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Abstract: 5,6-Dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols
(HL1 — HL20) and MCl, complexes (M: Co, Ni, Cu, Zn, Pd) of HL1 were
synthesized and characterized by various physico-chemical and spectroscopic
methods such as elemental analysis, thermogravimetric analysis, FTIR, NMR
and fluorescence spectroscopy. The structures of the complexes were also
confirmed by performing molar conductivity and magnetic moment
measurements. HL1 acted as a bidentate, monobasic chelating ligand with NO
donor sites in all the complexes. It was found that all complexes have non-
electrolytic properties and the M:L ratios are 1:1 in the Zn(IT) complex and 1:2
in the other complexes. Crystal structure of HLis was also investigated. The
presence of both intra- and inter-molecular hydrogen bonding was observed in
both molecules. According to the fluorescence spectral data, the substituents at
the 4-position made the fluorescence emission shifted to the lower wavelengths
(redshift) compared to HLi1, while the substituents at the 3- and 5-positions
caused a blueshift effect. The Zn(II) complex showed a greater redshift effect
compared to the other complexes. In addition, antimicrobial activity of the
compounds was evaluated against six bacteria and three fungi. It was observed
that HL1 and its mono substituted derivatives (HL1 — HL11) show selective
activity especially against Gram positive bacteria, S. aureus and S. epidermidis.
Zn(IT) complex showed relatively higher activity against Gram positive bacteria
differently from the other complexes.
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INTRODUCTION

It is known that many benzimidazole derivatives play a role in the field of
pharmacology as the active ingredient of many drugs. For example, 4-{5-[bis(2-
chloroethyl)amino]-1-methyl-2-bezimidazolyl}butyric acid hydrochloride, also
known as Bendamustine and used as a chemotherapy agent, is one of them.!?
Perhaps the well-known one is Omeprazole, [5-methoxy-2-(4-methoxy-3,5-
dimethylpyridin-2-yl-methylsulphinyl)-1H-benzimidazole],  an antisecretory
agent.’ Other important benzimidazole derivatives used as drugs include
thiabendazole,** albendazole, mebendazole, flubendazole,®’ astemizole® and
fenbendazole.’

Many researchers in different parts of the world continue their research on
benzimidazole derivatives because they have a wide range of biological activities,
especially antimicrobial, antiviral, antifungal, anti-inflammatory, proton pump and
pancreatic lipase inhibitor, hormone modulator, antihypertensive, antidiabetic,
antidepressant, anticoagulant, etc.'®' Also, it is known that there is a 5,6-
dimethylbenzimidazole moiety that coordinated to a Co(Il) ion through the
imidazole C=N nitrogen atom in vitamin B12.!

Benzimidazole derivatives containing phenol groups, benzimidazolylphenols,
are one of the current-and widespread research topics, and their results have
application potential in many areas. One of the most important features of these
compounds is that they form strong chelate complexes with a two-ring structure
by coordinating to metals through phenolic OH oxygen and C=N nitrogen atoms.
In addition, many studies have been published examining the photophysical
properties of these compounds and their complexes with strong fluorescent
characteristics.'®!”

We reported that many benzimidazolyl-phenol derivatives and some of their
transition metal complexes exhibited antibacterial and antifungal effect in our
previous studies.!® For example, 2-(5-nitro-1H-benzimidazol-2-yl)-bromophenol
and its Zn(Il), Fe(Ill) and Cu(Il) complexes showed considerable antibacterial
activity on S. aureus and S. epidermidis.'>*° It is observed that the Cl, Br and NO:
groups in some S-methoxy-2-(5-substituted-1H-benzimidazol-2-yl)-phenols
increase the antimicrobial activity toward S. aureus, E. faecalis and C. albicans.!

In this study, twenty benzimidazolylphenol derivatives, eighteen of them are
new, 5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols (HL1 -
HL20, Scheme 1) were synthesized and characterized. The compounds except for
HL:1 and HL+ are reported for the first time in this study. The compound 2-(5,6-
dichloro-1H-benzimidazol-2-yl)phenol (HL1) and its Mn(III), Fe(Il), Co(Il) and
Ni(II) complexes were reported in the literature.?>>* Additionally, the anticancer
effect of a group of compounds, including HL1, was examined, and it was reported
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that HL1 showed very weak anticancer activity against A549, MDA-MB-231, and
PC3 cell lines (ICso value >100 ug mL™" for all three cell types).?> The anticancer
activity of HL4 was also investigated, but no significant effect was observed.?® We
also prepared the MCl2 complexes (M: Co, Ni, Cu, Zn, Pd) of HLi and
characterized. In addition, antimicrobial activities of the compounds were tested
towards six bacteria and three fungi. The structural characteristics and
antimicrobial activity of the compounds were investigated and compared.

