogen-bonding interactions. In contrast, com- 
pound 1 (4-pyridyl) displayed a weaker binding, 
likely due to less optimal accommodation of the 

pyridyl substituent within the CYP51 pocket and  
the absence of strong directional hydrogen bonds.

The docking results against lanosterol 14-α- 
demethylase are fully consistent with the anti- 
fungal MIC data, supporting the CYP51 inhibi- 
tion as a plausible molecular mechanism underly-
ing the activity of compounds 1 and 2, with the hy-
droxyl-substituted aromatic group in compound 2  
conferring an additional binding advantage.

The complete interaction profiles and key con- 
tact distances for all protein–ligand complexes 
are summarized in Table 5.

The docking against MurB (PDB ID: 1MBT) 
yielded lower (more negative) binding energies 
than those obtained for DNA gyrase B. While 
compound 2 showed the strongest MurB affin-
ity (−9.5 kcal mol–1), this target did not directly  
explain the antifungal activity. Therefore, MurB 
is not considered the primary biological target 
in the present study.

Table 4. The binding energies for compounds 1 – 3 with MurB (1MBT), DNA gyrase B (4URO), lanosterol 14‑α‑demethylase (5V5Z)

Protein (PDB ID) Compound 1 
(kcal mol–1)

Compound 2 
(kcal mol–1)

Compound 3 
(kcal mol–1) Trend

Lanosterol 14‑α‑demethylase (5V5Z) −8.0 −8.6 −8.6 2 ≈ 3 > 1
MurB (1MBT) −8.9 (top pose) −9.5 (strongest) −9.3 2 > 3 > 1
DNA gyrase B (4URO) −5.3 −5.7 (best) −5.4 2 > 3 ≈ 1

	

Figure 3. The predicted binding pose of compound 2 within the CYP51 active site (PDB ID: 5V5Z)
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All compounds exhibited poor binding to DNA  
gyrase B (−5.7 to −5.3 kcal mol–1), with shallow, 
unstable binding modes and large RMSD values, 
indicating that the DNA gyrase inhibition was 
unlikely to contribute significantly to the biologi- 
cal effects observed.

The molecular docking results highlight la-
nosterol 14-α-demethylase (CYP51) as the most 
relevant molecular target for explaining the an-
tifungal activity of thiazolotriazolium salts 1 – 3. 
The favorable binding affinities and well-defined 
interaction patterns observed for compounds 2 
and 3, particularly the additional stabilizing in-
teractions enabled by the phenolic OH group in 
compound 2, are consistent with the experimen-
tally determined antifungal MIC values. 

■ Experimental part

General Information
All commercially available reagents and sol-

vents were obtained from standard vendors and 
used without further purification unless other- 
wise stated. The starting methallyl thioethers were  
prepared according to the previously reported pro- 
cedures [37]. 1H NMR spectra were recorded us-
ing a Varian Mercury-400 instrument. Tetrame- 
thylsilane and deuterated dimethylsulfoxide were  
utilized in the NMR study as a standard and sol- 
vent, respectively. The elemental composition was  
determined with an Elementar Vario MICRO cube.  
Compounds 4, 5, 6 were previously reported (4 – the  
sample 2a [36]; 5 – the sample 2b [36]; 6 – the 
sample 2d [36]).

The General Procedure for the Synthe-
sis of Compounds 1 – 3

The synthesis of thiazolo[3,2-b][1,2,4]triazol- 
7-ium hexabromotellurates was carried out via 
the electrophilic heterocyclization induced by tel- 
lurium(IV) species generated in situ. The mixture  

of 0.079 g of tellurium dioxide (TeO2) in 1 mL ace- 
tonitrile, and 1 mL 48 % hydrobromic acid (HBr) 
was stirred for 0.5 h until the formation of the 
H2TeBr6 complex. The corresponding methallyl 
thioether precursor (0.5 mmol) in 5 mL acetoni-
trile was subsequently added to the reaction mix- 
ture. The reaction mixture was heated for 1 h at  
80 – 100 °C. Upon completion, the resulting oran- 
ge colored precipitate was filtered, washed with  
a small amount of acetonitrile and ether, and dried  
to give the target hexabromotellurate salts 1 – 3 
as crystalline solids.

