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A new p-oxamido-bridged dicopper(Il) complex, Cu,(heap)(NO3), (1), where heap is the
dianion of N,N’-bis(N-hydroxyethylaminopropyl)oxamide, has been synthesized and char-
acterized by elemental analysis, molar conductivity, IR and electronic spectral studies, and
X-ray single-crystal diffraction. The complex consists of a neutral centro-symmetric binuclear
copper(Il) unit with an inversion center at the midpoint of the CI—CI' bond. The copper(II) has
square-pyramidal coordination geometry and the bridging heap adopts a bis-tetradentate
conformation. The binuclear units are linked into a 3-D framework by N—H---O, O—H--- O,
and C—H - - - O hydrogen bonds. Due to weak coordination between copper(Il) and nitrate, the
neutral dicopper(Il) units are present as binuclear cations and nitrate anions in solution.
Antibacterial assays indicate that the complex shows better activity than the ligand.
Interactions of the complex with herring sperm DNA (HS-DNA) have been investigated by
using cyclic voltammetry, UV absorption titrations, ethidium bromide fluorescence displace-
ment experiments, and viscometry measurements. The results suggest that the binuclear
copper(IT) complex interacts with HS-DNA by electrostatic interaction with intrinsic binding
constant of 3.33 x 10*M~".

Keywords: Crystal structure; Binuclear copper(Il) complex; p-Oxamido-bridge; Antibacterial
activities; DNA interactions

1. Introduction

Coordination chemistry of dicopper(Il) complexes has become a fascinating areca owing
to the discovery of the active site in several copper-containing enzymes such as
tyrosinase and the development of functional materials showing interesting magnetic
properties [1, 2]. Interactions of dicopper(Il) complexes with DNA have also attracted
considerable attention [3-5] for possible applications in the design of new and more
efficient drugs targeted to DNA.
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It is well known that N,N’-bis(substituent)oxamides are good candidates in forming
polynuclear complexes because their coordinating ability toward transition-metal ions
can be tuned by changing the nature of the amide substituents [6-10]; this family of
ligands has played an important role in coordination chemistry [6, 8]. Much effort has
been devoted to the magnetic studies of dinuclear copper(Il) complexes bridged by
oxamido [9, 10]. However, DNA-binding properties of dicopper(Il) complexes with
oxamido-bridges have received limited attention. Therefore, we synthesized
dicopper(Il) complexes with oxamido-bridge to gain insight into the DNA-binding
properties as part of our continuous work on the syntheses and properties of the
complexes bridged by oxamido groups [11-15]. In this article, we report the synthesis,
crystal structure, antibacterial activities, and DNA-binding properties of a new
dicopper(Il) complex bridged by N,N’-bis(N-hydroxyethylaminopropyl)oxamido
(heap), Cus(heap)(NO), (1).

2. Experimental

2.1. Materials

All reagents used were of analytical grade. The ligand N,N’-bis(N-hydroxyethylamino-
propyl)oxamide (H,heap) was synthesized according to the reported method [6].
Herring sperm DNA (HS-DNA) was obtained from Sigma Corp. and used as received.

2.2. Synthesis of Cuy(heap)(NO3); (1)

A solution of copper(Il) nitrate trihydrate (120.8 mg, 0.5 mmol) dissolved in methanol
(5.0mL) was added dropwise to a methanol (8.0mL) solution containing H,heap
(72.5mg, 0.25 mmol) and piperidine (42.6 mg, 0.5 mmol). The mixture was refluxed with
stirring for 5h. The resulting blue solution was filtered and then equal volume of
benzene was added. Blue crystals suitable for X-ray analysis were obtained from the
solution by slow evaporation at room temperature for 1 week. Yield: 70.1 mg (52%).
Anal. Calcd for Cu,CoHo3N¢Oq (%) : C, 26.7; H, 4.5; N, 15.6. Found (%) : C, 26.6; H,
4.4; N, 15.7.

