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Abstract: Benzimidazoles are considered a promising class of bioactive heterocyclic com-
pounds that show a wide variety of useful biological properties due to their structural
similarities to nucleotides such as purines. Among these properties, great attention has
been given to the antibacterial activity exhibited by molecules containing a benzimida-
zole nucleus in their structure since recent research results have shown the potential of
such molecules as alternatives in the fight against bacterial resistance. When these com-
pounds have phenylsubstituted groups in the 2-position of the imidazole ring, a series of
molecules can be obtained with generally improved pharmacological activity. These types
of compounds are suitable for the formation of stable complexes with several transition
metals, including nickel and copper; such compounds have also exhibited many biological
properties in different reports. Accordingly, this brief review focuses on recent work on
the synthesis and characterization of metal complexes of Ni(II) and Cu(Il) with ligands
derived from 2-(phenylsubstituted) benzimidazole that were subsequently evaluated for
antibacterial activity.
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1. Introduction

Antibacterial resistance, which is the ability of bacteria to mutate and exchange genetic
information to produce immune responses to antibiotic activity, has been increasing in
recent decades to the point of becoming a public health problem; this widespread antibacte-
rial resistance has led to a loss of efficacy in the action of first-line antibiotics against these
microorganisms, thus hindering the treatment of infectious diseases and possibly leading to
death [1,2]. For this reason, there is considerable interest in controlling bacterial resistance.
Medicinal chemistry is one of the fields that has assumed the challenge of developing
new alternatives to overcome the relevant difficulties and implications. Research and
development in this area are based on the design and synthesis of new molecules with
pharmacological potential and corresponding studies of biological activity that generally
include heterocyclic compounds [3].

Organic compounds with N-heterocyclic ring systems have demonstrated a wide range
of applications, including pharmacological applications [3-5], as supported by various
studies that have explored their antimicrobial [6-9], anticancer [10], antioxidative [11], and
antiparasitic activity [12]. These compounds have become target molecules that could
play an important role in the fight against problems associated with the most common
diseases, including those related to bacterial resistance. Within this group of compounds are
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benzimidazoles, which were first synthesized in 1872 by Hoebrecker, 1875 by Ladenberg,
and 1878 by Wund [13]. However, it was not until 1944 that Wolley speculated that
benzimidazoles could act like purines, given their remarkable similarity, and therefore
cause some biological responses [14]. Today there are several drugs whose structures
are based on benzimidazoles (Figure 1), such as omeprazole (proton pump inhibitor),
pimobendan (vasodilator), and mebendazole (anthelmintic).
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Figure 1. Some commercial drugs derived from benzimidazoles.

The cores of benzimidazoles arise from the fusion of benzene at positions 4 and
5 of the imidazole ring, from which different derived molecules have been developed
with biological activity such as anti-inflammatory [15], analgesic [16], antitumor [17],
antifungal [18], and antibacterial [19] (Figure 2). Benzimidazoles are characterized by
acid-base properties, solubility, the potential presence of electron density donor atoms, the
ability to form salts, and marked stability. Because of these features, benzimidazoles are
pharmacophores [20]. They have the right steric and electronic properties to make sure
they interact optimally with a specific biological target and either start or stop its biological
response [21].
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Figure 2. Benzimidazole derivatives with activity (a) anti-inflammatory, (b) analgesic, (c) antiprolifer-

ative, (d) antifungal, (e) antibacterial. Note: %inh = Paw edema inhibition; %prot = percentage of
protection; IC5p = 50% inhibitory concentration; MIC = minimum inhibitory concentration.

Benzimidazole derivatives can be obtained by different methods (Figure 3), includ-
ing the condensation of phenylenediamines and aldehydes to produce Schiff bases that
are subsequently subjected to oxidative cyclodehydrogenation [22]; the use of aromatic
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or heteroaromatic 2-nitroamines and formic acid in the presence of Fe and NH4Cl [23];
the use of N-methyl-1,2-phenylenediamines, carbonitriles and sodium hydride [24];
or the high-temperature condensation of phenylenediamines and aromatic carboxylic
acids under strongly acidic conditions (polyphosphoric acid (PPA), 180 °C) to obtain
2-(phenylsubstituted) benzimidazoles [22,25,26].
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Figure 3. Method of synthesis of 2-(phenylsubstituted) benzimidazoles by (a) oxidative cyclodehy-
drogenation using air, (b) from 2-nitrosamines, (c) condensation with PPA.

Among benzimidazole derivatives, multiple biological activities have been re-
ported [15,16,27,28], especially antitumor activities. A possible mechanism of action has
been proposed to be related to interactions of these with DNA (covalent bonds, intercala-
tion, etc.) [27,29], similar to previously existing medications for the treatment of various
types of cancer, such as cisplatin, carboplatin, and oxaliplatin. Although these drugs have
shown a broad spectrum of cytotoxicity against various cell lines, their use or clinical
application on humans has been limited by their neurotoxic, nephrotoxic, ototoxic, nausea,
vomiting, and tumor cell resistance effects [27,30-33].

Regarding antifungal responses, benomyl (the first fungicide registered in 1968, subse-
quently introduced to the market in 1971 by the Du Pont company), thiabendazole, and
carbendazim (commercially used fungicides that act as metabolic inhibitors of the electron
transport chain, enzymes, nucleic acid metabolism, protein synthesis, and sterol synthesis)
contain a benzimidazole core in their structure; as a result, this type of molecule has be-
come a focus of widespread research in the search for new compounds that contribute to
minimizing resistance to drugs for the treatment of infections caused by fungi [34-36].

