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Abstract: 5,6-Dichloro-1H-benzimidazol-2-yl-(4'/5'/6'-substituted)-phenols
(HL,—HL,g) and MCI, complexes (M: Co, Ni, Cu, Zn, Pd) of HL, were syn-
thesized and characterized by various physicochemical and spectroscopic
methods such as elemental analysis, thermogravimetric analysis, FTIR, NMR
and fluorescence spectroscopy. The structures of the complexes were also con-
firmed by performing molar conductivity and magnetic moment measurements.
HL, 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(11) complex and 1:2 in the other complexes.
Crystal structure of HL g 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
HL,, while the substituents at the 3- and 5-positions caused a blue shift effect.
The Zn(I1) complex showed a greater redshift effect compared to the other com-
plexes. In addition, antimicrobial activity of the compounds was evaluated
against six bacteria and three fungi. It was observed that HL; and its mono sub-
stituted derivatives (HL;—HL,;) show selective activity especially against
Gram-positive bacteria, Staphylococcus aureus and Staphylococcus epidermidis.
Zn(11) complex showed relatively higher activity against Gram-positive bacteria
differently from the other complexes.

* Corresponding author. E-mail: atavman@iuc.edu.tr
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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.1.2
Perhaps the well-known one is omeprazole, 5-methoxy-2-(4-methoxy-3,5-di-
methylpyridin-2-yl-methylsulphinyl)-1H-benzimidazole, an antisecretory agent.3
Other important benzimidazole derivatives used as drugs include thiabendazole, 4>
albendazole, mebendazole, flubendazole,®.7 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.10-14 Also, it is known that there is a 5,6-dimeth-
ylbenzimidazole moiety that coordinated to a Co(ll) ion through the imidazole
C=N nitrogen atom in vitamin B12.15

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 pro-
perties of these compounds and their complexes with strong fluorescent character-
istics. 16,17

We reported that many benzimidazolyl-phenol derivatives and some of their
transition metal complexes exhibited antibacterial and antifungal effect in our pre-
vious studies.18 For example, 2-(5-nitro-1H-benzimidazol-2-yl)-bromophenol and
its Zn(11), Fe(l11) and Cu(ll) complexes showed considerable antibacterial activity
on Staphylococcus aureus and Staphylococcus epidermidis.19.20 |t is observed that
the CI, Br and NO2 groups in some 5-methoxy-2-(5-substituted-1H-benzimidazol-
-2-yl)-phenols increase the antimicrobial activity toward S. aureus, Enterococcus
faecalis and Candida albicans.2!

In this study, twenty benzimidazolylphenol derivatives, eighteen of them are
new, 5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6"-substituted)-phenols  (HL1—
—HL g, Scheme 1) were synthesized and characterized. The compounds except for
HL1 and HL 4 are reported for the first time in this study. The compound 2-(5,6-
dichloro-1H-benzimidazol-2-yl)phenol (HL1) and its Mn(lII), Fe(l1), Co(ll) and
Ni(I1) complexes were reported in the literature.22-24 Additionally, the anticancer
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effect of a group of compounds, including HL 1, was examined, and it was reported
that HL1 showed very weak anticancer activity against A549, MDA-MB-231 and
PC3 cell lines (ICsq value >100 pg mL-1 for all three cell types).2° The anticancer
activity of HL4 was also investigated, but no significant effect was observed.26
We also prepared and characterized the MCl, complexes (M: Co, Ni, Cu, Zn, Pd)
of HL 1. Inaddition, 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;

NH, o cl 7
N\ DMF, 3h reflux p
+ /c R, — >
H;BO;
cl NH, H 5

-H,0, -H, Cl 4
HO R,
R1:R2:R3:H (HLl) R]_:Rz:H, R3:F (H L2)
R1:R2:H, R3:Br (HL3) R]_:RZZH, R3:C| (HL4)
R1:R2:H, R3:| (HL5) R]_:CI, R2:R3:H (H Lﬁ)
R1:OCH3, R2:R3:H (HL7) R]_:H, RZZOCH:;, R3:H (H Lg)
R1:R2:H, R3:OCH3 (HLg) R1:R2:H, R3:CH3 (H LlO)
R1:CH3, R2:R3:H (HLll) R]_:Br, R2:H, R3:C| (HL12)
R]_:F, RZZH, R3:Br (HL13) R]_:Cl, R2:H, R3:F (HL14)
R]_:Cl, RZZH, R3:C| (HL15) R]_:Br, R2:H, R3:Br (HL16)
R]_:l, RZZH, R3:| (HL17) R1:OCH3, R2:H, R3:C| (H ng)
R1:OCH3, RZZH, R3:Br (Hng) R]_:Br, RZZOCH:;, R3:Br (H L20)

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.2”-28 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 pre-
cipitate formed. It was filtered, then dried and crystallized from ethanol. The compounds were
obtained in yields ranging from 65 to 94 %. Physicochemical and spectroscopic data for HL;—
—HL 5 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,PdCl, (obtained by dissolving 1 mmol PdCl, (0.177 g) and 2 mmol KClI
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(0.15 g) in 10 mL MeOH+H,0 mixture (6:4 volume ratio)) and ZnCl,-6H,0 in 10 mL of ethyl-
acetate was added to a solution of the HL, (0.210 g, 0.0075 mol) in appropriate solvent (15
mL), and refluxed 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.

Spectral and analytical data of the complexes are given in Supplementary material to this
paper.
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 pneum-
onia ATCC 4352, Pseudomonas aeruginosa ATCC 27853, Staphylococcus epidermidis ATCC
12228. Antifungal activity was assayed in vitro against Candida albicans ATCC 10231, Can-
dida parapsilosis ATCC 22019 and Candida tropicalis ATCC 750. The evaluation of anti-
bacterial and antifungal activity was done using micro broth dilution technique according to the
Clinical Laboratory Standards Institute (CLSI) guidance?®30 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 HL 15 were selected for data collection which was performed on a D8-
QUEST diffractometer equipped with a graphite-monochromatic MoK, radiation at 296 K. The
structure was solved by direct methods using SHELXS-20133 and refined by full-matrix least-
squares methods on F2 using SHELXL-2013.32 All non-hydrogen atoms were refined with
anisotropic parameters. The following procedures were implemented in our analysis. Data col-
lection: Bruker APEX2;33 program used for molecular graphics were as follows: Mercury pro-
grams;34 software used to prepare material for publication: WinGX.3

RESULTS AND DISCUSSION

Crystal structure of HL g

Crystal data and structure refinement parameters related HL g are given in
Table 1. Some important data on bond distances and bond angles are shown in
Table S-1 of the Supplementary material, and hydrogen bond parameters are shown
in Table Il. Molecular structure of HL1g is shown in Fig. 1, and the molecular
planes and intermolecular hydrogen bonds in Fig. S-1 of the Supplementary mat-
erial.

