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Abstract

Novel stannoxane type dinuclear tin complex C16H13N4O2Sn2Cl7 (1) and its modulated macrocyclic complexes [C24H36N10O3Sn2-
CuCl7] ClO4 (2) and [C24H34N10O2Sn2NiCl7] ClO4 (3) were synthesized and characterized by elemental analysis and various spectro-
scopic techniques (IR, 1H, 13C, 119Sn NMR, ESI-MS, EPR and UV-Vis). 119Sn NMR shows the presence of two tin metal centers in
different environment. The proposed pseudo-octahedral geometry of copper in complex 2 and square pyramidal geometry of nickel in
complex 3 were established by the analysis of spectroscopic data. Absorption and fluorescence spectral studies and viscosity measure-
ments have been carried out to assess the comparative binding of dinuclear stannoxane complex 1 and its modulated copper complex
2 with calf thymus DNA. The intrinsic binding constants Kb of the complex 1 and 2 were determined as 4.4 · 104 M�1 and
7.5 · 104 M�1, respectively. Cyclic voltammetric studies have also been employed to ascertain the binding of complex 2 with CTDNA.
The results suggest that the complex 2 binds to CTDNA twice in the order of magnitude compared to complex 1. Interaction studies of
complex 2 with guanosine 5 0-monophosphate further confirm the binding via N7 position of guanine and phosphate moiety.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tin and organotin compounds exhibit wide spectrum
biological activity [1–5] and are notably important in the
discovery of new metal-based anticancer chemotherapeutic
agents [6–10]. This class of compounds has gained tremen-
dous impetus because their in vitro antitumor activity is
greater than in vivo activity of cisplatin – a well-known can-
cer drug especially used for treating testicular, ovarian,
bladder and head/neck cancers [10]. The binding ability
of organotin compounds towards DNA depends on the
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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coordination number and the nature of group bonded to
the central tin atom. The phosphate group of DNA sugar
backbone usually acts as an anchoring site and nitrogen
of DNA base binding is extremely effective, this often
resulting in the stabilization of the tin center as an octahe-
dral stable species [11].

In an attempt to discover a novel metal-based antitumor
agent with a different therapeutic profile than cisplatin
which failed owing to multiple reasons such as severe tox-
icity, side effects and resistance, we have employed a new
strategy of synthesis involving capping/modulating the
transition metal Cu(II)/Ni(II) embedded macrocycle with
a biologically significant moiety which is benzimidazole
derived –NNO donor tridentate chiral stannoxane. This
stannoxane capping creates interesting differences in space
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configuration and electronic structure, besides inducing
chirality in nickel/copper macrocycles, which is further
responsible for specific and selective binding affinity at
the molecular target site [12,13]. Besides this, tin com-
pounds are known to act as strong apoptotic directors,
activate apoptosis directly via p53 tumor suppressor path-
way. These complexes bear structural resemblance to the
other bimetallic complexes reported earlier by our group
[14,15] containing CuII and SnIV ions which have demon-
strated manifold increase in the binding affinity as well as
a dual mode of action due to preferential selectivity of
the metal ions inside the cells [16,17]. Herein, we report
the synthesis and characterization of tridentate ligand
derived dinuclear tin and its modulated copper complex.
Comparative binding studies of complexes 1 and 2 with
CT DNA were carried out by various spectroscopic tech-
niques viz. absorption titration, fluorescence spectral stud-
ies, and viscosity measurements. Interaction studies of
complex 2 with guanosine 5 0-monophosphate were also
carried out which revealed coordinate binding through
N7 atom of guanine.