Because antibiotic resistance and multidrug resistance imply an imminent risk of
bacterial propagation, which limits the efficacy of the treatment of diseases caused by
such pathogens, the antibacterial activity of benzimidazole derivatives has also been
evaluated [33,37—41]. In the search for possible new bactericidal agents, some 2-phenyl-
substituted benzimidazoles are noteworthy, such as 2-(4-aminophenyl)benzimidazole
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derivatives that showed moderate antibacterial activity (MIC: 25 pg-mL~!) against
P. aeruginosa [42]; derivatives of 2-{4-[(4-substituted piperazine/piperidine-1-yl)carbonyl]ph-
enyl}-1H-benzimidazole that exhibited potent antibacterial activity (MIC: 12.5 pg-mL 1)
against S. aureus [43]; and derivatives of 1-(4-(6-chloro-1H-benzimidazol-2-yl)phenyl)-3-(4-
chlorophenyl)urea and 4-(2-(4-(6-methyl-1H-benzimidazol-2-yl)phenyl)hydrazono)pyrazo-
lidine-3,5-dione that demonstrated potent antibacterial action (ICsp: 0.61 and 0.58 uM)
against E. coli and S. aureus, respectively [44].

Although organic molecules are generally the first option for the development of
new drugs in medicinal chemistry, with the discovery of the anticancer properties of
cisplatin, metal complexes have become highly studied compounds of interest as possible
therapeutic agents [45-48]. Compounds that have a benzimidazole nucleus are among
the most widely used organic ligands for the formation of metal complexes since they
are suitable coordinating agents of metal ions due to their conjugated pi system and the
azomethine nitrogen [49-51], which allow them to bind to the metal center in a monodentate
manner or act as a chelate ligand.

Complexes derived from benzimidazole with lanthanide ions and different d-block
metals have demonstrated efficient biological activity in a variety of studies [49,50,52-56].
The antibacterial activity of these complexes has been attributed to various factors, such as
complex-DNA interactions (intercalating, nonintercalating, cleavable, etc.), the blocking
of metal binding sites in enzymes, disturbances in the respiratory process, and blocking
of protein synthesis, among others. This antimicrobial activity is believed to be closely
related to an increase in the lipophilicity of the metal complex during adduct formation,
which usually improves the bioactivity of free ligands [57]. An example of this mechanism
is the compound [diodo-di(2-phenylbenzimidazole)platinum(II)], which showed higher
antibacterial activity (MIC: 0.14 pM) against B. subtilis and K. pneumoniae than the free
organic ligand did (MIC: 1.28 uM) [58]. Another study showed that the antibacterial
activity of a Schiff base derived from 2-(3-aminophenyl)benzimidazole against S. aureus
(MIC: 500 pg-mL’l) improves when it forms a metal complex with lanthanum ions (MIC:
125 pug-mL~1) [56]. In recent years, attention has been paid to nickel and copper complexes
with benzimidazole ligands or derivatives because Cu(Il) and Ni(II) metal ions are cheaper
than analogous complexes with metal centers such as Ag(I) and Pt(II) and also exhibit
biological properties as anticancer and antibacterial agents [59-63].

Monodentate 2-(phenylsubstituted) benzimidazoles, 2-(hydroxyphenyl)benzimidazoles,
and Schiff bases derived from 2-(aminophenyl)benzimidazole are reconognized important
ligands on account of their extensive coordination chemistry, ease of functionalization, and
growing interest in the design of bioactive and catalytically active metal complexes [60,61].
The phenyl substitutions modulate electronic properties and steric hindrance, thereby
influencing metal-ligand interactions. Moreover, the hydroxyphenyl derivatives offer addi-
tional donor sites through phenolic oxygen atoms, enhancing chelating ability. Schiff bases,
with their imine functionality, enable multidentate coordination and structural diversity.
In such a manner, these ligands provide a versatile platform to explore structure-activity
relationships in coordination compounds.

This review describes the characterization and evaluation of the antibacterial activity
of metal complexes of Ni(II) and Cu(II) with ligands derived from 2-(phenylsubstituted)
benzimidazole, highlighting their importance as possible antibacterial agents that could
contribute to the fight against antibiotic resistance. It is important to note that, in the an-
tibacterial activity studies addressed in this review, the complexes are dissolved directly in
culture medium or using dimethyl sulfoxide (DMSO) as a vehicle to subsequently improve
solubility in the culture medium for the microdilution method. For the disk diffusion
method, the complexes are usually dissolved in DMSO, and pure DMSO is used as the
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control solvent. In this study, the Scopus database was chosen for the bibliographic search,
it has bibliometric tools to track, analyze, and visualize research [64]. The search equation
used was TITLE-ABS-KEY (antibacterial AND benzimidazoles AND derivatives) AND
PUBYEAR > 2008 AND PUBYEAR < 2026 AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-
TO (DOCTYPE, “re”) OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “cp”) OR
LIMIT-TO (DOCTYPE, “cr”)) AND (LIMIT-TO (LANGUAGE, “English”)) which applies
basic filters to ensure that the final sample analyzed presents documents that exclusively
address topics around the antibacterial activity of benzimidazole derivatives published
between the period from 2009 to 2025. Documents that did not meet these criteria were ex-
cluded. The VOSviewer software (www.vosviewer.com, (accessed on 10 December 2024));
version 1.6.18, Leiden University, Leiden, The Netherlands) was applied to visualize the
preliminary results and create a bibliographic map (Figure 4). Each node symbolizes a
specific keyword, and its size indicates the importance of the keyword within the existing
literature. The connections between the nodes illustrate the co-occurrence relationships
that exist between the keywords. Additionally, keywords are distinguished by color cod-
ing to reflect their respective clusters, so keywords from the same cluster show a greater
propensity to appear simultaneously in the literature.

