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ABSTRACT: The synthesis, characterization and quantum-chemical investigations of two new
Co(ll) complexes derived from fluorescent benzimidazoles have been reported. Two new fluorescent
heterocyclic ligands were synthesized from the reduction of imidazo[4',5':3,4]benzo[1,2-c]isoxazole
derivatives, and characterized by elemental analyses, IR, mass, and NMR spectra. Coordination of
the bidentate ligands with Co(ll) cation produced orange complexes. The structures of
the complexes have been established by spectral and analytical data as well as Job’s method.
The photophysical properties of the new ligands and Co(ll) complexes were characterized by UV-
Vis and fluorescence spectroscopies. An efficient charge transfer from the p-orbital of ligand
to the Co(ll) d-orbital could be proposed as the main reason for the color of the new complexes.
To gain insight into geometry, spectral properties and the energy difference between the HOMO
and LUMO frontier orbitals of the ligands and Co(ll) complexes, the DFT calculations at the
B3LYP/6-311++G(d,p) level were employed. The DFT-calculated spectral properties were in good
agreement with the experimental values and confirmed the suitability of the optimized geometries
for cobalt complexes.

KEYWORDS: Benzimidazole; Fluorescent ligands; Co(ll) complex; UV-Vis and fluorescence
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INTRODUCTION

Cobalt is an important trace element for all multi-
cellular organisms as the active center of coenzymes
called cobalamins. These coenzymes include vitamin B12
which is essential for mammals. Also, cobalt is an active
nutrient for bacteria, algae, and fungi, and maybe
a necessary nutrient for all live organisms [1-3]. In hence,
the cobalt complexes display varying levels of biological
activity such as antibacterial [4], antifungal [5], antivirus [6],
antiproliferative [7,8] and anticancer [9-12]. They
were also used as catalysts for a diverse range of organic

reactions such as electrochemical [13], cross-coupling [14],
polymerization [15], hydrogenation [16,17], Lewis acid
catalyzed[18].

On the other hand, benzimidazoles have developed
as significant heterocyclic compounds due to their presence
in a wide range of bioactive compounds such as
antiparasitic [19], anticonvulsant [20], analgesic [21],
antihistaminic [22], antiulcer [23], antihypertensive [24],
antiviral  [25], anticancer [26], antifungal [27],
anti-inflammatory and anticoagulants agents [28, 29] as well
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as proton pump inhibitors [30]. Optimization of
the benzimidazole substituents has resulted in many
drugs like albendazole, mebendazole, thiabendazole
as antihelmintics; omeprazole, lansoprazole, pantoprazole
as proton pump inhibitors; astemizole as antihistaminic;
enviradine as antiviral; candesarten cilexitil and
telmisartan as antihypertensives. Also, benzimidazoles
play an important role in determining the function
of several biologically important metal complexes [31].

Based on these results, two new Co(ll) complexes
derived from their respective fluorescent benzimidazoles
were synthesized. The optical properties of all
compounds were also investigated by UV-Vis and
fluorescence  spectroscopies.  Moreover,  Density
Functional Theory (DFT) calculations were performed
to provide the optimized geometries, structural parameters,
vibrational frequencies, and energy difference between
the HOMO and LUMO frontier orbitals of the studied
compounds.

EXPERIMENTAL SECTION
Equipment and Materials

Melting points were measured on an Electrothermal
type-9100 melting-point apparatus. The FT-IR spectra
were recorded on potassium bromide pellets using
a Tensor 27 spectrometer and only noteworthy absorptions
were listed. The 3C NMR (75 MHz) and *H NMR (300 MHz)
spectra were obtained on a Bruker Avance
DRX-300 spectrometer.