R;

Cl NH, o Cl 7
\ DMF, 3h reflux B
+ C R, ——
H/ H,BO, .
Cl NH, H,0, -H, cl A
HO R,
Ri=R,=R;=H (HL1) Ri=R,=H; R;=F (HL2)
Ri=R,=H, Rs=Br (HL3) Ri=Ro=H, R;=Cl (HL4)
Ri=R,=H, Rs=I (HLs) R,=Cl, R,=R;=H (HLs)
R]ZOCH3, R2:R3:H (HL7) R1=H, R2=OCH3, R3=H (HLS)
R|=R2:H, R3=OCH3 (HL9) R|=R2:H, R3=CH3 (HLIO)
R,=CH;, R,=Rs=H (HL11) R,=Br, R,=H, R;=Cl (HL12)
R]ZF, RzZH, R3:BI" (HL13) R]ZCI, R2:H, R3:F (HL14)
R]ZCI, RZZH, R3:C1 (HLIS) R]ZBI', RzZH, R3:BI" (HL16)
R]ZI, RzZH, R3:l (HL17) R]ZOCH3, RZZH, R3:C1 (HLls)
R,=0CHj3, R»=H, R3=Br (HL19) R,=Br, R,=0OCH3, R3=Br (HL20)

Scheme 1. Synthesis scheme and chemical structures of 5,6-dichloro-1H-benzimidazol-2-yl-
(4'/5'/6'-substituted)-phenols in the study

EXPERIMENTAL
Chemistry and apparatus

All chemicals and solvents were of reagent grade and they were used without further
purification. Information on the chemicals and equipment used is provided as supporting
information.

Synthesis of 5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6"-substituted)-phenols (HL; — HL>))

A modified method developed by us by utilizing two different methods available in the
literature was applied in the synthesis of benzimidazolylphenol derivatives.?”-*® An appropriate
aldehyde (0.003 mol) and 4,5-dichlorobenzene-1,2-diamine (0.003 mol, 0.531 g) and 0.150 g
H;BO:; as catalyst were dissolved in 20 mL DMF, and refluxed for 3 h. The reaction mixture
was left to cool at room temperature and then poured into 250 mL of water, after which a
precipitate formed. It was filtered, dried and crystallized from ethanol after. The compounds
were obtained in yields ranging from 65 to 94 %. Physicochemical and spectroscopic data for
HL1 — HL2o are given in the supplementary file.

Synthesis of the complex compounds
Appropriate metal salt solutions {0.0075 mol of CoCl,:6H>0, NiCl,-6H,0, CuCl,.2H,0 in

10 mL ethanol, K,PdCls {was obtained by dissolving 1 mmol PdCl, (0.177 g) and 2 mmol KCI
(0.15 g) in 10 mL MeOH+H,0 mixture (6:4, v/v)}, and ZnCl,'6H,0 in 10 mL of ethylacetate}
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was added to a solution of the HL1 (0.210 g, 0.0075 mol) in appropriate solvent (15 mL), and
heated to reflux for 3 h. The resulting precipitates were filtered off after cooling the reaction
mixture, washed with a very small amount of methanol and water and kept at room temperature
to dry.

[Co(L1)2(H,0),]: Light brown solid. Yield: 71 %; dec. p.: 168 °C; Combustion analysis
for C6HisCLiN4sO4Co (FW: 651.19): Calculated. C 47.95, H 2.79, N 8.60; found C 48.42, H
3.04, N 8.48. Magnetic moment, per: 3.47up. A (DMF, 25 °C, S m? mol!): 21.3. IR (ATR,
cm™): 3225m,br v(H,O+NH), 3107m v(CH),.,1607m v(C=N), 1599m v(C=C), 1485m, 1453m,
1372m, 1245m v(C-0), 1098m, 960m, 864m 6(CH)., 813m, 751s v(C~Cl), 677m, 578m,
545m, 502m v(Co-0), 462m v(Co«N), 428m. TGA (t/ °C: weight loss, %): 100: 1.1; 150: 5.7;
200: 6.7; 300: 19.4; 400: 53.1; 500: 85.2; 600: 87.5; 700: 89.1;:800: 89.1 (Theoretical value of
Co0: 11.5 %). Fluorescence spectra (EtOH, ¢ = 1x10™* mol L', Anax/ nm): 469m.

[Ni(L1)2]-2H,O: Light brown solid. Yield: 73 %; dec. p.: 165 °C; Combustion analysis for
C6H15C1sN4O4Ni (FW: 650.95): Calculated. C 47.97,H 2.79, N 8.61; found C 48.33, H 2.96,
N 8.44. Magnetic moment, pefr: 2.05 up. Am (DMF, 25 °C, S m? mol™!): 31.5. IR (ATR, cm™):
3356m v(OH), 3269m v(NH), 3068m v(CH),r., 1609m v(C=N), 1595m v(C=C), 1503m, 1456m,
1387m, 1246m v(C-0), 1103m, 1039m, 854m o(CH)u., 815m, 754s v(C—Cl), 680m, 616m,
537m, 504m v(Ni—O), 449m v(Ni<N), 416m. TGA (t/ °C: weight loss, %): 100: 5.8; 150: 6.0;
200: 6.5; 300: 18.2; 400: 51.6; 500: 86.5; 600: 88.2; 700: 88.8; 800: 88.8 (Theoretical value of
NiO: 11.5 %). Fluorescence spectra (EtOH, ¢ = 1x107* mol L', Anax/ nm): 417sh, 462m.