HL 1g 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 appears to be four
different intermolecular hydrogen bonds in HL1g: C14-H14A.--O1 (2.36 A),
N2—-H2A.--CI3 (2.21 A), O1-H1---CI3 (2.24 A) and 02-H2B---CI3 (2.23 A).
These hydrogen bonds affect the solubility and stability of the molecule.
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145  TABLE I. Crystal data and structure refinement parameters

Empirical formula C14HyCI3N,0,
Formula weight 343.58
Crystal system Monoclinic
Space group C2/c
alA 27.298 (4)
b/A 7.3699 (9)
cl/A 14.1238 (18)
ple 100.596 (4)
VA3 2793.1 (6)
iz 8
Dc/gem® 1.634

w/ mmt 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
APmaxd A Prmin 0.26/-0.25
CCDC 2194768

146 TABLE Il. Hydrogen-bond parameters; symmetry codes: (i) —x, y+1/2, —z+1/2; (ii) —x+1, y+1/2,
147 —z+12

D-H- A D-H A H---A A D---A, A D-H A, °
O1—H1A.--N2 0.82 1.86 2.594 148
Cl4—H14A.--01 0.97 2.36 3.108 (4) 134
N2—H2A.--CI3i 0.86 2.21 3.063 (3) 176
0O1—H1.--CI3 0.82 2.24 3.047 (3) 166
02—H2B---CI3 0.82 2.23 3.045 (3) 173
\3145

' - { ci3
148
149 Fig. 1. Molecular structure of HL ;g showing the atom numbering scheme.
150  General properties
151 In this study, twenty 5,6-dichlorobenzimidazolyl-phenol derivatives were

152  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 HL; to react with
Co(ll), Ni(ll), Cu(ll), Zn(11) and Pd(Il) ions at a mole ratio of 1:2 metal:ligand.
This ratio is 1:1 in the Zn(11) 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?2
mol-1, and these values indicate non-ionic structures according to Geary.36

The magnetic moment value of the Ni(ll) complex was found to be 2.05 upg,
which is lower than the 2.83 ug expected for octahedral or tetrahedral geometries,
which are paramagnetic structures that the d8 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.3” The
magnetic moment value found as 3.47 ug 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 mag-
netic moment value of the Cu(ll) complex at room temperature was found to be
1.62 ug, indicating the formation of a monomeric complex. Although this value is
lower than the theoretical value of 1.71 ug for the Cu(ll) ion with d® electronic
configuration, it remains within acceptable limits due to the influence of various
factors.

FT-IR spectra

FT-IR spectral data are given in the Supplementary material (for HL1—HL 2q).
In the IR spectra of most of the benzimidazolyphenol derivatives, strong or
medium bands are seen in the range of 3243-3420 cm~1. These bands are related
to the combination of {O-H) and {N-H) frequencies and arises from the form-
ation of intramolecular hydrogen bonding between C=N nitrogen and OH hydro-
gen atoms.38:3° This band observed at 3333 cm~! in HL 1 disappeared as a result
of the coordination of phenolic oxygen atom with the formation of the com-
plexes.40

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~1 and 870-800 cm~1 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 cm1 and 1614-1657 cm1, respectively, as expected. In the spectra of HL 1,
the medium band at 1256 cm~1 can be assigned to v(C—O) of the phenolic group
and it shifted to the range of 1233-1246 cm1 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 cm1 in the spectra of other benzimidazolylphenol derivatives
(HL2-HL20).
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The C-ClI stretching vibrations are seen at the range of 710-796 cm! as
medium bands in all of the compounds.4! In the iodine-containing compounds,
HLs and HL 17, the C—I vibrations bond can be detected around 550 cm=1; in the
bromine-containing compounds, HL 3, HL 13, HL 16, HL19 and HL 2, the medium
bands between 550 and 600 cm~1 can be attributed to v(C—Br). The v(C-F) is
expected to give a band above 1000 cm=1 in derivatives containing fluorine atom
(HL», HL13 and HL14); however it is difficult to detect the band of this bond due
to interference with the vibrations of other bonds.42

The emergence of new bands of medium intensity around 503 cm~1 can be
assigned to the v(M—-OC) vibration frequencies resulting from phenolic oxygen
atom coordination.43 It was evaluated that the new bands appearing in the com-
plexes between 443-462 cm~1 belong to the stretching vibration mode of the
M<«N bond formed as a result of the coordination of the C=N nitrogen atom.44
The coordination of the C=N nitroaen atom can also be associated with the shift of
the 1639 cm~1 band of the ligand to the lower wavenumbers in the IR spectra of
the complexes to 1602—-1620 cm~1 range. The broad bands with medium character-
istics between 3365 and 3225 cm~1 in the complexes mightily support the presence
of the H>O molecules.

It is known that the keto-enol structure is found in benzimidazolylphenol type
compounds.16 According to the IR spectral data, HL3, HL4, HL1p—HL 15, HL17
and HL>g compounds also have keto form in the solid state (Fig. 2). In other words,
these compounds exist as a mixture of the keto and enol form. The weak or medium
bands at 1662—1723 cm1 range are considered to arise from the C=0 bond in the
keto form of the compounds in the solid state.

cl
Cl H cl H “
N N
0T — L
a N cl 3
HO Cl O Cl
Fig. 2. Keto-enol tautomer structures of HL 1.

NMR spectra

1H-NMR spectral data of HL1—HL g and the diamagnetic complexes are
given in the Supplementary material. In the 1H-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 IH-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(1l) and Pd(ll) complexes of HL shows that phenolic
proton is removed and the oxygen atom is coordinated. While the chemical shift
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values of the ligand protons in Pd(11) complex were detected at significantly higher
ppm values (downfield shift), the shifts in Zn(1l) complex were observed to be
weaker compared to the Pd(I1) 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 (TGA)

Thermal analysis data of the complexes are given in the Supplementary
material to this paper. 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 HoO molecules. It is known that lattice HoO
molecules removed up to 100 °C and coordinated HoO molecules up to 200 °C.
The 5.7 % mass loss seen in thermal analysis of the Co(ll) complex around 150 °C
can be considered as an indication of presence of two moles of coordinated HoO
considering the fact that two moles of H2O in the complex corresponds to a theor-
etical mass of 5.5 %. The mass losses of 5.8 and 5.4 % in Ni(ll) and Pd(Il) com-
plexes up to 100 °C, respectively, can be explained by the presence of two moles
of lattice HoO in both complexes (theoretical values are 5.5 and 5.15 % for Ni(ll)
and Pd(Il) 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(1l) and Pd(I1) complexes) can be attributed to the absence of coordinated H,0
molecules. In the Zn(Il) 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 H>O molecules, respectively.

According to TGA data, the Zn(Il) complex begins to decompose above
200 °C and the others above 300 °C. The different thermal behavior of the Zn(l1)
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
complex around this temperature and is completely removed 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 Supplement-
ary material. It was observed that HL, emits strong fluorescence at 466 nm.
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Among the compounds, the highest emission spectrum wavelength belongs to HL g
(4-methoxy derivative), which has dual fluorescence characteristic, with a value of
508 nm. HLg also emits strongly at 389 nm. The lowest emission spectrum wave-
length belongs to HLg (5-methoxy derivative) with a value of 452 nm (Fig. 3).
HL g, which has a chlorine substitution at 2-position on the phenol ring, is another
compound that exhibits a lower emission wavelength (blueshift) according to HL 1,
with a value of 463 nm. A redshift effect is observed in all compounds except HLg
and HLg. Based on these observations, it can be concluded that substitutions gen-
erally cause redshift.