2.3. Physical measurements

The C, H, and N microanalyses were performed on a Perkin—Elmer 240 elemental
analyzer. Molar conductance was measured with a Shanghai DDS-11A conductometer.
Infrared spectrum was recorded on a Nicolet-470 spectrophotometer from 4000 to
400cm™" as KBr pellets. Electronic spectra were measured on a Cary 300 spectro-
photometer; fluorescence spectra were measured with an Fp-750w Fluorometer. Cyclic
voltammetric experiments were carried out using a CHI 832B electrochemical analyzer
in connection with a glassy carbon working electrode (GCE), saturated calomel
reference (SCE), and a platinum wire auxiliary electrode. The GCE surface was freshly
polished to a mirror prior to each experiment with 0.05pum «-Al,O3 paste and then
cleaned in water.
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2.4. Crystal structure determination

Diffraction data were collected on a Bruker APEX area-detector diffractometer using
graphite-monochromated Mo-Ka radiation (A=0.71073 A). The crystal structure was
solved by the heavy atom method followed by Fourier syntheses. Structure refinement
was performed by full-matrix least-squares procedures using SHELXL97 on F* [16].
Two uncoordinated oxygens of nitrate were disordered with free refined site occupancy
factors of 0.52839 (O4A and O5A) and 0.47161 (O4B and O5B). The H atom of the
hydroxyl was located in a difference Fourier map, all other hydrogens were placed in
calculated positions with C—H=0.97A and N—H=0.91 A, and included in the final
cycles of refinement as riding mode, with Ujso(H) =1.2Uq of the carrier atoms. Crystal
data and refinement conditions are summarized in table 1.

2.5. Antibacterial assays

The bacteria used were Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Proteus
vulgaris, and Pseudomonas aeruginosa. The antibacterial activities of the ligand and the
complex were determined qualitatively using the paper disc method with 100 mgmL™"
solutions in DMSO. A lawn of micro-organisms was prepared by pipetting and evenly
spreading 100pL of inoculum [adjusted turbidmetrically to 10°-10°CFUmL™'
(CFU =colony forming units)] onto the nutrient agar set in Petri dishes. Paper discs
of 6 mm diameter were impregnated with the stock solutions of these two compounds
and dried under sterile conditions. Then the dried discs were laid on the previously
inoculated agar surface. The plates were incubated at 37 + 2°C. After 24 h the inhibition
diameters were measured. The experiments were repeated three times and the results are
expressed in average values.

Table 1. Crystal data and details of the structure determination of 1.

Empirical formula C1,H»4CusNgO g
Formula weight 539.47

Crystal system Monoclinic
Space group i P2(1)/c

Unit cell dimensions (A, °)

a 9.533(4)

b 7.202(3)

¢ 15.436(7)

a 90.00

B 106.152(6)

y i 90.00

Volume (A%), Z 1018.0(8), 2
Calculated density (g cm™?) 1.760

Absorption coefficient (mm™") 2.152

Scan-mode ¢ and o scan
F(000) 552

Crystal size (mm?) 0.26 x 0.22 x 0.19
0 range for data collection (°) 2.22-25.02
Limiting indices —1l<h<10; 8<k<8, —-18<I<17
Total unique data, R(int) 4940, 1796, 0.0619
Observed data [ > 20(1)] 1029

R, wR, 0.0498, 0.1130

S 0.957

Max., average shift/error 0.000, 0.000
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In order to understand quantitatively the magnitude of the antibacterial activities, the
antibacterial activities of the ligand, and the complex were evaluated for their minimum
inhibitory concentration (MIC) values by the microdilution broth method. Compound
solutions (100mgmL~") were added to broth for different concentrations (range from
50 to 1000 pgmL™"). Suspensions of the bacterial strains, with an optical density of
McFarland 0.5 (10’-10° CFU), were made in isotonic sodium chloride solution.
Samples of each bacterial suspension were added to the serial dilution of the test
substances. The inoculated test tubes were incubated at 37+2°C under aerobic
conditions. After 72h the turbidity was evaluated. The MIC is defined as the lowest
antimicrobial concentration of the test compounds which completely inhibit the
bacterial growth. The experiments were repeated three times and the results are
expressed in average values.