[Cu(L1):]-H,0: Brown solid. Yield: 80 %; dec. p.: 332 °C; Combustion analysis for
CasHi6ClsN4O3Cu (FW: 637.80): Calculated. C 48.96, H 2.53, N 8.78; found C 48.60, H 2.54,
N 8.41. Magnetic moment, fef: 1.62 up. Ay (DMF, 25 °C, S m? mol™): 7.1. IR (ATR, cm™):
3357m,br v(H,O+NH), 3130m,br, 3054w v(CH),:, 1617m v(C=N), 1588m v(C=C), 1556m,
1451m, 1355m, 1244sv(C=0), 1197m, 1100m, 975m, 868m &(CH),:, 759m, 742m v(C—Cl),
691m, 573m, 546m, 503m v(Cu—-0), 443m v(Cu«N), 420m. TGA (t/ °C: weight loss, %): 100:
2.7, 150: 3.3; 200: 6.3; 300: 18.0; 400: 49.5; 500: 85.5; 600: 87.3; 700: 87.5; 800: 87.7
(Theoretical value of CuO: 12.5 %). Fluorescence spectra (EtOH, ¢ = 1x10# mol L™!, Ayay/ nm):
469w,br.

[Zn(L1)CI(H>,0)]-2H,O: Dirty white solid. Yield: 71 %; dec.p.: 270 °C; Combustion
analysis for C;3H3C13N204Zn (FW: 433.02): Calculated. C 36.06, H 3.03, N 6.47; found C
35.84, H 2.88, N 6.32. Ay (DMF, 25 °C, S m? mol!): 45.8. IR (ATR, cm™): 3365m,br v(OH),
3203m,br v(NH), 3042w v(CH),, 1620m v(C=N), 1609m v(C=C), 1558m, 1483m, 1456m,
1321m, 12335 v(C-0), 1147m, 969m, 856m 3(CH)a., 740s v(C—Cl), 692m, 577m, 541s, 505m
v(Zn—-0), 443m v(Zn«N), 421m. '"H-NMR (500 MHz, DMSO-ds, §): 12.81 (brs, 1H, NH), 7.89
(brs, 2H, H4+H7), 7.84 (dd, 1H, J, =17.9, J, = 1.6, H3), 7.15 (dt, 1H, J, = 8.3, J, = 1.4, H4),
6.71 (dd, 1H,J,=7.7,1,=3.7,H6’), 6.52 (¢d, 1H, J, =7.2,J1,=17.1,13= 1.2, H5"). TGA (t/ °C:
weight loss, %): 100: 8.6; 150: 11.7; 200: 16.4; 300: 25.1; 400: 53.5; 500: 79.4; 600: 82.2; 700:
82.4; 800: 82.5 (Theoretical value of ZnO: 18.8 %). Fluorescence spectra (EtOH, ¢ = 1x107*
mol LY, Zima/ nm): 425sh, 450m,br.

[Pd(L1)2]-2H,0: Soil colored solid. Yield: 66 %; dec. p. >350 °C; Combustion analysis for
Cy6H15CLiN4O4Pd (FW: 698.70): Calculated. C 44.41, H 3.01, N 7.21; found C 44.70, H 2.60,
N 8.02. Ay (DMF, 25 °C, S m? mol™): 14.3. IR (ATR, cm™): 3269m,br v(NH+OHy), 3117w
V(CH)a,, 1602m v(C=C), 1588m v(C=N), 1531m, 1476m, 1310m, 1239s v(C-0), 1144m,
1034m, 969m, 870m &3(CH),., 753s v(C—Cl), 702m, 672m, 568m, 503m v(Pd-O), 443m
v(Pd<N). 'H-NMR (500 MHz, DMSO-ds, 8): 13.43 (s, 1H, NH), 7.94 (brs, 1H, H7), 7.87 (s,
1H, H4), 7.68 (dt, 1H, ], =8.0,J,= 1.7, H5"), 7.45 (dt, 1H,J,=7.8,),=7.1,J3= 1.0, H4"), 7.22
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(d, 1H, J =17.6, H6’), 7.05 (dt, 1H, J, = 8.0, J, = 1.0, H3"). TGA (t/ °C: weight loss, %): 100:
5.4; 150: 5.7; 200: 6.1; 300: 19.9; 400: 49.7; 500: 74.6; 600: 77.3; 700: 81.1; 800: 81.2
(Theoretical value of PdO: 17.5 %). Fluorescence spectra (EtOH, ¢ = 1x10* mol L™, Jma/ nm):
415sh, 459m.