chloramycin *

sar ¢ aspergillys flavus o calf thymus dna
coumarins i3 »

@ terramolederivative
sulfonamides antifi aodAts antifungal
Wigaets o e

ketocamazole -3

v
dose-responswlationship, dr @

P’ pro(euwulgaris
asperg@s nlgeF“ onella gphimurium
embryd @iy gram- pos@g)acterlp @ ® P oxadiazole derivative
enterococeus fascium | o ¢ FUE Excretion x nysating . iszole
W\ grar'h p&sn*bactenum g, fungalstraig @
£ didaiglabrat
cytalogy " mo[ecuﬁ mcdel‘ o ‘y', g  Candidaglabrata
antitubercwlar activity ram negaw t“enu e &
" acif€tobactgr t:naumanrﬁﬁJE ”@D’JU m nt tj\}‘ity disk diffusion
mige ® i g . z of @hibitior
“cell s@gpvival '\ e 5
quinazoline derivative e @ - B -

rospray m@s spegtrometry

dna wams ot
mvse ourier transfvn infrared spe nanoparticle
im 1ode <o ¥ _
maly @ oo po.n(lano?o‘nd - L = & mass s@ometry* Siiver diiative
@< 'mycobacteriiijtuberculd ; il  oxidation” thartogeavimatry
liver mierosome  colony fogming “n"' bacterlu' lg)late 4 &

S5 e ultravidlet spectroscopy
spectmszupy 3 . water
° ]

L ]
drug clearance =3
in wvos(udy ~ -mét‘lsm. ;
- .

vero &ll line® . ?
« dna topoisemerase ivarUB(IC

temparature  cyclic voltammetry

B ¢4
% « schiffibase
e®. - ”
o .

¥ z w - o 9@ ap i W ziec
Bastericidp! etivity, @ R nJm—*H ative llar @ he(erc(-jrno‘wwpoundhwd @ °
.tulﬂcul%' agens © biahim @ P i
veraicells * cell digision ® ® proteummdmg antmeop astic actlvot}}‘"ea' ngegnefigresopangg Spf nickel @
L
cercopitheaus aethiops  * doug mig) anl.s @ : biesyarhesis - crystal@ffucture @V Synf“ﬁwhemlcal)v .
baéterighploteirmisa L  bindifig site sntiaxidant mammals g *nn ba( |> t—l\-” stajs
cytoskelewn protein  staphylocoagel infections, ® b:inmmav“v‘s hydropbobmtydOW" tw ac ty "
antagonists@nd inffibitor® @ ic50 . Kingtics “ molegules  « 1hibenzimidazoles
N . il m@}giwr P | anticancer Siisadnivie
. ° A
y’ review antioxidant activity xrey crysgllography gnetic re$onance spectroscop
scanning electson mieroscopy ’ . o crystallography, x-ray »
antiinflammatory activity hydrogem bonding

catalytiedomain
4 antibactarial agent

francisellastularensis  antiinflammatory agent

X analgesig activity
drug resistance

antihypertensive activity

Figure 4. Co-occurrence network map of keywords (seven clusters). The size of the nodes indicates
the number of publications that include the keywords. The proximity of two nodes indicates the
relationship of their co-occurrence link.

2. Metal Complexes of Ni(II) and Cu(II) with Monodentate
2-(Phenylsubstituted) Benzimidazole Derivatives

Nickel and copper are essential elements for biological systems [65]. Both have differ-
ent oxidation states, with 2+ being the most stable, which makes it easy for these elements to
form complexes with different coordination numbers [66]. It should be noted that nickel is
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present in the active sites of several important metalloproteinases, such as urease and Ni/Fe
hydrogenase. In addition, different studies have shown the pharmacological potential of
nickel and copper complexes [67-70].

In the literature, interesting results have been found regarding the antibacterial ac-
tivity of copper and nickel metal complexes with 2-(phenylsubstituted) benzimidazole
ligands [71-74], with scarce reports of complexes with monodentate 2-(phenylsubstituted)
benzimidazole derivatives. Complexes 1-4 (Figure 5) were synthesized from salts of Cu(II)
and Ni(II) to which the ligands BZa and BZb were added under constant agitation. Once
the reaction was complete, the mixtures were refluxed for 48 h at 50 °C. Characterization
of the metal complexes indicated that monodentate ligand binding to the metal occurred
through a coordinated bond with the nitrogen atom (azomethine) [71].

BZ R1 R2 R3
OCH |
i a OCH; H  NO,
y)
T b OH  Br H
—M—
R, ‘ COMPLEX

N .
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2
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4  [Cu(BZb),ClyH,0

Figure 5. Structure of complexes 1-4.