2.6. DNA-binding studies

All the experiments involving HS-DNA were performed in Tris-HCI buffer (pH =7.92).
Solution of DNA in Tris-HCI buffer solution gave a ratio of UV absorbances at 260 and
280 nm, A,go/Aag0, Of ca 1.9, indicating that the DNA was sufficiently free of protein
[17]. The concentration of the prepared HS-DNA stock solution was determined from
absorbance at 260 nm using &,59 = 6600 M~ cm ™' [18]. Stock solution of the DNA was
stored at 4°C and used after no more than 4 days. Electronic absorption titration and
voltammetric studies were performed by keeping the concentration of the complex
constant, while varying the HS-DNA concentration. In the ethidium bromide (EB)
fluorescence displacement experiment, 5pL of the EB Tris-HCI solution (1.0mM L™")
was added to 1 mL of DNA solution (at saturated binding levels [19]) and stored in the
dark for 2 h. Then the solution of the dicopper(Il) complex was titrated into the DNA/
EB mixture and diluted in Tris-HCI buffer to SmL, producing solutions with varied
mole ratio of the copper(Il) complex to HS-DNA. Before measurements, the mixture
was shaken and incubated at room temperature for 30 min. The fluorescence spectra of
EB bound to DNA were obtained at an emission wavelength of 584nm in the
Fluorometer. Viscosity measurements were carried out using an Ubbelodhe viscometer
immersed in a water bath maintained at 16(40.1)°C. HS-DNA samples of approxi-
mately 200 base pairs in length were prepared by sonication in order to minimize the
complexities arising from DNA flexibility [20]. Flow times were measured with a digital
stopwatch, and each sample was measured three times, and an average flow time was
calculated. Relative viscosities for HS-DNA in the presence and absence of the complex
were calculated from the relation n= (¢ — ty)/ty, where ¢ is the observed flow time of
DNA-containing solution and ¢ is that of Tris-HCI buffer alone. Data were presented
as (n/no)"? versus [complex]/[DNA] [21], where 7 is the viscosity of DNA in the presence
of the copper(Il) complex and 7 is that of DNA alone.

3. Results and discussion

3.1. Synthesis of the dicopper(Il) complex

Two synthetic strategies are generally available for the preparation of binuclear
complexes. One is to use a binucleating ligand which offers both the coordination
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Scheme 1. The structure of Cuy(heap)(NOs),.

geometry and the ligand field strength suitable for metal ions. Another one is to use a
“complex ligand” that contains a potential donor group capable of coordinating to
another metal ion [6, 22-24]. In this study, our purpose was to obtain a Cu(II)-Cu(II)
binuclear complex and the former synthetic method was adopted. As the binucleating
ligand, we chose N,N’-bis(N-hydroxyethylaminopropyl)oxamide (H,heap) (scheme 1),
which can coordinate to metal ions through carbonyl oxygens and nitrogens of
oxamido and also oxygens of hydroxyl [6]. In preparing the complex, the use of
piperidine deprotonates Hsheap for coordination through oxamido nitrogens.
Elemental analyses, IR and electronic spectral studies, and single-crystal X-ray
diffraction indicate that the reaction of Hjheap with Cu(NOs),-3H,0O in 1:2mole
ratio yielded the binuclear complex Cu,(heap)(NO3),.

3.2. General properties of the dicopper(1l) complex

Molar conductance (A =170 'ecm®mol™" in 1.0 x 107> mol L' methanol solution)
of the dicopper(IT) complex falls in the range of 1:2 electrolytes [25], suggesting that
nitrates are situated outside the metal coordination sphere in solution. In the solid state
the dicopper(II) complex is sufficiently stable in air to allow physical measurements.

