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A tripod ligand tris(N-methylbenzimidazol-2-ylmethyl)amine (Mentb) and its nickel(II) picrate
(pic) complex, with composition [Ni(Mentb)(DMF)(H,O)](pic);,, have been synthesized and char-
acterized on the basis of elemental analyses, molar conductivities, IR spectra, and UV/Vis measure-
ments. Single-crystal X-ray diffraction revealed that the Ni atom is six-coordinated in a distorted
octahedral geometry. In addition, the DNA-binding properties of the ligand Mentb and its Ni(Il)
complex have been investigated by electronic absorption, fluorescence and viscosity measurements.
The experimental results suggest that the ligand and its Ni(II) complex bind to DNA via an intercala-
tion binding mode, and their binding affinity to DNA follows the order of complex > ligand.
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Introduction

The interaction of DNA with transition metal com-
plexes has gained considerable current interest due to
its various applications in cancer research and nucleic
acid chemistry [1, 2]. Studies on the interaction of tran-
sition metal complexes with DNA continue to attract
the attention of researchers due to their importance
in design and development of synthetic restriction en-
zymes, chemotherapeutic drugs and DNA foot print-
ing agents [3—9]. Since the characterization of ure-
ase as a nickel enzyme in 1975, the knowledge of
the role of nickel in bioinorganic chemistry has been
rapidly expanding [10]. The interaction of Ni(Il) com-
plexes with DNA appears to be mainly dependent on
the structure of the ligand exhibiting intercalative be-
havior [11-13].

Fused imidazole derivatives have occupied a promi-
nent place in medicinal chemistry because of their sig-
nificant properties as clinical therapeutics [14-17].
Thus, benzimidazole is used in the pharmaceutical in-
dustry, and substituted benzimidazole derivatives have
also found diverse therapeutic applications [18 —23].

In this context, we synthesized and characterized a
novel Ni(Il) complex. Moreover, we describe the in-
teraction of the novel Ni(II) complex with DNA using
electronic absorption and fluorescence spectroscopy
and viscosity measurements.

Experimental Section

Instrumentation

The C, H and N elemental analyses were carried out us-
ing a Carlo Erba 1106 elemental analyzer. Electrolytic con-
ductance measurements were made with a DDS-11A-type
conductivity bridge using a 1073 mol L~! solution in DMF
at room temperature. The IR spectra were recorded in the
4000-400 cm ™! region with a Nicolet FT-Vertex 70 spec-
trometer using KBr pellets. Electronic spectra were taken
on a Lab-Tech UV Bluestar spectrophotometer. The fluores-
cence spectra were recorded on a 970-CRT spectrofluoropho-
tometer.

Materials and methods

Calf thymus DNA (CT-DNA) and ethidium bromide (EB)
were purchased from Sigma Chemicals Co. (USA). All
chemicals used were of analytical grade. All the experiments
involving interaction of the ligand and the complexes with
CT-DNA were carried out in doubly distilled water buffer
containing 5 mM Tris and 50 mM 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 about 1.8—
1.9, indicating that the CT-DNA was sufficiently free of pro-
tein [24]. The CT-DNA concentration per nucleotide was de-
termined spectrophotometrically by employing an extinction
coefficient of 6600 M~!-cm~! at 260 nm [25].

Absorption titration experiments were performed with
fixed concentrations of the compounds, while gradually in-
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creasing the concentration of DNA. While measuring the
absorption spectra, a proper amount of DNA was added to
both the compound solution and the reference solution to
eliminate the absorbance of DNA itself. From the absorption
titration data, the binding constant was determined using the
equation [26]

[DNA]/(€a — &) = [DNA]/(&, — &) + 1 /Ky (€ — &)

where [DNA] is the concentration of DNA in base
pairs, & corresponds to the extinction coefficient observed
(Aobsa/[M]), & corresponds to the extinction coefficient of
the free compound, &, is the extinction coefficient of the
compound when fully bound to DNA, and Kj, is the intrin-
sic binding constant. The ratio of slope to intercept in the
plot of [DNA]/ (€, — &) vs. [DNA] gives the values of K.