The electronic spectra of the Ni(Il) complexes (1 and 3) showed the transitions
3T, (F)— 3T, (P) at 580 nm, 3T; (F) — 3A, at 650-725 nm, and 3T; (F)— 3T; (P) at
700-775 nm. These transitions indicated a tetrahedral geometry around the Ni(Il) ion,
which was confirmed by magnetic moment values of 4.03 and 3.53 BM for complexes
1 and 3, respectively. Similarly, in Cu complexes (2 and 4), transitions of 2Eg — 2A1g
at 540-570 nm, 2Eg— 2By, at 617-670 nm, and *Eg— 2By, at 705-755 nm and magnetic
moment values of 1.75 and 1.71 BM were obtained, which correspond to planar square
geometry. Additionally, Fourier transform infrared (FI-IR) spectroscopy showed the bands
that correspond to the vibrations of the compounds that were obtained, and thermogravi-
metric analysis confirmed that water molecules were present (Table 1).

Table 1. FT-IR and TGA results for complexes 1-4.

FT-IR [em 1] TGA
Complex C=N M-N M-Cl  Temp. Range [°C] Lost Fragment
1 1629 441 399 1?8:}(7)(0)0 C24I‘I;1231%208
2 1629 435 401 1?;’)%_—183;% C2421;1521;I§208
3 1622 447 418 14813:1380 C28H232H ]328N4O4
4 1620 435 406 15650_—1964% CosHn ;220021\7404

The antibacterial activity was determined by the broth microdilution method against
the Gram-positive (+) strains S. aureus and S. pyogenes and Gram-negative (-) strains E.
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coli and P. aeruginosa, and the results are compared with those of Ciprofloxacin. The
results revealed that 1 and 2 were more effective against E. coli and S. aureus (MIC: 100 and
250 ug-mL 1, respectively), while complex 3 showed very good activity against S. aureus
and E. coli (MIC: 50 and 6.25 pg-mL~!, respectively). In addition, 4 exhibited moderate
antimicrobial activity against S. pyogenes, E. coli and P. aeruginosa (MIC: 500 pg-mL~! for the
three strains) [71]; however, none exceeded the minimum inhibitory concentration (MIC)
of the reference antibiotic. In this study, it was demonstrated that the metal complexes
presented better results of biological activity compared to the free ligands, generally with
lower MIC for the nickel complexes, which shows a direct relationship between the activity
and the nature of the metal, as well as the dependence on the number of hydration waters
in the complexes. These types of compounds were more active with the presence of the
BZb ligand, which could be attributed to the presence of substituents such as -OH on the
2-phenyl ring, which provides greater hydrophilicity and therefore greater solubility in
biological media.

Complex 5 (Figure 6) was synthesized by mixing methanolic solutions of Ni(ClOy);
and m-aminophenylbenzimidazole (m-APB) and refluxing for a period of 4-6 h [68]. The
formation of 5 was confirmed by FI-IR spectroscopy. Vibrations were observed corre-
sponding to C=N bonds within the range from 1600 to 1632 cm~! (displaced with respect
to the free ligand), NHamino) at 3300 cm~ L, NH penzimidazole) at 3050 em ™! and ClO4~
between 1100 and 620 cm™~! for the coordinated ligand. The electrolytic behavior was
verified by molar conductivity measurements (76 S-cm?-mol~!). Additionally, 'H-NMR
signals attributable to amino protons (NHj;) and benzimidazole (NH) were observed as
singlets at 5.78 and 16.0 ppm, respectively, while the aromatic protons showed multiplets
between 6.98 and 7.66 ppm. The planar square geometry was corroborated by UV-vis
spectroscopy, where bands at 368 and 570 nm were observed for the A, _, 1By, and
1A1g N 1A2g transitions, respectively) [75,76].

ClO4

HO

Figure 6. Structure of complex 5.

Antibacterial activity of complex 5 was evaluated by the agar diffusion method; the
zones of inhibition caused by the bacterial strains E. coli (-), K. pneumoniae (-), S. aureus (+),
and B. subtilis (+) were measured. The results showed that there was no specificity of the
activity against Gram-positive or Gram-negative strains (6 mm for S. aureus and E. coli,
7 mm for B. subtilis, and 9 mm for K. pneumoniae), and that compared to the values of the
standard drug (ampicillin), the complex could be considered moderately active, generally
observing better antibacterial activity in comparison with the ligand, confirming that the
presence of the metal influences the biological activity, since the increase in activity after
complexation can increase the lipophilicity and inertia of the metal-ligand bonds [77].
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3. Metal Complexes of Ni(II) and Cu(Il) with
2-(Hydroxyphenyl)benzimidazole Ligands

The stability of metal complexes improves with the presence of ligands that con-
tain different coordination points (multidentate ligands), a property that several 2-
(phenylsubstituted) benzimidazole derivatives possess. For example, 2-(hydroxyphenyl)be-
nzimidazole ligands contain a hydroxy group in the phenyl, which can be deproto-
nated to form a strong O-M covalent bond. For the complexes [NiL(H;O)3(AcO)]H,O
(6) and [CuL(H,O)(AcO)] (7) (Figure 7), which were synthesized from a ligand L and
M(AcO),nH;0, both their structure and the geometry were optimized using Hyperchem
8.03 software to obtain the bond lengths around the central ion (Table 2). For the deter-
mination and confirmation of the structure of complexes 6 and 7, FT-IR was used, which
revealed main bands of C=N at 1572 and 1586 cm~!, CO at 1280-1301 cm~!, M-O between
569 and 633 cm 1, M-N between 459 and 514 cm ! and the water molecules in the network
at 3479 and 3455 cm !, as well as bands for acetate groups between 1352 and 1558 cm !
In addition, EI-MS analysis revealed molecular weights of 399.01 and 349.83 g-mol~!,
corresponding to the formulas C15Hp9N2NiO7 and Cy5H14CuN,Oy, respectively, and a
metal/ligand coordination ratio of 1:1.

