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Abstract: The stable metal complexes of transition metals with benzimidazole derivatives lead to improved
physicochemical and biological properties of these compounds. The development of antimicrobial agents
becomes possible through complex design based on benzimidazole-derived compounds. The research focused
on creating and analyzing bis((1H-benzo[d]imidazol-2-yl)methyl)sulfane (L) as a benzimidazole-derived
ligand and studying its Mn(1l), Co(Il), Ni(ll), Cu(ll), and Zn(Il) metal complexes. The researchers synthesized
the ligand and its metal complexes through sequential steps before using elemental analysis and FTIR and
UV-Vis and 'H-NMR and conductivity and magnetic measurements for identification. The agar well diffusion
method served to evaluate the antibacterial properties of the compounds against Staphylococcus aureus and
Escherichia coli.

The spectroscopic and analytical results showed that the imidazole nitrogen atoms of the ligand act as binding
sites, while the thioether sulfur atom does not participate in coordination. The complexes showed tetrahedral
structures that existed as [M(L);]Cl> or [M>(L):(H20):]Cl; compounds. The results from antibacterial tests
revealed that metal complexation led to substantial improvements in biological activity. The Cu(ll) complexes
produced the largest inhibition zones, while the Zn(Il) complexes showed the second-highest activity, and both
complexes displayed better effects against S. aureus than E. coli.

Benzimidazole-based ligands serve as effective building blocks for creating transition metal complexes, which
show promising antimicrobial activity according to the research findings. The improved activity of Cu(ll) and
Zn(1l) complexes indicates that chelation enhances both lipophilicity and bacterial membrane permeability.
Keywords: Benzimidazole ligand; Transition metal complexes, Spectroscopic characterization, Tetrahedral
geometry, Chelation theory, Antibacterial activity; Staphylococcus aureus, Escherichia coli
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Introduction

The bicyclic structure of benzimidazole
derivatives makes them privileged
heteroaromatic systems because it combines
stability with biological versatility through their
fused benzene and imidazole ring system [1].
The medicinal and bioinorganic field values
benzimidazole scaffolds because their benzene—
imidazole structure enables dual hard/soft donor
sites and adjustable lipophilicity and chemical
stability, which work together to achieve specific
metal binding and biological target interaction
(Fig. 1). The exploration of benzimidazole-
containing compounds continues in
antimicrobial,  antifungal, antiviral, and
anticancer research because metal coordination

with first-row transition metals enhances drug
penetration and controls redox reactions and
strengthens DNA/protein interactions through
increased apparent lipophilicity. The structural
elements of benzimidazole-based ligands enable
their application in catalysis and chemical
sensing, which demonstrates their wide-ranging
potential through direct relationships between
molecular features and biological and solution-
based performance [2, 3].

The conceptual framework enables
researchers to understand benzimidazole
complex structure—activity relationships (SAR)
through three connected factors, which include
metal identity/geometry effects on d-d
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transitions and redox potential and coordination
dynamics; ligand topology and donor preference
effects on metal center electronic distribution and

sterics; and solution behavior and speciation
effects on solubility and ion pairing and
bioavailability.
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Fig. 1. Structural representation of the fused benzene—imidazole system and the tautomeric
interconversion between imidazole and benzimidazole

The redox properties of Cu(Il) and Zn(II)
centers make them more effective than free
ligands at fighting Gram-positive bacteria
because these centers can easily penetrate the
bacterial envelope structure. The study functions
as a mechanistic investigation that examines how
tetrahedral ~ coordination  structures  and
imidazole-N  binding affect antimicrobial
activity. Benzimidazole derivatives function as
pharmacophores in established drugs, including
albendazole, omeprazole, and mebendazole,
which show anthelmintic and proton-pump
inhibitory effects through binding to enzymatic
and  membrane-associated  targets.  The
benzimidazole framework shows how changes at
the 2-position and N-functionalization lead to
significant effects on target binding properties
and metabolic stability. The combination of this
heterocyclic structure with transition metal
coordination produces new compounds that unite
synthetic coordination chemistry with medicinal
applications through their dual benefits of
physical and biological properties.

