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A six-coordinate picrate cadmium(Il) complex with a new
V-shaped ligand 1,3-bis(1-ethylbenzimidazol-2-yl)-2-thiapro-
pane: synthesis, crystal structure, and DNA-binding properties
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A V-shaped ligand 1,3-bis(1-ethylbenzimidazol-2-yl)-2-thiapropane (L) and its picrate
cadmium(Il) complex have been synthesized and characterized systematically. In
[Cd(L),](pic),, the Cd(II) is six-coordinate with N4S, donors of two ligands, forming a slightly
distorted octahedron. DNA binding properties were investigated by electronic absorption
spectroscopy, fluorescence spectroscopy, and viscosity measurements. The compounds bind to
DNA via intercalation and the order of binding affinity is ligand >complex.

Keywords: 1,3-Bis(1-ethylbenzimidazol-2-yl)-2-thiapropane; Cadmium(II) complex; Crystal
structure; DNA binding property; Intercalation mode

1. Introduction

Interactions of small molecules with DNA have attracted a great deal of attention [1-3],
because the interaction between small molecules and DNA can cause DNA damage
in cancer cells, blocking the division of cancer cells and resulting in cell death [4-6].
Drug research suggests that many anticancer agents, antiviral agents, and antiseptic
agents take action through binding to DNA [7-9]. Many studies indicate that transition
metal complexes interact with DNA by intercalation, groove binding, or external
electrostatic binding [10, 11]. A number of important applications of these complexes
require that they bind to DNA in an intercalative mode which is the same as cisplatin
[12]. In the broad class of heterocyclic compounds, nitrogen heterocycles play an
important role [13]. Many heterocyclic compounds from benzimidazole were synthe-
sized and their biological and pharmacological activities were investigated [14-20].
Therefore, interaction of transition metal complexes, especially containing planar
aromatic heterocyclic ligands which can insert and stack into the base pairs of the DNA
duplex [21-23] has attracted considerable attention [24-29].
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A review on crystal structures of Cd(II) complexes showed that cadmium(Il) has
coordination numbers of 4, 5, and 6 in about 19%, 18%, and 56%, respectively [30]. In
our previous work, a five-coordinate cadmium(II) complex has been reported [31]. Here
we report the synthesis, crystal structure, and DNA-binding of a six-coordinate picrate
Cd(II) complex with the new V-shaped ligand 1,3-bis(1-ethylbenzimidazol-2-yl)-2-
thiapropane.

2. Experimental

2.1. Materials and physical measurements

All chemicals and solvents were of reagent grade and used without purification.
Elemental analyses were determined using a Carlo Erba 1106 elemental analyzer.
IR spectra were recorded on a BRUKER FT-IR VERTEX 70 spectrometer from
4000 to 400cm~' using KBr pellets. 'H-NMR spectra were obtained with a
Mercury plus 400 MHz NMR spectrometer with TMS as internal standard and
CDCIl; as solvent. Electronic spectra were taken on a LabTech UV Bluestar
spectrophotometer. Fluorescence measurements were performed on a 970-CRT
spectrofluorophotometer. Electrolytic conductance measurements were made with a
DDS-307 type conductivity bridge using 10 *molL~" solution in DMF at room
temperature.

Calf thymus (CT-DNA) and ethidium bromide (EB) were obtained from Sigma
Chemical Co. (USA). Tris-HCI buffer solution containing SmmolL™" Tris-HCI/
50mmol L™' NaCl (pH =7.2) in doubly distilled water was used to prepare all stock
solutions for DNA binding studies. The stock solution of DNA (2.5 x 10~ *mol L")
was prepared in Tris-HCI/NaCl buffer (pH=7.2, stored at 4°C and used in less
than 4 days). The solution of CT-DNA gave a ratio of UV absorbance at 260 and
280 nm, Ayg/Ango, of 1.8-1.9, indicating that the DNA was sufficiently free of proteins
[32]. The concentration of CT-DNA was determined from its absorption intensity at
260nm with a molar extinction coefficient of 6600 (molL™")~'em™' [33, 34].
Absorption spectra of complex binding of DNA were performed by increasing
amounts of DNA to complex in SmmolL™" Tris-HCl/50 mmol L' NaCl buffer
(pH=7.2). The stock solution of ligand and complex was dissolved in DMF at
2x 10 mol L™

By fluorescence, the relative binding of complex to CT-DNA was studied with an
EB-DNA complex solution in SmmolL™" Tris-HCl/50mmolL™" NaCl buffer
(pH=7.2). Fluorescence intensities (520 nm excitation) were measured at different
complex concentrations. The experiment was carried out by titrating complex into
EB-DNA solution (([EB]=8.8 x 10 ®mol L™, [CT-DNA]=1 x 10> mol L™").

