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A V-shaped ligand bis(/N-methylbenzimidazol-2-ylmethyl)
benzylamine with its cobalt(Il) complex: synthesis, crystal
structure, DNA-binding properties, and antioxidant activity
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A V-shaped ligand bis(N-methylbenzimidazol-2-ylmethyl)benzylamine (bmbb) and its cobalt
complex, [Co(bmbb),](pic), (pic =picrate), have been synthesized and characterized by
physico-chemical and spectroscopic methods. Single-crystal X-ray revealed that the coordina-
tion sphere around Co(Il) is distorted octahedral with an Ny ligand set from two tridentate
bmbb. The DNA-binding properties of bmbb and the Co(II) complex were investigated by
spectrophotometric and viscosity measurements. The results suggest that bmbb and Co(II)
complex both bind to DNA via intercalation, and the Co(II) complex binds to DNA more
strongly than bmbb. The Co(II) complex also exhibited potential antioxidant properties in vitro
studies.

Keywords: Benzimidazole; Cobalt(I) complex; Crystal structure; DNA-binding property;
Antioxidant property

1. Introduction

Transition metal complexes have extensive applications in wide ranging areas [1, 2].
Interactions between transition metal complexes and DNA have been extensively
studied [3]. Transition metal complexes are currently used to bind and react at specific
sequences of DNA in a search for chemotherapeutics and probing DNA, and for the
development of highly sensitive diagnostic agents [4—6]. Therefore, an understanding of
how these small molecules bind to DNA will be useful in the design of new compounds,
which can recognize specific sites or conformations of DNA [5-7].

Benzimidazole is part of the chemical structure of vitamin Bj, which is one of the
biologically relevant natural compounds [8]. Benzimidazole and its derivatives have
attracted interest because of their varied biological activities namely anticancer [9],
antihypertensive [10], antiviral [11], anti-inflammatory [12], vasodilator [13], and
antimicrobial [14-16]. Moreover, as a typical heterocyclic ligand, large benzimidazole
rings can not only provide potential supramolecular recognition sites for 7---7
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stacking interactions, but can also act as hydrogen-bond acceptors and donors to
assemble multiple coordination geometries [17]. Therefore, transition metal complexes
containing benzimidazole-based ligands are subject of intensive research for their rich
coordination chemistry and established and potential applications [18, 19], which gives
the possibility for further research, such as design of structural probes and the
development of novel therapeutics.

In the framework of our research project, we mainly focused on transition metal
complexes containing benzimidazole-based ligand and exploring the reaction mecha-
nism with DNA. In preceding reports [20-24], we investigated the coordinating ability
of various benzimidazole ligands and complexes. In this article, the synthesis,
characterization, DNA-binding properties, and antioxidant activity of Co(II) complex
with the V-shaped bmbb are presented.

2. Experimental

2.1. Materials and methods

All chemicals and solvents were of reagent grade and used without purification. C, H,
and N elemental analyses were determined using a Carlo Erba 1106 elemental analyzer.
Electrolytic conductance measurements were made with a DDS-307 type conductivity
bridge using 3 x 10 *mol L™" solutions in DMF at room temperature. IR spectra were
recorded from 4000to400cm™' with a Nicolet FT-VERTEX 70 spectrometer using
KBr pellets. Electronic spectra were taken on a Lab-Tech UV Bluestar spectro-
photometer. Fluorescence spectra were preformed on a LS-45 spectrofluorophot-
ometer. The absorbance was measured with a Spectrumlab 722sp spectrophotometer at
room temperature. 'H-NMR spectra were recorded on a Varian VR300-MHz
spectrometer with TMS as an internal standard.

The stock solution of bmbb and Co(II) complex were dissolved in DMF at
3x 10 mol L™!. Calf thymus DNA (CT-DNA) and ethidium bromide (EB) were
purchased from Sigma. All the experiments involving interaction of the ligand and the
complexes with CT-DNA were carried out in doubly distilled water buffer containing
5mmol L™ Tris and 50 mmol L~' NaCl and adjusted to pH 7.2 with hydrochloric acid.
A solution of CT-DNA gave a ratio of UV absorbance at 260 and 280 nm of 1.8-1.9,
indicating that the CT-DNA was sufficiently free of protein [25]. The CT-DNA
concentration per nucleotide was determined spectrophotometrically by employing an
extinction coefficient of 6600 (mol L™")'em™" at 260 nm [26].