The imidazole ring structure in these
compounds enables them to duplicate the natural
behavior of purines, which results in their
involvement in fatty acid biosynthesis and purine
nucleotide production [3]. The biomedical
significance  and  therapeutic = value of
benzimidazole units become stronger because
they form part of vitamin B12's structure [4, 5].

Benzimidazole-based ligands serve as
effective chelating agents in coordination
chemistry because their imidazole ring nitrogen

atoms enable efficient binding to transition
metals, including Mn(II), Co(II), Ni(II), Cu(Il),
and Zn(II) [6, 7]. Schiff bases made from
benzimidazole = show  broad  biological
applications, including antimicrobial, antifungal,
and anticancer effects, which stem from their
coordination properties [8, 9]. The complexes
show multiple applications in catalysis and
corrosion inhibition and the polymer and dye
industries because of their diverse functional
properties [10, 11].  Benzimidazole

derivatives attract increasing pharmaceutical
interest because their molecular structure
matches nucleic acid bases and their ability to
create stable metal ion complexes [12, 13].
Research shows that 2-substituted benzimidazole
compounds with antiviral and antitumor effects
support the role of metal coordination in
biological activity regulation [14, 15].

This research aimed to develop a new
ligand via transformation of a benzimidazole
precursor into  bis((1H-benzo[d]imidazol-2-
yl)methyl)sulfane and to investigate its
coordination behavior with Mn(II), Co(Il),
Ni(II), Cu(Il), and Zn(II) salts. The synthesized
metal complexes were characterized by
elemental analysis, FT-IR, UV-Vis
spectroscopy, '"H-NMR spectroscopy, and molar
conductivity measurements to elucidate their
structural features. In addition, the antibacterial
activity of the ligand and its metal complexes
was evaluated against Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-
negative) to assess the influence of metal
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coordination on biological activity [16, 17].

Experimental part

Chemicals and Reagents. The study used
entirely chemicals and solvents that were of
analytic grade and obtained from commercial
suppliers BDH and Fluka. The researchers
checked the purity of all reagents before starting
work and skipped any additional purification
steps.

The researchers used all reagents at
analytical grade (=99% purity) without further
treatment. The benzimidazole precursors needed
desiccators for storage at room temperature to
stop moisture absorption. The researchers used
thin-layer chromatography to check for
byproducts during chloroacetic acid amidation
and substitution reactions because they wanted to
confirm that the chlorine atom did not disrupt
amide bond formation when the reaction
occurred under reflux conditions.

Instrumentation. The researchers used
spectroscopic and analytical methods to study the
structural and elemental properties of the ligand
together with its metal complexes.

The FT-IR spectra were recorded between
4000 and 400 cm™ using KBr pellets on a Bruker
Tensor 27co spectrophotometer [24].

The LCHN-ALO analyzer (UK) performed
elemental analysis of C, H, and N elements

Qo
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N
=
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through standard microanalytical procedures
[24].

The AA670 atomic absorption
spectrophotometer determined the metal content
of the samples.

The Shimadzu UV-Vis 160
spectrophotometer recorded electronic spectra of
solutions containing 10> M DMSO at 25 °C[18].

The PCM3 Jenway conductivity meter
measured molar conductivity of DMSO solutions
at room temperature to determine their
electrolytic properties [19].

The 'H-NMR spectroscopy results verified
both the ligand structure and the substitution
patterns of the compounds.

