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[Cu(bpea)Cl]CIO4 (1) and a new copper(Il) complex [Cu(bpma)(Ph-COO)(H,0)]CIO4 (2)
[bpea = N,N-bis(2-pyridylmethyl)ethylamine; bpma = N,N-bis(2-pyridylmethyl)methylamine]
have been synthesized. Complex 2 was crystallized in monoclinic space group P2;/c with unit
cell parameters a=16.460(6)A, b=11.222(4)A, ¢=12.522(5)A, and B=97.985(6)°.
Interactions of the complexes with calf thymus DNA (CT-DNA) have been investigated by
UV absorption, fluorescence, and cyclic voltammetry; thus, modes of CT-DNA binding for the
complexes have been proposed. Furthermore, DNA cleavage activities by the complexes were
performed in the absence of any external agents. The influence of complex concentration or
reaction time on the DNA cleavage was studied.

Keywords: Copper complex; Crystal structure; DNA cleavage; DNA binding

1. Introduction

The ligands bpa-R, first reported by Romary et al. [1], are classical tridentate nitrogen
donors in coordination chemistry and have a potential advantage due to the fact that
they can bind to the metal both facial and meridional [2] and are more flexible than
triazacyclononane (TACN) being strictly facial coordinating [3-5]. Like tris-pyrazo-
lylborates, they can adopt both k2 and k3 coordination modes, but unlike tris-
pyrazolylborates they can coordinate in both facial and meridional k3 modes [6]. A
large variety of transition metal complexes with bpa-R have been reported [7-17], but
studies on copper(IT) complexes with bpa-R are relatively limited [18, 19]. Coordination
chemistry of copper is a subject of continuing importance, in relation to the structures
and reactivity of the active sites in copper metalloproteins [20]. Cu(Il), owing to the
well-known ““plasticity” of the coordination sphere, forms complexes of coordination
numbers 4-6, with a variety of irregular geometries [21, 22]. We reported two binuclear
copper complexes [23] with bpa-R (bpma, bpea, scheme 1), which display efficient
spectroscopic properties. Continuing, we reported a new mononuclear complex with
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bpma bpea

Scheme 1. Structures of ligands.

bpma, [Cu(bpma)(Ph-COO)(H20)]ClO4 (2) and selected a similar reported mononu-
clear complex for comparison, [Cu(bpea)CI|ClO4 (1) (bpea = N,N-bis(2-pyridylmethyl)
ethylamine). DNA cleavage experiments indicate that the complexes cleave DNA
efficiently without an external agent.

2. Experimental

2.1. Materials and instrumentation

Caution: Although no problems were encountered in this work, transition-metal
perchlorates are potentially explosive and should thus be prepared in small quantities
and handled with care.

Unless stated, all reagents used in this research were obtained from commercial
sources and used without purification. Solvents used in this research were purified by
standard procedures.

Elemental analyses (C, H, and N) were performed on a Model 240 Perkin-Elmer
instrument. Infrared (IR) spectra were recorded as KBr pellets from 400 to 4000 cm ™
on a Bruker Tensor 27 FTIR spectrophotometer. UV-Vis spectra were measured in
CH;CN solution on a Jasci V-570 UV-Vis spectrophotometer. Electrochemical
behaviors of 1 and 2 were investigated by cyclic voltammetry (CV) in CH3CN
containing 0.1 mol L™" (BuyN)PF as supporting electrolyte. A three-electrode system
containing a platinum-wire working electrode, a platinum-plate electrode (counter), and
an Ag/AgCl reference electrode was used. Voltammetric recordings were performed
under pure nitrogen at room temperature. The concentrations of the complexes were
0.001 mol L™" for each measurement and the voltage scan rate was 50mV s~ '. Electric
conductivities were performed on a DDS—11 C conductivity apparatus.

2.2. Preparation of complexes

Ligands bpma and bpea were prepared according to literature methods [24, 25].

2.2.1. [Cu(bpea)CI|CIO4 (1). To a methanolic solution (10 mL) of bpea (0.5 mmol), an
aqueous solution (5mL) of CuCl,-6H,O (0.085 g, 0.5 mmol) was added dropwise, and
the resulting solution was heated to reflux for 6 h, filtered, and the obtained mixture was
added dropwise to a saturated NaClO,4 solution, placed in ambient temperature for
several days, then stirred for 0.5 h and filtered. Blue block crystals of 1 suitable for X-ray
diffraction were obtained by slow evaporation of the filtrate, collected by filtration,
washed with diethyl ether, and dried in air. Yield 41% (based on copper salts).
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Elemental Anal. Caled for C4H7Cl,CuN3Oy4 (425.75) (%): C, 39.46; H, 3.99; N, 9.86.
Found (%): C, 38.96; H, 3.77; N, 10.21. Complex 1 has been structurally characterized
by X-ray crystallography. Selected bond lengths and angles are given in the paper [26].