Determination of antimicrobial activity

Antibacterial activity of samples was studied in vitro with microbroth dilution technique
against Staphylococcus aureus ATCC 29213 (meticillin susceptible Staphylococcus aureus,
MSSA), Enterococcus facealis ATCC 29212, Escherichia coli ATCC. 25922, Klebsiella
pneumonia ATCC 4352, Pseudomonas aeruginosa ATCC 27853, Staphylococcus epidermidis
ATCC 12228. Antifungal activity was assayed in vitro against Candida albicans ATCC 10231,
Candida parapsilosis ATCC 22019 and Candida tropicalis ATCC 750. The evaluation of
antibacterial and antifungal activity was done using micro broth dilution technique according
to the Clinical Laboratory Standards Institute (CLSI) guidance®° as detailed in previous
studies.?!

The samples were evaluated for their antibacterial and antifungal potency against members
of Gram-negative bacteria, Gram-positive bacteria, and Candida spp. As reference compounds,
Ciprofloxacin for antibacterial assays, and Amphotericin B for antifungal assays were preferred.
X-Ray diffraction analysis

Suitable crystals of HL1s were selected for data collection which was performed on a DS-
QUEST diffractometer equipped with a graphite-monochromatic Mo-K, radiation at 296 K.
The structure was solved by direct methods using SHELXS-2013%' and refined by full-matrix
least-squares methods on F2 using SHELXL-2013.%* All non-hydrogen atoms were refined with
anisotropic parameters. The following procedures were implemented in our analysis: data
collection: Bruker APEX2;* program used for molecular graphics were as follow: MERCURY
programs;* software used to prepare material for publication: WinGX.*

RESULTS AND DISCUSSION
Crystal structure of HL1s

Crystal data and structure refinement parameters related HLi1s are given in
Table I. Some important data on bond distances and bond angles are shown in
Table SI, and hydrogen bond parameters are shown in Table II. Molecular
structure of HL1s is shown in Fig. 1, and the molecular planes and intermolecular
hydrogen bonds in Figure S-1.

HLis crystallized in the monoclinic system. The C—O bond length of 1.353 A,
indicate that the bond has a typical phenolic C—O length. It is clearly seen that
there is an intramolecular hydrogen bond with N2---H1A distance 1.86 A. There
is also intermolecular hydrogen bond in the molecule. There appear to be four
different intermolecular hydrogen bonds in HLis: C14-H14A---O1 (2.36 A),
N2-H2A---CI3 (2.21 A), O1-H1---CI3 (2.24 A) and O2-H2B---CI3 (2.23 A).
These hydrogen bonds affect the solubility and stability of the molecule.
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w

Fig. 1. Molecular structure of HL1s8 showing the atom numbering scheme.

TABLE 1. Crystal data and structure refinement parameters.

Empirical formula

C14HoCI53N,0,

Formula weight 343.58
Crystal system Monoclinic
Space group C2/c
a(RA) 27.298 (4)
b (A) 7.3699 (9)
cA) 14.1238 (18)
BC) 100.596 (4)
V(A% 2793.1 (6)
7 8
D (g cm) 1.634
@ (mm™) 0.66
0 range (°) 2.9-26.5
Measured refls. 28774
Independent refls. 3224
Rint 0.058
S 1.05
R1/wR2 0.049/0.107
APrmax/ APmin (€A) 0.26/-0.25
CCDC 2194768
TABLE II. Hydrogen-bond parameters (A, °)
D-H A D-H H-A DA D-HA
O1—HI1A"-"N2 0.82 1.86 2.594 148
Cl4—HI4A---01 0.97 2.36 3.108 (4) 134
N2—H2A---CI3! 0.86 2.21 3.063 (3) 176
O1—H1---CI3 0.82 2.24 3.047 (3) 166
02—H2B---CI3! 0.82 2.23 3.045(3) 173

Symmetry codes: (i) —x, y+1/2, —z+1/2; (ii) —x+1, y+1/2, —z+1/2
General properties

In this study, twenty 5,6-dichlorobenzimidazolyl-phenol derivatives were
obtained, eighteen of which are reported here for the first time. In addition, five
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related transition metal complexes were obtained by allowing HL1 to react with
Co(II), Ni(II), Cu(Il), Zn(Il) and Pd(II) ions at a molar ratio of 1:2 metal:ligand.
This ratio is 1:1 in the Zn(II) complex obtained and 1:2 in the others. Despite many
attempts, no single crystal sample suitable for X-ray study could be obtained from
the complexes.