Synthesis of the Ligand. Ligand bis((1H-
benzo[d]imidazol-2-yl)methyl)sulfane (L) was
prepared through a sequence of chemical
reactions  involving an  acceptor—donor
mechanism, in which the deprotonated imidazole
nitrogen atom attacks an electrophilic center. The
synthesis proceeds via nucleophilic substitution
at a donor carbon atom, leading to the formation
of a thioether bond. The mechanism of this
process appears in Figure 2, which demonstrates
how the Cu(Il) complex binds to imidazole-N

donors.
=
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Fig. 2. Proposed donor—acceptor mechanism for Cu(Il) complex formation

1. Preparation of precursor (A): 2-
(chloromethyl)-1H-benzimidazole was
obtained by reacting chloroacetic acid with o-
phenylenediamine in hydrochloric acid under
reflux for 6 h. The progress of the reaction was

managed by thin-layer chromatography

NH
2 0o
+ Il
HOC-CH,CI
NH,

4N HCI
e

(TLC) using ethyl acetate: petroleum ether as
the mobile phase. The yellow precipitate was
neutralized with concentrated NHs, filtered,
and recrystallized from methanol (m.p. 147
°C) [20].

H
N
+ 2H20
VY,
N oa
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Preparation of  precursor  (B): 2- chloroacetic acid with thioglycolic acid. The
(mercaptomethyl)-1H-benzimidazole was reaction afforded a pale-yellow product (m.p.
synthesized by a similar route, replacing 158 °C)[21].

NH,
0]
+ \
HOC-CH,SH
NH,

2. Formation of ligand (L): Precursor (A) (1.64
g, 0.01 mol) was first dissolved in alkaline
methanol prepared from 0.56 g of KOH in 40
mL of methanol and magnetically stirred for
30 minutes. To this solution, precursor (B)
(1.66 g, 0.01 mol), previously dissolved in

H H

N N
©iN/>_\SH ) ©;(>_\c1 T

Synthesis of Metal Complexes. The ligand

(L) was allowed to react with chloride salts of

Mn(II), Co(II), Ni(II), Cu(Il), and Zn(II) (Table

1), affording complexes of the general formulas

[M(L)2]Cl2 and [M2(L)2(H20)2]Cla.

e [M(L)2]CL2 complexes: A methanolic solution
of the corresponding metal salt (0.001 mol in 10
mL) was gradually introduced into a hot
methanolic solution of the ligand (0.002 mol in
10 mL). The mixture was refluxed under
continuous stirring for 3 hours, giving rise to a

H
4N HC1 [ :I > + 2H,0
2
-  »
/
N SH

methanol, was introduced, and the mixture
was refluxed for 3 hours. The reaction
afforded a white solid, which was collected by
filtration, thoroughly  washed, and
recrystallized from methanol to give a product
with a melting point of 221 °C [22].

H H
Gy
N

solid product that was collected by filtration,
rinsed sequentially with cold methanol and
diethyl ether, and finally dried under vacuum.

e [M2(L)2(H20)2]Cl2  complexes: The same
experimental procedure was applied, except
that 0.002 mol of the metal salt was employed.

All complexes were obtained as stable
solids, resistant to atmospheric moisture and
suitable for subsequent analytical and biological
studies.

Table 1. The weight (0.025 mol) metal salt

Metal salts | Weight gm Weight gm
(0.001 mol) (0.002 mol)
MnCl.4H20 0.24 0.48
CoCL.6H20 0.29 0.59
NiCL.6H20 0.28 0.59
CuCl2.2H20 0.21 0.42
ZnCl, 0.16 0.32

Antibacterial Activity. The antibacterial
potential of the ligand together with its Cu(II)
and Zn(I[) complexes was evaluated against
Staphylococcus aureus (Gram-positive) and
Escherichia coli (Gram-negative) employing the
agar well diffusion assay. Test solutions were
prepared in dimethylformamide (DMF) at a
concentration of 3 mg/mL. From each solution,
50 pL aliquots were dispensed into 6 mm wells

previously made in nutrient agar plates seeded
with bacterial suspensions standardized to 0.5
McFarland turbidity. The plates were then
incubated at 37 °C for 24 hours, after which the
diameters of the inhibition zones (mm) were
recorded. DMF was used as the solvent control,
and each test was carried out in triplicate [25—
27].
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Results and Discussion