2.2.2. [Cu(bpma)(Ph-COO)(H,0)|CIO4 (2). To an acetonitrile solution (SmL) of
bpma (0.5mmol), an acetonitrile solution (5mL) of Cu(ClOy),-6H,O (0.185¢g,
0.5mmol) was added dropwise, the mixture solution was refluxed for 1h in the
presence of air. Then benzyl acid (0.5 mmol)/triethylamine (0.5 mmol) was added and
stirred for further Sh at room temperature and filtered; blue block microcrystals were
obtained by quickly evaporating the filtrate overnight and dissolving in H,O/CH;OH/
DMF (2:2:1). After 2 weeks, blue block crystals of 2 suitable for X-ray structure
analysis were obtained by slow evaporation of the filtrate, collected by filtration,
washed with diethyl ether, and dried in air. Yield 49% (based on copper salts).
Elemental Anal. Caled for C,0H»,CICuN;O5 (515.41) (%): C, 46.56; H, 4.27; N, 8.15.
Found (%): C, 46.25; H, 4.08; N, 8.39.

2.3. X-ray structure determination

The blue prismatic crystal of 2 was mounted on a glass fiber and used for data
collection. Crystal data for 2 were collected at 294(2) K using a Bruker Smart 1000 CCD
diffractometer. Graphite-monochromated Mo-Ka radiation (A =0.71073 A) with the
w—20 scan technique was used. An empirical absorption correction was applied to raw
intensities [27]. The structure was solved by direct methods (SHELX-97) and refined
with full-matrix least-squares on F2> using SHELX-97 [28, 29]. Positional and
anisotropic atomic displacement parameters were refined for all non-hydrogen atoms.
The hydrogens were added theoretically, riding on the concerned atoms and refined
with fixed thermal factors. The details of crystallographic data and structure refinement
parameters are summarized in table 1.

2.4. DNA binding experiments

By the electronic absorption method, the relative bindings of the three complexes to calf
thymus DNA (CT-DNA) were studied in 5mmol L™" Tris-HCI/NaCl buffer at pH = 7.2
(Tris is tris-hydroxy methyl-amino-methane). The solution of CT-DNA gave a ratio of
UV absorbance at 260 and 280 nm, Ayg0/A250, of 1.89, indicating that the DNA was
sufficiently free of protein [30]. CT-DNA stock solutions of 5mmol L™ were prepared
in Tris-HCI/NaCl buffer, pH=7.2 (stored at 4°C and used within 4 days after their
preparation). The concentration of CT-DNA was determined from its absorption
intensity at 260 nm with a molar extinction coefficient of 6600 (molL~")'em™" [31].

By fluorescence, the relative bindings of the complexes to CT-DNA were studied with
an EB-bound CT-DNA solution in 5mmol L™' Tris-HCI/NaCl buffer (pH 7.2). The
excitation wavelength was fixed at 510 nm and the emission range was adjusted before
measurements. Fluorescence intensities at 602 nm were measured at different complex
concentrations [32].

CV was performed on a BAS Epsilon Electrochemical Workstation with a three-
electrode system consisting of a platinum glassy carbon working electrode, a platinum
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Table 1. Crystallographic data and structure refinement parameters for 2.

Complex empirical formula C,0H»,CICuN;07 (2)
Formula weight 515.41

Crystal system Monoclinic

Space group . P2y/c

Unit cell dimensions (A, °)

a 16.460(6)

b 11.222(4)

¢ 12.522(5)

o 90°

B 97.985(6)°

y i 90°

Volume (A%), Z 2290.6(15), 4

Calculated density (Mgm ™) 1.495

Absorption coefficient (mm ") 1.116

F(000) 1060

0 range for data collection 2.20-25.00

Limiting indices A, k, / —19<h<19; —13<k<13; -11</<14
Reflections collected 12,144

Independent reflections 4019 [Rin;=0.1101]
Data/restraints/parameters 4019/243/289
Goodness-of-fit on F> 0.997

Final R indices [/ > 20(])] R;=0.0890, wR,=10.2092
R indices (all data) R R, =0.1200, wR>,=0.2268
Largest difference peak and hole (e A~%) 0.598/—0.406

CCDC number 760020

wire as the auxiliary electrode, and a saturated calomel electrode (SCE) as the reference
electrode. All the electrochemical measurements were carried out in a 10 mL electrolytic
cell using 10 mmol L' Tris-HCI/50 mmol L ™' NaCl buffer (pH = 7.2) as the supporting
electrolyte. Solutions were deoxygenated by purging with N, prior to measurements.