Synthetic route for bmbb is shown in scheme 1.

2.2. Synthesis

2.2.1. Synthesis of bmbb. The precursor bis(2-benzimidazol-2-ylmethyl)benzylamine
(bbb) was synthesized following a slight modification of the procedure [27]. bbb (7.34 g,
20 mmol) and potassium (1.56 g, 40 mmol) were put in tetrahydrofuran (150 mL) and
the solution was refluxed on a water bath for 4h with stirring. Then, iodomethane
(5.68 g, 0.04 mol) was added to this solution. With the addition of iodomethane, the
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Scheme 1. Synthetic routine of bmbb.

solution gradually becomes cream yellow. The resulting solution was concentrated and
cooled, a pale yellow solid separating out and the pale yellow precipitate was filtered,
washed with massive water, and recrystallized from ethanol to give the ligand. Yield:
4.85¢g (58%); m.p.: 185-186°C. Anal. Calcd for C,sH>sNs (%): C, 75.92; H, 6.37;
N, 17.71. Found (%): C, 75.69; H, 6.54; N, 17.77. "H-NMR (DMSO-d, 400 MHz)
8/ppm: 3.45-3.62 (s, 6H, —CH3), 3.70 (m, 4H, —CH,-Ar), 3.90 (m, 4H, —CH>-
benzimidazol), 7.23 (m, SH, H-benzene ring), 7.27-7.61 (m, 8H, H-benzimidazole ring).
UV-Vis (A, nm): 279, 287. IR (KBr v/em™'): 750, v(o-Ar); 1230, vw(C-N); 1475,
v(C=N); 1616, (C=C).

2.2.2. Synthesis of [Co(bmbb),]l(pic);. To a stirred solution of bmbb (197.5mg,
0.50mmol) in hot EtOH (10mL) was added Co(pic), (128.78 mg, 0.25mmol) in
EtOH (2mL). A yellow crystalline product formed rapidly. The precipitate was filtered
off, washed with EtOH and absolute Et,0, and dried under vacuum. The crude product
was dissolved in MeCN to form a pale yellow solution into which Et,O was allowed to
diffuse at room temperature. Yellow crystals suitable for X-ray measurement were
obtained after 2 weeks. Yield: 187.6 mg (69%). Found (%): C, 57.21; H, 4.04; N, 17.09.
Calcd for C(,2H54CON1(,014 (%)Z C, 5701, H, 417, N, 17.16. Am (DMF, 297 K)
115.20Sem?mol~'. UV-Vis (i, nm): 279, 281, 381, 714, 878. FT-IR (KBr v/cm™"): 746,
v (0-Ar); 1265, v(C-N); 1364, v(O-N-0); 1492, v(C=N); 1628, v(C=C).

2.3. X-ray crystallography

A suitable single crystal was mounted on a glass fiber, and the intensity data were
collected on a Bruker Smart CCD diffractometer with graphite-monochromated
Mo-Ka radiation (AL =0.71073 A) at 296 K. Data reduction and cell refinement were
performed using the SMART and SAINT programs [28]. The structure was solved by
direct methods and refined by full-matrix least-squares against F~ of data using
SHELXTL software [29]. All hydrogen atoms were found in difference electron maps
and subsequently refined in a riding-model approximation with C—H distances ranging
from 0.93 to 0.97 A and Usye(H) = 1.2Ucq(C), Usso( H) = 1.5Ueq(Cinetny)-

2.4. DNA-binding experiments
2.4.1. Electronic absorption titration. Absorption titration experiments were per-

formed with fixed concentrations of the complexes, while gradually increasing the
concentration of CT-DNA. To obtain the absorption spectra, the required amount of
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CT-DNA was added to both the compound and reference solutions in order to
eliminate the absorbance of CT-DNA itself. From the absorption titration data, the
binding constant (K}) was determined using the equation [30]:

[DNA]/(ea — er) = [DNA]/(eb — &) + 1/Kp(en — &),

where [DNA] is the concentration of CT-DNA in base pairs, g, corresponds to the
observed extinction coefficient (Aobsd/[M]), e; corresponds to the extinction coefficient
of the free compound, &y, is the extinction coefficient of the compound when fully bound
to CT-DNA, and Ky, is the intrinsic binding constant. The ratio of slope to intercept in
the plot of [DNA]/(e. — &) versus [DNA] gave the value of Kj,.