Viscosity experiments were carried out using an Ubbelodhe viscometer maintained
at 25.0£0.1°C in a thermostatic water-bath. Flow time was measured with a
digital stopwatch, each sample was measured three times, and an average flow time
was calculated. Titrations were performed for the complex (2-20 umolL~") and the
complex was introduced into the CT-DNA solution (50 umolL™") present in the
viscometer.
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2.2. Preparation of the ligand and its Cd(Il) complex

2.2.1. 1,3-Bis(1-ethylbenzimidazol-2-yl)-2-thiapropane (L). 1,3-Bis(benzimidazol-2-yl)-
2thiapropane (5.88 g, 0.02 mol), synthesized by a literature method [35], was suspended
in dry tetrahydrofuran (150mL) and stirred under reflux with potassium (1.56g,
0.04mol). The solution was stirred until potassium disappeared, then iodoethane
(7.70 g, 0.05 mol) was added. After 1h, the solvents were concentrated and the resulting
powder was washed with distilled water several times to remove KI. The solid
substances were recrystallized with MeOH and pale-yellow powder 1,3-bis(1-
ethylbenzimidazol-2yl)-2-thiapropane (L) was deposited. m.p.: 170-173°C. Anal.
Caled for CryHoN4S (%): C, 67.61; H, 6.19; N, 15.77. Found (%): C, 67.78; H,
6.03; N, 15.63. "H-NMR (400 MHz, CDCls), §: 7.31 (m, 4H, Ph), 4.12 (s, 2H, CH,),
4.28 (s, 2H, SCH,), 1.49 (s, 3H, CH3). IR (KBr, pellet, cm™"): 1274 vc ny, 1458 vien),
1616 V(c=0)-

2.2.2. [Cd(L),]J(pic);. The synthesis of the ligand and the Cd(II) complex is shown in
figure 1. To a stirred solution of 1,3-bis(1-benzylbenzimidazol-2-yl)-2-thiapropane
(0.175g, 0.50mmol) in hot MeOH (10mL) was added Cd(II) picrate (0.143 g,
0.25mmol) in MeOH (5mL); yellow solution without precipitate formed rapidly.
Pale yellow crystals suitable for X-ray diffraction studies were obtained by evaporation
of the filtrate after 1 week at room temperature. Anal. Calcd for C5,HygCdN 140145,
(%): C, 49.99; H, 2.98; N, 17.29. Found (%): C, 50.02; H, 3.01; N, 17.27. Selected IR
data (KBI' v/cmfl): 1267 V(C-N)» 1483 V(c=N)» 1631 V(c=0), 1311 Vs(Ar—NO»)»
1554 vasar—NOy)» 549 (s cay- Am (DMF, 297K): 146.7 S cm®mol ™'

2.3. X-ray structure determination of [Cd(L),](pic),

A suitable single crystal was mounted on a glass fiber and the intensity data were
collected with a Bruker APEX II area detector with graphite-monochromated Mo-Ka

>
O @* CHYCH i @ \@

N

{ )
N ST N+ Cdpie), — < - (pic),
@,& . N\© Q‘N" E \\N
A S A

Figure 1. The synthesis of the ligand and the Cd(II) complex (pic = picrate).
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Table 1. Crystal data and structure refinement for Cd(II) complex.

Formula [Cd(L),](pic)»
Molecular formula C52H43Cd N14014SZ
Molecular weight 1269.56

Crystal system Triclinic

Space group i P1

Unit cell dimension (A, °)

a 10.4712(8)

b 10.7193(9)

¢ 12.9985(10)

o 93.9670(10)

B 96.7010(10)

y . 107.7300(10)

Volume (A%), Z 1371.73(19), 1
Calculated density (Mgm ™) 1.537

F(000) 650

Crystal size (mm?) 0.40 x 0.38 x 0.30

6 min/max (°) 2.06/26.00

h/k/l (max, min) —12,7/-9,13/-14, 16
Reflections collected 7629

Independent reflection 5319 [R(int) =0.0148]
Refinement method Full-matrix least-squares on F?>
Data/restraints/parameters 5319/0/378
Goodness-of-fit on F* 1.032

Final R, wR; indices [I > 20(])] 0.0531, 0.1254

Ri, wR; indices (all data) ) 0.0583, 0.1298
Largest difference peak and hole (e A™%) 0.810 and —0.715

radiation (A=0.71073 A) at 296 K. Data reduction and cell refinement were per-
formed using SAINT [36] and empirical absorption corrections were performed using
SADARBS [37].