—HL,
——HL,

800

[+

=1

=]
1

400

Intensity, a.u.

200 +

T v T v T
400 500 600
Wavelength, nm

Fig. 3. Comparative fluorescence spectra of HL 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(11) 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).

Considering all the analytical, physicochemical and spectroscopic data des-
cribed above, the proposed structures in Fig. 5 can be suggested for the complexes.

Antimicrobial activity

The results of the in vitro antibacterial and antifungal activities of the com-
pounds and the values of the antibiotic and antifungal drugs given for comparison
are presented in Table I1l as minimum inhibitory concentration (MIC).

When the Table Il is examined, it is noted that the first eleven compounds
(HL1 to HL11) show higher activity when 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 HL 1. It can be said
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—HL,
HL,+Pd
——HLy#Ni

800

[z

(=1

(=]
1

Intensity, a.u.
-3
8
L

200 <

Wavelength, nm

Fig. 4. The comparative fluorescence spectra of HL, and its complexes.
CIDES Cl %
/> g > >—<§ >
Cl bi CIJ@N/ H
N
O/M/O nHO HZO\C\ _0
A o~ ) —on, 4
N a A a N
QT A
N cl 4 :@: Zn\/ H0
H
N
cl HZO/ cl

M: Ni, Pd (n=2); Cu (o=1) H

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

that all mono 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 pug mL-1.
However, another noteworthy finding is that disubstituted derivatives of HL1
(HL12 to HLyg) are also moderately or weakly effective against all microorg-
anisms (non-selective general activity).

TABLE lII. In vitro antimicrobial activity of the compounds (MIC / pg mL™1); Sa — Staphylo-
coccus 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; references: cipro-
floxacin and amphotericin B were used for bacteria and fungi, respectively

Microorganism

Compound  —ca—Se&  E® Kp° Pa® Pm  Ca Cp G
AL, 195 30 78 625 =< 312 - 625 625
HL, 195 156 312 156 - 312 - 39 625

HL; 19.5 156 312 625 — 312 — 156 625
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TABLE Ill. Continued

Microorganism

Compound Sad Se? Ecb Kp® PaP  PmP Ca Cp Ct

HL, 39 39 625 156 - 625 - 312 312
HLs 156 312 625 625 625 312 625 1250 1250
HLg 78 156 156 156 - 156 39 156 312
HL, 156 9.75 312 625 - 312 - 312 312
HLg 156 156 312 312 - 625 - 312 625
HLq 156 78 156 625 - 312 - 625 625
HL g 195 78 312 156 - 625 - 312 625
HLy; 39 195 156 312 - 312 - 15 625
HL» 156 312 625 625 1250 625 1250 1250 1250
HL 3 312 156 625 625 625 625 1250 1250 625
HL 4 312 156 1250 625 1250 625 1250 625 625
HL 156 312 1250 625 1250 312 1250 625 625
HL 312 156 1250 1250 1250 312 1250 1250 625
HL; 156 156 625 625 1250 312 625 625 1250
HL g 312 312 625 625 1250 625 1250 1250 1250
HL 9 156 156 625 625 1250 625 625 625 1250
HL 5 312 156 625 1250 1250 625 625 1250 1250

HL,+Co(l1) 625 312 1250 625 625 625 625 625 1250
HL,+Ni(l1) 312 312 1250 1250 1250 312 1250 1250 1250
HL,+Cu(ll) 312 312 1250 625 1250 @ 312 625 1250 625
HL,+Zn(11) 156 156 2500 1250 1250 312 1250 625 1250
HL,+Pd(I1) 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

4Gram-positive; bGram-negative; ‘no antimicrobial effect at 5000 ug mL"t and lower dilutions

In our previous studies, it was determined that various benzimidazole deriv-
atives exhibited selective activity, particularly against Gram-positive bacteria and
some fungal species.18:45 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.4!

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 an 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(ll) complex, thought to bind one mole
of water, releases water upon contact with bacteria and binds to their proteins.
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CONCLUSION

In this study, 2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL;) and its
nineteen derivatives with different substituents on the phenol ring were obtained
and their structural properties were investigated. Structure of HL1g was inves-
tigated by X-ray single crystal spectroscopy, also. Additionally, M(I1l) 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(1l) complex
and 1:2 in the other complexes. Fluorescence spectral studies show that in all com-
pounds except HLg and HLg, the substitution results in a shift of the fluorescence
emission to lower wavelengths (redshift) compared to HL1. The zinc(I1) complex
showed a greater redshift effect compared to the other complexes. After character-
ization, antibacterial and antifungal activity of all the compounds was evaluated
against six bacteria and three fungi. Compounds HL 1 to HL 17 (HL1 and its mono-
substituted derivatives) show better compared to the other compounds and select-
ive activity against some microorganisms. Another noteworthy result is that the
complexes of HL1 show weak activity against C. albicans, against which HL1
itself is inactive. It was observed that the Zn(11) complex showed relatively higher
activity against S. aureus and S. epidermidis (Gram-positive bacteria) compared to
the other complexes.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13486, or from the correspond-
ing author on request.
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CIEKTPAJTHA KAPAKTEPU3ALIMJA U UCITUTUBAGE AHTUMUKPOBHE
AKTHUBHOCTH 5,6-JUXJIOPO-1H-BEH3UMUA30JI-2-WUJI-(4'/5'/6'-CYIICTH-
TYUCAHUX)PEHOJIA (HL1—HLz0) U Co(II), Ni(II), Cu(11), Zn(II) ¥ Pd(II)
KOMIIJIEKCA CA HL4
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Istanbul University-Cerrahpasa, Faculty of Engineering, Department of Chemistry, Inorganic Chemistry
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University, Faculty of Pharmacy, Department of Pharmaceutical Microbiology, 34452 Beyazit, Istanbul,
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5,6-TIluxnopo-1H-6ensumupason-2-un-(4'/5'/6'-cyncruryucanu)pesomn (HLi—HLz) u
MCI; xommnekcu (M: Co, Ni, Cu, Zn, Pd) ca HL1 CHHTETHCAHH Cy U OKapaKTePUCAHHU Pa3/iu-
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YUTUM (PU3NIKO—XEMHUjCKUM U CIEKTPOCKOICKMM METOJaMa, Kao LITO Cy eleMeHTalHa aHa-
1133, TEpMorpaBUMeTpHjcka aHanusa, FTIR, NMR u dnyopecuenTHa cnekrpockonyja. CTpyk-
Type KOMIIJIEKCa NOTBpheHe Cy U MEPEHEM MOJIAPHE IPOBOI/BUBOCTH U MarHETHOT MOMEHTA.
HL1 jenumemne ce KOOPAUHOBAIO Kao DUI€HTaTHU, MOHODA3HH XenaTHH Jinranz ca NO noHop-
CKMM aTOMMMa Yy CBUM KOMIUIEKCHMA. YTBPHEHO je la Cy CBU KOMIUIEKCH HEENEeKTPOJIUTH, IpH
yeMy je ogHOC MeTana U nuragga (M:L) 1:1y Zn(1I) xommmexcy 1 1:2 y ocTaTuM KOMIUIEKCHMa.
Kpucranza crpykrypa HLis je, Takohe, ucnutusaHa, pu yemy je y oda Mojekyna yOUeHO
IIPUCYCTBO MHTpa- U UHTEPMOJIEKYICKUX BOJOHUYHUX Be3a. Ha ocHOBY mojataka JOOMjeHHX
(prryopeclieHTHOM CIIEKTPOCKOIHjOM, CYTICTUTYEHTH Y T10J10Kajy 4 13a3Bay Cy IOMepambe MakK-
CMyMa eMHCHje Ka HIKUM TallaCHUM Jy’KHHaMa (LipBeHo nomepame) y nopehemwy ca HL1, nok
Cy CyTIICTUTYEHTH y MO0Kajy 3 ¥ 5 y3pOKoBaIy I1aBo noMepawe. Zn(1l) kommiekc je moxasao
U3paKEHHUje LPBEHO [IOMEpamke Y OFHOCY Ha Jipyre KomIuliekce. ITopen Tora, aHTUMHUKPOOHA
aKTHBHOCT je[IUibeHa je UCTTUTHBAaHA [TPeMa IeCT HaKkTepHjCKUX U TPU [JbMBUYHE BpcTe. [Tpume-
heno je ma HL1 u merosu moHocymncruryucanu aepusatu (HLi1—HL11) mokasyjy cenekTHBHY
aKTHUBHOCT, TocedHo nmpema I'pamM-mo3uTUBHUM Daxtepujama S. aureus u S. epidermidis. Zn(11)
KOMIIIEKC je MoKa3ao penaTHBHO Behy akTHBHOCT mpema ['paM-NO3UTHBHUM dakTepHjama y
nopehemwy ca oCcTanuM KOMIUIEKCHMA.