3.3. IR spectrum

In the IR spectrum of the complex, the N—H and O—H vibrations of the bridging
ligand are at 3390—2935cm ™' and the C=O vibration is at 1624cm™". Split bands at
1384 and 1357cm™" indicate the presence of monodentate nitrate [26], which is
consistent with the crystal structure.

3.4. Electronic spectrum

In order to obtain further structural information of the dicopper(Il) complex,
the electronic spectrum of the complex (1.0 x 107> mol L™") from 300 to 800 nm was
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Figure 1. The molecular structure of 1 with atomic numbering scheme. Full displacement ellipsoids (for the
asymmetric unit) and open ellipsoids (for the symmetry-related parts) are drawn at 30% probability. Only one
disordered congener of nitrate is shown. Dashed lines indicate hydrogen bonds [symmetry code: (i) 2 — x,
1—y, 1—z].

measured in aqueous solution. A band centered at 616 nm (¢ =95mol™'dm*cm™") can
be unambiguously attributed to the d—d transition of copper(Il). In addition, a strong
absorption at 338 nm (¢=890mol~' dm’cm™") may be attributed to charge-transfer
absorption, which may be due to spin-exchange interactions between copper(Il) ions
through the m-path orbital set up by an oxamido-bridge [6]. Further investigations of
this and similar systems are required in order to obtain more detailed assignment for the
charge transfer.

3.5. Crystal structure

The molecular structure of Cu,(heap)(NOs), is illustrated in figure 1 and selected
geometric parameters are summarized in table 2. The complex consists of a neutral
centrosymmetric binuclear unit with an inversion center at the mid-point of the C1-C1’
bond [symmetry code: (i) —x+2, —y+1, —z+1]. The copper(Il) has a square-
pyramidal coordination geometry, with t of 1.1, surrounded by N1, N2, Ol', O2 from
oxamido in the basal plane, and one oxygen (O3) from the nitrate in the apical position.
The maximum displacement of the four atoms N1, N2, 01!, 02 from the least-squares
plane is 0.161(3)A (01" and copper(II) lies 0.162(3)A out of this mean plane.
The apical Cu—O distance of 2.341(6)A is significantly longer than those in the basal
plane (table 2), indicating weaker bonding between copper(Il) and nitrate. The Cul-N1
(amido) bond [1.932(5) A] is shorter than the Cul-N2 (sec-amino) bond [1.969(5) A],
consistent with stronger donor ability of the deprotonated amido nitrogen compared
with the amino nitrogen [27, 28].

The bridging ligand is deprotonated at N1, and adopts a bis-tetradentate
conformation, forming two five-membered and one six-membered chelate rings
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Table 2. Selected bond distances (A) and angles (°) for 1.

Cul-Ol 1.951(4) Cul-02 1.970(4)
Cul-03 2.341(6) Cul-N1 1.932(5)
Cul-N2 1.969(5) cl-o1 1.271(7)
CI1-NI 1.280(8) C1-CI 1.520(11)
01'-Cul-02 93.40(18) O1'-Cul-03 89.2(2)
02—-Cul-03 90.1(2) NI-Cul-O1! 85.17(19)
NI-Cul-02 161.1(2) NI—Cul—03 108.8(2)
N1-Cul—-N2 96.9(2) N2—Cul-O1' 177.84(18)
N2—Cul-02 84.44(19) N2—Cul-03 90.7(2)
N3-03-Cul 125.3(4)

Symmetry code: (i) 2—x, 1 —y, | —z.

Table 3. Distances (A) and angles (°) of the hydrogen bonds for 1.