The structure was solved by direct methods and refined by full-matrix least-squares
against F? of data using SHELXTL software [38]. The non-H atoms in the structure
were subjected to anisotropic refinement. Hydrogens were located geometrically and
treated with the riding model. Crystal data and experimental parameters relevant to the
structure determination are listed in table 1 and the final positional and thermal
parameters are available as supplementary material.

3. Results and discussion

The ligand and the Cd(II) complex are stable in the atmosphere, remarkably soluble in
polar aprotic solvents such as DMF, DMSO, slightly soluble in ethanol, methanol, and
chloroform and insoluble in water. The molar conductivities in DMF indicate that the
Cd(IT) complex is a 1:2 electrolyte [39].

3.1. Crystal structure of [Cd(L),](pic),

The molecular structure of [Cd(L),](pic), along with the atom numbering scheme is
represented in figure 2 and selected bond lengths and angles are summarized in table 2.
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G=ic19 Co  c10
c20

Figure 2. Molecular structure of Cd(II) complex; hydrogens have been omitted for clarity.

Table 2. Selected bond lengths (A) and angles (°) of Cd(II) complex.

Cd(1)-N(1) 2.311(3) Cd(1)-N(1)#1 2.311(3)
Cd(1)-N(3) 2.342(3) Cd(1)-NG)#1 2.342(3)
Cd(1)-S(1) 2.7097(9) Cd(1)-S(1)#1 2.7097(9)
N(1)-Cd(1)-N(1)#1 180.0 N(1)-Cd(1)-N(3) 83.24(11)
N(1)#1-Cd(1)-N(3) 96.76(11) N(1)-Cd(1)-N3)#1 96.76(11)
N(D#1-Cd(1)-N(3)#1 83.24(11) N(3)-Cd(1)-NQ3)#1 180.0
N(1)-Cd(1)-8(1) 76.67(8) N(D)#1-Cd(1)-S(1) 103.33(8)
N(3)-Cd(1)-8(1) 76.57(8) NG3)#1-Cd(1)-S(1) 103.43(8)
N(1)-Cd(1)-S(1)#1 103.33(8) N(1)#1-Cd(1)-S(1)#1 76.67(8)
N(3)-Cd(1)-S(1)#1 103.43(8) NG)#1-Cd(1)-S(1)#1 76.57(8)
S(1)-Cd(1)-S(1)#1 180.0

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

The compound crystallizes in a triclinic space group Pi. The Cd(II) is coordinated by
two tridentate 1,3-bis(1-ethylbenzimidazol-2-yl)-2-thiapropane ligands. The cadmium is
six-coordinate octahedral, defined by the N4S, donors from two ligands. The Cd(II)
exhibits distorted octahedral geometry with N1, N1#, N3, N3# defining the equatorial
plane and the two sulfurs in axial positions. The distance between Cd-S1 and Cd-S1#
are 2.7097(9) A. The bond length of the Cd-N1 and Cd-N1# [2.311(3) A] is a bit shorter
than that of the Cd-N3 and Cd-N3# [2.342(3) A]. Angles around Cd(II) are close to
ideal octahedral values of 90/180°. The complex is fairly symmetrical and symmetry
transformations #1 —x, —y+ 1, —z were used to generate equivalent atoms.

The crystal packing of cadmium(II) complex is shown in figure 3. Adjoining picrate
anions are stabilized by weak 7. .. 7 stacking with centroid distances 3.964(1) A and the
plane-plane distances 3.390(2) A, 0 =20.496(2) [40]. One molecule of Cd(II) complex
and two picrate anions form an interesting 2D lamellar framework.

This arrangement generates a series of interesting small tubular channels within the
2-D network running along the a-axis (figure 4).
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\’%§ \ 3.964(1) A/ 13.390(2) A
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Figure 3. Packing of complex with (a) 7—7 stacking interactions and (b) 7— stacking by two picrate anions.

k!

k:

Figure 4. (a) The grid structure and (b) space-filling view of Cd(II) complex down the a-axis. The void space
is formed by two adjacent molecules of complex.

3.2. IR and electronic spectra

The IR spectrum of the free ligand shows characteristic absorption bands of
benzimidazole at 1274 and 1452cm™!, assigned to v ny and vcon), respectively [41,
42]. A shift of veny and veon) vibrations (ca 1267 and 1483 em™ ') of the Cd(II)
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complex support the argument that coordination occurs through imine nitrogens
[41, 43]. The metal complex shows one new band at 549nm not found in the
ligand, assigned to vs_cq [42]. Possible bonding of the picrate may also be obtained
from the IR spectra. Bands at 744, 1311, 1554, and 1631 cm ™! indicate that benzene
rings and ionic picrates are present [44], agreeing with the result determined by X-ray
diffraction.