(ITpumrbeHo 6. aBrycTa, pesuaupaHo 12. oktodpa, mpuxsaheno 29. okrodpa 2025)
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Spectral characterization and antimicrobial activity studies of
5,6-dichloro-1H-benzimidazol-2-yl-(4'/5'/6"-substituted)-phenols
(HL1—HL2) and Co(ll), Ni(Il), Cu(ll), Zn(11) and Pd(11)
complexes of HL
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EXPERIMENTAL
Chemistry and apparatus

All chemicals and solvents were of reagent grade and they were used without further
purification.

Analytical data were obtained with a Thermo Finnigan Flash EA 1112 analyzer. Melting
points were determined using a Buchi M-560 melting-point apparatus. Molar conductivity of
the complexes was measured on a WTW Cond315i conductivity meter in DMF at 25 °C.
Magnetic measurements: MK1 Sherwood Scientific apparatus (at room temperature by Gouy’s
method). NMR spectra were run on a Varian Unity Inova 500 NMR spectrometer. FT-IR spectra
were recorded on a Bruker Optics Vertex 70 spectrometer using Attenuated Total Reflection
(ATR) techniques between 400 and 4000 cml. The Electron Spray lonization-Mass
Spectrometry (ESI-MS) analysis was carried out in positive ion modes using a Thermo Finnigan
LCQ Advantage MAX LC/MS/MS. Fluorescence spectra were performed on a Shimadzu RF-
5301 PC Spectrofluorophotometer in EtOH (¢ = ~1x10~*4 mol L D).

[Co(L1),(H,0),]: Light brown solid. Yield: 71 %; dec. p.: 168 °C; Combustion analysis
for CogH,5CI14N4,04Co (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, e : 3.47ug. Ay (DMF, 25 °C, S m?2 mol-1): 21.3. IR (ATR,
cm1): 3225m,br v(H,0+NH), 3107m v(CH),,,1607m v(C=N), 1599m v(C=C), 1485m, 1453m,
1372m, 1245m v(C-0), 1098m, 960m, 864m &(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, ¢ = 1x10-4 mol L1, A,/ nm): 469m.

* Corresponding author. E-mail: atavman@iuc.edu.tr
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[Ni(Ly),]-2H,0: Light brown solid. Yield: 73 %; dec. p.: 165 °C; Combustion analysis for
C26H18C|4N404Ni (FW 65095) Calculated. C 47.97, H2.79, N 8.61; found C 48.33, H 2.96,
N 8.44. Magnetic moment, s : 2.05 ug. Ay (DMF, 25 °C, S m? mol-1): 31.5. IR (ATR, cm1):
3356m v(OH), 3269m v(NH), 3068m v(CH),,, 1609m v(C=N), 1595m v(C=C), 1503m, 1456m,
1387m, 1246m v(C-0), 1103m, 1039m, 854m 3(CH),, 815m, 754s v(C—Cl), 680m, 616m,
537m, 504m v(Ni-0), 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, ¢ = 1x10~4 mol L1, Ana/ nm): 417sh, 462m.

[Cu(L1),]'H,0: Brown solid. Yield: 80 %; dec. p.: 332 °C; Combustion analysis for
CoeH16CI4sN4O3Cu (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, ues: 1.62 ug. Ay (DMF, 25 °C, S m? mol1): 7.1. IR (ATR, cm1):
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 3(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, Apad/
nm): 469w,br.

[Zn(L,)CI(H,0)]-2H,0: Dirty white solid. Yield: 71 %; dec.p.: 270 °C; Combustion
analysis for C13H;3CI3N,04Zn (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 m2 mol1): 45.8. IR (ATR, cm™1): 3365m,br v(OH),
3203m,br v(NH), 3042w v(CH),, 1620m v(C=N), 1609m v(C=C), 1558m, 1483m, 1456m,
1321m, 1233s v(C-0), 1147m, 969m, 856m &(CH),;, 740s v(C—Cl), 692m, 577m, 541s, 505m
V(Zn-0), 443m v(Zn<N), 421m. IH-NMR (500 MHz, DMSO-dg, §): 12.81 (brs, 1H, NH), 7.89
(brs, 2H, H4+H7), 7.84 (dd, 1H, J, = 7.9, J, = 1.6, H3’), 7.15 (dt, 1H, J; = 8.3, J, = 1.4, H4),
6.71(dd, 1H,J,=7.7,J,=3.7,H6’), 6.52 (td, 1H,J; = 7.2,J,=7.1,13=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, ¢ = 1x10~4
mol L1, Apad NM): 425sh, 450m,br.