2. Results and discussion

Stannoxane type dinuclear complex 1 was synthesized
by the reaction of 1,2 Bis (1H-benzimidazol-2yl)-1,2
ethanediol L with tintetrachloride. Further, the modulated
macrocyclic complexes 2 and 3 were prepared by the reac-
tion of the complex 1 and CuMac and NiMac complexes
via second deprotonation, which occurs at pH 10 by the
addition of NaOH. The potentiometric titration of ligand
reveal that the first deprotonation take place at the alcohol
function around 6–8 pH. However, the second deprotona-
tion was not observed below pH 10, which accounts for the
stabilization of the second alcohol H atom and probability
of H bonding with the anions. These were characterized by
various analytical and spectroscopic procedures. 119Sn
NMR exhibits the different environment of two tin metal
centers. The coordination geometry of central metal ion
in complex 2 is octahedral while complex 3 shows square
pyramidal geometry around Ni(II) metal ion. Thus, the
results are in accordance with the proposed structure
(Scheme 1). All the complexes are soluble in DMSO and
insoluble in common organic solvent. Complexes 2 and 3

are ionic in nature (1:1 elctrolyte) however, complex 1 is
nonelectrolyte. Comparative DNA binding studies were
performed with dinuclear Sn complex 1 and modulated
macrocyclic copper complex 2.

2.1. IR spectra

The IR spectra of free ligand L displayed m(OH) bands
at 3497 cm�1. A medium intensity band at 1585 cm�1 has
been assigned to m(C@N) of imidazole ring and a charac-
teristics m(N–H) stretching band appeared at 3180 cm�1;
m(C–N) and m(C–O) appeared at 1317 and 1267 cm�1,
respectively. In complex 1, m(OH) stretching band disap-
peared with the emergence of new peak at ca. 3459 cm�1

indicating the coordination of the Sn metal ion through
the O atom of one of alcohol groups by the elimination
of HCl while the other OH remains uncoordinated [18].
The band due to m(N–H) of the imidazole moiety at
3180 cm�1 remains unaltered in all the complexes indicat-
ing the nonparticipation of NH group in complex forma-
tion [18]. The IR spectra of complex 2 and 3 exhibit
absence of m(OH) band confirming the coordination of
OH group of complex 1 to the macrocyclic complex. Fur-
thermore, the m(C@N) of the imidazole undergoes a nega-
tive shift (at 1522 cm�1) indicating the involvement of N
atom in the formation of dinuclear tin complex. The m
Sn–O–Sn band appears at �655 cm�1 revealing the pres-
ence of stannoxane moiety with three-coordinate oxygen
bound to tin atoms. Far IR spectra of the complexes 2

and 3 exhibited absorption at �433 and �537 cm�1 attrib-
uted to m(M–O) and (M–N) bands, which further confirm
the bonding of another O atom of complex 1 to the mac-
rocyclic complexes. All the complexes exhibit (Sn–N) and
(Sn–Cl) at �333 and �275, respectively, in far IR region
[19,20].

2.2. NMR spectra

The 1H NMR spectrum of complex 3 has several inter-
esting features compared to that of free ligand and complex
1. The ligand L revealed OH proton at 5.4 ppm [21]. In
complex 1 this peak disappeared, which indicated that
the OH group is coordinated to metal center. However, a
new signal at 5.9 ppm indicates that one of the OH group
is uncoordinated and involved in H-bonding with the anion
and solvent [22]. 13C NMR spectrum of complex 1 showed



ig. 1. Absorption spectral traces of complex 1 in Tris–HCl buffer upon
ddition of CTDNA.
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shift in C–O, carbon atom at 69.4 ppm, which confirm the
coordination of O atom of ligand to Sn metal ion. In addi-
tion, low field signal at 153.8 observed due to m(C@N) in
comparison to free ligand indicate the coordination of N
atom of metal center [23]. 119Sn NMR of complex 1 reveals
two signals at 67.8 and 14.2 ppm indicating the presence of
two Sn(IV) metal centers in different coordination environ-
ments, five- and six-coordinate geometry, respectively in
conformity with the proposed structure [24,25].

1H NMR spectrum of complex 3 exhibits the absence of
another proton signal at 5.9 ppm confirming the second
deprotonation of OH group which occur at pH 10. Other
resonances of the complex 3 appeared with slight shift at
4.8, 2.4–3.3, 7.0–7.3 and 8.2 ppm for CH, NH–CH2–
CH2–NH, aromatic proton and the NH proton of imidaz-
ole ring, respectively [26]. 13C NMR spectrum of the com-
plex 3 confirms the 1H NMR data.