2.4.2. Fluorescence studies. The enhanced fluorescence of EB in the presence of DNA
can be quenched by the addition of a second molecule [31, 32]. The extent of
fluorescence quenching of EB bound to CT-DNA can be used to determine the extent
of binding between the second molecule and CT-DNA. Competitive binding experi-
ments were carried out in the buffer by keeping [DNA]/[EB]=1 and varying the
concentrations of the compounds. The fluorescence spectra of EB were measured using
an excitation wavelength of 520nm and the emission range was set between 550 and
750nm. The spectra were analyzed according to the classical Stern—Volmer
equation [33]:

I/ =1+ Ksv [0],

where I, and 7 are the fluorescence intensities at 599 nm in the absence and presence of
the quencher, respectively, K, is the linear Stern—Volmer quenching constant, and [Q] is
the concentration of the quencher. In these experiments [CT-DNA]=2.5x
10°mol L', [EB]=2.2 x 10 *mol L.

2.4.3. Viscosity titration measurements. Viscosity experiments were conducted on an
Ubbelodhe viscometer, immersed in a water bath maintained at 25.0 &= 0.1°C. Titrations
were performed for the complexes (3-30 pmol L") and each compound was introduced
into CT-DNA solution (42.5 umol L") present in the viscometer. Data were analyzed
as (n/no)""? versus the ratio of the concentration of the compound to CT-DNA, where 7
is the viscosity of CT-DNA in the presence of the compound and 7, is the viscosity of
CT-DNA alone. Viscosity values were calculated from the observed flow time of
CT-DNA-containing solutions corrected from the flow time of buffer alone (¢),

n=(t—1) [34].

2.5. Antioxidant property

Hydroxyl radicals were generated in aqueous media through the Fenton-type reaction
[35, 36]. Aliquots of reaction mixture (3mL) contained 1.0 mL of 0.10 mmol aqueous
safranin, 1 mL of 1.0 mmol aqueous EDTA-Fe(II), 1 mL of 3% aqueous H,0,, and a
series of quantitative microadditions of solutions of the test compound. A sample
without the tested compound was used as the control. The reaction mixtures were
incubated at 37°C for 30 min in a water bath. The absorbance was then measured
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at 520 nm. All the tests were run in triplicate and are expressed as the mean and SD [37].
The scavenging effect for OH" was calculated from the following expression:

Scavenging ratio (%) = [(4; — 4g)/(Ac — Ap)] x 100%,

where A; =absorbance in the presence of the test compound; 4y =absorbance of the
blank in the absence of the test compound; A, =absorbance in the absence of the test
compound, EDTA-Fe(II) and H,O».

3. Results and discussion

Ligand bmbb and Co(Il) complex are very stable in air. The Co(Il) complex is
remarkably soluble in polar aprotic solvents such as DMF, DMSO, and MeCN, slightly
soluble in ethanol, methanol, ethyl acetate, and chloroform, and insoluble in water,
Et,0, and petroleum ether. The molar conductivities in DMF indicate that bmbb is a
nonelectrolyte while the Co(II) complex is a 1:2 electrolyte [38].

3.1. IR and electronic spectra

IR spectra of the Co(II) complex are closely related to that of free bmbb. The most
diagnostic changes occur in the region between 1650 and 1250cm™'. The spectra of
bmbb show a strong band at 1475cm™" and a weak band at 1616cm ™", attributed to
V(C=N) and v(C=C) of the benzimidazole group, respectively [39—41]. These bands
undergo a blue shift in the Co(II) complex as compared to free ligand, indicating
participation of the imine nitrogen atoms in coordination to cobalt [42]; these are the
preferred nitrogen atoms for coordination, as found in other metal complexes with
benzimidazoles [43]. Moreover, information regarding bonding modes of picrate and
benzimidazole rings may also be obtained from IR spectra [20].

