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Two Mn(Il) and Ag(I) complexes, [Mn(IDB),](pic), (pic=picrate) (1) and [Ag,(IDB),](pic), (2)
(IDB = bis(2-benzimidazolylmethyl)amine), have been synthesized and characterized by elemental
analysis, IR, UV-vis spectral measurements, and X-ray single-crystal diffraction. Single-crystal
X-ray diffraction revealed that Mn(1l) is six-coordinate by six nitrogens from two IDB as a distorted
octahedron, and the Ag(I) complex revealed two Ag(I) ions bonded to two IDB ligands through six
nitrogens, resulting in an asymmetric binuclear structure. The complexes can bind to DNA through
an intercalative mode, and the affinity for DNA is stronger for the Mn(II) complex than the Ag(I)
complex; the Mn(II) complex exhibits excellent antioxidative activity.

Keywords: Bis(2-benzimidazolylmethyl)amine; Crystal structure; Manganese(Il) complex; Silver(I)

complex; DNA-binding property; Antioxidant property

1. Introduction

Compounds containing N-coordinated ligands such as imidazole, benzimidazole, pyridine,
or pyrazole as well as thioether or mercapto groups produce different kinds of transition
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metal complexes which exhibit biological (antibacterial, antifungal, and pesticidal) activities
[1-3]. Benzimidazole as a ligand toward transition metal ions has been of interest for design
of DNA cleaving reagents in a number of biological models [4-8]. Transition metal com-
plexes have attracted attention as catalytic systems for use in oxidation of organic com-
pounds [9], probes in electron transfer reactions involving metalloproteins [10], and
intercalators with DNA [11]. Manganese forms complexes and some manganese complexes
exhibit excellent biological activities [12]. Considerable attention has been focused on the
use of benzimidazole complexes as intercalating agents of DNA [13, 14]. Therefore, transi-
tion metal complexes containing a benzimidazole-based ligand are a subject of intensive
research for their rich coordination chemistry and established and potential applications
[15, 16].

In previous studies [17-20], we investigated the coordinating ability of various benzimid-
azole ligands and the corresponding transition metal complexes. In this article, a bis(2-benz-
imidazolylmethyl)amine (IDB) ligand and its Mn(Il) and Ag(I) complexes have been
synthesized and characterized. The DNA-binding behaviors were investigated by spectro-
photometric methods and viscosity measurements. Antioxidant activities of the Mn(II)
complex were determined by superoxide (O,*) and hydroxyl radical (OH") scavenging
methods in vitro.

2. Experimental setup

2.1. Physical measurements and materials

C, H, and N analyses were determined using a Carlo Erba 1106 elemental analyzer. IR
spectra were recorded from 4000 to 400 cm™' with a Nicolet FT-VERTEX 70 spectrometer
using KBr pellets. Electronic spectra were taken on a Lab-Tech UV Bluestar spectropho-
tometer. Fluorescence spectra were recorded on a LS-45 spectrofluorophotometer at room
temperature. Viscosity experiments were conducted on an Ubbelodhe viscometer, immersed
in a thermostated water bath maintained at 25+ 0.1 °C. The antioxidant activities were per-
formed in a water bath with a 722sp spectrophotometer.

Ethidium bromide (EB) and calf thymus DNA (CT-DNA) were purchased from Sigma-
Aldrich and used without purification. EDTA and safranin were purchased in China.
Mn(pic), and Ag(pic), were synthesized from manganese carbonate and silver carbonate
with picric acid. Other reagents and solvents were of reagent grade obtained from commer-
cial sources and used without purification. Tris—HCI buffer, Na,HPO,—NaH,PO, buffer,
and EDTA—Fe(Il) solutions were prepared using double distilled water. All the experiments
involving interaction of the ligand and the complex with CT-DNA were carried out in dou-
ble distilled water buffer containing 5 mM Tris and 50 mM NaCl, and adjusted to pH 7.2
with hydrochloric acid. The CT-DNA concentration per nucleotide was determined spectro-
photometrically by employing an extinction coefficient of 6600 M~ cm™" at 260 nm [21].