DH---A d(D-H) d(H---A) dD---A) AD-H---A)
N2 H2C.--O5A 0.91 2.52 3.21(2) 133.1
N2-H2C---05B 0.91 2.27 3.07(4) 147.3
C3-H3A---O5A_ 0.97 2.50 3.34(2) 144.9
C4-H4A - .- O4AT 0.97 2.49 3.40(6) 156.3
C4-H4B. .- O5B" 0.97 243 3.29(4) 1474
C5-H5B---O1' 0.97 2.56 3.518(10) 168.5
02-H2---03" 0.93 2.32 3.050(7) 135.2
02-H2---O4A" 0.93 1.76 2.67(4) 163.1
02-H2..-O4B" 0.93 1.93 2.83(5) 164.5

Symmetry codes: (ii) x, 0.5—y, 0.5+z; (iii) x, y— 1, z; (iv) 2—x, y—0.5,0.5—z (v) 1 —=x, y— 0.5, 0.5 — z.

around each metal. The five-membered Cul-O1'-C1'-C1-N1 ring is almost planar,
whereas the other five-membered Cul-0O2-C6—C5-N2 ring has a twist conformation
and the six-membered Cul-N1-C2-C3-C4-N2 cycle adopts a half-chair conformation.
The corresponding puckering parameters [29] are ¢ =262.5(7)°, Q=0.412(7) A and
©=36.1(10)°, 0 =0.503(8) A, 6=130.5(8)°. The oxamido-bridge is planar as observed
in other oxamido-bridged copper(I) complexes [14, 15, 27, 30] and the Cu---Cu
separation within the binuclear unit is 5.157(2) A.

Hydrogen bonds lead to the formation of a 3-D supramolecular framework, which
consists of two classical hydrogen bonds, N—H---O and O—H---O, and one non-
classical hydrogen bond, C—H.--O (table 3). As shown in figure 2, a 2-D infinite
network paralleled to bOc plane is formed through hydrogen bonds between the
hydroxyl and nitrate groups in different molecules. Adjacent layers are further
connected by non-classical C4—H4B---O5B" [symmetry code: (v) 1—x, y—0.5, 0.5—z]
to form a 3-D supramolecular architecture.

Comparing the crystal structure of 1 with that of the previously reported analogue
[Cus(heap)](ClOy), - 2H,0 (2) [27], we find that the two complexes have essentially the
same bridging ligand (heap) and metal ion (Cu"), thus, their IR and electronic spectra
are similar. Both crystallize in P2(1)/c, however, their structures are different due to the
replacement of perchlorate by nitrate. Copper(Il) has a square pyramidal geometry in 1
instead of a square planar environment in 2 from increased coordination ability
of nitrate; hence 1 is neutral while 2 contains a [Cu,(heap)]*™ cation in the solid.
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Figure 2. The 2-D hydrogen-bonded network paralleled to bOc plane. H atoms not involved in hydrogen
bonds have been omitted for clarity [symmetry codes: (iii) x, y—1, z; (iv) 2—x, y—0.5, 0.5—z].

Though the complex molecules assemble to similar 2-D arrays via hydrogen bonds, in 1
the nitrate is the key in hydrogen bonding, while in 2 perchlorate needs lattice water
molecule to complete the array. In addition, in 1 the C—H - - - O hydrogen bonds make
the stack of 2-D arrays more stable than in 2. The above discussion shows the
importance of the counterion.

3.6. Antibacterial activities

Preliminary antibacterial screening and MIC values of the ligand and dicopper(Il)
complex are given in table 4. Both ligand and complex show activities against S. aureus
and E. coli and inactivity against B. subtilis, P. vulgaris, and Ps. aeruginosa. The MIC
values indicate that the complex shows better activity than the ligand against the same
bacteria under identical experimental conditions due to the effect of the metal ion on
cell process. Complexation considerably reduces the polarity of the metal ion because of
the partial sharing of its positive charge with the donor groups. Such complexation
could enhance the lipophilic character of the central metal atom, which subsequently
favors permeation through the lipid layers of cell membrane [31]. On the other hand, by
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Table 4. Qualitative and quantitative antibacterial assay [100mgmL~"; MIC value (pgmL™")].

Diameter of inhibition zone (mm) MIC value (ngmL™")
Compound  S. aureus  B. subtilis  E. coli ~ P. vulgaris  Ps. aeruginosa S. aureus E. coli
Ligand 13 — 12 — — 800 900
Complex 15 - 16 — — 200 100

MIC: The minimum inhibitory concentration is the lowest concentration of a drug that inhibits more than 99% of the
population.

comparing the results obtained in the antibacterial assay with those of the analogous
complex (2) reported before [27], it can be concluded that the antibacterial results of the
two complexes are close because they just have different counter anions.