H3COCO\ /o: ’
H,0™ ‘ Hy H3coco/ ‘

H20 H,0

6 7

Figure 7. Structure of complexes 6 and 7.

Table 2. Optimized bond lengths of complexes 6 and 7.

6 7
Bond Length (A) Bond Length A)
Ni-Nimidazole 1.8448 Cu-Nimidazole 1.8262
Ni-Ophenol 1.7860 Cu-Ophenol 1.7785
Ni-Oacet 1.7946 Cu-O(water) 1.8300
Ni-O(water)1 1.8331 - -
Ni-O(water)2 1.8254 - -
Ni-O(water)3 1.8289 - -

The antibacterial activity of 6 and 7 against the Gram-negative (-) strains P. aeruginosa,
E. coli, Acinetobacter, and Klebsiella was evaluated by the well diffusion method. Stock
solutions of the chelates were prepared in DMSO, and the diameters of the inhibition zones
were measured. The results showed high responses for all strains except for E. coli and
Klebsiella (complex 6: 16 and 20 mm against Acinetobacter and P. aeruginosa, respectively;
complex 7: 15 and 17 mm against P. aeruginosa) [78]. When comparing the results of
activity against P. aeruginosa, it is observed that the nickel complex is more active than the
copper complex, which could be explained from a structural point of view if we take into
account that complex 6 presents a greater number of coordination and hydration waters
than 7, which is related to an increase in the solubility of the molecule in the biological
medium. In the general explanation of antimicrobial activity, the authors refer to Overton’s
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concept, whereby the high activity of metal chelates is related to the non-selective passage
of liposoluble materials through the lipid membrane, regardless of the structural differences
between the membranes of Gram-positive and Gram-negative bacteria. Additionally, it has
been reported that some metal complexes with heterocyclic ligands, such as benzimidazole,
can exert effects on the integrity of the bacterial membrane without completely penetrating
it. In these cases, the antibacterial mechanism of action includes electrostatic or hydrophobic
interaction with surface components of the membrane, inducing its destabilization or
permeabilization [56]. These dual mechanisms, one dependent on penetration and the
other based on surface interactions, might help to explain the antibacterial non-specificity
observed with some metal complexes.

Tavman et al. evaluated the antibacterial activity of a series of complexes with 2-
(1H-benzimidazol-2-yl)-1,4-phenylsubstituted ligands (Figure 8) [79,80]. In general, these
coordination compounds were synthesized using ethanolic solutions of the corresponding
ligand and metal salts.

HO n _
H H 0
; OH N N
N N N/
N NOy" HO\rli<OH2 (NOs), o—Cu—0
g HZO/,L OH H,0 N
—
H0" \ N 7 j@
O-CH,CH; " N
H _
L OH - 0
8 9 10

Figure 8. Structure of complexes 8-10.

The formation of the metal complexes and their structure were characterized through
FT-IR, magnetic moment measurements, and ESI-MS (except for 10). FI-IR spectroscopy
revealed bands attributable to the characteristic vibrations of C=N bonds between 1600
and 1630 cm ™!, CO between 1200 and 1260 cm~! [81], OH above 3400 cm ™!, M-O at ap-
proximately 500 cm 1 [81,82], NO3~ between 1385 and 1389 cm ™1, NH between 3230 and
3450 cm ! and OCHj; between 2918 and 2971 cm ™ 1. Additionally, ESI-MS spectrometry
yielded the fragments [M]* and [M-2H,O]* with m/z 415.0 and 673.7 for 8 and 9, respec-
tively. Additionally, some physical and analytical properties were measured, confirming
the geometry of complexes 8-10 through their magnetic moments (Table 3).

Table 3. Physical and analytical properties of complexes 8-10.

Melting Hefs

Elemental Analysis: Meas. (Calc.) % Color

Complex Point (°C) (BM)
C H N
8 437 (434) 3.8(41)  10.5(10.13) >350 1.75 Black
9 441 (442) 4239 11.8 (11.9) >350 2.87 Black
10 58.5(58.2) 4.5(4.3) 10.0 (9.7) 212 1.58 Dark brown

Heg: effective magnetic moment.

The antibacterial activity of complexes 8-10 was evaluated by the microdilution
method in Mueller-Hinton broth against the strains S. aureus (+), B. cereus (+), B. subtilis (+),
S. epidermidis (+), E. coli (-), K. pneumoniae (-), P. aeruginosa (-), S. enteritidis (-), and P. mirabilis
(-). The results showed that all the complexes were more effective against Gram-positive
(+) than Gram-negative (-) strains, so it could be concluded that the activity will be related
to the mechanisms depending on the composition of the bacterial cell wall. For the case
of copper complexes (8 and 10), the number of ligands plays an important role when
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evaluating biological activity, since the complex with a metal/ligand ratio of 1:2 (10) was
more active than complex 8 (metal/ligand ratio 1:1). On the other hand, when comparing
the results between the copper complexes and the nickel complex, it is observed that
generally there is greater activity for Ni(Il); even 9 exhibited potent antibacterial activity
(39 ng-mL~!) against S. epidermidis, which exceeded that of the reference drug ciprofloxacin
(156 p.g~mL_1), as indicated in Table 4 [79,80].

Table 4. In vitro antibacterial activity of complexes 8-10 (MIC, pg-mL ™).