2.3. Mass spectroscopy

The complexes have been unambiguously characterized
through mass spectral analysis. The electrospray mass
spectrum of complex 1 and 2 do not show the molecular
ion peak but exhibited other peaks due to the successive
fragmentation of the complexes. The mass spectrum of
complex 1 showed a prominent peak at m/z 295 with a rel-
ative abundance of 70% which corresponds to fragment
[1-Sn2Cl7 + 2H+] by the cleavage of the most labile Sn-O
bond and a peak at m/z 276 (10%) due to [1-Sn2Cl7OH]
fragment. This is further confirmed by the peak occurring
at m/z 483 (15%) due to [Sn2Cl7 � 2H+] fragment. In com-
plex 2 the appearance of peak at m/z 813 (20%) is attrib-
uted to [2-Cl8O4]+ ion obtained by the extrusion of Cl�

and ClO4
� ions. The spectrum of complex 2 also showed

peak at m/z 816 which can be assigned to
[2-SnCl4H2O5 � 2H+]+ ion while the peak observed at
m/z 360 for the fragment [2-C16H15N4O3Sn2Cl7 � 3H+]
appears due to the detachment of the stannoxane moiety
and water molecule. The above mentioned fragments of
complex 1 were also observed in the mass spectrum of com-
plex 2. These features of the spectra confirm the formation
of modulated macrocycles with stannoxane moiety.

2.4. Electronic spectra

The absorption spectra of the complexes were recorded
in DMSO, in which they are readily soluble. The electronic
spectrum of 2 exhibits a low intensity broad band at
855 nm attributed to a d–d transition, which is typical for
pseudo-octahedral environment of copper (II) metal ion
[27]. Complex 3 reveal two broad bands at 687 and
407 nm, which have been assigned to 3B(F)! 1E(F) and
3B(F)! 3A2, 3E(P) transitions, respectively [28]. These
results are consistent with the pentacoordinate environ-
ment around Ni(II) metal ion. All the complexes showed
ligand centered intraligand n! p* and p! p* transition
at �274 and �281 nm, respectively [29].
2.5. EPR spectra

The X-band electron paramagnetic resonance spectrum
of copper complex 2 was recorded at a frequency of
9.1 GHz under the magnetic field strength 3000 ± 1000
gauss with tetracyanoethylene (TCNE) as field marker
(g = 2.0027) at LNT. The complex 2 exhibit an isotropic
band centered at g = 2.14. This value was in good agree-
ment with an unpaired electron mainly located in dz2 orbi-
tal, typical for octahedral geometry of copper complex [30].

3. DNA binding studies

3.1. Absorption titrations

Electronic absorption spectroscopy is widely employed
to determine the DNA binding affinity of metal complexes.
Any interaction between the complex and DNA is expected
to perturb the ligand centered spectral transitions of the
complex. The titration curves were constructed from the
fractional changes in absorbance of complexes 1 and 2 as
a function of CT DNA concentration. In Uv region, com-
plex 1 and 2 exhibits two absorption bands at 274 and
281 nm assigned to intraligand transitions. Addition of
increasing amount of CT DNA to complex 1 resulted in
an increase in absorption intensity (hyperchromism of
13.1%) with no shift in wavelength indicating weak binding
of the Sn metal ion to the phosphate backbone of the DNA
double helix (Fig. 1) [31]. Hyperchromism results from
breakage of secondary structure of DNA due to the fact
that phosphate group can provide the suitable anchors
for coordination in Sn(IV) complexes [1]. In contrast, the
complex 2 exhibits hypochromism (15.3%) and also pre-
sents a red shift indicative of its coordination through N7

position of guanine (Figs. 2 and 3). The extent of hypo-
chromism also reveals nature of binding affinity and the
hypochromism observed for this complex implies that it
F
a