[Pd(L4),]-2H,0O: Soil colored solid. Yield: 66 %; dec. p. >350 °C; Combustion analysis
for CogH15CI4N4,O4Pd (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-1): 14.3. IR (ATR, cm™): 3269m,br v(NH+OH,),
3117w V(CH),, 1602m v(C=C), 1588m v(C=N), 1531m, 1476m, 1310m, 1239s v(C-O),
1144m, 1034m, 969m, 870m 6(CH),,, 753s v(C—Cl), 702m, 672m, 568m, 503m v(Pd—0), 443m
v(Pd«N). H-NMR (500 MHz, DMSO-dg, 5): 13.43 (s, 1H, NH), 7.94 (brs, 1H, H7), 7.87 (s,
1H, H4), 7.68 (dt, 1H, J; = 8.0, J, = 1.7, H5), 7.45 (dt, 1H, J, = 7.8, J, = 7.1, J3 = 1.0, H4’),
7.22 (d, 1H, J = 7.6, 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 L1, Apa/
nm): 415sh, 459m.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)phenol (HL,): Yield: 80 %. Slightly yellow solid.
Decomposition point (Dec. p.): 331 °C. (+)ESI-MS (m/z): calculated for [C13HgCI,N,O]* 279.1,
observed 279.3 (100 %) and 281.3 for ([C13HgCI,N,O + 2H]* (73.9 %). Combustion analysis
for C13HgCI,N,O: Calculated. C 55.94, H 2.89, N 10.04; found C 56.15, H 3.03, N 9.97. IR
(ATR): 3333m v(NH+OH), 3101m v(CH),, 1639m v(C=N), 1600m v(C=C), 1578m, 1487s,
1370m, 1256m v(C-0), 1136m, 1106m, 960m, 865m &(CH),,, 739s v(C—Cl), 678m, 580m,
553m, 422m, cm™L, 1H-NMR (500 MHz, DMSO-dg, 8): 13.30 (s, 1H, NH), 12.42 (s, 1H, OH),
8.08 (dd, 1H, J,; = 7.9, J, = 1.6, H3’), 8.00 (brs, 1H, H4), 7.84 (brs, 1H, H7), 7.41 (dt, 1H, J; =
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1.6,J,=7.2,J3=8.4,H5’), 7.06 (dd, 1H, J; = 8.3, J, = 1.0, HF’), 7.03 (dt, 1H, J; = 7.6, J, = 1.1,
H4’). Fluorescence spectra (Anax/ NM): 394w, 466s.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4-fluorophenol (HL,): Yield: 71 %. Light yellow
solid. Dec. p.: 352 °C. (+)ESI-MS (m/z): calculated for [C,3H,CI,FN,O]* 297.1, observed 297.3
(100 %) and 299.3 for ([Ci3H;CI,FN,O + 2H]* (66.0 %). Combustion analysis for
C13H;CI,FN,O: Calculated. C 52.55, H 2.37, N 9.43; found C 52.71, H 2.53, N 9.27. IR (ATR,
cm™): 3341m v(NH+OH), 3078m v(CH),., 1650m v(C=N), 1600m v(C=C), 1583m, 1498m,
1448m, 1304m, 1255m v(C-0), 1168m, 1096m, 976m, 859m, 814s 3(CH),,, 780m, 743m
v(C—Cl), 665m, 561s, 470m, 443m, cm™t. 'H-NMR (500 MHz, DMSO-dg, §): 13.27 (s, 1H,
NH), 12.21 (s, 1H, OH), 8.02 (brs, 1H, H4), 7.93 (d, 1H, J = 3.1, H3'), 7.91 (brs, 1H, H7), 7.28
(dd, 1H, J; =9.0,J, = 3.1, H5"), 7.08 (d, 1H, J = 9.1, HE’). Fluorescence spectra (Amay / NM):
393w, 480s.

4-Bromo-2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLj): Yield: 85 %. Yellowish
grey solid. Dec. p.; 220 °C. (+)ESI-MS (m/z): calculated for [C13H;BrCI,N,O + H]* 359.0,
observed 359.3 (100 %) and 357.3 for ([C13H7BrCI,N,O — H]* (53.3 %). Combustion analysis
for C13H;BrCI,N,O: Calculated. C 43.61, H 1.97, N 7.82; found C 43.45, H 1.91, N 7.74. IR
(ATR, cm™): 3341m v(NH+OH), 3075m v(CH),;, 2960m,br, 1719m v(C=0), 1620m v(C=N),
1609m v(C=C), 1482m, 1372m, 1249s v(C-0), 1136m, 965m, 866m, 801s 3(CH),,, 739m
v(C—Cl), 632m, 565m v(C—Br), 487m, 420m, cm~L. 1H-NMR (500 MHz, DMSO-dg, §): 13.31
(brs, 1H, NH), 12.51 (brs, 1H, OH), 8.16 (d, 1H, J= 2.4, H3’), 7.92 (brs, 2H, H4+H7), 7.43 (dd,
1H, J; = 8.8, J, = 2.4, H5"), 7.10 (d, 1H, J = 8.8, HE’). Fluorescence spectra (Amax / NM): 393w,
474s.

4-Chloro-2-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL,): Yield: 81 %. Yellowish
grey solid. Dec. p.: 221 °C. (+)ESI-MS (m/z): calculated for [C13H;CI3N,O]* 313.5, observed
313.2 (100 %) and 315.2 for ([C13H,CIsN,O + 2H]* (90.1 %). Combustion analysis for
C13H;CI3N,0: Calculated. C 49.79, H 2.25, N 8.93; found: C 49.64, H 2.16, N 8.80. IR (cm™):
3338m v(NH+OH), 3077m v(CH),, 2960m,br, 1723m v(C=0), 1621m v(C=N), 1602m
v(C=C), 1576m, 1474m, 1444m, 1355m, 1278m, 1249m v(C-0), 1136m, 1095m, 965m, 866m,
800m 8(CH),, 745m v(C—Cl), 720m v(C-Cl), 648m, 564m, 543m, 490m, 420m, cm™L, 1H-
NMR (500 MHz, DMSO-dg, 8): 13.32 (brs, 1H, NH), 12.52 (brs, 1H, OH), 8.29 (d, 1H, J= 2.4,
H3’), 8.01 (brs, 1H, H4), 7.88 (brs, 1H, H7), 7.54 (dd, 1H, J,; = 8.8, J, = 2.4, H5’), 7.03 (d, 1H,
J = 8.8, HB’). Fluorescence spectroscopy (Amax/nm): 394w, 475m.

2-(5,6-dichloro-1H-benzimidazol-2-yl)-4-iodophenol (HLs): Yield: 65 %. Light orange
solid. Dec. p.: 231 °C. (+)ESI-MS (m/z): calculated for [C13H;Cl,IN,O]* 405.1, observed 405.1
(100 %) and 407.1 for ([Ci3H,CLIN,O + 2H]* (73.9 %). Combustion analysis for
C13H7Cl,IN,O: Calculated. C 38.55, H 1.74, N 6.92; found: C 38.41, H 1.63, N 6.84. IR (cm™):
3351m v(NH+OH), 3094m v(CH),,,, 2930m,br, 1656m v(C=N), 1605m v(C=C), 1565m, 1466s,
1366m, 1273m v(C-0), 1181m, 1128m, 1095m, 961m, 865m, 814s 3(CH),,, 760m v(C—ClI),
678m, 564m, 540m v(C-1), 508m, 419m, cm™t. TH-NMR (500 MHz, DMSO-dg, §): 13.22 (s,
1H, NH), 12.51 (s, 1H, OH), 8.38 (d, 1H, J=2.0, H3’), 8.00 (brs, 1H, H4), 7.84 (brs, 1H, H7),
7.64 (dd, 1H, J; = 8.7, J, = 2.0, H5"), 6.87 (d, 1H, J = 8.7, H6’). Fluorescence spectroscopy
(Amax/nm): 393w, 476m.