The molar conductivity values of all complexes in DMF are below 50 S m?
mol ™!, and these values indicate non-ionic structures according to Geary.*®

The magnetic moment value of the Ni(Il) complex was found to be 2.05 us,
which is lower than the 2.83 us expected for octahedral or tetrahedral geometries,
which are paramagnetic structures that the @® ion with two unpaired electrons may
have. Such low values are generally thought to be due to the distorted geometry
between the tetrahedral and square planar systems, called quasi-tetrahedral.’” The
magnetic moment value found as 3.47 us for the Co(Il) complex can be considered
as evidence that the five-coordinated d’ complex is in a high-spin structure (three
unpaired electrons). The geometry of the central ion may be octahedral. The
magnetic moment value of the Cu(Il) complex at room temperature was found to
be 1.62 us, indicating the formation of @ monomeric complex. Although this value
is lower than the theoretical value of 1.71 us for the Cu(Il) ion with &’ electronic
configuration, it remains within acceptable limits due to the influence of various
factors.
FT-IR spectra

FT-IR spectral data are given at experimental section (for the complexes) and
supplementary information (for HL1 — HL20). In the IR spectra of most of the
benzimidazolyphenol derivatives, strong or medium bands are seen in the range of
3243 — 3420 cm . These bands are related to the combination of v(O—H) and v(N—
H) frequencies and arises from the formation of intramolecular hydrogen bonding
between C=N nitrogen and OH hydrogen atoms.**>? This band observed at 3333
em " in HL1 disappeared as a result of the coordination of phenolic oxygen atom
with the formation of the complexes.*’

The stretching and out-of-plane bending modes [v(C—H) and 8(C—H)] of the
aromatic rings are detected at the 3117 — 3042 cm™ and 870 — 800 cm!
wavenumber regions, respectively, for all the compounds. The stretching
frequencies of the aromatic C=C and the imidazole C=N groups are identified at
the ranges of 1577 — 1609 cm ™' and 1614 — 1657 cm™!, respectively, as expected.
In the spectra of HL1, the medium band at 1256 cm™ can be assigned to v(C-O)
of the phenolic group and it shifted to the range of 1233 — 1246 cm™! in the
complexes as a result of the phenolic oxygen atom coordination. The bands of v(C—
O) were determined in the range of 1182 — 1273 c¢cm™' in the spectra of other
benzimidazolylphenol derivatives (HL2 — HL2o).

The C—ClI stretching vibrations are seen at the range of 710 — 796 cm™ as
medium bands in all of the compounds.*! In the iodine-containing compounds,
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HLs and HL17, the C-I vibrations bond can be detected around 550 cm™'; in the
bromine-containing compounds, HL3, HL13, HL1s, HL19 and HLz20, the medium
bands between 550 and 600 cm™ can be attributed to v(C-Br). The v(C-F) is
expected to give a band above 1000 cm™ in derivatives containing fluorine atom
(HL2, HL13 and HL14); however it is difficult to detect the band of this bond due
to interference with the vibrations of other bonds.**

The emergence of new bands of medium intensity around 503 cm™' can be
assigned to the v(M—OC) vibration frequencies resulting due to phenolic oxygen
atom coordination.* It was evaluated that the new bands appearing in the
complexes between 443 — 462 cm™! belong to the stretching vibration mode of the
M«N bond formed as a result of the coordination of the C=N nitrogen atom.*
The coordination of the C=N nitrogen atom canalso be associated with the shift of
the 1639 cm™ band of the ligand to the lower wavenumbers in the IR spectra of
the complexes to 1602 — 1620 ¢cm™' range. The broad bands with medium
characteristics between 3365 and 3225 ¢m ! in the complexes mightily support the
presence of the H20 molecules.

It is known that the keto-enol structure is found in benzimidazolylphenol type
compounds.'® According to the IR spectral data, HL3, HL4, HL12 — HL1s, HL17
and HL20 compounds also have keto form in the solid state (Fig. 2). In other words,
there is a keto-enol mixture in these compounds. The weak or medium bands at
1662 — 1723 cm™! range are considered to arise from the C=O bond in the keto
form of the compounds in the solid state.

Cl Cl
Cl H 1 o
: : :N N
/ m
cl N a N
HO Cl o cl

Fig. 2. Keto-enol tautomer structures of HL1s

NMR spectra

'H-NMR spectral data of HL1 — HL20 are given in the supplementary
information, and those of diamagnetic complexes are given in the experimental
section. In the "H-NMR spectra of the compounds, signals of the NH and OH
protons were detected at the 13.88 — 11.64 ppm range, and aromatic ring protons
appeared in the range of 7.0 to 8.5 ppm. In 'H-NMR spectra, whether salicylic OH
protons are removed or not can be evaluated in relation to whether complexation
occurs via the oxygen atom. Indeed, the absence of OH proton in both Zn(II) and
Pd(II) complexes of HL1 shows that phenolic proton is removed and the oxygen
atom is coordinated. While the chemical shift values of the ligand protons in Pd(II)
complex were detected at significantly higher ppm values (downfield shift), the
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shifts in Zn(II) complex were observed to be weaker compared to the Pd(II)
complex, albeit in the same direction.