Fig. 2. Absorption spectral traces of complex 2 in Tris–HCl buffer upon
addition of CTDNA.
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Fig. 4. Plots of [DNA]/ea � ef vs. [DNA] for the titration of CTDNA with
(a) complexes 1 (b) complex 2 experimental data points; full lines, linear
fitting of the data. [Complex] = 0.66 · 10�4 M, [DNA] = 0.06–0.33 ·
10�4 M.
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does not intercalate with DNA base pairs. The complex
exhibits red shift, which may be decisive for covalent/coor-
dinate linkage mode of binding. To compare the binding
strength of complexes quantitatively, the intrinsic binding
constants Kb of the complexes 1 and 2 were determined
by monitoring the changes of absorbance at 274 nm with
increasing concentration of DNA. From the plot of
[DNA]/(ea � ef) vs. [DNA], the Kb values of complex 1

and 2 were calculated to be 4.4 · 104 M�1 and
7.5 · 104 M�1, respectively (Fig. 4). Both of them are much
lower than the Kb values of classical intercalators (ethidium
bromide) ruling out the possibility of intercalation in the
complexes.

Furthermore, these values are closely comparable to
some known complexes exhibiting covalent mode of bind-
ing [32] and also that Kb value of the complex 2 is two-fold
in order of magnitude to complex 1 due to its unique dual
reactivity pattern to DNA. Since these complexes possess
two metal centers which have preferential selectivity (Cop-
per (II) ion prefers to bind to the N7 position of guanine
while Sn(IV) is selective to the phosphate backbone of
the DNA double helix) [33,34]. Therefore, the above results
indicate that complex 2 may first bind with the phosphate
group of DNA, neutralize the negative charge of DNA
phosphate group, and cause the contraction and conforma-
tional change of DNA. Investigations of interaction studies
of the complex 2 with 5 0 GMP provide suitable evidence for
such mode of binding.

3.2. Interaction with 5 0-GMP

Absorption spectrum of complex 2 which recorded d–d
band at 855nm attributed to the pseudo-octahedral envi-
ronment exhibits distinct spectral changes on interaction
with 5 0-GMP. These changes give information about the
coordination mode as well as additional confirmation of
the reaction between nucleotide and complex. On interac-
tion with 5 0-GMP, the peak at 855 nm undergoes a gradual
decrease (strong hypochromism) followed by emergence of
a new peak at 979 nm favoring strong Jahn–Teller distor-
tion. On increasing the concentration of 5 0-GMP, there is
increase in this absorption peak (Hyperchromism) and a
shorter – wavelength isobestic point (i.p.) at 945 nm was
recorded revealing dissociation of the proton of the phos-
phate group. This feature of recording isobestic point prac-
tically coincide in Cu2+ induced UVD spectrum of the
aqueous solution of guanosine and in UVD protonation
spectrum of dGMP [35]. Fig. 5 shows that N7 is the coor-
dination site. Moreover, simultaneous interaction with the
O6 atom of the phosphate group is likely as in 5 0-GMP an
amino group and phosphate moiety lie in the same plane.
This accounts for coordination mode involving N7 posi-
tion of guanine [33,36] while hyperchromism of the absorp-
tion band at 979 nm reflects further damage caused to



Fig. 5. Absorption spectral traces of complex 2 in DMSO upon addition
of 5 0-GMP. [Complex 2] = 1 · 10�4 M, [5 0-GMP] = 1–2.6 · 10�5 M.
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secondary structure of DNA through phosphate backbone
interaction.