Elemental and Physicochemical
Properties. The spectroscopic and analytical
evidence collectively delineates a clear
structure—activity pattern across the synthesized
complexes. Variations in Vv(C=N) stretching
frequencies, magnetic moments, and electronic
transitions correlate strongly with the identity of
the coordinating metal center. This structure—
property—activity relationship (SAR) suggests
that increasing crystal field stabilization and
moderate ligand-field asymmetry, particularly in
Cu(Il) and Zn(II) complexes, enhances redox
flexibility and favors membrane interaction,
thereby elevating antimicrobial potency.

The ligand bis((1H-benzo[d]imidazol-2-
yl)methyl)sulfane (L) existed in pure form
because it showed a distinct melting point, and its
elemental composition remained constant. The

experimental C, H, and N percentage
measurements of the ligand and its metal
complexes matched the theoretical values, which
validated the molecular structures and
stoichiometric ratios. The majority of Cu(Il)
complexes reached high yields between 80-96%
because they formed stable coordination
compounds (Table 2). The elemental analysis
results for the C, H, and N elements of both the
ligand and complexes showed perfect agreement
with theoretical values, which validated the
proposed molecular structures [23].

The compounds showed dissolution in
DMSO and DMF but failed to dissolve in hexane
and chloroform due to their ionic properties. The
compounds showed the expected ionic behavior
through their solubility pattern, which enabled
further spectroscopic and biological assessments.

Table 2. Physicochemical and analytical characteristics of the ligand and its metal complexes

No Compound Yield, Color M.p., Elemental Analysis Molar conductivity,
formula % °C Calculated (found)% Ohm!-Cm! -Mol!
C H N

A | CsH7N,Cl 77 Yellow 147-149 57.67 4.23 16.81 -—--
(57.35) | (4.21) | (16.65)

B | CsHgN».S 88 Pale 158-160 58.51 491 17.06 -—--
yellow (58.22) | (4.66) | (16.81)

L | CigH1aNsS 82 White 230-232 65.28 4.79 19.03 -
(65.03) | (4.43) | (18.82)

1 | [Mn(L),]Cl 95 Brown | 254-256 | 53.78 | 3.94 15.68 70
yellow (53.67) | (3.75) | (15.44)

2 85 Blue 300%* 53.48 3.92 15.59 76
[Co(L)]CL 322 | 374 | (1523

3 . 94 Dark 255-257 53.50 3.92 15.59 73
[Ni(L)2]Cl> areen (5335) | 3.78) | (1535)

4 85 Green 246-248 53.19 3.90 15.49 75
[Cu(L)2,Cl (52.97) | (3.79) | (15.22)

5 88 White 303-305 53.00 3.89 1545 76
[Zn(L)2(Clz (52.88) | (3.53) | (1533)

6 | [Mm(L)(HO%ICL | 78 | Off white | 290-292 | 42.11 | 3.97 | 1227 88
(41.86) | (3.51) | (11.45)

7 | [CoxL)x(H:0):]CLs 88 Blue- 297* 4175 | 394 | 12.17 90
oreen 41.33) | (3.52) | (11.59)

8 | [Nia(L)2(H20):]Cl, 89 Green 300% 4177 | 394 | 12.17 89
41.35) | (3.49) | (11.81)

9 | [Cus(L)(H,0)]CL4 96 Dark | 210212 | 4.134 | 390 | 12.05 84
green (40.70) | (3.39) 11.71)

10 86 Off white | 318-320 41.17 3.88 12.00 88
[Zna(L)2(H,0)2]Cly (40.33) | (3.43) | (11.8D)

* = decomposes
The complexes formed stable solid maintained stability under normal environmental

compounds that showed no water absorption and

conditions. The pure products and reliable
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synthesis method became evident through their
distinct melting points. The metal coordination
resulted in lattice stability enhancement because
the complexes showed melting points that
exceeded the free ligand value.