Although the keto form of some benzimidazolylphenols is dominant-in the
solid state according to IR data, the detection of OH protons shows that the enol
structure is dominant in DMSO (or organic solvents) in the NMR spectra of all
benzimidazolylphenol derivatives.

Thermogravimetric analysis

Thermal analysis data of the complexes are outlined in Experimental. The
samples were heated from room temperature up to 800 °C in air atmosphere.
Thermogravimetric analysis values provide important clues, especially explaining
the status of H20 molecules. It is known that lattice H2O molecules removed up to
100 °C and coordinated H20 molecules up to 200 °C. The 5.7 % mass loss seen in
thermal analysis of the Co(Il) complex around 150 °C can be considered as an
indication of presence of two moles of coordinated H20O considering the fact that
two moles of H20 in the complex corresponds to a theoretical mass of 5.5 %. The
mass losses of 5.8 and 5.4 % in"Ni(Il) and Pd(II) complexes up to 100 °C,
respectively, can be explained by the presence of two moles of lattice H20 in both
complexes (theoretical values are 5.5 and 5.15 % for Ni(Il) and Pd(II) complexes,
respectively). In addition, the absence of significant mass loss in these complexes
between 100 and 200-°C (0.2 and 0.3 %, respectively for Ni(Il) and Pd(II)
complexes) can be attributed to the absence of coordinated H20 molecules. In the
Zn(II) complex, the mass losses of 8.6 % up to 100 °C and 4.3 % between 100 and
200 °C are evaluated to be related to two moles lattice and one mole coordinated
H20 molecules, respectively.

According to TGA data, the Zn(II) complex begins to decompose above
200 °C and the others above 300 °C. The different thermal behavior of the Zn(II)
complex may be related to its different M:L ratio from the others with a ratio of
1:1. The fact that a greater mass loss occurs in the Zn(Il) complex above 200 °C,
unlike the others, can be interpreted that the chlorine atom starts leaving as HCI
the complex around this temperature and completely remove up to 300 °C (totally
25.1 % mass loss).

It is possible to suggest that above 500 °C all complexes are completely
decomposed and metal oxide forms begin to form. The mass ratios remaining from
the complexes after complete dissociation are consistent with the theoretical mass
ratios calculated for metal oxides.

Fluorescence spectra

The emission maximum data of the compounds are given in the experimental
section (for the complexes) and supplementary information (for HL1 — HL20). It
was observed that HL1 emits strong fluorescence at 466 nm. Among the
compounds, the highest emission spectrum wavelength belongs to HLo (4-
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methoxy derivative), which has dual fluorescence characteristic, with a value of
508 nm. HL¢ also emits strongly at 389 nm. The lowest emission spectrum
wavelength belongs to HLs (5-methoxy derivative) with a value of 452 nm. (Fig.
3). HLs, which has a chlorine substitution at 2-position on the phenol ring, is
another compound that exhibits a lower emission wavelength (blueshift) according
to HL1, with a value of 463 nm. A redshift effect is observed in all compounds
except HLs and HLs. Based on these observations, it can be concluded that
substitutions generally cause redshift.

1000
——HL,
800 HL,
——HL,
3 600 -
(0]
=
e
& 400 -
=
200
O -

T T T
400 500 600
Wavelength, nm

Fig. 3..Comparative fluorescence spectra of HL1 and its derivatives with the lowest and
highest emission wavelength values

While there is no significant shift in the complexes relative to the ligand, there
is a significant decrease (or quenching effect) in the fluorescence intensity. The
Zn(II) complex, which emits light at 450 nm, differs from the others by showing a
red shift. It is also worth noting that the decrease in fluorescence intensity in the
Cu(Il) complex is greater than the others (Fig. 4).
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Fig. 4. The comparative fluorescence spectra of HL1 and its complexes

Considering all the ‘analytical, physicochemical and spectroscopic data
described above, the proposed structures in Fig. 5 can be suggested for the

complexes.
ni,0 Cl : >/:

/
Hzo-_L

d L‘\OHZ a
& O

M: Ny, Pd (n:2); Cu (n=1)
Cl

Fig. 5. Suggested coordinations for the complexes in the study



Antimicrobial activity

The results of the in vitro antibacterial and antifungal activities of the
compounds and the values of the antibiotic and antifungal drugs given for
comparison are presented in Table I1I as MIC (minimum inhibitory concentration).

TAVMAN et al.