3.3. Cyclic voltammetry

Cyclic voltammetry is the most effective and versatile
technique available for the mechanistic study of redox sys-
tems. The cyclic voltammetric responses of complex 2 in
the presence and in the absence of DNA were shown in
Fig. 6. Cyclic voltammogram of complex 2 features reduc-
tion of +2 to +1 form at a cathodic peak potential
Epc = �0.50 V and anodic peak potential appeared at
Epa = �0.02 V. The formal electrode potential E0 (Voltam-
metric E1/2) taken as the average of Epc and Epa in CV
experiments was �0.25 V and DEp = 0.50 V in the absence
of DNA. The ratio of anodic to cathodic peak currents is
0.692 suggesting the quasireversiblity of the complex. On
addition of CT DNA the peak currents of CV responses
Fig. 6. Cyclic voltammogram (5:95 DMSO/H2O, 250) of (a) unbound
complex 2 (b) complex 2 in the presence of CTDNA. [Complex 2] = 1 ·
10�3 M, [DNA] = 6 · 10�3 M.
of 2 are significantly decreased due to slow diffusion of
an equilibrium mixture of the free and DNA bound com-
plexes to the electrode surface [37]. Further, shift in poten-
tial E1/2 to more negative values indicate the strong binding
of complex 2 with CT DNA [38]. Binding studies of com-
plex 1 with CTDNA were not possible as tin complexes
are not accessible to the electrode, which causes the peak
current of CV waves to diminish greatly.

3.4. Competitive binding studies

No luminescence was observed for complexes 1 and 2

either in DMSO or in the presence of DNA. Hence, com-
petitive binding studies using ethidium bromide bound to
DNA was carried out for these complexes. EB emits
intense fluorescence in the presence of DNA due to its
strong intercalation between the adjacent DNA base pairs.
However, the enhanced fluorescence can be quenched evi-
dently when there is a second molecule that can replace
the bound EB or break the secondary structure of DNA.
The addition of the complex 2 to DNA pretreated with
EB causes an appreciable reduction in fluorescence inten-
sity (Fig. 7a). This suggests that the complex 2 competes
ig. 7. Emission spectra of EB bound to DNA in the presence of (a)
omplex 1 (b) complex 2 in Tris–HCl buffer. Arrows shows the intensity
hanges upon increasing concentration of the complexes.
F
c
c
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with EthBr in binding to DNA i.e. the coordination of N7

atom of guanine to copper metal ion [39]. In contrast to
complex 2, emission intensity of complex 1 increases to a
smaller extent (Fig. 7b) [40]. This observed enhancement
in emission is only due to the binding of complex to
DNA via electrostatic interaction, which involves the bind-
ing of tin metal atom to the negatively charged oxygen
atom of the phosphate backbone of DNA helix.

The fluorescence quenching curve of EB bound to DNA
by the complex 2 is shown in Fig. 8. The quenching curve
illustrates that the quenching of EB bound to DNA by the
complex is in good agreement with the linear Stern-Volmer
equation. In the plot of I0/I vs. [Cu]/[DNA], K is given by
the ratio of the slope to intercept. The K value for complex
2 is 0.20 indicating the strong interaction of complex 2 with
CTDNA.

3.5. Viscosity measurements

To further explore the interaction properties between
the complexes and the DNA, the specific relative viscosity
of DNA was examined by varying the concentrations of
added complexes and results are presented in Fig. 9. Photo-
physical experiments provide necessary but not sufficient
clues to support a binding mode. Viscosity measurements
is the most critical tests of binding in solution in the
absence of crystallographic structure data. Fig. 9 shows
the relative changes in viscosity upon addition of com-
plexes 1 and 2. The relative specific viscosity of CT-DNA
Fig. 8. Fluorescence quenching curve of DNA bound EB by complex 2.
[EB] = 0.16 · 10�6 M, [DNA] = 3.3 · 10�5 M, [complex] = 16.6 · 10�5 M.

Fig. 9. Effects of increasing amount of complex 1 (n), complex 2 (m) on
the relative viscosity of CTDNA at 29 ± 0.1 �C.
decreases with increasing concentration of complexes but
decrease for complex 2 is much greater than complex 1

which imply that complex 1 binds to CT-DNA by simple
electrostatic binding and complex 2 binds via coordinate
covalent mode of interaction [41,42].