The DMSO solution tests showed that
[M(L)2]Cl2 complexes function as electrolytes
because they contain free chloride ions. The
solution ionic dissociation of dinuclear
[M2(L)2(H20)2]Cl2 complexes exceeded that of

the mononuclear [M(L)]Cl2  complexes
according to their measured conductivity values
[24]. The ionic nature of the complexes became
evident through these results, which also
validated the existence of both mono- and
dinuclear species.

Infrared Spectral Analysis. The FTIR
spectra  provided further evidence for
coordination (Table 3 and Fig. 3).

Table 3. Distinctive IR Spectral Features of the Ligands and their Metal Complexes

No. Compound v(C=N) | v(NH) | v (C-S) v(C=C) | v(M-N) OH: Cl
aromatic ionic
L CisH14N4S 1600 3172 733 1625 --- --- ---
1 [Mn(L);]Cl, 1580 3167 733 1623 437 | - 619
2 [Co(L),]Cl, 1583 3170 734 1624 437 | - 619
3 [Ni(L),]Cl, 1581 3172 733 1621 429 | - 619
4 [Cu(L),Cl, 1575 3173 734 1621 438 | - 625
5 [Zn(L)»Cl, 1579 3170 733 1624 469 |  --—-—- 620
6 [Mn(L)2(H20),]Cl, 1581 3170 734 1624 436 3443 619
7 [Cox(L)2(H20):]Cl, 1620 3372 733 1626 484 3554 619
8 [Niy(L)2(H20),]Cl, 1580 3172 736 1621 421 3396 582
9 [Cuy(L)2(H20):]Cl, 1582 3172 733 1623 429 3314 614
10 [Zny(L)2(H20),]Cl, 1580 3169 733 1622 472 3353 618
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Fig. 3. The IR spectrum of (a)L,(b) [Mn(L)2]Cl2, (¢) [Ni2(L)2H20]Cl>

The FTIR spectrum of the free ligand
shows the v(C=N) stretching band at 1590 cm™,
which confirms the imidazole structure. The
metal coordination of the imidazole nitrogen
atom becomes evident through the 1574-1620
cm™' band shift, which occurs after complex
formation [25]. The FTIR spectrum shows new
bands between 421 and 421-484 cm™, which
prove the formation of metal-nitrogen bonds
[26]. The 3314-3545 cm™' range contains broad
signals that confirm the presence of water
molecules that bind to the metal centers [27]. The
thioether sulfur atom in the complex shows no
change in its v(C—S) band position at 733 cm™’,
which indicates it does not form bonds with the
metal. The benzimidazole ligand coordination
behavior matches previous research findings
[28]. The imidazole NH stretching band of the
ligand shifts slightly from 3245 to 3260; the
imidazole NH participates in hydrogen bonding
stabilization. However, no significant

coordination through NH was detected,
confirming that the primary donor sites were the
ring nitrogen atoms. The thioether v(C—S) band
appeared around 733 cm™ in the free ligand and
remained unaltered in the spectra of all
complexes, thereby confirming that the sulfur
atom of the thioether moiety did not participate
in coordination.

Electronic  Spectra and  Magnetic
Moments. The ligand exhibited two
characteristic bands at 42,134 and 44,325 cm™!,
allotted to m—n* and n—n* transitions. In
contrast, the complexes exhibit additional d—d
transitions consistent ~ with  tetrahedral
geometries. For example, Co(II) complexes
displayed absorptions near 14,321-14,423 cm™',
typical of “*Ax(F) “T: transitions. The
corresponding et values (4.8-5.0 B.M.) also
supported tetrahedral assignment (Table 4).
Representative UV—-Vis spectra are provided in
Fig. 4 [29].