Chemical shifts are reported in ppm downfield from
TMS as internal standard; coupling constant is given as J
value in Hz. The mass spectrum was recorded on a
Varian Mat, CH-7 at 70 eV and ESI mass spectrum was
measured using a Waters Micromass ZQ spectrometer.
Elemental analysis was performed on a Thermo Finnigan
Flash EA microanalyzer. Absorption and fluorescence
spectra were recorded on Varian 50-bio UV-Visible
spectrophotometer ~ and  Varian  Cary  Eclipse
spectrofluorophotometer. UV-Vis and fluorescence scans
were recorded from 200 to 1000 nm. Percentage of
the Co(ll) was obtained by using a Hitachi 2-2000 atomic
absorption spectrophotometer.

All solvents were dried according to standard
procedures. Compounds 2 [32] and 4 a,b [33] were obtained
according to the published methods. Other reagents were
commercially available.
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Computational methods

All calculations have been performed using the DFT
method with the B3LYP hybrid functional [34] as
implemented in the Gaussian 03 program package [35].
The 6-311++G(d,p) basis sets were employed except
for the Co(ll) where the LANL2DZ basis sets were used
with considering its effective core potential. Geometry
of the Co(Il) complex was fully optimized, which confirmed
to have no imaginary frequency of the Hessian. Geometry
optimization and frequency calculation simulated
the properties in the gas/solution phases.

The fully-optimized geometries were confirmed
to have no imaginary frequency of the Hessian.

The solute-solvent interactions have been investigated
using one of the self-consistent reaction field methods,
i.e., the sophisticated Polarizable Continuum Model
(PCM) [36].

General procedure for the synthesis of ligands 5a,b

Iron powder (0.89 g, 16 mmol) was added with
stirring to a solution of 4a,b (4 mmol) in EtOH (30 mL)
and HCI (2 M, 2 mL). Then, the mixture was refluxed for
4 h and then poured into water. The precipitate was
collected by filtration, washed with water, and air-dried
to give crude 5a,b.

(5-Amino-1-benzyl-1H-benzo[d]imidazol-4-yl) (phenyl)
methanone (5a, L1) was obtained as shiny yellow needles
(EtOH). m.p.: 192-194 °C; yield: 82%. *H NMR (CDCls):
8 5.29 (br s, 4H, CH»Ar and NH>), 6.70 (d , J = 8.7 Hz,
1H, Ar H), 7.17-7.45 (m , 8H, Ar H), 7.56 (t, J = 7.2 Hz,
1H, Ar H), 7.70 (s, 1H, imidazole Ar H), 7.97 (d, J = 8.4
Hz, 2H, Ar H), 7.81 (d, J = 7.5 Hz, 2H, Ar H) ppm;
13C NMR (CDCls): 6 48.9 (CH2Ar) , 111.5, 114.3, 115.3,
126.7, 127.0, 127.9, 128.3, 129.1, 129.8, 132.1, 135.4,
140.7, 142.6, 144.0, 145.8, 197.3 (C=0) ppm. IR (KBr):
3403, 3275 (NH,), 1634 (C=0) cm™t. MS (m/z) 327 (M*).
Anal. Calcd for CyHi7N3O (327.4): C, 77.04; H, 5.23;
N, 12.84. Found: C, 76.83; H, 5.19; N, 12.98.

(5-Amino-1- benzyl- 1H-benzo[d] imidazole -4-yl)(4-
chlorophenyl) methanone (5b, L2) was obtained as a
shiny yellow needles. m.p.: 194-195 °C. yield: 86%. *H
NMR (DMSO-ds): 6 5.21 (s, 2H, CH,Ar), 5.30 (br s, 2H,
NH>), 6.60 (d , J =8.7 Hz, 1H, Ar H), 7.07-7.14 (m , 3H,
Ar H), 7.26-7.31 (m, 5H, Ar H), 7.61 (s, 1H, imidazole
Ar H), 7.64 (d, J = 6.9 Hz, 2H, Ar H) ppm; *C NMR
(CDCl3): & 48.5 (CH.Ar), 110.9, 114.4, 115.3, 126.6,
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127.3, 128.4, 128.5, 129.9, 129.3, 132.5, 136.8, 140.3,
142.5, 144.5, 145.9, 196.6 (C=0) ppm. IR (KBr): 3398,
3272 (NHy), 1630 (C=0) cm’. MS (m/z) 363 (M*+2).
Anal. Calcd for Co1H1sCINSO (361.8): C, 69.71; H, 4.46;
N, 11.61. Found: C, 69.53; H, 4.43; N, 11.96.