2.2. DNA-binding study

The mode of binding of the complexes to CT-DNA was studied with electronic absorption
spectroscopy, fluorescence spectroscopy, and viscosity measurements. Absorption titration
experiments were performed with fixed concentrations of the complexes, while gradually
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increasing the concentration of CT-DNA. To obtain the absorption spectra, the required
amount of CT-DNA was added to the solution of the complex and the reference solution to
eliminate the absorbance of CT-DNA itself. The binding constant (K,) was determined
using the equation [22]:

[DNA}/(Sa — Sf) = [DNA]/(&b — Sf) + I/Kb(sb — Sf)

The EB competitive experiment was carried out by titrating the complex step by step into
EB-DNA complex solution. The influence of the addition of each compound to the EB-
DNA complex solution was obtained by recording the variation of the fluorescence emis-
sion spectra. Fluorescence spectra of EB were measured using an excitation wavelength of
520 nm, and the emission range was set between 550 and 750 nm. The spectra were ana-
lyzed according to the classical Stern—Volmer equation [23]:

I/I =1+ Ky[Q]

Viscosity experiments were conducted on an Ubbelohde viscometer, immersed in a water
bath maintained at 25.0 + 0.1 °C. Data are presented as (17/570)"> versus the ratio of the con-
centration of the compound to CT-DNA, where # is the viscosity of CT-DNA in the pres-
ence 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 the buffer alone (#y), 7= (¢ — %) [24].

2.3. Antioxidant property

The antioxidant radical scavenging activity of the Mn(II) complex was determined by the
superoxide and hydroxyl radical methods in vifro. The experimental content is consistent
with the reference literature [20].

2.4. Preparation of the ligand and its complex

2.4.1. Preparation of bis(2-benzimidazolylmethyl)amine (IDB). IDB was synthesized
according to the published procedure [25]. The infrared and UV spectra of IDB were con-
sistent with the literature data [26, 27]. Yield: 2.19 g (59.1%). Calcd (%) for C;¢H;5Ns: C,
69.30; H, 5.45; N, 25.26. Found (%): C, 69.35; H, 5.47; N, 25.16. UV-vis (4, nm): 277,
283. FT-IR (KBr v/iem™'): 1270 w(C-N); 1436 »(C=N); 1620 »(C=C). 'H NMR (DMSO
300 MHz) o/ppm: 12.3 (1H, N-H); 7.144 (m, 4H,); 7.5 (d, 4H); 4.0 (s, 4H).

2.4.2. Preparation of Mn(II) complex. To a stirred solution of IDB (0.111 g, 0.40 mM) in
hot EtOH (10 mL) was added to a solution of Mn(pic), (0.102 g, 0.2 mM) in MtOH (2 mL).
A yellow crystalline product formed rapidly. The precipitate was filtered off, washed with
EtOH and absolute Et,O, and dried in vacuo. The dried precipitate was dissolved in EtOH
to form a yellow solution into which Et,O was allowed to diffuse at room temperature.
Crystals suitable for X-ray measurements were obtained after four weeks. Yield: 0.123 g
(57.7%). Calcd (%) for C44H34MnNcO4: C, 49.54; H, 3.19; N, 21.02. Found (%): C,
49.62; H, 3.10; N, 21.31. UV-vis (4, nm): 275, 286, 379. FT-IR (KBr v/cmfl): 1274
V(C-N); 1451 v(C=N); 1635 w(C=C).
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2.4.3. Preparation of Ag(I) complex. IDB (0.111 g, 0.4 mM) and silver (I) picrate (0.134 g,
0.4 mM) were dissolved in methanol (10 mL). The reaction mixture was stirred for 4 h. The
precipitate was filtered off, washed with MeOH and absolute Et,O, and dried in vacuo. The
product was dissolved in MeCN to form a yellow solution that was allowed to evaporate at
room temperature. Yellow crystals suitable for X-ray diffraction were obtained after two
weeks. Yield: 0.132 g (53.8%). Calcd (%) for C44H3,AgoN16014: C, 43.11; H, 2.61; N, 18.29.
Found (%): C, 43.17; H, 2.58; N, 18.52. UV—-vis (4, nm): 275, 280, 407. FT-IR (KBr v/cm™"):
1276 v(C-N); 1456 v(C=N); 1622 v(C=C).