—

Table 4. Electron spectra and magnetic moments of ligands and its compounds

No. Complex Transition Mefts
(B.M.)
L 421340 | 1 —> w*
CioH14NaS 443251 | n > *
1 | [Mn(L),]CL 39675 | m— m* 6.1
38790 n — ¥
34310 C.T
2 14321 | “Aqg(F) >*T.(P) 4.82
[Co(L):]Cl, 39679 C.T
3 14567 T — ¥ 2.58
. 31342 n — ¥
[Ni(L),]Cl, 13890 | *Ty(F) — *Ti(p)
35773 C.T
4 13873 | 2Eg — Tig 1.80
[Cu(L)2,CL: 32786 | C.T
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5 [ [Zn(L),Ch 36769 | C.T Dia
6 [an(L)z(Hzo)z]Cl 46523 T ¥ > 1.49
> 39021 |n w5

34287 | C.T

7 | [Coa(L)A(H20),]CL, | 14423 | *Aqg(F) — *T(P) 5.03
32548 C.T

8 | Niz(L)2(H,0)]CL | 14398 | n— * 2.79
32450 | n—ow*
13801 | *Ty(F) — *Tu(p)
36732 | C.T

9 [CuZ(L)z(Hzo)z]Clz 14899 2Eg = 2T1g 2.63
33256 | C.T

10 | [Zna(L)2(H20),]CL | 32436 | C.T Dia

D

/N

cl,

Clo—,
_>‘NH

oo
H;O=<~— M — H,O0

T l Cly
Q\ H,0~—M —~p,0

HN—/{I_S ll
O

Fig. 4. Proposed geometrical structures of M(L)2]Cl2 (a) and [M2(L)2(H20)2]Cl2 (b) complexes

For Co(Il) complexes, in addition to the
14,321-14,423 cm™ band assigned to the
*A2(F)—*T(P) transition, a weaker absorption
around 8,200-8,500 cm™ was observed,
corresponding to the *Ax(F)—*Ti(F) transition.
This further substantiates the assignment of a
distorted tetrahedral geometry. Similarly, Ni(II)
complexes displayed bands at ~8,700 cm™ and
14,400 cm™, attributed to *T:(F)—3A2(F) and
3T1(F)—>*T2(P) transitions, respectively. These
absorptions, coupled with p_eff values around
2.6-2.8 B.M., are characteristic of tetrahedral
Ni(II) systems.

In the metal complexes,
absorptions were observed:

e Mn(Il): weak d—d transitions typical of
high-spin tetrahedral Mn(II) with p_eff
values around 6.1 B.M., confirming a d°
configuration [30].

e Co(Il): bands at 14,321-14,423 cm™
correspond to *Ax(F) — “T: transitions in
distorted tetrahedral geometry, supported
by p_eff values of 4.8-5.0 B.M. [38, 39].

e Ni(II): absorptions at ~14,400 cm™ are
characteristic of 3T«(F) — 3T«(P)

additional

transitions, consistent with tetrahedral

Ni(Il), with p_eff ~2.6-2.8 B.M. [30].

e Cu(II): broad absorptions around 13,800—
14,900 cm™ reflect 2T> — 2E transitions,
supported by p_eff values of 1.8-2.6 B.M.,
indicating a single unpaired electron [31].

e Zn(II): no d—d transitions were observed,
but charge-transfer bands at 32,436—
36,769 cm™" were evident, as expected for
diamagnetic d'° systems [28].

These  results confirm  tetrahedral
geometries for all complexes, supported by both
spectral and magnetic data.

Stability and Solubility. The complexes
were stable under dry air and soluble in common
organic  solvents, enabling spectroscopic
characterization and suggesting potential utility
in catalysis and biological testing. Such behavior
aligns with earlier reports on benzimidazole-
based complexes [13, 14].