2-Chloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLg): Yield: 80 %. Matte yellow
solid. Dec. p.: 373 °C. (+)ESI-MS (m/z): calculated for [C13H;CI3N,O]* 313.5, observed 313.2
(100 %), 315.2 ([C13H,CI3N,0 + 2H]* (100 %) and 317.2 for ([C13H;CI3N,O + 4H]* (47.6 %).
Combustion analysis for C13H;CI3N,O: Calculated. C 49.79, H 2.25, N 8.93; found: C 49.63,
H 2.33, N 8.77. IR (cm™): 3336m,br v(NH+OH), 3075w v(CH),, 1624m v(C=N), 1601m
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v(C=C), 1464m, 1441m, 1373m, 1252m v(C—0), 1094m, 968m, 860m 8(CH),, , 785m, 747m
v(C—Cl), 736m v(C-Cl), 665m, 611m, 571s, 427m, cm™L, TH-NMR (500 MHz, DMSO-dg, ):
13.72 (brs, 1H, NH), 13.38 (s, 1H, OHY’), 8.08 (brs, 1H, H4), 8.02 (dd, 1H, J; = 7.9, J, = 1.5,
H3), 7.87 (brs, 1H, H7), 7.59 (dd, 1H, J; = 7.9, J, = 1.5, H5’), 7.06 (t, 1H, J; = J, = 7.9, H4)).
Fluorescence spectroscopy (Amax/Nm): 394w,br, 463m,br.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HL;): Yield: 90 %. Creamy
colored solid. Dec. p.: 343 °C. (+)ESI-MS (m/z): calculated for [Cy4H;4CloN,05]*" 309.0,
observed 309.1 (100 %), 311.1 ([C14H1oCloN,O, + 2H]* (69.7 %). Combustion analysis for
C14H1oCIbN,O,: Calculated. C 54.39, H 3.26, N 9.06; found: C 54.25, H 3.37, N 8.95. IR
(cm™): 3294m,br v(NH+OH), 3058w v(CH)y, 2943m v(CH),, 1623m v(C=N), 1591m
v(C=C), 1476m, 1420m, 1372m, 1249s v(C-0), 1182m v(C-0), 1095m, 1056m, 967m, 857m
8(CH),, 776m v(C—Cl), 731m, 603m, 545m, 425m, cm™L. 1H-NMR (500 MHz, DMSO-dg, 8):
13.33 (brs, 1H, NH), 12.50 (brs, 1H, OH’), 7.92 (brs, 2H, H4+H3’), 7.63 (d, 1H, J = 2.9, H7),
7.12 (dd, 1H, J; = 8.0, J, = 1.1, H5’), 6.97 (t, 1H, J; = J, = 8.0, H4'), 3.84 (s, 3H, OCH,).
Fluorescence spectroscopy (Amax/nM): 394w,br, 481s.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-5-methoxyphenol (HLg): Yield: 80 %. Slightly
yellow solid. Dec. p.: 292 °C. (+)ESI-MS (m/z): calculated for [C14H1oCIloN,O,]* 309.0,
observed 309.3 (100 %), 311.2 ([C14H1oCIloN,O, + 2H]* (64.7 %). Combustion analysis for
C14H10C|2N202: Calculated. C 5439, H 326, N 906, found: C 5424, H 341, N 8.94. IR
(cm™1): 3344m,br v(NH+OH), 3102m v(CH),., 2971m v(CH),, 1640m v(C=N), 1600m
v(C=C), 1453m, 1388s, 1267m v(C-0), 1200m v(C-0), 1134m, 1026m, 951m, 865m, 817m
8(CH)g., 796m v(C—Cl), 672m, 568m, 548m, 475m, 425m, cm~L, 'H-NMR (500 MHz, DMSO-
de, 8): 13.17 (s, 1H, NH), 12.68 (s, 1H, OH), 7.96 (d, 1H, J = 8.8, H3), 7.94 (s, 1H, H4), 7.77
(s, 1H, H7), 6.64 (dd, 1H, J; = 8.8,J, = 2.5, H4’), 6.59 (d, 1H, J = 2.4, H6"), 3.81 (S, 3H, OCHj).
Fluorescence spectroscopy (Amax/nm): 394w,br, 452m.
2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4-methoxyphenol (HLo): Yield: 71 %. Slightly
yellow solid. Dec. p.: 352 °C. (+)ESI-MS (m/z): calculated for [C14H1oCIloN,O,]* 309.0,
observed 309.2 (100 %), 311.2 ([C14H1oCIoN5O, + 2H]* (59.9 %). Combustion analysis for
C14H10CILN,O,: Calculated. C 54.39, H 3.26, N 9.06; found: C 54.25, H 3.43, N 8.95. IR
(cm™1): 3306m v(NH+OH), 3076m v(CH),,., 2974m v(CH)y, 1619m v(C=N), 1598m v(C=C),
1493m, 1450m, 1370m, 1273m v(C-0), 1214m v(C-0), 1171m, 1042m, 968m, 866m, 809m
8(CH),r., 758m v(C—Cl), 726m, 673m, 573m, 512m, 438m, cm™. *H-NMR (500 MHz, DMSO-
de, 8): 13.24 (s, 1H, NH), 11.92 (s, 1H, OH), 8.01 (brs, 1H, H4), 7.85 (brs, 1H, H7), 7.66 (d,
1H,J=2.4,H3),7.03 (dd, 1H, J, = 8.9, J, = 2.6, H5’), 6.99 (d, 1H, J, = 8.9, J, = 7.9, HE’), 3.80
(s, 3H, OCHy). Fluorescence spectroscopy (Ama/nNM): 389s,br, 508m,br.
2-(5,6-dichloro-1H-benzimidazol-2-yl)-4-methylphenol (HLyp): Yield: 72 %. Slightly
yellow solid. Dec. p.: 326 °C. (+)ESI-MS (m/z): calculated for [Cq4H1,CI,N,O]* 293.0,
observed 293.2 (69.9 %), 295.2 ([C14H1oCIoN,O + 2H]* (100 %). Combustion analysis for
C14H10CILN,0O: Calculated. C 57.36, H 3.44, N 9.56; found: C 57.47, H 3.30, N 9.49. FT-IR
(cm™1): 3467m v(OH), 3376m v(NH), 3062m v(CH)y,, 2925m v(CH), , 1614m v(C=N), 1584m
v(C=C), 1485s, 1354m, 1284m v(C-0), 1257m, 1134m, 962m, 855m, 812s §(CH),., 780m
v(C-Cl), 685m, 554m, 476m, 442m, 421m, cm™, TH-NMR (500 MHz, DMSO-dg, §): 13.20
(brs, 1H, NH), 12.16 (brs, 1H, OH), 7.95 (brs, 1H, H4), 7.89 (d, 1H, J = 1.7, H3’), 7.84 (brs,
1H, H7), 7.21 (dd, 1H, J; = 8.3, J, = 1.8, H5’), 6.95 (d, 1H, J = 8.3, H6"), 2.32 (s, 3H, CHy).
Fluorescence spectroscopy (Amax/NM): 375w,br, 394w,br, 482m.
2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-methylphenol (HLy;): Yield: 94 %. Slightly
bright yellow solid. Dec. p.: 357 °C. (+)ESI-MS (m/z): calculated for [C14H;,CI,N,0O]* 293.0,
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observed 293.3 (100 %), 295.2 ([C14H1oCI,N,O + 2H]* (92.7 %). Combustion analysis for
C14H1Cl,N,0: Calculated. C 57.36, H 3.44, N 9.56; found: C 57.50, H 3.55, N 9.42. IR (cm™):
3323m,br v(NH+OH), 3054m v(CH),, 2951m v(CH),, 1628m v(C=N), 1601m v(C=C),
1475m, 1445m, 1415m, 1370m, 1300m, 1252m v(C-0), 1094m, 1013m, 966m, 886m, 863m
8(CH),, 786s v(C—Cl), 665m, 573s, 518m, 428m, cm™*. 'H-NMR (500 MHz, DMSO-dg, ):
13.52 (s, 1H, NH), 13.01 (s, 1H, OH), 8.03 (s, 1H, H4), 7.87 d (1H, J = 7.6, H3"), 7.81 s (1H,
H7), 7.31 d (1H, J = 7.3, H5"), 6.95 dd (1H, J; = 7.5, J, = 7.6, H4’), 2.26 (s, 3H, CHj).
Fluorescence spectroscopy (Amax/NM): 379w,br, 473s.
2-Bromo-4-chloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLy,): Yield: 82 %.
Mate light yellow solid. Dec. p.: 228 °C. (+)ESI-MS (m/z): calculated for [C13HgBrCIsN,O +
H]* 393.5, observed 393.1 (100 %), 395.1 ([Ci3HeBrCI;N,O + 3H]* (64.5 %), 391.1
[C13HeBIrCIsN,O — H]* (55.7 %). Combustion analysis for Cq3HgBrCIsN,O: Calculated. C
39.78, H 1.54, N 7.14; found: C 39.75, H 1.66, N 7.01. IR (cm™): 3403m v(NH+OH), 3085m
V(CH),,, 1669s v(C=0), 1624m v(C=N), 1601m v(C=C), 1448m, 1373m, 1256m v(C-0),
1096m, 970m, 853m &(CH),., 754m v(C-Cl), 722m v(C—Cl), 669m, 610m, 554m v(C-Br),
498m, 423m, cm L. 1H-NMR (500 MHz, DMSO-dg, 8): 13.80 (brs, 1H, NH), 13.44 (s, 1H, OH),
8.18 (brs, 1H, H4), 8.05 (brs, 1H, H7), 7.95 (s, 1H, H3), 7.84 (brs, 1H, H5’). Fluorescence
spectroscopy (Amax/NM): 393w, br, 479s,br.
4-Bromo-2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-fluorophenol (HL,3): Yield: 74 %.
Dirty yellow solid. Dec. p.: 284 °C. (+)ESI-MS (m/z): calculated for [C13HgBrCI,FN,O + H]*
376.0, observed 377.2 (100 %), 375.1 ([C13HsBrCI,FN,O — H]* (65.6 %). Combustion analysis
for C13HgBrCI,FN,O: Calculated. C 41.53, H 1.61, N 7.45; found: C 41.43, H1.73, N 7.27. IR
(cm™1): 3398m v(NH+OH), 3084m v(CH),,, 2872m,br, 1662s v(C=0), 1614m v(C=N), 1577m
v(C=C), 1489s, 1374m, 1265s v(C-0O), 1233m, 1095m, 972m, 916m, 855s 3(CH),, 807m,
754m v(C—Cl), 666m, 553m v(C—Br), 427m, cm™1. IH-NMR (500 MHz, DMSO-dg, §): 13.58
(brs, 1H, NH), 13.15 (brs, 1H, OH), 8.10 (d, 1H, J = 2.3, H5’), 7.96 (brs, 1H, H4), 7.94 (brs,
1H H7), 7.66 (d, 1H, J = 2.4, H3’). Fluorescence spectroscopy (Ama/nNm): 393w, 418sh, 469s.
2-Chloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)-4-fluorophenol (HL.4): Yield: 89 %.
Slightly yellow solid. Dec. p.: 341 °C. (+)ESI-MS (m/z): calculated for [C13HgCl3FN,O]* 331.5,
observed 331.3 (100 %), 333.3 ([C13HgCIsFN,O + 2H]* (73.9 %). Combustion analysis for
C13HgCIsFN,O: Calculated. C 47.09, H 1.82, N 8.45; found: C 47.21, H1.96, N 8.27. IR (cm™1):
3420m v(NH+OH), 3089m v(CH),;, 1662m v(C=0), 1622m v(C=N), 1577m v(C=C), 1466m,
1444s, 1370m, 1264m v(C-0), 1209m, 1100m, 999m, 867s 8(CH),,, 793m v(C—-Cl), 741m
v(C-Cl), 666m, 573m, 507m, 425m, cm™1, I1H-NMR (500 MHz, DMSO-dg, 8): 13.69 (brs, 1H,
NH), 13.48 (brs, 1H, OH), 8.06 (brs, 1H, H5’), 7.92 (d, 1H, J = 3.0, H4), 7.90 (d, 1H, J = 3.0,
H7), 7.61 (d, 1H, J = 3.0, H3’). Fluorescence spectroscopy (Amax/nM): 394w,br, 482m,br.
2,4-Dichloro-6-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HL;5): Yield: 86 %. Mate
yellow solid. Dec. p.: 344 °C. (+)ESI-MS (m/z): calculated for [C13HsCI4N,O + H]* 349.0,
observed 349.3 (100 %), 347.3 ([C13HsCI;N,O — H]* (64.2 %), 351.3 ([C13HgCI4N,O + 3H T*
(54.8 %). Combustion analysis for C13HgCI4N,O: Calculated C 44.87, H 1.74, N 8.05; found:
C 44.71, H 1.87, N 8.16. IR (cm™): 3408m v(NH+OH), 3078m v(CH),, 1722m v(C=0),
1657m v(C=N), 1623m v(C=C), 1576m, 1477m, 1442s, 1365m, 1259m v(C-0), 1187m,
1099m, 974m, 869m, 817m 8(CH),,, 766m v(C—Cl), 728m v(C-Cl), 667m, 614m, 558m, 501m,
427m, cm™L. 'H-NMR (500 MHz, DMSO-dg, 8): 13.78 (brs, 2H, NH+OH), 8.15 (d, 1H, J= 2.5,
H3"), 8.07 (brs, 1H, H4), 8.03 (brs, 1H, H7), 7.73 (d, 1H, J = 2.5, H5’). Fluorescence
spectroscopy (Amax/nNM): 393w, br, 478m,br.
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2,4-Dibromo-6-(5,6-dichloro-1H-benzimidazol-2-yl)phenol (HLg): Yield: 75 %. Orangey
yellow solid. Dec. p.: 275 °C. (+)ESI-MS (m/z): calculated for [C13H¢Br,CI,N,O]* 437.0,
observed 437.3 (100 %), 439.3 ([C13H5Br2C|2N20 + 2H]+ (989 %), 435.3 ([ClgHGBrzclzNzo
— H ]* (41.6 %). Combustion analysis for C13HgBr,CI,N,O: Calculated. C 35.74, H 1.38, N
6.41; found: C 35.65, H 1.47, N 6.55. IR (cm™): 3354w v(NH), 3313w v(OH), 3069m v(CH),, ,
1637m v(C=N), 1604m v(C=C), 1558m, 1458s, 1445s, 1364m, 1259m v(C-0), 1097m, 973m,
855s, 836m 8(CH),, 733m v(C—Cl), 684m, 599m, 550m v(C—Br), 447m, 420m, cm™L. 1H-
NMR (500 MHz, DMSO-dg, §): 13.88 (brs, 1H, NH), 13.82 (brs, 1H, OH), 8.32 (s, 1H,J = 2.2,
H3’), 8.08 (brs, 1H, H4), 8.03 (brs, 1H, H7), 7.94 (d, 1H, J = 2.1, H5’). Fluorescence
spectroscopy (Amax/nNM): 479s.