Ethidium bromide emits intense fluoresence light in the
presence of DNA, due to its strong intercalation between the
adjacent DNA base pairs. It has previously been reported
that the enhanced fluorescence can be quenched by the ad-
dition of a second component [27, 28]. The quenching extent
of fluorescence of EB bound to DNA is used to determine
the extent of binding between the second component and
DNA. The experiments of DNA competitive binding with
EB were carried out in the buffer by keeping [DNA]/[EB] =
1 and varying the concentrations of the ligand and of the
Ni(II) complex. The fluorescence spectra of EB were mea-
sured using the excitation wavelength of 520 nm the emis-
sion range being set between 550 and 750 nm. The spectra
were analyzed according to the classical SternVolmer equa-
tion [28, 29]

Ip/I =1+ K [0]

where Iy and [ are the fluorescence intensities at 599 nm
in the absence and presence of the quencher, respectively,
K,y is the linear Stern-Volmer quenching constant, and [Q]
is the concentration of the Ni(Il) complex ([CT-DNA] =
2.5%x 1073 molL™!, [EB] = 2.2 x 1073 mol L™ 1).

Viscosity experiments were conducted on an Ubbelodhe
viscosimeter, immersed in a thermostated water bath main-
tained at 25+0.1 °C. Titrations were performed for the com-
pounds (3 mM), and each compound was introduced into the
CT-DNA solution (50 uM) present in the viscometer. Data
were presented as (1/1o) 1/3 ys. the ratio of the concentra-
tion of the compound to CT-DNA, where 1 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 the CT-DNA containing so-
lution corrected for the flow time of buffer alone (7y) with the
equation 1 = (r —tg) /1o [30].

Preparation of the ligand Mentb

This compound was synthesized according to literature
methods [31]. Yield: 4.6 g (51 %); m.p.: 215-217 °C (m. p.:

Table 1. Crystallographic data and data collection parameters
for the Ni(II) complex.

Complex [Ni(Mentb)(DMF)(H, O)](pic)2

Molecular formula C42 H40 Ni N14 O16

Molecular weight 1055.59

Crystal size, mm?> 0.25%x0.22x0.11

Crystal system triclinic

Space group P1

a, A 12.0768(3)

b, A 13.2619(4)

¢ A 15.3544(4)

o, deg 108.5830(10)

B, deg 95.7030(10)

7, deg 99.5060(10)

v, A3 2268.36(11)

V4 2

Deaid, gcm ™3 1.55

u (MoKgy), mm~! 0.5

F(000), e 1092

6 range for data collection, deg 3.07-25.50

hkl range —14<h<14,-16<k <16,
—17<1<18

Reflections collected /unique / Rj,, 18738 / 8420 / 0.0405

Data / parameters 8420 /668

Final R; /wR; indices [I > 20 (I)]* 0.0490/0.1033
R1/wR7 indices (all data)® 0.0930/0.1530

Goodness-of-fit® onF? 1.177
Largest differences
peak / hole, e A3 1.01/—1.24

CRy = E||Fo| = |Fel| [ZIFo|; P wRy = [Ew(Fy? — F2)? [Ew(F)] 2,
w = [62(F2) + (0.0387P)% + 5.5779P]7!, where P =
(MaX(F027O) + 2Fc2)/3; ¢ GoF = [ZW(FOZ - Fcz)z/(”obs -

Nparam )]

215 °C [31]). — IR (selected data, KBr, cm™!): v = 1288
(VeN)» 1516 (Vean), 1475 (Ve=N-c=C)-

Preparation of the complex [Ni(Mentb)(DMF)(H,O0)](pic),

To a stirred solution of Mentb (0.0899 g, 0.2 mmol) in
hot MeOH (10 mL) was added Ni(pic), (0.103 g, 0.2 mmol)
in MeOH (5 mL). A pale-green crystalline product formed
rapidly. The precipitate was filtered off, washed with MeOH
and absolute Et,O, and dried in vacuo. The dried pre-
cipitate was dissolved in DMF to form a green solution
into which Et;O was allowed to diffuse in at r.t. Pale-
green crystals of [Ni(Mentb)(DMF)(H,O)](pic), suitable for
X-ray diffraction were obtained after five days. — Anal.
for C4pH4oNiN14016 (1055.56): caled. C 47.79, H 3.82,
N 18.58, Ni 5.56; found C 47.82, H 3.79, N 18.51, Ni 5.53. —
Am (DMF, 297K): 127.82 Scm?*mol~!'. — IR (selected
data, KBr, cm™!): v = 1261 (ven), 1500 (veon), 1456
(Ve=N-c=C)-