Electronic spectra of the ligand and the metal complex were recorded in DMF at
room temperature. The strong absorption band of ligand (280 nm) is only marginally
red-shifted in the complex (281 nm) from (C=N-C=C) coordination to the metal. This
absorption is assigned to 7 — 7* (imidazole) [45].

3.3. DNA banding mode and affinity

3.3.1. Electronic absorption spectra. Absorption titration was carried out to investi-
gate possible binding modes and binding affinity of compounds with CT-DNA. A
compound binding to DNA through intercalation is characterized by hypochromism in
absorbance and red shift in wavelength from a strong stacking interaction between the
aromatic chromophore and the DNA base pairs [46]. The amount of hypochromism is
associated with the strength of the intercalative interaction [47—49]. In order to compare
the binding strength of the ligand and complex, intrinsic binding constants Kj, were
obtained by monitoring the changes in absorbance at 270-280nm for the two
compounds with increasing concentration of DNA. The absorption spectral titration of
the ligand and the complex binding to DNA was performed by increasing amount of
DNA (5uL) to the compounds (25 uL) and the reference solution in 2.5mL Tris-HCI
buffer to eliminate the absorption of DNA itself. Each sample solution was scanned
from 200 to 500 nm. The constant (K) was obtained by the following equation [50]:
[DNA]/(e. — &r) =[DNA]/(ep — &r) + 1/ Ky(ep — €1), apparent absorption coefficients &,,
er, and &, correspond to A.psa/[M], the extinction coefficient of the free compound
and the extinction coefficient of the compound when fully bound to DNA, respectively.
In plots of [DNA]/(e. — &) versus [DNA], K}, is given by the ratio of slope to the
intercept [51, 52].

With increasing DNA concentration, 14.94% and 9.34% hypochromism were
observed in the ligand and Cd(II) complex, and with very slight red shift in absorption
titration spectra. The Kj, values of the ligand and the Cd(II) complex were 1.26 x 10°
(mol L™~ (R*=10.9595 for seven points of low concentration), 2.3 x 10* (mol L™")~!
(R>=0.9697 for seven points). The values can be obtained from the inset in
figure 5. Compared with DNA-intercalative complexes reported before (Ky,=2.9 x
10°—1.2x 10° (molL™"~") [53-56], the K, values of these two compounds are
consistent with other reported values, suggesting that both ligand and complex bind to
DNA via intercalation, involving strong z-stacking interactions between benzimidazole
rings of the compounds and DNA base pairs, while the ligand has stronger
binding affinity to CT-DNA than the Cd(II) complex. These two K values are
higher than previous reports of cadmium complex (4.56 x 10 (mol L™")~") [57], but
lower than five-coordinate cadmium(II) complex (1.42x 10° (molL™")"") in our
previous work [31]. Different steric hindrance may cause the different binding affinity of
compounds with DNA.
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Figure 5. Absorption titration spectra of ligand and complex in the absence (top spectrum) and presence of
increasing amounts of DNA (from top to bottom, 0-9 x 10> mol L™") in 5mmol L™" Tris-HCI/50 mmol L~
NaCl buffer (pH =7.2). The arrow shows the absorbance changes on increasing DNA concentration. Inset:
plot of [DNA]/(e,—¢r) vs. [DNA] for absorption titration of DNA with complex; B, experimental data points;
solid line, linear fitting of the data.

3.3.2. Fluorescence spectroscopy. No luminescence was observed for the complex at
room temperature in any organic solvent or in the presence of CT-DNA. So the binding
of complexes with CT-DNA cannot be directly presented in the emission spectra.
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Therefore, competitive EB binding studies were undertaken to examine the binding of
each complex with DNA. EB (ethidium bromide) is a conjugated planar molecule. Its
fluorescence intensity is very weak in solution, but greatly increased when EB is
specifically intercalated into base pairs of double-stranded DNA. In previous studies,
fluorescence could be quenched by addition of the complex competing with EB to bind
with DNA. This is proof that the complex intercalates to base pairs of DNA [58]. The
Stern—Volmer quenching constant Kgy is used to evaluate the quenching efficiency for
each complex, determined by the classical Stern—Volmer equation [59] Iy/I=1+ Ksyv
[Q]; 1o and [ are the fluorescence intensities in the absence and presence of the quencher,
respectively, and [Q] is the concentration of the complex.