2.5. 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 Ko radiation
(A=0.71073 A) at 296(2) 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
hydrogens were found in difference electron maps and were subsequently refined in a
riding-model approximation with C-H distances ranging from 0.93 to 0.97 A and
Uiso(H)=1.2 U,(C). Basic crystal data, details of the diffraction experiment, and the
structure refinement are given in table 1. Selected atomic distances and angles of the com-
plexes are listed in table 2.

Table 1. Crystal and structure refinement data for 1 and 2.

Complex

1

2

Molecular formula

Cy44H34MnN ;6014

C44H34AgN 16014

Molecular weight 1065.81 1226.61
Crystal system Monoclinic Monoclinic
Space group C2/c P2(1)/n

a(A) 23.852(7) 10.2046(10)

b (A) 9.691(3) 18.2502(17)

¢ (A) 21.422(7) 25.056(2)

£ 118.591(2) 96.6220(10)
V(A% 4348(2) 4635.3(8)

V4 4 4

D (Caled)(g cm ™) 1.628 1.76

F000) 2188 2464

Crystal size (mm) 0.36 x 0.34 x0.32 0.4x0.38x0.3
6 Range for data collection 2.17-25.5 1.98-25.50
h/k/l (max, min) —28,28/-11,11/-25,25 —12,12/-22,20/-25,30
Reflections collected 15,260 24,463
Independent reflections 4053/0.0529 8617/0.0213

Refinement method
Data/restraints/parameters

Full-matrix least-squares on F>
4053/0/343

Full-matrix least-squares on F~
8617/0/685

Goodness-of-fit on F* 1.007 0.0291/0.0698
Final R, wR, indices [/>20()] 0.0469/0.0992 0.0370/0.0737
R}, wR; indices (all data) 0.0812/0.1137 1.039

Largest diff. peak and hole (e A7) 0.593/-0.373 0.57/-0.51
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Table 2.  Selected bond lengths (A) and angles (°) of 1 and 2.
1

Mn-N(5) 2.218(2) Mn-N(1)#1 2.385(3)
Mn-N(5)#1 2.218(2) Mn-NG)#1 2.227(2)
Mn-N(3) 2.227(2) Mn-N(1) 2.385(3)
N()-Mn-N(5)#1 165.20(13) NG)-Mn-N(1#1 152.74(8)
N(5)-Mn-N(3) 97.13(9) N(G)#1-Mn-N(1)#1 72.50(9)
N(5)#1-Mn-N(3) 88.85(9) N(5)-Mn-N(1) 74.93(9)
N(5)-Mn-NG)#1 88.85(9) N(5)#1-Mn-N(1) 94.17(9)
N(5)#1-Mn-N(3)#1 97.13(9) N(3)-Mn-N(1) 72.50(9)
NG3)-Mn-NG3)#1 132.27(12) NG)#1-Mn-N(1) 152.74(8)
N(5)-Mn-N(1#1 94.17(9) N(5)#1-Mn-N(1#1 74.93(9)
N(1)#1-Mn-N(1) 86.74(13)

2

Ag(1)-N(5) 2.162(2) Ag(2)-N(6) 2.717(2)
Ag(1)-N(8) 2.122(2) Ag(1)-Ag(2) 3.0809(4)
Ag(2)-N(10) 2.140(2) Ag2)NG) 2.1356(19)
Ag(1)-N(1) 2.563(2)