X-Ray crystallography

A suitable single crystal was mounted on a glass fiber,
and the intensity data were collected on a Rigaku R-axis Spi-
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NN 2.0703)  NNG) 20353)  NicO(1) 2.06303) Table 2. Selected bond lengths (A) and
Ni-N(3) 2.051(3) Ni-N(7) 2.181(3) Ni-O(2) 2.107(3) angles (deg) of the Ni(II) complex.
N(1)-Ni-N(7) 80.15(13) N(5)-Ni-N(3) 92.83(14) O(1)-Ni-N(1) 96.60(13)
N@B)-Ni-N(7)  79.47(12) N(3)-Ni-N(1) 158.76(13) N(5)-Ni-O(2) 170.80(12)
N()-Ni-N(7)  82.86(13) N(5)-Ni-N(1) 90.51(13) N(3)-Ni-O(2) 83.92(12)
O(1)-Ni-N(7) 175.27(12) N@B3)-Ni-O(1) 104.09(12) N(1)-Ni-O(2) 89.50(12)
O(2)-Ni-N(7)  88.08(12) N(5)-Ni-O(1) 93.78(12) O(1)-Ni-O(2) 95.35(11)
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der (Japan) diffractometer with graphite-monochromatized
MoK, radiation (A = 0.71073 10%) at 153(2) K. Data reduc-
tion and cell refinement were performed using RAPID AUTO
programs [32]. The absorption correction was carried out by
empirical methods. The structure was solved by Direct Meth-
ods and refined by full-matrix least-squares against F'2 using
SHELXTL software [33]. All H atoms were found in differ-
ence electron maps and were subsequently refined in a riding
model approximation with C—H distances ranging from 0.95
t0 0.99 A and Uiso(H) = 1.2 or 1.5 Ueq(C). The crystal data
and experimental parameters relevant to the structure deter-
mination are listed in Table 1.

CCDC 721282 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Results and Discussion

The complex is soluble in DMF and DMSO but
insoluble in water and organic solvents, such as
methanol, ethanol, petroleum ether, trichloromethane,
etc. The results of the elemental analyses show that
the composition is [Ni(Mentb)(DMF)(H,0)](pic),. A
comparsion of molar conductance values for 1 : 2 elec-
trolytes previously reported in the literature [34] shows
agreement for the solution of the complex in DMF.

014

Fig. 1. The molecular structure of the
Ni(II) complex in the crystal with dis-
placement ellipsoids at the 30 % prob-
ability level; H atoms are omitted for
clarity.

The molecular structure of the Ni(II) complex is
shown in Fig. 1, selected key bond lengths and angles
are shown in Table 2. The crystal structure of the com-
plex consists of a discrete [Ni(Mentb)(DMF)(H,0)]>*
cation and two picrate anions. The Ni(Il) atom is six-
coordinate with a NiN4O, environment. The Mentb
ligand acts as a tetradentate N-donor, the remaining
sites being occupied by two O atoms from a water and
a DMF molecule.

The bond length between the nickel ion and the api-
cal nitrogen atom Ni—-N(7) is 2.181(3) A, which is
about 0.127 A longer than the bond lengths between
the nickel ion and the basal nitrogen atoms (2.035(3)—
2.070(3) A, average = 2.052(3) A). The average bond
angle (NA-Ni—NB) of the axial nitrogen atoms (NA =
N7), the nickel ion, and the basal nitrogen atoms (NB =
N1, N3, N5) is 80.83°, and the nickel ion is 0.359 A
above the basal plane N1-N3-N5. The DMF is accom-
modated at the open axial site without any significant
change in the pseudo-octahedral geometry of the com-
plex (average NB-Ni—-NB = 114.03°). In the dichloro
complex MnH(ntb)Clz, a sixth ligand, the chloride an-
ion, opens one site of the trigonal basal plane to form a
square basal plane (NB—Mn—NB = 143.1°) [35]. When
a sixth ligand is coordinated to the metal complex
of a tripodal tetradentate ligand, the geometry of the
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three benzimidazole nitrogen atoms may be retained
while the complex changes its geometry from trigo-
nal bipyramidal to partial trigonal pyramidal; alterna-
tively, the geometry of the three benzimidazole nitro-
gen atoms may change from trigonal basal to square
basal to accommodate the new ligand with the com-
plex changing its geometry from trigonal bipyramidal
to octahedral.