6,6-Dimethyl-3-phenyl-2-(4-pyridyl)-5,6-di- 
hydro-3H-[1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium  
hexabromotellurate (1)

A bright orange-red solid. Yield – 0.39 g (64 %)  
(55 % [37]). M. p. 251 – 254 °C (decomp). Anal. 
Calcd for C34H34Br6N8S2Te,  %: C 33.31, H 2.80,  
N 9.14. Found,  %: C 33.07, H 2.72, N 9.03. 1H NMR  
(400 MHz, DMSO-d6), δ, ppm: 1.78 (6H, s, 2CH3), 
4.32 (2H, s, SCH2), 7.54 – 7.65 (5H, m, Ph), 
7.81 (2H, d, J = 4.5 Hz, Py-H), 8.56 (2H, d, J =  
4.5 Hz, Py-H).

2-(3-Hydroxyphenyl)-6,6-dimethyl-3-phenyl- 
5,6-dihydro-3H-[1,3]thiazolo[3,2-b][1,2,4]triazol- 
7-ium hexabromotellurate (2)

A bright orange-red solid. Yield – 0.50 g (74 %)  
(79 % [37]). M. p. 262 – 263 °C (decomp). Anal. 
Calcd for C36H36Br6N6O2S2Te,  %: C 34.43, H 2.89,  
N 6.69. Found,  %: C 34.18, H 2.80, N 6.51. 1H NMR  
(400 MHz, DMSO-d6), δ, ppm: 1.76 (6H, s, 2CH3), 
4.26 (2H, s, SCH2), 6.80 (1H, d, J = 7.8 Hz, Ar-H),  
6.85 (1H, s, Ar-H), 6.94 (1H, d, J = 8.0 Hz, Ar-H), 
7.22 (1H, t, J = 8.0 Hz, Ar-H), 7.54 – 7.63 (5H, m, Ph). 

6,6-Dimethyl-2,3-diphenyl-5,6-dihydro-3H- 
[1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium hexabromo- 
tellurate (3) 

A bright orange-red solid. Yield – 0.44 g (72 %)  
(78 % [37]). M. p. 256 – 258 °C (decomp). Anal. 
Calcd for C36H36Br6N6S2Te,  %: C 35.33, H 2.96,  

Table 5. The predicted protein–ligand interaction profiles of thiazolo[3,2-b]triazol-7-ium cations 1 – 3 with the key antimicrobial targets

Protein (PDB ID) Compound Key Interaction Type(s) Interacting Residues (Protein) Key Distances (A˚)

MurB (1MBT)

1 Conventional H-Bond, π-Alkyl GLY47, VAL52, ILE119, ILE45, 
ILE173 H-Bond: 2.66

2 2 Conventional H-Bonds, π-Cation, 
π-Alkyl

ASN65, ILE173, ARG327, 
ILE119, LEU46, ILE45 H-Bonds: 2.54, 2.52

3 Conventional H-Bond, π-Alkyl GLY47, VAL52, ILE45, ILE173, 
ILE119 H-Bond: 2.70

DNA Gyrase B (4URO)
1 π-Alkyl, Alkyl LYS170 π-Alkyl: 4.14, 4.56
2 π-Alkyl, Alkyl LYS170 π-Alkyl: 4.15, 4.51
3 Amide-π Stacked, π-Alkyl LYS207, GLY208, ILE209 Amide-π: 3.94

Lanosterol 
14‑α‑demethylase  
(5V5Z)

1 π-π Stacked, π-Alkyl, Alkyl TYR118, CYS470, ILE379 π-π: 3.80
2 π-Donor H-Bond/π-Sulfur, π-Alkyl CYS470, ILE131, ILE304 H-Bond/π-Sulfur: 3.65
3 π-π Stacked, π-Alkyl, Alkyl TYR118, CYS470, ILE379 π-π: 3.80
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N 6.87. Found,  %: C 35.12, H 2.87, N 6.70. 1H NMR  
(400 MHz, DMSO-d6), δ, ppm: 1.76 (6H, s, 2CH3), 
4.24 (2H, s, SCH2), 7.44 – 7.64 (10H, m, 2Ph).