DMEF solutions of bmbb and Co(II) complex show, as expected, almost identical UV
spectra. The UV bands of bmbb (287, 279 nm) are marginally red-shifted about 6 nm for
the Co(II) complex, evidence of C=N coordination to the metal center. These bands
are assigned to m— * (imidazole) transitions and the picrate bands (at 381 nm) are also
assigned to w—* transitions [20]. The Co(II) complex exhibits two absorptions (714
and 878 nm) in visible spectra, attributed to ‘T 1g—>4A2g, iT lg—>4T »e transitions,
respectively. This spectral pattern is typical of six-coordinate distorted octahedral
cobalt. This is confirmed by the structure analysis.

3.2. X-ray structure of the complex

Basic crystal data, description of the diffraction experiment, and details of the
structure refinement are given in table 1. Selected bond distances and angles are
presented in table 2.

3.2.1. The crystal structure of [Co(bmbb),|(pic),. The crystal structure of the Co(II)
complex consists of discrete [Co(bmbb),]*" and two picrate anions. The ORTEP
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Table 1. Crystal data and structure refinement for [Co(bmbb),](pic),.

Complex

Empirical formula
Formula weight
Temperature (K)

Color

Crystal system

Space group .
Unit cell dimensions (A, °)

R™®R & =8

Volume (A%), Z

Calculated density (g cm™?)

F(000)

Crystal size (mm?)

0 range for data collection (°)
Limiting indices

Reflections collected

Independent reflections

Refinement method
Data/restraints/parameters
Goodness-of-fit on F>

Final R,/wR, indices [I > 20(])]
R;/wR; indices (all data) .
Largest difference peak and hole (e A™)

[Co(bmbb)](pic),
Ce2Hs4CoN 6014
1306.14

296(2)

Brown
Monoclinic

Ce

12.1784(19)

21.317(3)

23.446(4)

90

93.932(2)

90

6072.3(16), 4

1.429

2708

0.40 x 0.38 x 0.36

2.16-26.00

—15<h<15; =17<k<26; =26 <[<28
16,100

10,757 [Riny =0.0308]
Full-matrix least-squares on F~
10,757/16/842

1.021

0.0497/0.1008

0.0837/0.1167

0.416 and —0.348

Table 2. Selected bond distances (A) and angles (°) in [Co(bmbb),](pic),.

Co(1)-N(7) 2.047(4)
Co(1)-N(3) 2.087(3)
Co(1)-N(9) 2.100(3)
N(7)-Co(1)-N(3) 97.33(14)
N(7)-Co(1)-N(9) 107.51(14)
N(3)-Co(1)-N(9) 101.45(13)
N(7)-Co(1)-N(5) 97.62(14)
N(3)-Co(1)-N(5) 110.59(14)
N(9)-Co(1)-N(5) 136.04(14)
N(7)-Co(1)-N(1) 161.31(12)
N(1)-Co(1)-N(6) 119.16(11)

Co(1)-N(5) 2.124(4)
Co(1)-N(1) 2.433(3)
Co(1)-N(6) 2.610(3)
N(@3)-Co(1)-N(1) 73.72(12)
N(9)-Co(1)-N(1) 90.54(13)
N(5)-Co(1)-N(1) 71.31(13)
N(7)-Co(1)-N(6) 72.81(13)
N(3)-Co(1)-N(6) 164.33(12)
N(9)-Co(1)-N(6) 71.07(12)
N(5)-Co(1)-N(6) 83.24(12)

structure (30% probability ellipsoids) of the [Co(bmbb),]*" with atom-numbering is

shown in figure 1.

The central Co(Il) is six-coordinate, by virtue of six nitrogen atoms from two
tridentate bmbb. The coordination geometry of Co(II) is that of a distorted octahedron
with (N1, N3, N6, and N7) providing the equatorial plane. The maximum deviation
distance (N3) from the least-squares plane calculated from the four coordination atoms
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Figure 1. Molecular structure and atom-numberings of [Co(bmbb),]** with hydrogen atoms omitted
for clarity.

is 0.291 A and Co(II) is out of this plane by only 0.013 A. In the equatorial plane, the
lengths of the bonds connected with Co(II) range from 2.047 to 2.610 A while the bond
lengths between Co(II) and the apical nitrogen atoms (N5, N9) are almost equal,
average 2.112A. The bond angle of N5-Co-N9 in axial positions is 136.04(14)°.
Therefore, compared with a regular octahedron, it reflects a relatively distorted
coordination octahedron around Co(II) [44—47].