N(5)-Ag(1)-N(8) 155.02(8) N(10)-Ag(2)-N(3) 157.52(9)
N(8)-Ag(1)-N(1) 130.55(7) N(G3)-Ag(2)-N(6) 130.45(7)
N(5)-Ag(1)-N(1) 73.03(7) N(10)-Ag(2)-N(6) 70.19(8)
N(8)-Ag(1)-Ag(2) 78.34(6) N(10)-Ag(2)-Ag(1) 101.56(7)
N(5)-Ag(1)-Ag(2) 93.99(6) NG)-Ag(2)-Ag(1) 74.10(6)
N(1)-Ag(1)-Ag(2) 93.02(5) N(6)-Ag(2)-Ag(1) 87.09(5)

Note: Symmetry transformations used to generate equivalent atoms: #1 —x, y, —z+ 1/2.

3. Results and discussion

The two complexes are soluble in polar aprotic solvents such as DMF and DMSO, slightly
soluble in ethanol, methanol, ethyl acetate, and chloroform, and insoluble in water, Et,0,
and petroleum ether. The elemental analyses show that the compositions are [Ag,(IDB);]
(pic), and [Mn(IDB),](pic),, which were confirmed by crystal structure analysis.

3.1. IR and electronic spectra

IR spectra of the free ligand and the two complexes were recorded and assigned. IDB
shows absorptions of benzimidazole at 1270, 1436, and 1620 cm ! assigned to v(N-C),
W(C=N), and v(C=C), respectively [30]. Two bands were found at 1274 and 1451 cm™" for
the Mn(II) complex, shifted 4-15cm™", the location of the band is slightly shifted for the
Ag(I) complex, with 1436 cm™" shifted to 1456 cm™', attributed to coordination of benz-
imidazole nitrogen [31]. Information regarding the possible bonding modes of picrate and
benzimidazole rings may be obtained from IR spectra, such as 709, 742, 744, 1272, 1334,
1336, and 1633 cm™". This agrees with the result determined by X-ray diffraction.

DMF solutions of IDB and of the complexes show, as expected, almost identical UV
spectra. The UV bands of IDB (277, 283 nm) are only marginally shifted by 2—3 nm in the
two complexes, clear evidence of C=N coordination. These bands are assigned to z—r*
(imidazole) transitions [32]. A new absorption at (379, 407 nm) in the Mn(Il) and Ag(l)
complexes is attributed to z—z* (Pic) transitions.
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Figure 1. The Mn(II) showing displacement ellipsoids at the 30% probability level. Hydrogens and anion omitted
for clarity.

3.2. X-ray structures of [Mn(IDB),](pic), and [Ag,(IDB),](pic),

On the basis of single-crystal X-ray analysis of [Mn(IDB),](pic),, Mn is located at the cen-
ter of a distorted octahedron, which consists of six nitrogens from two ligands. The Mn(II)
complex crystallized in the monoclinic lattice with a C2/c space group.

The molecular structure of the Mn(I) complex is shown in figure 1. The coordination
geometry of Mn(II) may be best described as distorted octahedral with four benzimidazole
nitrogens (N3, N5, N1A, and N5A) from an equatorial plane. The axial positions are occu-
pied by IDB N1 and another IDB N3A. The distance between the axial N3A and the equa-
torial plane is 2.188 A, but the distance between the axial N1 and the equatorial plane is
2.385 A. The shortest Mn—N bond length is 2.218(2) A and the longest is 2.385(3) A. The
bond angle of N1 and N3A in axial positions is 152.74(8)°. Compared with a regular octa-
hedron, the bond lengths and bond angles show distortion. In the crystal, adjacent picrate
rings are concatenated by 77 interactions (d=3.673 A), adjacent benzimidazole rings and
picrates are concatenated by -7 interactions (d=3.783 A). As shown in figure 2, an
S-shaped, 1-D chain is formed by 7z ‘7 interactions which increase the stability of the
crystal packing.