General procedure for the synthesis of the complexes
6a,b

Cobalt(11) nitrate hexahydrate (0.29 g, 1 mmol) was added
to the yellow solution of ligand 5a,b (2 mmol) in aqueous
methanolic solution (15 mL, MeOH: H,O, 10:90).
The solution color changed to deep orange. The reaction
continued for another 8 h at rt. The complex was isolated
by evaporation of the solvent and washed with cold
MeOH and then H20.

[Co(L1)2] N206.2(H20) (6a): was obtained as an
orange powder. m.p. > 300 °C (decomp). IR (KBr): 3375,
3260 (NHy), 1620 (C=0) cm?, ESI-MS (+) m/z (%): 713
[Co(L1)2]?*. Anal. Calcd for Cs2H3sCoNgO1o (873.7):
C, 57.74; H, 4.38; N, 12.82; Co, 6.74. Found: C, 57.30;
H, 4.32; N, 12.34; Co, 5.75.

[Co(L2)2] N206.2(H20) (6b): was obtained as an
orange powder. mp > 300 °C (decomp). IR (KBr): 3377,
3263 (NHy), 1624 (C=0) cm?, ESI-MS (+) m/z (%): 781
[Co(L2)2]?*. Anal. Calcd for CsoH3sCl,CoNgOio (942.6):
C, 53.52; H, 3.85; N, 11.89; Co, 6.25. Found: C, 53.90;
H, 3.94; N, 11.56; Co, 6.01.

RESULTS AND DISCUSSION
Synthesis and structure of the new ligands 5a,b and
complexes 6a,b

Two new heterocyclic ligands were prepared
according to the following manners. Initial reaction of
5-nitro-1H-benzimidazole (1) with benzyl chloride in KOH
and DMF produced 1-benzyl-5-nitro-1H-benzimidazoles (2)
[32]. The reaction of 1-benzyl-5-nitro-1H-benzimidazole
with benzyl cyanide (3a) or (4-chlorophenyl)acetonitrile
(3b) in basic MeOH solution led to the formation of 3-
benzyl-8phenyl-3H-imidazo[4',5":3,4]benzo[1,2-
clisoxazole (4a) or 3-benzyl-8-(4-chlorophenyl)-3H-
imidazo[4',5":3,4]benzo[1,2-c]isoxazole (4b) [33].
Finally, reduction of compounds 4a,b in EtOH with
Fe/HCI, provided the new heterocyclic 0-amino-ketones
(5-amino-1-benzyl-1H-benzo[d]imidazol-4-
yl)(phenyl)methanone (5a) and (5-amino-1-benzyl-1H-
benzo[d]imidazol-4-yl)(4-chlorophenyl)methanone (5b)
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in high yields (Scheme 1).

The structural assignments of new compounds 5a,b
were based on the analytical and spectral data. For
example, in the *H NMR spectrum of compound 5b, there
is an exchangeable peak at & 5.30 ppm attributed to
the NH; group proton. Also, there are two doublet signals
(6= 6.60 and 7.64 ppm), two multiplet signals (6 =7.07-714
and 7.26-731 ppm) and singlet signal (6 = 7.61 ppm)
assignable to twelve protons of aromatic rings and
a single signal (6 = 5.21) attributed to the benzylic CH>
proton. Also, 17 different carbon atom signals were
observed in the 3C NMR spectrum of compound 5b.
Furthermore, the IR spectrum of compound 5b in KBr
showed a broad absorption band at 3398 and 3272 cm*
assignable to NH, and 1630 cm! attributed to the C=0
groups. The results of mass spectroscopy (m/z 363
[M+2]*) and elemental analyses support the structure of 5b.