2-(5,6-Dichloro-1H-benzimidazol-2-yl)-4,6-diiodophenol (HL;): Yield: 76 %. Yellowish
orange solid. Dec. p.: 203 °C. (+)ESI-MS (m/z): calculated for [Cy3HgCl51,N,0]* 531.0,
observed 531.3 (100 %), 533.2 ([C13HgCl51oN,0 + 2H]* (64.1 %). Combustion analysis for
C13HeCLIL,N,0O: Calculated. C 29.41, H 1.14, N 5.28; found: C 29.57, H 1.07, N 5.37. IR
(cm™1): 3472m v(NH), 3375m v(OH), 3059m v(CH),., 1665m v(C=0), 1622m v(C=N), 1594m
v(C=C), 1440s, 1356m, 1257m v(C-0), 1136m, 1093m, 965m, 860s, 825m 5(CH),., 736m
v(C—CI), 662m, 595m, 541m v(C-I), 426m, cm~L. IH-NMR (500 MHz, DMSO-dg, &): 13.73
(brs, 1H, NH), 12.64 (s, 1H, OH), 8.39 (d, 1H, J = 2.0, H5’), 8.13 (s, 1H, H4), 7.99 (d, 1H, J =
2.0, H3"), 7.95 (s, 1H, HY). Fluorescence spectroscopy (Ama/nNm): 393w,br 486s.