Microorganism
Compound -
a b c d e f 8 h i
8 312 NE NE 625 625 625 >532 NE >532
9 156 NE NE 39 625 312 625 NE 625
10 66.5 >532 133 66.5 >532  >B32 >532 >532 >532
Ci 0.125 - - 156 0.0625 0.0625 2.00 - 0.0312

(a) S. aureus; (b) B. cereus; (c) B. subtilis; (d) S. epidermidis; (e) E. coli; (f) K. pneumoniae; (g) P. aeruginosa;
(h) S. enteritidis; (i) P. mirabilis; NE = not evaluated; Ci = ciprofloxacin.

Complex 11 (Figure 9) was synthesized by direct reaction of Cu(NO3);-3H,0O and the
corresponding ligand in methanol, with refluxing for 4 h [83].

H
N
CL
|
—o0 O/CT
N
N
H
1

Figure 9. Structure of complex 11.

The formation of complex 11 was confirmed by FT-IR spectroscopy. Bands correspond-
ing to the vibration of M-O bonds at 500 cm 1, OCHj; between 800 and 1500 cm ! and C=N

at approximately 1600-1630 cm~?

were obtained. The planar square geometry was corrob-
orated through UV-Vis spectroscopy, where bands were observed at 357, 456 and 645 nm,
corresponding to metal-ligand charge transfer and ?Blg — 2A1g and 2B1g — 2Eg transi-
tions, respectively. Additionally, the molar conductivity was measured, which confirmed
the nonelectrolytic behavior of the complex (12 S-cm?-mol~1).

The antibacterial activity against the strains B. subtilis (+), S. aureus (+), E. coli (-), K.
pneumoniae (-), S. epidermidis (+), P. aeruginosa (-), S. enteriditis (-), and B. cereus (+) was
determined by the agar disk diffusion method by measuring the inhibition zone and the
macro-dilution broth method for the detection of the antibacterial effect quantitatively. The
results showed that 11 showed activity against only S. aureus (zone of inhibition: 8 mm,
MIC: 532 ug-mL_l) and S. epidermidis (zone of inhibition: § mm, MIC > 532 ug~mL_1) [83],
the presence of the metal improves the biological activity compared to the ligand that did
not form a zone of inhibition in the qualitative experiment. This study also allows us to
suggest the effect of the position of the methoxy group in the phenolic fragment of the
ligand, since when comparing the results of complexes 10 and 11 against the same bacterial
strains evaluated in the two studies (S. aureus and S. epidermidis), it is found that when the
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methoxy substituent is in the para-position to -OH, it is more active compared to the analog
with the methoxy substituent in the ortho-position to -OH.

Padalkar et al. synthesized complexes 12 and 13 from the ligand 5-(diethylamino)-
2-(5-nitro-1H-benzimidazol-2-yl)phenol and copper and nickel salts (Figure 10) for sub-
sequent determination of their antibacterial activity against the strains S. aureus (+) and
E. coli (-) [84].

OH H,N NO,
DMF: POCl, j@/
[ +
Et,N oH  B0°C.éh HoN

NEt,
Et,N 7
N
~— M(OAc), 7
M <« MOACH
~ Ethanol, EtzN ELN
| N
N OH
/ NEtz
O,N N

M: Cu (II), Ni (Il)
12 13

Etanol, PCl3
60°C

Figure 10. Synthesis of complexes 12 and 13.

The proposed structure of the ligand was confirmed by '"H-NMR, where singlets
were observed at 12.43 and 8.17 ppm for OH and NH protons, respectively; multiplets
between 7.85 and 6.27 ppm for aromatic protons; and multiplets at 3.42 and 1.21 for CH,
and CHj protons, respectively. The formation of complexes 12 and 13 was evaluated by
atomic absorption spectroscopy (AAS), where the concentrations of the metals obtained
experimentally were remarkably close to those predicted theoretically. In addition, thermo-
gravimetric analysis (TGA) indicated that both complexes are thermally stable up to 250 °C
and that once this temperature is exceeded, the stability of 12 is greater than that of 13.
Furthermore, antibacterial evaluation revealed that both complexes are more active than
the free ligand, so the activity would be improved with the presence of metal ions (Table 5).
The results also show that the complexes exhibit similar activity (close MIC values) or
better than the reference drug (streptomycin) and that 12 is more effective against E. coli
than against S. aureus, while 13 presents the same MIC values against Gram-positive and
Gram-negative bacteria (~62.5 ug-mL’l) [84].

Table 5. In vitro antibacterial activity of complexes 12 and 13 (MIC, pg-mL~1).

Microorganism
Compound
E. coli S. aureus
Ligand 175 125
12 62.5 125
13 62.5 62.5

Streptomycin 125 125
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In general, in studies against E. coli and S. aureus strains, complexes 12 and 13 showed
greater antibacterial activity than complexes 9-11 (with similar structure and metal/ligand
ratio 1:2), which could depend on the substituent groups present in the phenyl rings of the
2-(phenylsubstituted) benzimidazoles ligands, as well as the position of these groups in
the phenolic ring, suggesting that the diethylamino group in the meta-position to -OH and
the presence of the nitro group in the benzimidazole ring favors the activity of this type
of ligand.

From methanolic solutions of the ligands 2-(5-nitro-1H-benzimidazol-2-yl)-4-bromophenol,
3-(5-chloro-1H-benzimidazol-2-yl)-benzene-1,2-diol and 2-(o-sulfamoylphenyl)benzimidazole,
copper and nickel complexes 14-16 were synthesized [85,86] (Figure 11).