IR and UV spectra

In the free ligand Mentb, a strong band is
found at ca. 1475 cm™!' together with a weak
band at 1516 cm~!. By analogy with the assigned
bands of imidazole, the former can be attributed
to V(C=N-C=C), while the latter can be attributed
to v(C=N) [31,36,37]. The bands are shifted by
around 20 cm~! in the complex, which implies direct
coordination of the metal ion to all four imine nitrogen
atoms, which are the preferred atoms for coordination
as found for other metal complexes with benzimida-
zoles [38]. Information regarding the possible bond-
ing modes of the picrate and benzimidazole rings may
also be obtained from the bands at 708, 1165, 1327,
and 1633 cm™!. The results agree with those deter-
mined by X-ray diffraction.

DMF solutions of the free ligand Mentb and its
complex show, as expected, identical UV spectra (Ta-
ble 3). The UV bands of Mentb (287,279 nm) are
only marginally blue-shifted (3—4 nm) in the com-
plex, which is clear evidence of C=N coordination
to the metal ion center. The absorption bands are as-
signed to © — m* (imidazole) transitions. The bands
of the picrate anions at 372 and 388 nm are assigned
to n — w* and w — 7 transitions [39]. The nickel
complex exhibits two absorptions instead of three in
the visible spectra because the 3A2g —>3T2g transition
probably appears in the near-IR region, which was
not detected [40]. This spectral pattern is typical of
six-coordinate, distorted octahedral nickel(II), as con-
firmed by the result of the structure analysis.

DNA binding properties

Electronic absorption titration

Electronic absorption spectroscopy is universally
employed to determine the binding characteristics of
metal complexes with DNA [41—43]. The absorption
spectra of the ligand Mentb, of the Ni(I) complex

Table 3. UV/Vis spectral data for the ligand and its complex.

Compound T—=m" 3Ay = TP Ay, —3T(F)
Mentb 279, 287
Ni(II) complex 276, 283 612 782

and of Ni(pic), in the absence and presence of CT-
DNA are given in Figs. 2a, b, and e, respectively. As
for the ligand Mentb with two well-resolved bands
at 259 and 274 nm (Fig. 2a), in Fig. 2b there are
also two well-resolved bands at about 274, 281 nm
for the complex. With increasing DNA concentrations,
the hypochromisms are 2.1 % at 274 nm for the lig-
and Mentb, and 39.5 % at 274 nm for the Ni(II) com-
plex. The A for the ligand increases only from 259
to 260, and for the complex from 281 to 282 nm, a
slight red shift of about 1 nm under identical experi-
mental conditions. The hypochromism and the slight
red shift suggest that the ligand Mentb and the Ni(II)
complex interact with DNA [44]. As shown in Fig. 2e,
Ni(pic), exhibits hypochromism of about 4.4 % and
bathochromism of 1 nm. It can be concluded that the
picrate anions might bind to CT-DNA in a weak inter-
calation mode, but the binding affinity of picrate anions
is much weaker than that of the Ni(I) complex.

The binding constant K3, for the complex has been
determined from the plot of [DNA]/ (&, — &) vs. [DNA]
and found to be 2.84 x 10* M~!. K;, for the ligand
(1.96 x 10* M~ 1) is thus smaller than for the complex.
Compared with those of a so-called DNA-intercalative
ruthenium complexes (1.1 x 10*—4.8 x 10* M~ 1) [45],
the binding constants (Kp) of Mentb and the Ni(II)
complex suggest that the two compounds most prob-
ably bind to DNA in an intercalation mode. With the
above intrinsic binding constant values, the binding
affinity of the Ni(Il) complex is stronger than that of
Mentb.