2.5. DNA cleavage experiments

The cleavage of supercoiled (SC) pBR322 DNA by the complexes was studied by
agarose gel electrophoresis. The reaction was carried out following a literature method
[33]. After electrophoresis, bands were visualized by UV light and photographed. The
extent of cleavage of the SC DNA was determined by measuring the intensities of the
bands using the Gel Documentation System [34]. SC plasmid DNA values were
corrected by a factor of 1.22, based on average literature estimate of lowered binding of
ethidium [35].

3. Results and discussion

3.1. Crystal structure

Complex 2 has been structurally characterized by X-ray crystallography. Selected bond
lengths and angles are given in table 2. The crystal structure consists of a mononuclear
[Cu(bpma)(PhCOO)(H,0)] cation and a CIO,, as shown in figure 1. Cul is coordinated
to a tridentate bpma, a monodentate benzoate, and a water molecule with a square-
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Table 2. Selected bond lengths (10\) and angles (°) for 2.

Cu(1)-N(1) 1.970(7) Cu(1)-O(1) 1.936(6)
Cu(1)-N(2) 2.024(8) Cu(1)-0(3) 2.232(6)
Cu(1)-N(3) 1.969(7) - -
O(1)-Cu(1)-N(1) 97.9(3) N(3)-Cu(1)-N(2) 82.3(3)
O(1)~Cu(1)-N(3) 95.8(3) O(1)-Cu(1)-O(3) 93.3(3)
N(1)-Cu(1)-N(@3) 163.8(3) N(1)-Cu(1)-0(3) 96.6(3)
O(1)-Cu(1)-N(2) 165.4(3) N(3)-Cu(1)-0(3) 91.2(3)
N(1)-Cu(1)-N(2) 82.3(3) N(@2)-Cu(1)-0(3) 101.2(3)

Figure 1. The labeling scheme for [Cu(bpma)(Ph-COO)(OH,)]™; hydrogens and ClO, are omitted for
clarity.

pyramidal geometry (t=0.027) [36, 37] with a CuN;O - -- O chromophore (4+1). The
basal plane is completed by the pyridyl N(1), N(2), and the N(3) of bpa and the O(1)
from benzoate. A water molecule occupies the axial position with Cul-O3 distance of
2.232A (longer than Cul-Ol1, 1.936 A). The Cul is 0.188 A out of the square plane
formed by N(1), N(2), N(3), and O(1). The Cu-O bond length of 2.084 A and Cu-N
bond average lengths 1.988 A in the equatorial plane are similar to those found
previously [38]. The N1-Cul-N3 and O1-Cul-N2 angles are 163.8(3) and 165.4(3)°,
respectively. A weak bond exists between O2 and Cul with Cul-O2 distance of 2.614 A.

3.2. IR spectrum studies

The v of ligand for 2 is a shoulder involving a split sharp peak at 1600 cm ™', while
V) 18 a split sharp peak at 2980 cm™'. Strong absorption, v(ClOy), 1094, 1088, and
1031cm™" are observed, indicating ClO, is uncoordinated. Strong absorptions,
v(benzoate), at 1598, 1557, 1447, and 1394 cm~! are observed. The difference of
absorptions exceeds 200 cm ™', indicating benzoate is monodentate to metal ions. This
is consistent with structural data of 2. Additionally, absorptions in the region
620-770 cm ™! strongly argue for the presence of pyridyls.
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Figure 2. The UV-Vis spectrum of 2 in CH;CN.