The coordination of ligands 5a,b with Co(ll) gave
orange complexes 6a,b in aqueous methanolic solution.
The stoichiometry of the complexes 6a,b obtained by
Job’s method (Figs. S1 and S2, Supplementary Data:
ML) [37] together with the elemental analysis results
(Experimental section) proposed the formula [Co(L),]
N20s6.2(H20) for the complexes 6a,b (Fig. 1). Also,
molecular ion peak at m/z 713 ([Co(L1)2]?*) and m/z 781
([Co(L2)2]?*) strongly support the structure of the new
complexes 6a and 6b, respectively.

Photophysical properties of the new ligands and
complexes

New fluorescent heterocyclic ligands 5a,b, and Co(ll)
complexes 6a,b were characterized by UV-Vis and
fluorescence spectroscopies in the wavelength range of
200-1000 nm. The absorption (5 x 10° M) and
fluorescence emission (1 x 10® M) spectra of 5a,b and
Co (Il) complexes 6a,b were depicted in Fig. 2.
Numerical spectral data were also presented in Table 1.
Values of extinction coefficient (¢) were calculated as the
slope of the plot of absorbance vs concentration. As seen
in Fig. 1, the spectra of the complexes 6a,b have
an absorption maximum at 440 nm at which the ligands have
no absorbance. An efficient charge transfer of an electron
from p-orbital on the ligand to Co(ll) d-orbital
can be considered as the main reason for the color of
the complexes explained as Ligand to-Metal charge transfer
(LMCT) [38]. Furthermore, ligands 5a,b, and cobalt
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Scheme 1: Synthesis of the new ligands 5a,b.
/ 2t \
N OH -
lé O~\_ | —2—‘—0 N\j 2 NO3
~Col
B /N N// OH T N,
n
H2 2 H2 Bn
6a, R=H
Fig. 1: The structure of new Co(ll) complexes 6a,b.
1 \ f‘ . ;: 4a 45+ "...,.‘
s/ \" . 407 ;/ \\
+ s = 4b > § - LY 4a
0.8 v " B 354 [ ~ N
S ] = NN — -
® L —_. | . .
g SN * g % NN - .5
g 06 : A g 25 loo NN
= \'\. Q ..... 5 é 204 ‘, 'i ! '\\\' N —-———5p
g 04 AN g i N
< by It 15 [ WA
\ S 17 | AN
% =) ! . LR
0.2 N T 10 P NN
~— "‘_c_-._,_, 54 4 - NN
'™ Fay l EU
k- e
0 0 : — —
250 300 350 400 450 500 550 300 500 700 900

Wavelength (nm)

Wavelength (nm)

Fig. 2: The absorption (left) and fluorescence emission spectra of 5a,b and Co(Il) complexes 6a,b in MeOH solution.

complexes 6a,b produced fluorescent light in a dilute
solution of MeOH (Fig. 2). The fluorescence quantum
yields of the compounds were also determined and
compared to fluorescein as a standard sample in 0.1 M
NaOH and MeOH solution [39]. While the emission
quantum vyield of fluorescein is 0.79, the obtained
emission quantum vyields of the new compounds are
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around 0.45 — 0.69. As can be seen from Table 1, the
extinction coefficient (¢) in 5b, fluorescence intensity and
the emission quantum yield in 6b were the biggest values.

DFT Calculations

An octahedral geometry was proposed for Co(ll)
complexes 6a,b based on our experimental results and
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Table 1: Spectroscopic data for 5a,b and 6a,b at 298 K.

K Dye 5a 5b 6a 6b \
Xabs (NM)? 295 360 440 440
£ x 10 *[(mol L )lem™]® 74 20.0 14.0 174
Au (NnM)° 495 495 490 490

K o 0.45 0.51 0.61 0.69 j

a) Wavelengths of maximum absorbance (Aabs). b) Extinction coefficient.