Figure 2. z—r stacking interactions and S-shaped, 1-D chain in Mn(II) complex (for clarity, selected atoms were
omitted).
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The molecular structure of the silver(I) complex is shown in figure 3. In the complex,
two Ag(I) ions and IDB ligands form a binuclear [Ag,(IDB),](pic),, and two IDB ligands
take the shape of a semi-cross. There exists a Ag(1)--*Ag(2) bond in the asymmetric unit
(Ag(1)-Ag(2)=3.0809(4) A), which is similar to our previous reports [33]. Each silver(I)
is coordinated by two nitrogens (Ag(1)-N(1)=2.563(2) and Ag(1)-N(5)=2.162(2) A, Ag
(2)-N(10)=2.140(2) and Ag(2)-N(6)=2.717(2)A) from one ligand, as well as one
nitrogen (Ag(1)-N(8)=2.122(2) and Ag(2)-N(3)=2.1356(19) A) from the other ligand.
Thus, each silver(I) ion is AgNj; trigonal planar, with a Ag:--Ag contact roughly perpendicu-
lar to this plane. In the crystal, adjacent benzimidazole rings and picrates are concatenated
by 7+ interactions (d=3.592(0) A), extending along the a axis, as shown in figure 4. In
addition, hydrogen bonds (N-H::-O) are formed along the b axis, which also contribute to
the stability of the structure.

Figure 3. The cation of the Ag(l) complex showing displacement ellipsoids at the 30% probability level.
Hydrogens and anions are omitted for clarity.

Figure 4. n—x stacking interactions and weak O--*H-N hydrogen bonding in the crystal of the complex (for
clarity, selected atoms were omitted).
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3.3. DNA-binding properties

3.3.1. Electronic absorption. Electronic absorption spectroscopy is a powerful experimen-
tal technique for probing metal ion—-DNA interactions. Absorption titration can monitor the
interaction of a compound with DNA. The obvious hypochromism and red shift are usually
characterized by non-covalent intercalation of a compound to the DNA helix, due to the
strong stacking interaction between the aromatic chromophore of the compound and the
base pairs of DNA [34].

Electronic absorption spectra of the two complexes in the absence and presence of
CT-DNA are given in figure S1 (see online supplemental material at http://dx.doi.org/
10.1080/00958972.2014.917632). With increasing DNA concentration, the absorption at
273 nm of the Mn(II) complex exhibits hypochromism of 23.26%. Ky, is given by the ratio
of the slope to the intercept. Ky, value of the Mn(Il) complex is (4.33+0.035) x 10* M ™'
(R=0.98 for 10 points), which is consistent with the hypochromism degree. The absorption
band of the Ag(I) complex at 280 nm exhibits hypochromism of 25.9%. It is a general
observation that hypochromicity in the absorption spectra accompanies the binding of mole-
cules to DNA. The extent of the spectral change is related to the strength of binding [35].
From the results of the electronic absorption spectroscopy, the binding constant Kj, for the
Ag(I) complex from the plot of [DNAJ/(e, — &) versus [DNA] is (2.3£0.045)x 10* M
(R=0.96 for nine points). The results indicate that the binding strength of the two
complexes follows the order: Mn(Il)> Ag(I). Compared with those of the so-called
DNA-intercalative ruthenium complexes (1.1 x 10*—4.8 x 10*M™") [36], we can conclude
that the Mn(Il) and Ag(I) complexes interact with CT-DNA in the intercalation mode,
which may be due to the large coplanar aromatic rings in the complex that facilitate its
intercalation with the base pairs of the double helical DNA. The order of DNA-binding
affinity may be explained by the Mn(Il) complex being an S-shaped, 1-D polymer chain
formed by 7*--7 interactions, which is conducive to the DNA binding.

3.3.2. Fluorescence spectroscopy. EB emits intense fluorescence in the presence of CT-
DNA, due to its strong intercalation between the adjacent CT-DNA base pairs. It is reported
that the loss of fluorescence intensity at the maximum wavelength indicates displacement of
EB from EB-DNA complex by a compound and the intercalative binding between the com-
pounds with DNA [37]. The changes observed in the spectra of EB on its binding to CT-
DNA are often used for the interaction study between DNA and other compounds, such as
metal complexes [38]. The effect of a complex with the EB-DNA complex was studied by
adding a certain amount of a solution of the complex step by step into the buffer solution
of the EB-DNA complex [39].