3.3. Electronic spectrum study

Electronic absorption spectra in CH3CN of 2 are shown in figure 2. The very strong
absorption in the UV region at 223 nm (e =2.05 x 10%) can be attributed to 7—* charge
transfer of the ligand. There is also a band at 260nm (e=2.17 x 10%). In the visible
region the maximum absorption at 746 nm (e = 3.9 x 10"), due to ligand field transition,
is consistent with square-pyramidal geometry of Cu(II), typical of d—d transition of
Cu(Il) in a weak tetragonal ligand field assigned to d,. ;2 — d,,, d,-, d,.., d.. transition.
The molar conductivity of 2 in CH;CN solution is 131 cm®Q~"'mol~'. The results are
consistent with structural data [39].

3.4. DNA binding properties

3.4.1. Spectroscopic titration. DNA binding is the critical step for nuclease activities.
Therefore, the binding ability of the complexes to CT-DNA was studied by various
techniques. The binding ability of 1 and 2 to CT-DNA was studied by UV spectroscopy
by following the intensity changes of the intraligand 7—n* transition band, as shown in
figure 3. The absorption at 226 nm for 1 and 223 nm for 2 are attributed to intraligand
m—m* transition; increasing the concentration of CT-DNA, hypochromisms of
27%—-38% and red-shifts of 3-20nm for 1 and 2 were observed. Although this is not
definitive proof, hypochromism and red shifts observed for other complexes in the
presence of CT-DNA is often a sign of intercalative binding between the aromatic
chromophore of the complex and the base pairs of DNA modulate the absorption char-
acteristics of the metal complexes [40]. The values of the intrinsic binding constants (Ky,)
were determined to be 3.15 x 10* for 1 and 2.84 x 10* for 2 by regression analysis [41].
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Figure 3. Absorption spectra of 1 (a) (1.20 x 10~*mol L™"); 2 (b) (3.99 x 10> mol L") in the absence
(dashed line) and presence (solid line) of increasing amounts of CT-DNA (0-4.61 x 10~*molL™" of 1 and
0-3.96 x 10~*mol L™" of 2) at room temperature in 5mmol L™' Tris-HCIl/NaCl buffer (pH = 7.2). The dashed
lines indicate the free complexes.

The value is ~100 times lower than those reported for classical intercalators (e.g., EB-
DNA, ~10°(mol L™")™") [42] and about an order lower than affinities of intercalators
containing similar planar ligands [43]. The extent of hypochromism is consistent with
the strength of intercalative interaction. The lower K, observed for the present
complexes imply that they do not intercalate very strongly or deeply between the DNA
base pairs. So we propose that the lower red shifts observed in the UV spectra are due to
the partial/moderate intercalation of pyridyl ligand.

As a means for further clarifying the binding of complexes, fluorescence spectral
measurements were carried out. EB does not show any appreciable emission in buffer
solution due to fluorescence quenching of the free EB by solvent [44]. EB emits intense
fluorescence at 600 nm in the presence of DNA due to its strong intercalation between
the adjacent DNA base pairs [45]. It was previously reported that the enhanced
fluorescence could be quenched by the addition of another molecule [46]. No
luminescence was observed for 1 and 2 at room temperature in aqueous solution or
in the presence of CT-DNA, so the binding of the complexes cannot be directly
observed in the emission spectra. The relative binding of 1 and 2 to CT-DNA was
studied with an EB-bound CT-DNA solution in Tris-HCI buffer (pH 7.2). Fluorescence
intensities at 602nm (526 nm excitation) were measured at different complex concen-
trations. Figure 4 shows that the fluorescence intensity of EB-bound CT-DNA
decreased with the addition of the copper(Il) complexes, indicating that the complexes
could bind to CT-DNA and replace EB from the EB-bound CT-DNA system. Such a
feature is often found in intercalative DNA interactions [47].

3.4.2. Electrochemical study. Figure 5 shows the cyclic voltammograms of 1 and 2 at
50mVs~'. Both complexes show two couples of waves corresponding to two one-
electron redox process of Cu'/Cu' and Cu'/Cu’. The first reduction potentials are
observed at E}.=—0.314V, E}, =—0.562V, and E}, =—0.397V, El, =—0.605V for 1
and 2, respectively; this can be assigned to the redox couple Cu"/Cu'. The second
reduction potentials are observed at E\.=—0.497V, E2, =—0.891V for 1 and E;, =
—0.538V, Ega:—0.760V for 2; this can be attributed to the redox couple Cu'/Cu’.
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Figure 4. Emission spectra of EB-CT-DNA in the absence (dashed line) and presence (solid lines) of 1 (left),
2 (right) at 293 K.
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Figure 5. CV of 1 (a) and 2 (b) (0.1 mmol L™" in CH3CN); scan rate 50mVs~'; supporting electrolyte
(BuyN)PF (0.1 mol L™"); reference electrode SCE.