— ; —
H N
jou OV
N/ cl N
\ 2H,0 HZO\ | — OH H,0
o— Cl{ O H,0 / | NOs
N N Cl
07 | QD
N N
H H
L Br — HO OH
14 15

Figure 11. Structure of complexes 14-16.

The structure of complexes 14-16 was confirmed through elemental analysis, where a
metal/ligand ratio of 1:2 was obtained. Additionally, FT-IR spectroscopy revealed bands
corresponding to the vibrations of the following bonds for complex 14: CO at 1280 cm ™!,
C-Br between 500 and 550 cm ! and C-NO, between 1305 and 1532 cm~!. For complex
15, bands were observed corresponding to M-OC at 500 cm~—! NH at 3400 cm~—!, C=N at
1600 cm ™! and NO;~ at 1385 cm ™!, while for 16, the main visualized bands were NHg
between 1431 and 1488 cm ™! and C=N between 1531 and 1562 cm~!. In addition, for
14 and 16, magnetic moment values of 1.65 BM and 1.86 BM, respectively, supported
the prediction of planar square geometry, while ESI-MS revealed isotopic fragmentation
patterns corresponding to the isotopes of bromine, chlorine, and copper.

The antibacterial activity of complexes 14-16 was evaluated using broth microdilution
and agar disk diffusion techniques against the bacterial strains S. aureus (+), S. epidermidis
(+), E. coli (-), K. pneumoniae (-), P. aeruginosa (-), P. mirabilis (-), and B. bronchiseptica (-). The
results showed that 14 and 15 are selective against Gram-positive strains, since they only
showed activity against S. aureus and S. epidermidis (MIC values: 19.5 and 39.0 pg-mL~!,
respectively, for 14 and 625 pg-mL~! against both strains for 15) [85,86]. In addition, 14 has
a greater activity than the reference drug ciprofloxacin against S. epidermidis (156 pg-mL~1).
Complex 16 exhibited potent activity against B. bronchiseptica with an inhibition zone of
17 mm, similar to that of the reference drug cefixime (24 mm) [73]. These results continue
to show that the substituents on the benzene rings of the ligands are fundamental in the
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structure—-activity relationship, since with the presence of the nitro group on the benzimi-
dazole ring and nucleophilic substituents on the 2-(phenylsubstituted), the antibacterial
activity improves for these species.

4. Ni(IT) and Cu(II) Metal Complexes with Schiff Bases Obtained from
2-(Aminophenyl)benzimidazole

Schiff bases are considered ligands with great advantages because they are easy
to obtain and can form multidentate complexes with several metal centers due to the
presence of donor heteroatoms, which generally appear in their structures as nitrogen and
oxygen molecules [87,88]. Schiff bases derived from benzimidazoles are quite attractive for
applications in medicinal chemistry due to their broad biological activity [56], especially
those based on (2-aminophenyl)benzimidazole that have been studied for their anticancer
activity [89-91]. Ni(II) and Cu(II) complexes (17 and 18) with the Schiff base (E)-2-((4-(1H-
benzimidazol-2-yl)phenylimino)methyl)-4-bromophenol were synthesized (Figure 12) to
determine their antibacterial activity [72]. Once obtained, the complexes were characterized
to confirm their proposed structure. Through X-ray diffraction (XRD), the arrangements
of the atoms that make up the ligand were obtained (Figure 13), and some bond lengths
and angles were obtained (Table 6). The TH-NMR spectrum of 17 revealed multiplet
signals between 6.79 and 8.79 ppm attributable to aromatic protons, a singlet at 9.08 ppm
corresponding to the azomethine proton (CH = N) and a singlet at 13.17 ppm due to the NH
proton. 3C-NMR revealed signals between 115 and 136 ppm for carbons in the aromatic
ring, at approximately 170 ppm for azomethine carbon, and at 151 ppm for C=N imidazole.
Likewise, for complex 18, FT-IR revealed signals corresponding to the vibrations of NH
bonds at 3349 cm !, azomethine C=N at 1595 cm !, imidazole C=N at 1515 cm~!, O-M at
580 cm~! and M-N at 420 cm !

NH»,
NH»
L, - Cr—Orm nes
NH, 130 C, 3h
COOH
Ethanol
Reflux, 6h

_M(CH,C00), nH;0 ©: <:> /—Q
Ethanol
Q_/ @—( :@ Reflux, 4h

M: Ni(ll), Cu(ll)
17 18

Figure 12. Synthesis of Ni(II) and Cu(II) complexes with the ligand-((4-(1H-benzimidazol-2-yl)phen-
ylimino)methyl)-4-bromophenol.

H
\ =CH
H /
e A /2
H/ \ "

ON6 O N8 c7 C9 ®@C13 @ON16 C17 ®C18 C19 @C20

Figure 13. Distribution and enumeration of atoms in the ligand 2-((4-(1H-benzimidazol-2-yl)pheny-
limino)methyl)-4-bromophenol.
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Table 6. Bond lengths and angles of the ligand 2-((4-(1H-benzimidazol-2-yl)phenylimino)methyl-4-

bromophenol.

Bond Length A) Bond Angle (°)
N6----C7 1.322 024—C19—C20 118.0
C7----N8 1.351 024—C19---C18 122.6

C13---N16 1.410 C17---N16---C13 123.4
N1e6---C17 1.284 N16---C17---C18 120.1
C19---024 1.337 C7----N8-----C9 107.3
024---H24 0.8400

The antibacterial activity against the strains M. luteus (+), E. aerogenes (-), and E. coli
(-) was determined by the disk diffusion method, measurement of the diameters of the
inhibition zones, and subsequent determination of the MIC. The results revealed high
antibacterial activity for 17 (high inhibition zone values and low MIC values) compared
to compound 18, as shown in Table 7, which can be correlated with the DNA binding
exhibited by this complex (intercalation binding, ATmn: 3.2 °C and Kp,: 9.5 x 104 M1,
which was studied by thermal denaturation and UV-Vis spectroscopy [72].