The emission spectra of the EB-DNA system in the absence and presence of the
Mn(II)/Ag(I) complexes are displayed in figure S2. The behavior of the Mn(Il)/Ag(I)
complexes is in agreement with the Stern—Volmer equation, which provides further evidence
that there are interactions between the complexes and DNA. The K, values for 1 and 2
were (7.6+0.050)x 10*M™" (R=0.97 for seven points) and (3.91+0.036)x 10* M
(R=0.98 for eight points). The values of the complexes show that they can displace EB
and bind to DNA [40-43]. The data show that the interaction of the Mn(II) complex with
DNA is stronger than that of the Ag(I) complex, which is consistent with the above
absorption.
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3.3.3. Viscosity measurements. To further explore the interaction between the metal
complexes and DNA, the relative specific viscosity of DNA was examined by varying the
concentration of the added metal complexes. Hydrodynamic measurements that are sensitive
to length change (i.e. viscosity and sedimentation) are regarded as the least ambiguous and
the most critical tests of binding in solution in the absence of crystallographic structural
data [44]. The effects of the two complexes on the viscosity of DNA at 25.0 °C are shown
in figure S3. The viscosity of the DNA increases steadily with increasing amounts of 1 or
2. As shown in figure S3, the Mn(Il) complex can intercalate more deeply than the Ag(I)
complex. The results obtained from viscosity studies also validate those obtained from the
spectroscopic studies. Therefore, we draw the conclusion that complexes can bind to DNA
in an intercalative mode.

3.4. Antioxidant activities

3.4.1. Hydroxyl radical scavenging activity. Mannitol is a well-known natural antioxi-
dant, so we also studied the scavenging activity of mannitol against hydroxyl radicals using
the same mode [45]. The 50% inhibitory concentration (ICso) value of mannitol is about
9.6 x 107> M. According to the antioxidant experiments, the ICs, of the Mn(IT) complex is
2.24 x 107> M [figure 5(a)], which implies that the Mn(II) complex exhibits better scaveng-
ing activity than mannitol. It was believed that the information obtained from the present
work would be useful to develop new potential antioxidants and therapeutic agents for some
diseases.

3.4.2. Superoxide radical scavenging activity. As another significant assay of antioxidant
activity, superoxide (O;") scavenging activity of the title complexes has been investigated.
Complex 1 has good superoxide radical scavenging activity, but 2 and IDB do not have
activity. As can be seen from figure 5(b), the Mn(II) complex shows an ICsy value of
0.74 x 10"®M, which indicates that it has potent scavenging activity for the superoxide
radical (O,*) and may act as an inhibitor (or a drug) to scavenge superoxide radicals
in vivo, which needs further investigation.
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Figure 5. Plots of antioxidation properties for the Mn(Il) complex; (a) represents the hydroxyl radical scavenging
effect (%) for the Mn(Il) complex; (b) represents the superoxide radical scavenging effect (%) for the Mn(II)
complex.
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4. Conclusion

In this article, new Mn(II) and Ag(I) complexes have been synthesized and characterized.
The structures of the two complexes were determined on the basis of elemental analyses,
molar conductivities, IR spectra, UV-vis spectra, and X-ray crystallography. The
DNA-binding experiments suggest that the two complexes bind to DNA in an intercalation
mode, which may be due to charge transfer and reduction of the charge density of the
planar conjugated system upon coordination to the metal complex. The binding strength of
the two complexes follows the order: Mn(II)> Ag(I). Additionally, the Mn(II) complex
exhibited antioxidant activities against OH" and O; " radicals in vitro. These findings will be
helpful to understanding of the mechanism of interactions with DNA and should be useful
in the development of 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 Center with reference numbers
CCDC 950643 and 932318. 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.ccdc.cam.ac.uk.
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