TABLE II1. /n vitro antimicrobial activity of the compounds (MIC, pg mL™")

Compound Microorganisms

Sa**  Se* Ec® Kp® Pa® Pm®  Ca’ Cp Ct

HL: 19.5 39 78 625 - 312 - 625 625
HL: 19.5 156 312 156 - 312 - 39 625
HL: 195 156 312 625 - 312 - 156 625
HL4 39 39 625 156 - 625 - 312 312
HLs 156 312 625 625 625 312 625 1250 1250
HLs 78 156 156 156 - 156 39 156 312
HL 156  9.75 312 625 - 312 - 312 312
HLs 156 156 312 312 - 625 - 312 625
HL» 156 78 156 625 - 312 - 625 625
HL1o 19.5 78 312 156 - 625 - 312 625
HLu 39 19.5 156 312 - 312 - 156 625
HL:2 156 312 625 625 1250 625 1250 1250 1250
HL13 312 156 625 625 625 625 1250 1250 625
HL14 312 156 1250 625 1250 625 1250 625 625
HL16 156 312 1250 625 1250 312 1250 625 625
HLi6 312 156 1250 1250 1250 312 1250 1250 625
HL17 156 156 625 625 1250 312 625 625 1250
HL1s 312 312 625 625 1250 625 1250 1250 1250
HL19 156 156 625 625 1250 625 625 625 1250
HL2o 312 156 625 1250 1250 625 625 1250 1250
HL:i+Co(Il) = 625 312 1250 625 625 625 625 625 1250
HLi+Ni(II) 312 312 1250 1250 1250 312 1250 1250 1250
HL:+Cu(l) 312 312 1250 625 1250 312 625 1250 625
HL:+Zn(II) 156 156 2500 1250 1250 312 1250 625 1250
HL:+Pd(II) 625 156 625 1250 625 312 1250 625 1250
References** 0.25 0.0625 0.0156 0.0078 1.0 0.0156 0.5 1.0 1.0

* Sa - Staphylococcus aureus ATCC 29213; Se- Staphylococcus epidermidis ATCC 12228; Ec
- Escherichia coli ATCC 25922; Kp - Klebsiella pneumoniae ATCC 4352; Pa - Pseudomonas
aeruginosa ATCC 27853; Pm - Proteus mirabilis ATCC 14153; Ca - Candida albicans ATCC
10231; Cp - Candida parapsilosis ATCC 22019; Ct - Candida tropicalis ATCC 750; * - Gram
positive; ° - Gram negative; © - : No antimicrobial effect at 5000 pg mL™! and lower dilutions;

** _ Ciprofloxacin and Amphotericin B were used for bacteria and fungi, respectively.

When the table is examined, it is noted that the first eleven compounds (HL:1
to HL11) show better compared to the other compounds and selective activity
against some microorganisms. The common feature of these compounds is that
they are all mono substituted derivatives of HLi1. It can be said that all mono
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substituted derivatives show selective activity especially against Gram positive
bacteria, S. aureus and S. epidermidis. The activity of HL7 (6 -methoxy derivative)
against S. epidermidis is remarkable with 9.75 ug mL™'. However, another
noteworthy finding is that disubstituted derivatives of HL1 (HL12 to HLz20) arealso
moderately or weakly effective against all microorganisms (non-selective general
activity).

In our previous studies, it was determined that various benzimidazole
derivatives exhibited selective activity, particularly against Gram-positive bacteria
and some fungal species.!®* It was observed that benzimidazolyphenol derivatives
containing methoxy and nitro/bromine/chlorine groups were distinguished from
others by their activity against Gram-positive bacteria such as S. aureus and also
C. albicans.*!

No significant antimicrobial activity was detected in the complexes according
to the ligand. The only striking feature is that the complexes showed slightly higher
antifungal activity against C. albicans,where the ligand showed no activity. It can
be assumed that the complexes form stable chelates with the ligands at a 1:2 M:L
ratio, thus limiting the activity of the ligands and therefore lowering the activity
compared to the ligand. The relatively high activity of the Zn(Il) complex, with a
1:1 M:L ratio, against Gram-positive bacteria may be attributable to its structural
feature. A possible mechanism is that the Zn(II) complex, thought to bind one mole
of water, releases water upon contact with bacteria and binds to their proteins.

CONCLUSION

In this study, 2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL1) and its
nineteen derivatives with different substituents on the phenol ring were obtained
and their structural properties were investigated. Structure of HLis was
investigated by X-ray single crystal spectroscopy, also. Additionally, M(II)
complexes (M: Co, Ni, Cu, Zn and Pd) of HL: were obtained and various
physicochemical and spectroscopic properties were investigated. It was found that
all complexes have non-electrolytic properties and the M:L ratios are 1:1 in the
Zn(IT) complex and 1:2 in the other complexes. Fluorescence spectral studies show
that in all compounds except HLs and HLs, the substitution results in a shift of the
fluorescence emission to lower wavelengths (redshift) compared to HLi. The
zinc(IT) complex showed a greater redshift effect compared to the other complexes.
After characterization, antibacterial and antifungal activity of all the compounds
was evaluated against six bacteria and three fungi. Compounds HL1 to HL11 (HL1
and its monosubstituted derivatives) show better compared to the other compounds
and selective activity against some microorganisms. Another noteworthy result is
that the complexes of HL1 show weak activity against C. albicans, against which
HL: itself is inactive. It was observed that the Zn(II) complex showed relatively
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higher activity against S. aureus and S. epidermidis (Gram positive bacteria)
compared to the other complexes.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/13486, or from the corresponding
author on request.
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CIIEKTPAJIHA KAPAKTEPU3AIINJA U UCITUTUBABE AHTUMHUKPOBHE AKTUBHOCTH
5,6-0IUXJIOPO-1H-BEH3UMUIA30JI-2-UJT-(4'/5'/6'-CYTICTUTYUCAHUX)PEHOJIA (HL1 -
HL20) ¥ Co(1I), Ni(II), Cu(II), Zn(II) ¥ Pd(I1) KOMITJIEKCA CA HL«