The EB-DNA complex was prepared by adding 8.8 umolL™! EB and 10 umol L™
CT-DNA in 2.5mL Tris-HCI buffer (pH =7.2). The intercalating effect of compound
with the EB-DNA complex was studied by adding solution of the complex (5puL)
step by step into the solution of the EB-DNA complex. Fluorescence intensities
from 500 to 800 nm (Ae = 520 nm) were measured at different complex concentrations.
The fluorescence intensity of EB-DNA system decreases upon addition of complex. The
fluorescence quenching of EB-DNA by complex is shown in figure 6. The Stern—Volmer
constant Kgy is obtained as the slope of Iy/I versus complex linear plot from the inset in
figure 6, the Kgy value for the complex is 2.6 x 10> (molL™")~" (R*=0.9936 for six
points). To a certain extent, reduction of the emission intensity at 597nm gives a
measure of the binding propensity of the complex to CT-DNA. This quenching suggests
that the complex can compete for DNA-binding sites with EB and displace EB from
the EB-DNA system [60], characteristic of intercalative interaction of compound
with DNA [61].

Cd(IT) complex 1.05- / ’
580 - Y,
1 1.04 /
560 4
| . 1.03; %
540 | - e
& 1.024 /- Kgy=2.6x10° (mol L)
@ 520
g _ 1.011 / A?=0.9936
=
~ 500 = = ’ . :
] 0.4 08 1.2 1.6 20
480 | [complex]x10%(mol L)
460 -

440

T ¥ T ¥ T . T L 1
590 600 610 620 630
Wavelength mm)

Figure 6. Fluorescence quenching curves of EB-DNA by complex ([complex]=0-25umol L~ from top to
bottom, Aex = 520 nm). The arrow shows intensity changes on increasing complex concentration. Inset: plot of
Ioy/I vs. [complex].
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3.3.3. Viscosity experiment. Further clarification of the interactions between the Cd(II)
complex and DNA was carried out by viscosity measurements. Due to its sensitivity to
the change of length of DNA, viscosity measurement may be the most effective means to
study the binding mode of complex to DNA [62]. A significant increase in viscosity of
DNA on addition of complex indicates intercalative binding to DNA. In contrast,
complex that binds in the DNA grooves by partial and/or non-classical intercalation
cause less pronounced (positive or negative) or no change in DNA solution viscosity.
Titrations were performed for the complexes (2-20 pmol L") and each complex was
introduced into the CT-DNA solution (50 pmol L™") present in the viscometer. Viscosity
values were calculated from the observed flow time of CT-DNA containing solutions
corrected from the flow time of buffer alone (#y), n = (t — 1)/t [63]. Data were presented
as (n/no)"’? versus the ratio of the concentration of the complex to CT-DNA, where 7 is
the viscosity of CT-DNA in the presence of the complex and 7 is the viscosity of
CT-DNA alone. Viscosity measurements were carried out on CT-DNA by varying the
concentration of the compound. Figure 7 shows that ligand and complex increase the
relative viscosity of DNA, indicating that the two compounds intercalate adjacent DNA
base pairs, leading to an increase in separation of base pairs and, thus, an increase in
overall DNA contour length. The results demonstrate that the complex binds to DNA by
intercalation, which is consistent with the absorption and fluorescence spectral results.

4. Conclusion

[Cd(L)5](pic),, with the V-shaped ligand 1,3-bis(1-ethylbenzimidazol-2-yl)-2-thiapro-
pane, has been synthesized and characterized. The crystal structure shows a slightly

1.25 4

—®— Ligand
—®— Cd(II) complex

1.20 4

1.05

1.00 -——— 71T —7T—T7
0.04 008 012 016 020 0.24 0.28 0.32 0.36 0.40 0.44
[complex]/ [DNA]

Figure 7.  Effect of increasing amounts of the ligand and the complex on the relative viscosity of CT-DNA at
25 (+0.1)°C in Smmol L™ Tris-HCI buffer (pH = 7.2, [DNA] =50 pumol L™").
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distorted octahedral geometry around Cd. The binding constant (K}) and the linear
Stern—Volmer quenching constant (Kgy) suggest that the ligand and complex bind to
DNA via intercalation. The binding affinity of ligand is higher than that of the complex,
probably due to steric hindrance of the V-shaped ligand is smaller than the octahedral
Cd(II) complex. This information will be useful in designing probes of nucleic acid
structures.

Supplementary material

Crystallographic data (excluding structure factors) for the structure in this article has
been deposited with the Cambridge Crystallographic Data Center as supplementary
publication CCDC 823994. Copies of the data can be obtained, free of charge, on
application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.
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