Antimicrobial and Аntifungal Activity 
Evaluation

The antimicrobial and antifungal activity of 
the compounds synthesized was evaluated in the 
Laboratory of the Research and Training Center 
for Molecular Microbiology and Immunology of 
Mucous Membranes, State Higher Educational 
Institution “Uzhhorod National University”. 
Antibacterial and antifungal properties were de- 
termined by the serial dilution method to establish  
the minimum inhibitory concentration (MIC) and  
the minimum bactericidal concentration (MBC) 
values in accordance with CLSI M07 and EUCAST  
guidelines for in vitro antimicrobial testing [48].

For MIC and MBC testing, the contents of Ep- 
pendorf tubes with different dilutions of chemi-
cal compounds were re-inoculated onto solid nu-
trient media. The minimal concentration that 
completely inhibited the growth (no growth) was  
considered to be MBC. The minimal concentra-
tion that significantly inhibited the growth of mic- 
roorganisms compared to the control was consi- 
dered as MIC. Microbial test cultures included  
Staphylococcus aureus, Candida albicans, Kleb-
siella pneumoniae, Escherichia coli, and Pseudo- 
monas aeruginosa. The strains of bacteria and 
fungi under research were clinical isolates col-
lected from the parodontal pockets of patients 
with chronic generalized periodontitis who un-
derwent treatment at the Uzhhorod University 
dental clinic. Microbial suspensions were prepa- 
red from 24-hour cultures on the appropriate me- 
dia and adjusted to a 0.5 McFarland standard  
(≈ 1.5 × 108 CFU mL–1). Each well of a sterile  
96-well plate received 10 µL of the standardized 
microbial suspension and 100 µL of the com-
pound solution prepared in the sterile broth. 
Control groups were: (1) the microbial growth 
control – inoculated medium without the com-
pound (to verify viability); (2) the compound ste-
rility control – the compound solution without the  

inoculum (to exclude contamination); (3) the sol-
vent control – the medium with the solvent only 
in the working concentration (to eliminate the 
solvent antimicrobial effect). Plates were incu-
bated at 37 °C for 24 h, followed by titration via 
serial 2-fold dilutions and reseeding onto selec-
tive agar media (MPA, Sabouraud, Endo, MRS, 
Enterococcus agar). After 24 – 48 h of incubation, 
the colony growth or the absence was visually 
assessed to determine MIC and MBC. All proce-
dures were conducted under sterile conditions; 
sterility of the preparations was confirmed bac-
teriologically by plating 10 µL aliquots on the 
meat-peptone agar. Antimicrobial susceptibility 
tests with reference drugs were performed for all 
clinical isolates studied using the disc-diffusion 
Kirby-Bauer method [49] and the serial 2-fold di- 
lution method to determine MIC and MBC. To com- 
pare the activity of the compounds studied with 
that of antibiotics, the latter were diluted to the 
same concentration range (250 – 15.625 µg mL–1).  
Data about the susceptibility of the bacteria un-
der research are given in Table 6.

Computational Methodology
ADMET Prediction
The pharmacokinetic properties and toxicity 

profiles of the compounds were predicted using 
the ADMETlab 3.0 web server [42]. Key parame- 
ters calculated included physicochemical descrip- 
tors (MW, TPSA, logP, logS), absorption (Caco-2  
permeability, HIA), distribution (PPB, BBB pe- 
netration), metabolism (CYP450 inhibition), and  
toxicity endpoints (AMET test, hepatotoxicity).