The E,, values are Ej , =—0.438V, Ej, =—0.694V; E} , =—0.501V, Ef, =—0.649V
for 1 and 2, respectively.

In the presence of CT-DNA, the cyclic voltammograms of the two copper(II)
complexes exhibited shifts in the cathodic peak potentials followed by a decrease in
both peak currents; the £}, values in the presence of CT-DNA exhibit negative shifts of
15 and 10mV for 1, 12 and 17mV for 2, indicating interaction between the two
copper(Il) complexes and CT-DNA. The drop of the voltammetric currents in the
presence of CT-DNA can be attributed to diffusion of the metal complex bound to the
large, slowly diffusing DNA molecule [48]. The shift in the value of the formal potential
(AE”) can be used to estimate the ratio of equilibrium binding constants (Kgr/Ko)
according to the model of interaction described by Carter and Bard [49]. From this
model one can obtain

AE" = E) — EY =0.0591log(Kr/Ko),

where E?, and EY are the formal potentials of the bound and free complex forms, K
and Ko are the corresponding binding constants for the binding of reduced and
oxidized species to CT-DNA, respectively. The Kcymy/Kcuar values are 1.73 for 1 and
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Figure 6. Gel electrophoresis diagrams showing the cleavage of pBR322 DNA (33 umol L) at different
complex concentrations in 50 mmol L™" Tris-HCI/NaCl buffer (pH 7.2) and 37°C: (a) Lane 1, DNA control;
Lane 2-7: DNA +1 (0.005; 0.030; 0.072; 0.144; 0.216; 0.252m1n01L’1), respectively; (b) Lane 1, DNA
control; Lane 2-8: DNA +2 (0.003; 0.013; 0.039; 0.078; 0.20; 0.40; 0.50 mmol L"), respectively.

2.27 for 2, suggesting stronger binding affinity in the Cu(I) state compared to Cu(II) for
both copper(I) complexes.

The values of half-wave potential of the two redox processes and K., measure the
relative stability of the Cu' species. The E; 1> value cannot be applied to complexes with
two copper ions in different coordination environments. However, K., still charac-
terizes the stability of the Cu' species [50]. The values have been determined
electrochemically using the equation logK.o, = E//0.0591 (at 25°C), where E;,=
E| n- E?2,,. The Koy values for the two complexes are calculated to be 2.18 x 10* and
3.22 x 107, respectively, suggesting that the relative stability of the Cu(I) species in 1 is
higher than in 2.

3.5. DNA cleavage

The DNA cleavage activity of 1 and 2 has been studied under physiological pH
and temperature by gel electrophoresis using SC pBR322 plasmid DNA as the
substrate. Figure 6 shows the results obtained at pH 7.2 (Tris-HCI/NaCl) and 37°C
for 3h. In the absence of external agents, the complexes cleave SC DNA (form I)
to nicked (form II). The complexes perform DNA cleavage in a concentration-
dependent manner. The results indicate that the complexes have potent nuclease
activity.

The kinetic parameters underlying the chemistry of the complexes’ ability to cleave
DNA were determined by following the time dependence of the reaction under
pseudo-first-order condition ([complex]=0.072mmol L' of 1 and 0.078 mmolL™" of
2, and [DNA]=33umolL"" in bp). The loss of SC DNA and increased levels of
nicked circular and linear DNA forms were quantified after gel electrophoresis, as
described in section 2. The results are shown in figure 7. Complexes 1 and 2 mediate
the cleavage of one strand of dsDNA in the initial stage of the reaction. Subsequent
nicking was also promoted by the complexes, resulting in the formation of
linear DNA.
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Form II (NC)
Form III(Linear)

Form1 (SC)

10.1 124 157 255 39.3 50.1 798 80.1 % NC
16 33 56 89 %Linear
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Form I1 (NO)
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Figure 7. Time-dependence of pBR322 DNA cleavage by 0.072 mmol L™ 1, 0.078 mmol L' 2 in Tris-HCI/
NaCl buffer (pH=7.2) at 37°C. (a) Lane 1: DNA control; lane 2-8: DNA+1 (0.5, 1, 2, 4, 8, 21, 24h),
respectively; (b) Lane 1: DNA control; lane 2-8: DNA +2 (0.5, 1, 2, 4, 8, 16, 24 h), respectively.
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