3.3. DNA-binding properties

3.3.1. Absorption spectroscopic studies. Electronic absorption spectra in DNA-
binding studies provide bonding information. The binding of intercalative drugs to
DNA has been characterized through absorption titrations, following the hypochro-
mism and red shift associated with binding of the colored complex to the helix [30]. The
electronic spectral traces of bmbb and the Co(II) complex titrated with DNA are shown
in figure 2. As the DNA concentration is increased, the hypochromism reaches as high
as 17.30% at 276 nm for free bmbb; 40.53% at 273 nm for Co(II) complex. The A, for
Co(IT) complex increases from 273 to 275nm, slight red shifts under identical
experimental conditions. The hypochromism suggests that bmbb and the Cu(Il)
complex interact with CT-DNA, and the spectra also imply that Co(II) complex binds
to DNA more strongly than bmbb [48, 49].

To compare quantitatively the affinity of bmbb and the Co(II) complex toward
DNA, the intrinsic binding constants Ky of the two compounds to CT-DNA were
determined by monitoring the changes of absorbance with increasing concentration of
DNA. The intrinsic binding constant K, of bmbb and the Co(I) complex were
7.41 x 10° (mol L™~ (R=10.99 for 16 points), 7.95 x 10* (molL~")~' (R=0.99 for 16
points), respectively, from the decay of the absorbances. Therefore, according to
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Figure 2. Electronic s;)ectra of (a) bmbb, (c) Co(II) complex in Tris-HCI buffer upon addition of CT-DNA.
[Compound] =3 x 107> (molL™")~!, [DNA]=2.5x 10" (molL™")"!. The arrows show the emission
intensity changes upon increasing DNA concentration. Plots of [DNA]/(e,—¢p) vs. [DNA] for the titration
of (b) bmbb, (d) Co(II) complex with CT-DNA.

previous reports related to DNA-intercalative cobalt complexes [S0-55], we deduce that
bmbb and Co(Il) complex bind to DNA in an intercalation mode, due to the large
coplanar aromatic rings in bmbb and Co(Il) complex that facilitate it intercalating to
the base pairs of double helical DNA.

Based on the above results, the affinity for DNA is stronger for Co(II) complex than
ligand. We attribute three possible reasons for this difference: (i) increasing the number
of planar structures may lead to higher affinity for DNA, which can be confirmed by
the difference between ligand and Co(II) complex. (ii) Charge transfer of coordinated
bmbb, caused by coordination of the central Co(Il), results in reduction of charge
density of the planar conjugated system; this change will lead to complexes binding to
DNA more easily. (iii) This difference in DNA-binding ability also could be attributed
to the presence of an electron deficient center in the charged Co(II) complex where
additional interaction between the complex and phosphate rich DNA back bone may
occur [56, 57].

3.3.2. Fluorescence spectroscopic studies. In order to further study the binding of the
complex with DNA, competitive binding experiment was carried out. Relative binding
of bmbb and Co(Il) complex to CT-DNA was studied by the fluorescence spectral
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Figure 3. Emission spectra of EB bound to CT-DNA in the presence of (a) bmbb and (c) Co(Il) complex;
[Compound] =3 x 10 mol L™'; A =3520nm. The arrows show the intensity changes upon increasing
concentrations of the complexes. Fluorescence quenching curves of EB bound to CT-DNA by (b) bmbb and
(d) Co(IT) complex. (Plots of Iy/I vs. [Complex]).