4. Conclusions

We have described the dinuclear stannoxane and its
modulated macrocyclic copper/nickel–tin complexes. Isola-
tion of stannoxane complex 1 was a novel finding and it
can be utilized as a modulating/tuning agent capable to
act as an apoptotic director as well as to restrict the geom-
etry of the macrocycles by coordinatively saturating the
molecule. Stannoxane can be used as important chiral pre-
cursor in drug design, which can change the course of drug
action at the molecular level. The comparative DNA bind-
ing studies of stannoxane 1 with complex 2 reveals two-fold
increase in the binding strength which is due to the inser-
tion of tin capping and thereby the presence of two metal
ions with preferential selectivity. The interaction studies
involving complex 2 towards 5 0-GMP confirms that
DNA binding is governed primarily by a specific interac-
tion between Cu(II) and guanine base at the N7 position
while tin appears to interact through the phosphate back-
bone of DNA double helix. This work underlines some
important features for the research on modulated macrocy-
clic complexes as new anticancer drug and support future
evaluation of the compound in cell-based and/or in animal
experimental protocols.

5. Experimental

5.1. Materials and measurements

Nickel chloride hexahydrate, copper chloride dihydrate,
ethane-1,2-diamine, tris-base, L (+) tartaric acid, formalde-
hyde (E. Merck) Tintetrachloride (Lancaster) and 1,2
diaminobenzene (Loba Chemie) were used as received. Calf
thymus DNA (CT-DNA) and guanosine 5 0-monophos-
phate disodium salt (5 0-GMP) were purchased from Sigma
chemical Co and Fluka, respectively. All reagents grade
compounds were used without further purification.

Carbon, hydrogen and nitrogen contents were deter-
mined using Carlo Erba Analyzer Model 1106. Molar con-
ductances were measured at room temperature on a Digsun
Electronic conductivity Bridge. Fourier-transform IR
(FTIR) spectra were recorded on an Interspec 2020 FT-
IR spectrometer. UV-Vis spectra were recorded on a UV-
1700 PharmaSpec Shimadzu spectrophotometer in DMSO
and the data were reported as kmax/nm. The EPR spectrum
of the copper complex was acquired on a Varian E 112
spectrometer using X-band frequency (9.1 GHz) at liquid
nitrogen temperature in solid state. The 1H and 13C
NMR spectra were obtained on a Bruker DRX-300 spec-
trometer and 119Sn NMR was recorded on a VXR-300
Varian spectrometer operating at room temperature.
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Electrospray mass spectra were recorded on Micromass
Quattro II.

5.2. DNA binding experiments

All the experiments involving interaction of the com-
plexes with CT DNA were conducted in buffer containing
tris(hydroxymethyl)aminomethane (0.01 M) and adjusted
to pH 7.5 with hydrochloric acid. The CT DNA was dis-
solved in Tris–HCl buffer and was dialyzed against the
same buffer overnight. Solutions of CT DNA gave ratios
of UV absorbance at 260 and 280 nm above 1.8, indicating
that the DNA was sufficiently free of protein [43]. DNA
concentration per nucleotide was determined by absorption
spectroscopy using the molar absorption coefficient
6600 dm3 mol�1 cm�1 at 260 nm [44]. Concentrated stock
solutions of the complexes were prepared by dissolving
the complex 1 and 2 in DMSO and diluting suitably with
the corresponding buffer to the required concentrations
for all the experiments. Solution of 5 0-GMP was prepared
in double distilled water.