3.7. DNA binding studies

3.7.1. Cyclic voltammetric studies. Cyclic voltammetry has been widely employed to
study DNA-binding properties for complexes with electronic activity, whether
the electrochemical processes are reversible [32], quasi-reversible [33], or irreversible
[34, 35]. Before studying the interaction of Cu,(heap)(NOs3), with DNA, it is helpful to
study the electrochemical behavior of the dicopper(Il) complex in Tris-HCI buffer
solution. The cyclic voltammograms of Cu,(heap)(NOs), (5.0 x 10~*m L") at different
scan rates (from 0.01 to 0.10 Vs™") in the potential range between —0.9 and 0.2V were
investigated (Supplementary material). As the scan rates decreased from 0.10 to
0.01 Vs™!, the oxidation peak currents (/p,1, /pa2) and reduction peak currents (/pci,
Ioeo, Ipe3) decrease and all are proportional to the square root of the scan rate (vl/z).
The results of linear correlation between /a1, Ipaz, Ipcis Ipeas Ipez and w2 are listed in
table 5. These relationships indicate that the electrode processes in Tris-HCI buffer
solution are diffusion controlled [36].

Restricting the scan rate to 0.10Vs™', the CV behaviors of Cu,(heap)(NOs),
(5.0 x 10~*mol L") without and with HS-DNA were studied and the results are given
in figure 3. In the absence of DNA (curve a), the cyclic voltammogram displays two
couples of redox peaks [couple 1:—0.164V (L) and —0.006V (Ep,;); couple 2:
—0.421V (E,2) and —0.118V (E,»)] which may correspond to Cu(II)Cu(ll)/
Cu(l)Cu(Il) and Cu(I)Cu(Il)/Cu(I)Cu(l), respectively, and one reduction peak at
—0.598 V (E,c3) corresponding to Cu(I)Cu(I)/Cu(I)Cu. The separations of anodic and
cathodic peaks (AL,) for couples 1 and 2 are 0.158 and 0.303 V with formal potentials
of the free complex (Ef’) being —0.085 and —0.270 V. Upon the addition of HS-DNA
(curve b), the peak currents decrease, and couple 2 and reduction peak 3 disappear;
simultaneously, the formal potential of the bound complex (E£g") of couple 1
[-0.164V (E,) and —0.070'V (E,,;)] shifts to more negative potential (AE®' = E7 —
Ef’=-0.032V). These changes in the peak currents can be attributed to increased
difficulty in the diffusion of the dicopper(Il) complex bound to the large, slowly
diffusing HS-DNA molecule [37]. Bard [38] has proposed that if E°" shifted to
more negative value when small molecules interacted with DNA, the interaction
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Table 5. Relationship between peak currents and the square root of the scan rate over
a scan rate range from 0.01 to 0.10V s~

Plots of I vs. v'/? Linear equation Correlation coeff. (r)
A y=2x10"*x+6x10"¢ 0.9981
B y=1x10"*x+1x107° 0.9807
C y=2x10"x4+3%x107¢ 0.9742
D y=6x10"x+1x107° 0.9997
E y=6x10"x +4x107° 0.9997

Current / 1e-5A

0z 041 0 -01 -02 -03 -04 -05 -06 -07 -08 -09
Potential / V

Figure 3. leclic voltammogram of 1 in the absence (a) and presence (b) of HS-DNA (1.5 x 10> mol L™})
at 0.10Vs™.

mode was electrostatic. Otherwise, if E° shifted to more positive value, the
interaction mode was intercalative. Therefore, the shift to negative in E°’ indicates
that the interaction mode between the dinuclear copper(Il) complex and HS-DNA
is electrostatic. The shift in the value of the formal potential AE° can be used
to estimate the ratio of equilibrium binding constants Kr/Ko according to the model
of interaction described by Carter and Bard [39]. From this model one can
obtain that:

AE" = AEY — AES = 0059 log(KRr /Ko) (1)

where Ky and Kq are the corresponding binding constants for the binding of reduced and
oxidized species to DNA, respectively. For the dicopper(I1l) complex, the Kcymcuan/
Kcuancuar value was calculated to be 0.29, suggesting stronger binding affinity in the
Cu(I)Cu(Il) form compared to the Cu(I)Cu(Il) form. Thus, according to electro-
chemical experiments, the binding mode of the dicopper(Il) complex to HS-DNA is
electrostatic, supported by the following electronic absorption titrations, EB fluorescence
displacement experiments, and viscosity measurements.
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Figure 4. Electronic absorption spectra of the copper(Il) complex upon the titration of HS-DNA.
[complex]=1.0x 107°ML™"; [DNAJ]: (a) 0, (b) 3.0x107°, (¢) 1.5x107% (d) 25x10*ML™",
(e) 4.0 x 107*ML™". Arrow shows the absorbance upon the increasing HS-DNA concentrations. Inset:
Plot of [DNA]/(e.—¢g) vs. [DNA] for the absorption titration of HS-DNA with the complex.

3.7.2. Electronic absorption titrations. To get a better insight into the interaction
mode and binding strength between the dicopper(Il) complex and HS-DNA,
electronic absorption experiments were employed. Electronic absorption spectroscopy
is an effective method to examine the binding modes and magnitudes of metal
complexes with DNA. In general, hypochromism and red shift are associated with
the binding of colored complexes to DNA, due to intercalative mode involving a
strong stacking interaction between the aromatic chromophore of complexes and
the base pairs of DNA [32, 40, 41]. The absorption spectra of the dicopper(II)
complex (1.0x107molL™") in the absence and presence of HS-DNA
(3.0x107°~4.0 x 10~*mol L™") are given in figure 4. When titrated by HS-DNA,
the dicopper(Il) complex presents significant hypochromism centered at 206 nm
absorption maximum, suggesting that the interaction between dicopper(Il) complex
and HS-DNA is different from classical intercalation [32, 40, 41]. These spectral
features are similar to that which is interpreted as electrostatic interaction with DNA
[42]. Cationic molecules can interact with DNA by neutralizing the negatively charged
phosphate backbone of DNA [43]. Considering the weak coordination between the
copper(Il) and nitrate, the neutral dicopper(II) units in the solid state are cations and
nitrate anions in solution (supported by molar conductivity). Therefore, it is likely that
the positive dicopper(Il) complex may facilitate the eclectrostatic interaction when
interacting with HS-DNA in Tris-HCI buffer [42].

In order to understand quantitatively the magnitudes of the binding strength of the
dicopper(Il) complex, the intrinsic binding constant (K},) is determined by using the
following equation [44]:

[DNA]/(ea — &) = [DNA]/(eb — &) + 1/ K, (¢, — &) (@)
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Figure 5. Emission spectra of the HS-DNA-EB system upon titration of the copper(Il) complex.
dex=1522nm; [EB]=1.0x10"°ML""; [DNA]=1.5x10>ML; [com6plex]: (@ 0, (b) 1.0x107°
(€) 2.0x107% (d) 3.0x 1075, (e) 4.0 x 107°, (f) 5.0x 107°, (2) 6.0 x 107°, (h) 7.0 x 107, (i) 8.0 x 107°,
(G) 9.0 x 107, (k) 1.0 x 107>ML™". Arrow shows the change upon increasing complex concentration. Inset:
Plot of Iy/I vs. [complex] for titration of the copper(Il) complex to HS-DNA-EB system.

where [DNA] is the concentration of HS-DNA, er e, and &, correspond to the
extinction coefficient, respectively, for the free dicopper(Il) complex, for each addition
of DNA to the dicopper(Il) complex and for the dicopper(ll) complex in the fully
bound form. The ratio of slope to intercept in the plot of [DNA]/(e,—¢g) versus [DNA]
gives the value of Ky as 3.33 x 10*M ™' (R=0.9996 for four points).