AYDIN TAVMAN!, DEMET GURBUZ?, MAYRAM HACIOGLU?®, ADEM CINARLI?, ONUR SAHIN*u A. SEHER
BIRTEKSOZ TAN?

Istanbul University-Cerrahpasa, Faculty of Engineering, Department of Chemistry, Inorganic Chemistry
Division, 34320 Avcilar, Istanbul, Tiirkiye, *Istanbul University-Cerrahpasa, Faculty of Engineering,
Department of Chemistry, Organic Chemistry Division, 34320 Avcilar, Istanbul, Tiirkiye, 3Istanbul
University, Faculty of Pharmacy, Department of Pharmaceutical Microbiology, 34452 Beyazit, Istanbul,
Tiirkiye, *Sinop University, Faculty of Health Sciences, Department of Occupational Health and Safety, 57000
Sinop, Tiirkiye.

5,6-Juxnopo-1H-b6ensumunason-2-un-(4'/5'/6'-cyncturyucann)benonn  (HLi-HL2) u
MCl2 kommmekcu (M: Co, Ni, Cu, Zn, Pd) ca HL1 cuHTeTHCaHH Cy 1 OKapaKTepHUCAaHH PA3INIUTHM
(pU3NUKO-XEMUjCKUM M CHEKTPOCKOIICKMM MeETOlamMa, Kao IWITO Cy eJIeMEHTalHa aHasIu3a,
TepMorpaBuMeTprjcka aHanu3a, FTIR, NMR u ¢uyopecuenTHa cnexTpockonuja. CTpykType
KOMIUIEKCa MOTBPhEHe Cy U MEpPEHEM MOJIapHe NMPOBO/BMBOCTH U MarHeTHOr MoMeHTa. HLi
jenvimene ce KOOPAWHOBAIO kao OueHTaTHH, MOHODA3HU XenaTHU aurani ca NO DOHOpPCKUM
aToMMMa y CBUM KOMIUIEKCMMa. YTBPhHEHO je Ia Cy CBHM KOMIUIEKCH HeeleKTPOJIUTH, P 4emy je
OoOHOC MeTana W nuraHma (M:L) 1:1 y Zn(II) xomruiexkcy ¥ 1:2 y OCTamMM KOMIUIEKCHMA.
Kpucranna ctpyktypa HLis je, Takohe, ucnutuaHa, pH 4emy je y oba MoJeKyjaa yO4eHO
NPUCYCTBO MHTpa- U MHTEPMOJIEKYJICKAX BOJOHWYHMX Be3a. Ha ocHOBy nopartaka [odujeHMX
(hyIyOpecieHTHOM CHEKTPOCKONUjOM, CYTICTUTYEHTH Y MOJ0Xajy 4 H3as3Bajd Cy NOMepame
MaKkCHMyMa eMHCHje Ka HIKUM TaJlaCHUM Jy’KHHama (LipBeHO noMmepame) y nopehewy ca HL1,
IOK Cy CYICTUTYeHTH Y TONoXajy 3 ¥ 5 y3pokoBanu miaBo nomepame. Zn(II) xommmexc je
NOKa3a0 M3PaXEHHje LPBEHO IIOMEpame y OFHOCY Ha Jpyre KomIulekce. Ilopenm Tora,
aHTUMUKPOOHA aKTHUBHOCT jellMibeha je UCITUTHBAHA [TPpemMa LIeCT DaKTepHjCKUX U TPU [TbUBUUHE
Bpcre. [Ipumeheno je ma HL1 u merosu moHocyncrutyucanu gepusatd (HLi—HL1t) moxasyjy
CEeJIEKTUBHY aKTMBHOCT, NocedHO mpema I'pamM-nosuTMBHUM OakTepwjama S. aureus U S.
epidermidis. Zn(II) koMIUIEKC je MOKa3ao pesaTHBHO Behy akTHBHOCT npema I'pamM-TIO3UTHBHUM
Daxrepujama y mopehemy ca OCTaTMM KOMIUIEKCHMA.

(ITpumrseHo 6. aBrycra; pesuaupaso 12. okrodpa; mpuxsaheno 29. okrodpa 2025.)
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