Molecular Docking
Docking runs were performed with Auto-

Dock Vina [50, 51] to evaluate how cations 1 – 3 
interacted with MurB (UDP‑N‑acetylenolpyru-
voylglucosamine reductase, PDB ID 1MBT), 
DNA gyrase B (ATPase subunit of bacterial 
topoisomerase, PDB ID 4URO), and lanosterol 
14‑α‑demethylase (CYP51) from Candida albi-
cans (PDB ID 5V5Z). Protein coordinates were 
downloaded from the Protein Data Bank and 
prepared using AutoDock Tools: water molecules  

Table 6. Antimicrobial and antifungal susceptibility tests with reference drugs

Reference drug
MIC/MBC (µg mL–1)

C. albicans S. aureus K. pneumoniae E. coli P. aeruginosa 
Fluconazol ˂15.625 NDa NDa NDa NDa

Levofloxacin NDa ˂15.625 ˂15.625 ˂15.625 ˂15.625
Lincomycin NDa ˂15.625 250 / ˃250 ˃250 ˃250
Amikacin NDa ˂15.625 31.25 / 62.5 31.25 / 31.25 62.5 / 62.5
Gentamicin NDa ˂15.625 61.5 / 125 31.25 / 125 125 / 250

Note: a ND – not determined. As the dilution range was 250-15.625 µg mL–1, in some cases the MIC and MBC values were below (<15.625 µg mL–1)  
or above (>250 µg mL–1) the concentration range studied.
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and any non-essential ligands were removed, po- 
lar hydrogens were added, and Gasteiger charges  
were assigned; essential cofactors were preserved.  
Each ligand was geometry-optimized and convert-
ed to *.pdbqt format before being docked indivi- 
dually into each receptor’s active site. For MurB, 
the search grid was centered at X = 11.056, 
Y = 38.244 and Z = 18.464 with dimensions of 
60 × 60 × 60 Å; DNA gyrase B used a center at 
X = 24.675, Y = –9.190 and Z = –26.488 with 
the same box size; the CYP51 enzyme employed  
a grid centered at X = –41.072, Y = –13.759 and 
Z = 25.140, and 60 Å per side. AutoDock Vina re- 
ports affinities in kcal mol–1, with more negative 
scores indicating tighter predicted binding [52]; 
for each compound, the top-ranked pose was used  
for the subsequent analysis. The resulting com-
plexes were visualized and their interactions ex-
amined in the BIOVIA Discovery Studio Visuali- 
zer [53]. 

■ Conclusion

An effective synthesis of a novel series of 
thiazolo[3,2-b]triazol-7-ium hexabromotellura- 
tes 1 – 3 has been successfully carried out. We have  
demonstrated the successful cyclization using the  
TeO2/HBr electrophilic system under optimized 
reaction conditions. A systematic study of the 
structure–activity relationships has shown that 
substitutions in position 5 of the core heterocy-
cle profoundly affect the antimicrobial efficacy –  
the introduction of a polar substituent with π-con- 
jugated functionality in position 2 of the target 

[1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium salts can 
improve the antimicrobial properties of the latter.

The high antifungal potency against C. albi- 
cans (MIC 15.625 µg mL–1) was consistently ob- 
served for the derivatives containing polar 
groups, namely the 4-pyridyl (compound 1) and 
the 3-hydroxyphenyl (compound 2) derivatives. 
Crucially, the 4-pyridyl derivative (compound 1)  
demonstrated the selective and potent activity 
against the Gram-negative bacterium E. coli 
(MIC 31.25 µg mL–1), positioning it as the most 
promising lead candidate in this series.

Molecular docking studies support lanosterol  
14-α-demethylase (CYP51) as a plausible mole- 
cular target underlying the antifungal activity  
observed. The enhanced binding affinities of com- 
pounds 2 and 3 are rationalized by favorable non-
covalent interactions within the CYP51 active 
site, with the phenolic OH group of compound 2  
enabling additional stabilizing contacts, while 
weaker binding of compound 1 reflects less op-
timal accommodation of the pyridyl substituent. 
In contrast, the docking against bacterial targets 
suggests that DNA gyrase B is unlikely to rep-
resent the primary mode of action.

These findings validate the strategy of com-
bining a highly cationic thiazolotriazolium scaf-
fold with a metal-complexed anion (TeBr6

–2) to  
generate potent antimicrobial agents with a tun-
able selectivity. Future studies will focus on the  
structural optimization of lead compound 1, elu-
cidation of its precise cellular mode of action, 
and evaluation against clinically relevant mul-
tidrug-resistant strains.
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