3.7.3. The EB fluorescence displacement experiments. Fluorescence titration experi-
ments, especially the EB fluorescence displacement experiment, have been widely used
to characterize the interaction of complexes with DNA by following changes in
fluorescence intensity. The intrinsic fluorescence intensity of DNA is very low, and that
of EB in Tris buffer is also not high due to quenching by the solvent molecules.
However, on addition of DNA, the fluorescence intensity of EB is enhanced by
intercalation into the DNA. Thus, EB can be used to probe the interaction of complexes
with DNA. The fluorescence intensity of EB can be quenched by the addition of a
molecule to the displacement of EB from DNA [45]. In our experiment (figure 5), the
fluorescence intensity of EB bound to DNA at 584 nm shows remarkable decrease with
increasing concentration of the dicopper(Il) complex, suggesting that dicopper(Il)
complex binds strongly with DNA, consistent with our cyclic voltammetric studies and
electronic absorption spectral results. The quenching of EB bound to DNA by the
dicopper(Il) complex is in agreement with the linear Stern—Volmer equation [46]:

IO/IZ I+ KSV[Q] (3)
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Figure 6. Effect of increasing amount of the complex on the relative viscosity of HS-DNA at 16(40.1)°C,
[DNA]=0.2mM.

where [, and I represent the fluorescence intensities in the absence and presence of
quencher, respectively. Kj, is a linear Stern—Volmer quenching constant and Q is the
concentration of quencher. In the quenching plot (inset in figure 5) of Iy/I versus
[complex], K, is given by the ratio of the slope to intercept. The K, value for 1 is
2.01 x 10° (R=0.983 for 11 points). Considering the strong interaction of EB with the
DNA of which the binding constant of EB with DNA is 1.40 x 10°M~" in Tris—HCI
buffer [47], we thought it was impossible for the copper(I) complex to scramble EB
from DNA. Similar fluorescence quenching effect of EB bound to DNA has been
observed for the addition of several electrostatic binding compounds [48]. The present
observation leads us to suspect that the copper(Il) complex may interact with DNA
through the electrostatic binding, releasing EB from EB-DNA system.

3.7.4. Viscosity measurements. To clarify further the interaction of the complex and
HS-DNA, viscosity measurements were carried out. In intercalation, the DNA helix
lengthens as base pairs are separated to accommodate the bound ligand leading to
increased DNA viscosity; in electrostatic mode the length of the helix is unchanged
resulting in no apparent alteration in DNA viscosity [49]. Viscosity is regarded as the
least ambiguous means of studying the binding of metal complexes with DNA [50]. The
effect of dicopper(Il) complex on the viscosity of HS-DNA are shown in figure 6.
As illustrated in this figure, on increasing the amount of 1, the relative viscosity of
HS-DNA remains essentially unchanged, very similar to that observed for other
complexes which interacted with DNA in electrostatic mode [51]. Thus, the viscosity
measurement is consistent with the results of the cyclic voltammetric studies, electronic
absorption titrations, and EB fluorescence displacement experiments.

Considering the structure of the dicopper(Il) complex and the DNA-binding results
observed in the voltammetric studies, electronic absorption titrations, EB fluorescence
displacement experiments, and viscometry measurements, one can conclude that the
electrostatic binding is the most probable interaction mode between the binuclear
copper(I) complex and HS-DNA. The static electrostatic interaction likely occurred
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between the positive charge in the complex and the negative phosphate backbone of
HS-DNA [33].

Indeed, further investigations are still required by using other methods in order to get
a reasonable explanation and a deeper insight into the DNA-binding mode of the
complexes with oxamido-bridge and are in progress in our laboratory.

Supplementary material

Crystallographic data (excluding structure factors) for the structure reported in this
work have been deposited at the Cambridge Crystallographic Data Center and
allocated the deposition number: CCDC 633222.
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