method using EB bound CT-DNA solution in Tris-HCI/NaCl buffer (pH=7.2). As an
indicator of intercalation, EB is a weakly fluorescent compound. But in the presence of
DNA, emission intensity of EB is greatly enhanced because of its strong intercalation
between the adjacent DNA base pairs [32]. In general, measurement of the ability of a
complex to affect the intensity of EB fluorescence in the EB-DNA adduct allows
determination of the affinity of the complex for DNA, whatever the binding mode. If a
complex can displace EB from DNA, the fluorescence of the solution will be reduced
due to the fact that free EB are readily quenched by water [58]. For bmbb and Co(II)
complex, no emission was observed either alone or in the presence of CT-DNA in the
buffer. Fluorescence quenching of DNA-bound EB by the ligand and complex are
shown in figure 3. The behavior of bmbb and Co(II) complex are in agreement with the
Stern—Volmer equation, which provides further evidence that the compounds bind to
DNA. The Ky, values for bmbb and Co(II) complex are 1.37 x 10* (R=0.99 for 10
points in the line part) and 3.76 x 10* (mol L™")~' (R=10.99 for 16 points), respectively,
reflecting the higher quenching efficiency of Co(Il) complex relative to bmbb. This
result suggests DNA-binding of Co(II) complex is stronger than that of bmbb,
consistent with the previous absorption spectral results.
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Figure 4. Effect of increasing amounts of (a) bmbb and (b) Co(II) complex on the relative viscosity of
CT-DNA at 25.0+0.1°C.

3.3.3. Viscosity titration measurements. Optical photophysical techniques are widely
used to study the binding of ligand, metal complexes, and DNA, but do not give
sufficient clues to support a binding model. Hydrodynamic measurements that are
sensitive to length change (i.e., viscosity and sedimentation) are regarded as the least
ambiguous and most critical tests of a binding model in solution in the absence of
crystallographic structural data [25, 59]. Therefore, viscosity measurements were carried
out to further clarify the interaction with DNA. In classical intercalation, the DNA
helix lengthens as base pairs are separated to accommodate the bound ligand leading to
increased DNA viscosity whereas a partial, nonclassical intercalation causes a bend
(or kink) in DNA helix reducing its effective length and thereby its viscosity [25].

The effects of bmbb and Co(II) complex on the viscosity of CT-DNA are shown in
figure 4. The viscosity of CT-DNA is increased steadily with increased amount, further
illustrating that the compounds intercalate with CT-DNA. The viscosity experiments
confirm intercalation into DNA base pairs already established through absorption and
fluorescence spectral titration studies.

3.4. Antioxidant property

According to relevant reports [60-62], some transition metal complexes may exhibit
antioxidant activity. We therefore also conducted an investigation to explore whether
the Co(II) complex has hydroxyl radical scavenging property. We compared the
abilities of our present compounds to scavenge hydroxyl radicals with those of well-
known natural antioxidants mannitol and vitamin C, using the same method as
reported in a previous paper [63]. The 50% inhibitory concentrations (ICsq) of mannitol
and vitamin C are 9.6 x 107> and 8.7 x 107 (molL™")~", respectively. As shown in
figure 5, according to the antioxidant experiments, the 1Csq value of Co(II) complex is
7.08 x 107°(mol L™")~! which implies that the Co(II) complex has the ability to
scavenge hydroxyl radical. Due to the observed ICs, value, the Co(IT) complex can be
considered as a potential drug to eliminate hydroxyl radical.
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Figure 5. The inhibitory effect of Co(II) complex on OH* radicals; the suppression ratio increases with
increasing concentration of the test compound.

4. Conclusion

A new ligand bis(N-methylbenzimidazol-2-ylmethyl)benzylamine and its Co(II) com-
plex have been synthesized and characterized. The crystal structure of [Co(bmbb),]
(pic), shows distorted octahedral geometry. The DNA-binding results suggest that
bmbb and Co(Il) complex bind to DNA in an intercalation mode, and the affinity for
DNA is stronger for Co(II) complex than bmbb. The Co(II) complex can be considered
as a potential drug to eliminate hydroxyl radical. These findings indicate that the Co(II)
complex has practical applications for the development of nucleic acid molecular probes
and new therapeutic reagents for diseases on the molecular level and warrant further
in vivo experiments and pharmacological assays.

Supplementary material

Crystallographic data (excluding structure factors) for the structure reported in this
article have been deposited with the Cambridge Crystallographic Data Centre with
reference number CCDC 852827. Copies of the data can be obtained, free of charge, on
application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Tel: +44-01223-
762910; Fax: +44-01223-336033; E-mail: deposit@ccdc.cam.ac.uk or http://www.
ccde.cam.ac.uk.
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