¢) Wavelengths of fluorescence emission (1n,) With excitation at 350 nm. d) Fluorescence quantum yield

cig €20

- c18 €21 ~817
c17 €16

& 0 —®

o @
@2F G a F
L

Fig. 3: The optimized geometry of the ligands 5a,b.

reported literatures [40, 41]. The optimized geometries
and HOMO and LUMO frontier orbitals of fluorescent
ligands 5a,b, and Co(ll) complex 6b were obtained by
DFT calculations at the B3LYP/6-311++G(d,p) level.
The geometry of Co(ll) complex 6b was optimized in
both the gas phase and MeOH as the solvent (PCM
model). Figs. 3 and 4 show the optimized geometries of
the ligands 5a,b, and the complex 6b respectively. Some
of the calculated structural parameters of the Co(ll)
complex are listed in Table 2. Selected structural parameters
of the ligands 4a,b were depicted in Supplementary Data
(Tables S1 and S2). In the optimized geometry of the
complex 6b, the ligand 5b acts as a bidentate ligand and
coordinates to the Co(ll) via the nitrogen atom of the amine
functional group and the oxygen atom of the carbonyl group.
The aromatic rings of the ligand are approximately
in the same plane. Two other positions of the complex

Research Article

are occupied by two H,O molecules, which are anti
to each other. The H,O ligands are perpendicular
to the square plane of the complex. The Co-O and Co-N
bond lengths are collected in Table 2.

The vibrational modes of Co(ll) complex 6b
were listed in Table 3, and compared to the experimental
values. The atoms were numbered as shown in Fig.4.
As seen in Table 3, there is a good agreement between
the experimental data and DFT-calculated frequencies
of the complex 6b, which confirms the validity of the
optimized geometry as a proper structure for the complex 6b.

The 3D-distribution map for the highest-occupied-
molecular orbital (HOMO) and the lowest-unoccupied-
molecular orbital (LUMO) of the ligands 5a,b and
the complex 6b was demonstrated in Fig. 5. As seen,
the HOMO of the ligands was localized on the benzimidazole
ring and the LUMO was mainly localized on the benzene
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Table 2: Selected structural parameters of Co(l1) complex 6h.

Vol. 38, No. 5, 2019

/ Bond Bond length (A% Angle @) Dihedral angle °) \
Co-01 1.898 N1-Co-N5 179.90 01-02-03-04 179.544
Co-04 1.898 01-Co-0O4 179.83 N3-02-N6-03 -0.048
Co-N3 1.970 02-Co-03 179.63 0O1- Co-04-N3 -92.752
Co-N6 1.970 Co-01-C8 129.04 N3- Co-N6-03 -7.207
Co-03 2.318 01-C8-C6 119.81 N6-C22-C27-C29 -3.551
Co-02 2.323 Co-N3-C1 113.34 N4-C25-C26-N5 1.075
N3-C1 1.452 Co-02-N3 36.837 N5-C28-N4-C42 -177.684
01-C8 1.273 Co-04-C29 129.032 C26-C27-C36-C41 0.419
N6-C22 1.452 C29-C36-C37 121.743 01-C8-C15-C20 22.557
C27-C29 1477 04-C29-C27 119.754 C15-C8-C6-C5 38.811
C27-C26 1.420 C27-C26-N5 129.660 C5-N2-C7-N1 -0.153
C25-C26 1.424 N4-C28-N5 114.489 N2-C5-C6-C1 -175.84
C36-C38 1.410 N4-C42-C30 113.853 C7-N1-C21-C9 -123.135
C25-N4 1.382 C42- C30-C35 120.808 C14-C9-C21-N1 56.569
C26-N5 1.373 C31-C30-C31 119.261 C10-C11-C12-C13 0.225
C28-N5 1.317 C30-C31-C32 120.445 C28-N4-C42-C30 -121.08
C28-N4 1.367 C32- C33-C34 119.864 C26-C27-C29-C36 -38.971
N4-C42 1474 01-C8-C15 119.864 Cl2-C39-C40-C41 -179.421
C42-C30 1.515 C8-C15-C16 121.744 C37-C38-C39-CI2 -179.090

KO4-C29 1.273 C8-C6-C5 122.362 04-C29-C36-C41 -22.379 /
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Fig. 4: The optimized geometry of the complex 6b.
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Table 3: Selected experimental data and calculated IR vibrational frequencies (cm) of Co(ll) complex 6b.