5.2.1. Absorption spectral experiments

Absorption spectral titration experiments were per-
formed on USB 2000 Ocean Optics spectrophotometer.
Maintaining a constant concentration of the complexes
(0.66 · 10�4 M) while varying the nucleic acid concentra-
tion (0-0.33 · 10�4 M). This was achieved by dissolving
an appropriate amount of the metal complex and DNA
stock solutions while maintaining the total volume con-
stant. This result in a series of solutions with varying con-
centrations of DNA but with a constant concentration of
the complexes. The absorbance (A) of the most shifted
band of investigated complexes were recorded after succes-
sive additions of CT DNA. A reference cell contained
DNA alone to nullify the absorbance due to the DNA at
the measured wavelength. From the absorption titration
data, the intrinsic binding constant (Kb) of the copper
(II) complex with CT DNA was determined using the
equation,

½DNA�
ea � ef

¼ ½DNA�
eb � ef

þ 1

Kbðeb � efÞ
ð1Þ

where ea, ef and eb correspond to Aobsd/[Complex], the
extinction coefficient for free copper complex, and the
extinction coefficient for the complexes in the fully bound
form, respectively. A plot of [DNA]/(ea � ef) vs. [DNA],
where [DNA] is the concentration of DNA in the base
pairs, gives Kb as the ratio of slope to the intercept [45].

5.2.2. Luminescence experiments

Emission intensity measurements were carried out using
Hitachi F-2500 fluorescence spectrophotometer at room
temperature. The tris buffer was used as a blank to make
preliminary adjustments. Luminescence titration quench-
ing experiments were conducted by adding aliquots of
3.3–16.6 · 10�5 M solutions of the metal complexes and
3.3 · 10�5 M CT DNA in Tris–HCl buffer. The Stern-Vol-

mer equation [46]

I0=I ¼ 1þ KsvrCu ð2Þ
Where I0 and I are the emission intensities in the absence
and the presence of the complex, respectively. Ksv is a linear
Stern-Volmer quenching constant and rCu is the ratio of to-
tal concentration of complex to that of DNA.

5.2.3. Viscosity experiments

Viscosity measurements were carried out from observed
flow time of DNA containing solution (t > 100 s) corrected
for the flow time of buffer alone (t0), using Ostwald’s vis-
cometer at 29 ± 0.01 �C. Flow time was measured with a
digital stopwatch. Each sample was measured three times
and an average flow time was calculated. Data were pre-
sented as (g/g0) vs. binding ratio ([complex]/[DNA]), [47]
where g is a viscosity of DNA in the presence of complex
and g0 is the viscosity of DNA alone. Viscosity values were
calculated from the g = t � t0 [48].

5.2.4. Cyclic voltammetric experiments

Cyclic voltammetric studies were performed on a CH
Instrument Electrochemical analyzer in a single compart-
mental cell with 0.4 M KNO3 as supporting electrolyte. A
three-electrode configuration was used comprising of a Pt
wire as auxiliary electrode, platinum micro cylinder as
working electrode and Ag/AgCl as the reference electrode.
Electrochemical measurements were made under a dinitro-
gen atmosphere. All electrochemical data were collected at
298 K and are uncorrected for junctions potentials. The
formal potentials, E0 (or voltammetric E1/2) were taken
as the average of the anodic (Epa) and cathodic peak poten-
tials (Epc) obtained from cyclic voltammetry.

5.3. Syntheses

5.3.1. 1,2 Bis (1H-benzimidazol-2yl)-1,2 ethanediol (L)

The ligand L was synthesized with 1,2 diaminobenzene
(4.6 g, 40 mmol) and L (+) tartaric acid (3.0 g, 20 mmol)
according to the procedure reported earlier [22].

5.3.2. 1,8-Dihydro-1,3,6,8,10,13-hexaazacyclotetradecane

copper (II)/nickel(II) diperchlorate (Cu/Ni Mac)

These complexes were prepared by the following proce-
dure reported by Suh and Kang [49].

To a stirred methanol solution (50 ml) of CuCl2 Æ 2H2O
(1.7 g, 10 mmol)/nickel chloride hexahydrate (2.37 g,
10 mmol) were slowly added ethane-1,2-diamine (1.34 ml,
20 mmol), 37% formaldehyde (3.0 ml, 40 mmol) and 25%
ammonia (1.0 ml, 20 mmol). The resulting mixture was
refluxed for ca. 24 h until a dark blue solution appeared.
This solution was cooled at room temperature and filtered
under vacuum. Excess perchloric acid in methanol was
added to the filtrate and the mixture was kept in refrigera-
tor for 24 h. The purple-red crystals for copper and yellow
crystals for nickel complexes were separated, washed
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thoroughly with methanol, dried in vacuo and recrystallized
from acetonitrile.