4-Chloro-2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HLg): Yield: 85 %.
Matte yellow solid. Dec. p.: 274 °C. (+)ESI-MS (m/z): calculated for [C14HoCI3N,O,]* 343.5,
observed 343.2 (100 %), 345.2 ([C14HoCl3N,O, + 2H 1* (92.9 %). Combustion analysis for
C14H¢CI3N,0,: Calculated. C 48.94, H 2.64, N 8.15; found: C 48.79, H 2.80, N 8.00. IR (cm™):
3359m v(NH+OH), 3102m v(CH),, 2951m v(CH),, 2858m,br, 1665m v(C=N), 1614m
v(C=C), 1579m, 1488m, 1442s, 1405m, 1315m, 1249s v(C-0), 1095m, 1051m, 974m, 836m,
807m &(CH),;, 730m v(C—C1), 725m v(C—Cl), 621m, 552m, 433m, cm™L, 1H-NMR (500 MHz,
DMSO-dg, 8): 13.40 (s, 1H, NH), 12.62 (s, 1H, OH), 7.98 (brs, 1H, H4), 7.89 (brs, 1H, H7),
7.73 (d, 1H, J = 2.4, H3'), 7.18 (d, 1H, J = 2.0, H5’), 3.87 (s, 3H, OCHy). Fluorescence
spectroscopy (Amax/nNM): 393w, 482s.

4-Bromo-2-(5,6-dichloro-1H-benzimidazol-2-yl)-6-methoxyphenol (HLyo): Yield: 75 %.
Skin color solid. Dec. p.: 229 °C. (+)ESI-MS (m/z): calculated for [C14HgBrCI,N,O, + H]*
389.0, observed 389.1 (100 %), 387.1 ([C14HsBrCI,N,05, — H]* (61.2 %). Combustion analysis
for C14HgBrCI,N,O,: Calculated. C 43.33, H 2.34, N 7.22; found: C 43.51, H 2.23, N 7.03. IR
(cm™1): 3356m v(NH), 3279m v(OH), 3083m v(CH),., 2852w,br, 1675m v(C=0), 1621m
v(C=N), 1602m v(C=C), 1440m, 1372m, 1254s v(C-0), 1238m v(C-0), 1093m, 1058m, 972m,
838m, 806m §(CH),,, 710m v(C—Cl), 640m, 551m v(C—Br), 487m, 428m, cm™L, 1H-NMR (500
MHz, DMSO-dg, 3): 13.42 (s, 1H, NH), 12.66 (s, 1H, OH), 8.04 (s, 1H, H4), 7.87 (s, 1H, H7),
7.86 (d, 1H, J = 2.2, H5’), 7.25 (d, 1H, J=2.2, H3’), 3.87 (s, 3H, OCHj,). Fluorescence spectra
(Amax / nm): 393w, 486s.

2,4-Dibromo-6-(5,6-dichloro-1H-benzimidazol-2-yl)-3-methoxyphenol (HL,g): Yield: 88
%. Yellowish orange solid. Dec. p.: 234 °C. (+)ESI-MS (m/z): calculated for
[C14HgBr,CI,N,0O,]* 467.0, observed 467.1 (100 %), 469.1 ([C14HgBr,Cl,N,O, + 2H]* (83.2
%). Combustion analysis for C,4HgBr,CI,N,O,: Calculated. C 36.01, H 1.73, N 6.00; found: C
36.35, H 1.93, N 5.87. IR (ATR, cm™1): 3367w v(OH), 3126m v(NH), 3088m v(CH),,, 2938m
v(CH),, 1665m v(C=0), 1632m v(C=N), 1600m, v(C=C), 1564m, 1429m, 1372s, 1260m
v(C-0), 1230m v(C-0), 1096m, 1061m, 970m, 863m &(CH),,, 774m, 753m v(C—Cl), 664m,
627m, 551m v(C-Br), 460m, 412m, cm™L, 1H-NMR (500 MHz, DMSO-dg, 8): 13.76 (brs, 2H,



750
751

752

753
754

755

SUPPLEMENTARY MATERIAL

S7

NH+OH), 8.38 (s, 1H, H3), 7.97 (s, 1H, H4), 7.95 (s, 1H, H7), 3.86 (s, 3H, OCHy).
Fluorescence spectra (Amax / NM): 393w,br, 467m br.

TABLE SI. Selected bond distances and angles for HL g (A, ©)

C7—N1  1367(3) C7—N2  1.323(3)
C2—Cll  17393) C3—Cl2  1.740(3)
Cl—C2  1377(4) C2—C3  1.401(4)
C7—C8  1.461(33) C9—O1  1.353(3)
Cl10—02 1368(3) Cl4—02 1.428(3)
Cl2—CI3  1740(3) C9—C10  1.402(4)
Cl10—C11 1376(4) Cl1-—C12 1.391(4)
C9-O1-HIA 1095  N2-C7-N1  111.8(2)
N1-C5-C6 105.4(2) C1-C2-CIl  119.3(2)
C3-C2-Cll  119.6(2) C2-C3-Cl2  119.9(2)
C4-C3-Cl2  118.2(2) NI1-C5-C6  105.4(2)
N2-C7-N1  111.8(2) C10-02-C14 116.1(2)
C11-C12-CI3 117.8(2) C13-C12-CI3 120.6(2)

Fig. S1. Part of the crystal structure of HL g, showing the formation of C(6) chain.