Calculated \
Experimental frequencies
Frequency IR Intensity D(10*esu? cm?) Vibrational assignment
651 (w) 669 392 Vgym(Co-N)
706 (w) 726 82 Vasym(CO-N)
963 (m) 923 178 30p(C-H) aromatic
1194 (s) 1060 603 v(C-Cl)
1285 (m) 1245 136 v(C1-N3, C22-N6)
1382 (m) 1334 1829 Vasym (C4-C5-N2) + agm (C25-C26-N5)
1413 513 v(C=C, C=N) of the aromatic rings
1458 47 V(C21-C9)+ v(C42-C30)
1454 (s)
1471 256 V(C=N) of the aromatic rings + v(C42-N4, C21-N1)
1482 62 v(C=N) of the aromatic rings + v(C22-N6, C1-N3)
1526 527 v(C=C) of the aromatic rings
1569 4100 8 si(H-O-H) of the H,0 ligands
1624 (s)
1638 322 v(C=C) of the benzene rings
1657 16 v(C=C) of 1 moiety
3078-3185 21-12 vsym (C-H) aliphatic
2361 (m) 3078-3126 21-3 Vasym (C-H) aliphatic
3185-3224 12-2 v(C-H) aromatic
3539 19 v(C28-H21) ) +v(C7-H2)
3381 (vs,br) 3771 7 vgym (O-H) of the H0 ligands
k 3877 51 Vagm (O-H) of the H,O ligands /

Abbreviation: op, out-of-plane; ip, in-plane; w, weak; m, medium; s, strong; vs, very strong; br, broad; sh, shoulder.

and benzimidazole rings. Since, electron transition from
the HOMO to the LUMO was © — w* transition in the
ligands 5a,b. On the other hand, the HOMO and LUMO
frontier orbitals of the complex 6b were mainly localized
on the benzimidazole ring and Co atom, respectively.
It implies that the electron transition from the HOMO
orbital to the LUMO orbital is Ligand to-Metal charge
transfer (LMCT) [38].

Energy ogaps between the HOMO and LUMO
(Ae = gLumo — eHomo) Of 5a, 5b and 6b are 3.96 eV (313 nm),
3.60 eV (345 nm) and 2.95 eV (420 nm), compared with
the experimental values of 295, 360 and 440 nm, respectively.

CONCLUSIONS

In this work, two new fluorescent heterocyclic ligands
were synthesized from the reduction of imidazo
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[4',5":3,4]benzo[1,2-c]isoxazole derivatives. Coordination
of the ligands to Co(ll) cation gave orange complexes.
The structures of the complexes have been established
by spectral, analytical data and Job’s method, and an
octahedral geometry was proposed for the complexes.
Fluorescent ligands and cobalt complexes were spectrally
characterized by UV-Vis and fluorescence
spectroscopies. Results revealed that ligands and Co(ll)
complexes generate fluorescent light in dilute solution
of MeOH. The DFT methods were employed to gain
a deeper insight into geometry and spectral properties
of the new compounds. The DFT-calculated vibrational
modes of Co(ll) complexes are in good agreement with
the experimental values, which confirm the suitability of
the optimized geometries for the complexes. Besides,
energy gaps between the HOMO and LUMO of ligands
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Fig. 5: The HOMO (down) and LUMO (up) frontier orbitals of 5a,b, and Co(ll) complex 6b.
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