5.3.3. C16H13N4O2 Sn2Cl7 (1)

Tintetrachloride (2.34 ml, 20 mmol) in 6 ml of carbon-
tetrachloride was added to stirred solution of ligand L
(2.94 g, 10 mmol) dissolved in methanol. The mixture was
stirred for 3 h and left for slow evaporation for 2 days.
Cream solid was obtained which was filtered, washed with
hexane and dried in vacuo. Yield, 62%, m.p. 258 �C. Anal.
Calc. for C16H13N4O2Sn2Cl7(%): C, 24.69; H, 1.68; N, 7.19.
Found: C, 24.60; H, 1.65; N, 7.15%. IR (KBr, cm�1) 3459
m(OH), 1522 m(C@N), 1328 m(C–N), 1250 m(C–O), 787 (Ar),
655 m(Sn–O), 333 m(Sn–N), 275 m(Sn–Cl), Uv (DMSO, nm):
274, 281 1H NMR (DMSO-d6, ppm): 5.9 (O–H), 7.5–7.8
(ArH), 4.9, 3.4 (inequivalent C–H), 13C NMR (dmso d6,
ppm): 69.4 (C–O), 153.8 (C@N), 115–133 (ArC), (119Sn
NMR, DMSO-d6, ppm): 67.8, 14.8.

5.4. Syntheses of new modulated macrocycles

5.4.1. [C24H36N10O3Sn2 CuCl7] ClO4 (2)
A solution of CuMac (0.465 g, 1 mmol) in 50 ml aceto-

nitrile was treated with methanolic solution of
C16H13N4O2Sn2Cl7 1 (0.778 g, 1 mmol). The pH of the
reaction mixture was adjusted 10 by adding NaOH solu-
tion. The resulting green solution was heated at reflux for
2 h. The solution was then cooled and reduced to 10 ml.
Green amorphous solid compound was precipitated which
was filtered off washed with a small volume of methanol
and dried in vacuo. Yield, 60%, m.p. Anal. Calc. for
[C24H36N10O3Sn2CuCl7] ClO4 (%): C, 24.84; H, 3.12; N,
12.07. Found: C, 24.80; H, 3.10; N, 12.10%. IR (KBr,
cm�1) 1525 m(C@N), 1320 m(C–N), 1221 m(C–O), 787
(Ar), 1081, 620 (ClO4), 650 m(Sn–O), 330 m(Sn–N), 270
m(Sn–Cl), 433 m(Cu–O), 538 m(Cu–N), UV-Vis (DMSO,
nm) 274, 281, 855.

5.4.2. [C24H34N10O2Sn2 NiCl7] ClO4 (3)

This complex was synthesized with NiMac (0.460 g,
1 mmol) according to the method outlined above.

Yield, 58%, m.p. Anal. Calc. for [C24H34N10O2Sn2-

NiCl7] ClO4 (%): C, 25.34; H, 3.18; N, 12.31. Found: C,
25.32; H, 3.15; N, 12.30%. IR (KBr, cm�1) 1522 m(C@N),
1322 m(C–N), 1220 m(C–O), 785 (Ar), 1076, 625 (ClO4),
651 m(Sn–O), 331 m(Sn–N), 269 m(Sn–Cl), 432 m(Ni–O),
535 m(Ni–N), UV–Vis. (DMSO, nm) 277, 285, 407, 687,
1H NMR (DMSO-d6, ppm): 7.0–7.3 (ArH), 4.8 (C–H),
2.4–3.3 (NH–CH2–CH2–NH), 8.2 (NH imidazole), 13C
NMR (DMSO-d6, ppm): 70 (C–O), 153.8 (C@N), 114–
132 (ArC).
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