Antibacterial Activity. The free ligand
demonstrated moderate inhibition of S. aureus,
with a 13 mm suppression zone, but it failed to
show any effect on E. coli. The Cu(Il) complexes
exhibited the highest antibacterial activity, as
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evidenced by inhibition zones of 24 mm for S.
aureus and 15 mm for E. coli. The Zn(Il)
complexes displayed results that fell between the
most and least effective antibacterial activity.
The results from Table 5 demonstrate that metal
coordination makes bacteria more susceptible to
treatment. The susceptibility differences between
Gram+ and Gram- bacteria receive graphical
representation in Fig. 5 [25-27].

The combination of Cu(Il) with the
compound resulted in maximum antibacterial

effects which produced inhibition zones of 24
mm against S. aureus and 15 mm against E. coli.
The molecular properties of chelation lead to
better lipophilicity and improved membrane
penetration which enables the complex to enter
bacterial cells and bind with biomolecules. The
chelation process creates reactive oxygen species
that damages bacterial membranes and produces
oxidative stress according to research on
benzimidazole-metal frameworks [28, 29].

Staph. aureus

Fig. 5. Comparison of inhibition zones of ligand and complexes against S. aureus and E. coli.

Table 5. Antibacterial activity (inhibition zones, mm) of ligand and selected complexes

Number of Compound Staphylococcus | Escherichia
Complexes aurous (mm) coli (mm)

1 [Cu(L)2]Cl2 20 11

2 [Zn(L)2]Cl2 19 8

3 [Cuz(L)2(H20)2]Cl2 24 15

4 [Zn2(L)2(H20)2]Cl2 22 7
L(Control) | CisH1aN4S 13 0

Solvent DMF 0 0

The chelation process leads to increased
metal ion polarity reduction and lipophilicity
enhancement and better bacterial membrane
permeability [26]. The Zn(II) complexes show
better activity than the free ligand, yet their
performance remains lower than that of Cu(II)
complexes. The results support the chelation

theory, which states that coordination enhances
biological activity through better cellular uptake
and biomolecule interaction [28, 30]. The
observed stronger effect on Gram-positive
bacteria matches previous research because their
thick peptidoglycan layer provides less resistance
to complex diffusion than the double membrane
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structure of Gram-negative bacteria [32-34].
Key Analytical Insights. Spectroscopic
and magnetic data consistently indicate
tetrahedral geometry around the metal centers.
e The ligand coordinates through imidazole
nitrogen while the thioether sulfur remains

non-coordinating.

o Antibacterial activity is metal-dependent,
with Cu(Il) > Zn(II) > free ligand.

e Gram-positive  bacteria  are = more
susceptible, reflecting differences in cell
wall structure.

Conclusion

Metal complexes of bis((1H-
benzo[d]imidazol-2-yl)methyl)sulfane with
Mn(II), Co(Il), Ni(II), Cu(Il), and Zn(II) ions
were synthesized and systematically
investigated. Comprehensive characterization
using elemental analysis, FTIR, UV-Vis and
“H NMR spectroscopy, as well as molar
conductivity and magnetic  susceptibility
measurements, indicated the formation of
tetrahedral coordination geometries in both
mononuclear and dinuclear species.
Coordination occurs through the imidazole
nitrogen atoms, whereas the thioether sulfur atom
does not participate in metal binding.

All metal complexes exhibited enhanced
antibacterial activity compared to the free ligand,
with the Cu(Il) complexes showing the highest
efficacy against Staphylococcus aureus and

Conflict of Interest

Escherichia coli. These findings are consistent
with chelation theory, as complex formation
increases lipophilicity and reduces metal ion
polarity, thereby facilitating penetration through
bacterial cell membranes. In addition, Gram-
positive bacteria were found to be more
susceptible to the synthesized compounds, likely
due to differences in cell envelope architecture.
Overall, this study highlights the potential
of benzimidazole-based ligands as versatile
scaffolds for the development of transition-metal

complexes with promising antimicrobial
properties. Furthermore, the structural and
electronic flexibility of the benzimidazole

framework suggests potential applications of the
described complexes in catalytic oxidation,
fluorescence sensing, and metal-based drug
development.
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