Table 7. Antibacterial activity of Ni(IT) and Cu(II) complexes with the ligand-((4-(1H-benzimidazol-2-
yl)phenylimino)methyl)-4-bromophenol.

Zone of Inhibition (mm) MIC (ug-mL-1)
Complex
E. coli M. luteus  E. aerogenes E. coli M. luteus  E. aerogenes
17 188+16 168+1.1 13.0+1.2 53.0 44 589+22 769 £ 4.6
18 11.8+£09 149+1.0 - 848+48 67.1+3.1 -

Cu(Il) and Ni(II) complexes have also been synthesized with other Schiff bases, such
as BMEP derived from 2-(2-(aminophenyl)benzimidazole) (Figure 14) [57].

O

HO 04\ ‘ HO 04\
Hzo\M/CI
N/ o’ ‘ \N/
+  MCl6H,0  _Reflux
\)

N N

H H
BMEP M: Cu (I1), Ni (II)

19 20

Figure 14. Synthesis of complexes 19 and 20.

Characterization by elemental analysis and molar conductivity measurements ((2)
(Table 8) showed a metal-ligand ratio of 1:1 and a nonelectrolytic nature for 19 and 20.
Their octahedral geometry was confirmed by UV-Vis spectroscopy and magnetic moment
measurements. The UV-Vis spectrum of 19 revealed a broad band at 14,556 cm ™! due to the
transition 2Eg — 2T2g and a magnetic moment of 1.67 BM, while 20 exhibited three bands
at 22,371, 30,303 and 32,894 cm ! associated with the electronic transitions 3A2g — 3ng(F),
3A2g — 3T1g(F) y 3T2g — 3T1g(P) and a magnetic moment of 3.10 BM. IR spectroscopy
indicated bands of CH = N at 1604 and 1616 cm™1, M-N at 435 and 447 cm~! and M-OH
and 1336 and 3390 cm~! for the complexes, respectively.
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Table 8. Physical and analytical properties of the complexes 19 and 20.
o, o, o, o,
Molar Melting % %o C % H %N %o M Q
Complex Weicht Point . Yield Meas. Meas. Meas. Meas. (S-cm?2/mol)
8 (Calc) (Cale) (Cale)  (Calc)
50.18 4.33 7.95 12.01
v 5275 195 8 5o0s @36 (79)  (12.12) 2
20 522 300 65 50.05 431 8.10 11.00 18

(50.57)  (4.40) (8.04)  (11.11)

The antibacterial activity against the strains S. aureus (+), B. subtilis (+), E. coli (-), and
P. fluorescences (-) was evaluated by the disk diffusion method and measurement of the
zones of inhibition. Streptomycin was used as a standard (value not reported), and DMSO
was used as a solvent control. Thus, it was shown that both 19 and 20 were more potent
against E. coli and S. aureus than the other strains (Table 9), with better results for the Cu(II)
complex in comparison to the Ni(II) complex [57].

Table 9. Bacterial growth inhibition zones (mm) for complexes 19 and 20.

Complex S. aureus B. subtilis E. coli P. fluorescence
19 14 10 17 10
20 11 11 12 8

The results of the antibacterial activity showed that the complexes generally present
higher values of the inhibition zones compared to the Schiff base ligand, which confirms
the synergistic effect for these species when the metal ion is present. The authors attribute
this finding to the possible lipophilic behavior of the complexes based on the overtone
concept of cell permeability and to the Tweedy chelation theory, where after chelation there
is a metal-ligand charge exchange so that the polarity of the metal ion is reduced and the
delocalization of pi electrons in the aromatic system of the ligand increases, thus increasing
the lipophilicity of the complex [57].

5. Conclusions

The need to find new alternatives for the control of infectious diseases caused by bacte-
ria has led to the design and development of new biologically active molecules to overcome
the great public health inconvenience of bacterial resistance. In this sense, the study of
metallopharmaceuticals continues to be an option due to the large number of research
reports that demonstrate the synergistic effect of the presence of metal ions in organic
systems, such as N-heterocyclic ligands. It has been frequently found that metal complexes
are more effective than free ligands since complexation usually improves lipophilicity and
biological activity. Accordingly, copper and nickel complexes with ligands derived from
2-(phenylsubstituted) benzimidazole have been demonstrated to have antibacterial poten-
tial; some such complexes even exhibit greater activity than the reference drugs, making
them compounds of interest for the design of new drugs. Functional groups on the benzim-
idazole core have been shown to greatly affect solubility, playing an important role in its
antibacterial activity. It is important to mention that the chelate ligands in these systems
generally improve the antibacterial potential compared to that of monodentate ligands,
especially if they are Schiff base ligands containing the azomethine functional group (which
is of great biological interest). However, the lack of knowledge of the different mechanisms
of action involved in the antibacterial activity of these compounds has generated the need
for additional studies, such as analyses of quantitative structure—activity relationships
(QSAR), cytotoxicity, and interaction with biomolecules (DNA, proteins, and lipids, among
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others). Finally, the results presented in this review can serve as a valuable source of
information for the rational development of new precursors with antibacterial activity.
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