Competitive binding with EB

For measuring the ability of a complex to affect
the EB fluorescence intensity in the EB-DNA adduct,
the fluorescence quenching method can be used to de-
termine the affinity of the complex for DNA, what-
ever the binding mode may be. If a complex can re-
move EB from EB-loaded DNA, the fluorescence of
the solution will be quenched due to the fact that free
EB molecules are readily quenched by the surround-
ing water molecules [46]. The addition of the lig-
and Mentb does not provoke any significant changes
of the intensity or the position of the emission band
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Fig. 2. Electronic spectra of the ligand Mentb (a), the Ni(II)
complex (b) and Ni(pic); (e) in Tris-HCI buffer upon ad-
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for the titration of the ligand Mentb (c) and the Ni(II) com-
plex (d) with CT-DNA.
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Fig. 3. (a) Emission spectra of EB bound to DNA in the presence of the complex. [Complex] = 3 X 1073 M; Aex = 520 nm.
The arrow shows the intensity changes upon increasing concentrations of the complex. (b) Fluorescence quenching of EB
bound to CT-DNA by the Ni(II) complex (plot of Iy/I vs. [Complex]).

at 599 nm of the DNA-EB system indicating that the
ligand Mentb cannot replace EB from the DNA-EB
complex. The fluorescence quenching of EB bound to
CT-DNA by the Ni(Il) complex is shown in Fig. 3.
The quenching plots illustrate that the quenching of
EB bound to DNA by the complex is in good agree-
ment with the linear Stern—Volmer equation, which
also proves that the complex binds to DNA. The
Ky value for the Ni(Il) complex is 4.18 x 103 M.
The data suggest that the Ni(II) complex interacts
with DNA.

Viscosity studies

Optical photophysical probes generally provide nec-
essary, but not sufficient clues to support a binding
model. Measurements of DNA viscosity that is sensi-
tive to DNA length are regarded as the least ambigu-
ous and the most critical tests of binding in solution in
the absence of crystallographic structural data [47, 48].
Intercalating agents are expected to elongate the dou-
ble helix to accommodate the ligands in between the
bases leading to an increase in the viscosity of DNA. In
contrast, complexes that bind exclusively in the DNA
grooves by partial and/or non-classical intercalation,
under the same conditions, typically cause less pro-
nounced (positive or negative) or no change in DNA
solution viscosity [49]. The values of (17/1)'/> were

—a— ligand
1.25 —e— Ni complex R
—A— Ni(pic)2 ////!
1.204 /i(
. //r/'//
- &
2 1151 s e
=) //4 e '
?i 4‘/ .
~ 1.104 ad
e
1.05{ e < 4~
T T T T T T T T T T T T
0.1 0.2 03 04 0.5 0.6
[Compound}[DNA]

Fig. 4. Effect of increasing amounts of ligand, Ni(II) complex
and Ni(pic), on the relative viscosity of CT-DNA at 25.0 &
0.1°C.

plotted against [compound]/[DNA] (Fig. 4). Upon ad-
dition of the ligand, the Ni(II) complex and Ni(pic),
the viscosity of rod-like CT-DNA increased signifi-
cantly, which suggests that the ligand Mentb, the Ni(II)
complex and Ni(pic); can bind to DNA by intercala-
tion [50].

Conclusions

A new Ni(Il) complex [Ni(Mentb)(DMF)H,O0]-
(pic), has been synthesized and characterized. More-
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over, the DNA-binding properties of the ligand Mentb,
the new Ni(II) complex and Ni(pic), were investigated
by electronic absorption, fluorescence, and viscosity
measurements. The experimental results indicate that
ligand Mentb, Ni(Il) complex and Ni(pic), can bind
to CT-DNA in an intercalation mode. Their affinity to
DNA follows the order Ni(Il) complex > ligand. The
binding affinity of picrate anions is much weaker than
that of the Ni(Il) complex and the ligand. Informa-
tion obtained from our study will be helpful to under-

stand the mechanism of interactions of benzimidazoles
and their complexes with nucleic acids and should be
useful in the development of potential probes of DNA
structure and conformation.
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