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Ternary copper(II) complexes [Cu(py2phe)B](ClO4)2 (1−3), where py2phe is a tripodal ligand N,N-bis[2-(2-pyridyl)-
ethyl]-2-phenylethylamine and B is a heterocyclic base (viz., 1,10-phenanthroline (phen, 1), dipyrido[3,2-d:2′,3′-f]-
quinoxaline (dpq, 2), or dipyrido[3,2-a:2′,3′-c]phenazine (dppz, 3)), are prepared and their DNA-binding and
photoinduced DNA-cleavage activities are studied. Complex 1 has been structurally characterized by single crystal
X-ray crystallography. The molecular structure shows an axially elongated square-pyramidal (4 + 1) coordination
geometry in which the phen ligand binds at the basal plane. The tripodal ligand py2phe displays an axial−equatorial
binding mode with the amine nitrogen bonded at the axial site. A chemically significant CH−π interaction involving
the CH moiety of the phenyl group of the tripodal ligand and the aromatic ring of phen is observed. The complexes
display good binding propensity to calf thymus DNA giving a relative order of 3 (dppz) > 2 (dpq) > 1 (phen). The
DNA binding constants (Kb) for 1−3, determined from absorption spectral studies, are 6.2 × 103, 1.0 × 104, and 5.7
× 104 M-1, respectively. The complexes show chemical nuclease activity in the presence of 3-mercaptopropionic
acid as a reducing agent forming hydroxyl radicals as the cleavage active species. The photoinduced DNA-cleavage
activity of the complexes has been studied using UV radiation of 365 nm and red light of 632.8 and 694 nm. The
phen complex in absence of any photosensitizing moiety does not show any DNA cleavage upon photoirradiation.
The dpq and dppz ligands with their photoactive quinoxaline and phenazine moieties display significant photoinduced
DNA-cleavage activity. The dppz complex is more active than its dpq analogue because of the better steric protection
of the DNA-bound photosensitizing dppz ligand from the solvent molecules. Control experiments reveal the formation
of singlet oxygen in the light-induced DNA-cleavage reactions. The observed efficient photoinduced DNA-cleavage
activity of 2 and 3 is akin to the “light switch” effect known for the tris-chelates of ruthenium(II).

Introduction

Transition metal complexes with the ability to bind and
cleave DNA under physiological conditions are of interest
because of their varied uses in nucleic acid chemistry.1-9

Among several notable developments in this area of chem-
istry, the molecular “light switch” effect, in which octahedral

2,2′-bipyridine (bpy) and 1,10-phenanthroline (phen) com-
plexes of ruthenium and rhodium with dipyrido[3,2-a:2′,3′-
c]phenazine (dppz) bases and extended planar aromatic
heterocyclic rings show significant enhancement of emission
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intensity upon intercalative binding to duplex DNA, has made
such complexes suitable as photophysical probes in DNA
conformational studies.1,10-16 Steric protection of the pho-
tosensitizer in a DNA-bound form is known to increase its
excited-state lifetime.16 Such a phenomenon could be of use
in designing non-porphyrinic transition metal complexes for
photoinduced DNA-cleavage studies by selective choice of
ancillary ligands that could protect the photosensitizer from
solvent interactions and enhance the generation of cytotoxic
singlet oxygen for oxidative cleavage of DNA. We recently
reported the effect of steric protection of the photosensitizer
in significantly augmenting the photoinduced DNA-cleavage
activity of ternary copper(II) scorpionates [Cu(TpPh)B](ClO4)
in which the sterically demanding tripodal ligand tris-(3-
phenylpyrazolyl)borate (HTpPh) in a {Cu(TpPh)} bowl ef-
fectively encloses the photosensitizer, like dppz (B).17 Our
observation is akin to the molecular light switch effect
exhibited by the tris-chelates of ruthenium(II).

With an aim to explore this steric effect further, we have
chosen a tripodal ligand derived from 2-vinylpyridine and
phenylethylamine. This ligand has a pendant phenylethyl arm
that is expected to increase the binding propensity of the
complex to duplex DNA by noncovalent hydrophobic
interactions in addition to shielding the photosensitizer in
its photoexcited triplet electronic state from quenching by
the solvent water molecules. We have chosen dipyridoqui-
noxaline (dpq) and dipyridophenazine (dppz) bases as
photosensitizers because their copper(II) complexes are
known to exhibit visible light-induced DNA-cleavage activity
involving the photoexcited3(n-π*) and 3(π-π*) states of
the quinoxaline and phenazine moieties, respectively.18,19

Besides, the copper(II) complexes exhibiting metal-assisted
red light-induced DNA-cleavage activity have potential for
application in the chemistry of photodynamic therapy
(PDT).20-25 One of the basic requirements of a photosensi-

tizer with a significantly high molar-extinction coefficient
to be effective as a drug in PDT is the photoactivation in
the “phototherapeutic window” of ca. 620 to 850 nm. The
PDT drug Photofrin is a porphyrin-based compound that
causes DNA damage at 630 nm. Synthesis of non-porphyrinic
copper compounds showing light-induced DNA cleavage
activity in this “phototherapeutic window” is our objective.
Our previous reports have shown that copper(II) complexes
efficiently cleave DNA on photoexposure to red light
involving the d-d and charge-transfer bands in the photo-
excitation process.18,26 Using a tripodal ligand,N,N-bis[2-
(2-pyridyl)ethyl]-2-phenylethylamine (py2phe), we were able
to synthesize new ternary copper(II) complexes [Cu(py2-
phe)B](ClO4)2 (1-3) that exhibit a visible band at a
significantly longer wavelength than the ternary copper(II)
scorpionates [B) phen (1), dipyrido[3,2-d:2′,3′-f]quinoxaline
(dpq,2), dppz (3); Scheme 1].17 Interestingly, the visible band
of 3 at 701 nm is at a longer wavelength than the visible
bands generally observed for porphyrins.27,28 Herein, we
report the synthesis, DNA binding and red light-induced
DNA-cleavage activity of1-3. The phen complex has been
structurally characterized by X-ray crystallography. The
significant result of this study is the efficient photoinduced
DNA-cleavage activity of the dppz complex at 694 nm using
a pulsed ruby laser. The importance of steric protection of
the photosensitizer in enhancing the cleavage activity of the
ternary copper(II) complexes is observed.

Experimental Section

Materials and Measurements.All reagents and chemicals were
procured from commercial sources and used without further
purification. Solvents used were purified by standard procedures.29

Calf thymus DNA and supercoiled pUC19 DNA (cesium chloride
purified) were purchased from Bangalore Genie (India). Agarose
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Scheme 1. Ternary Structures of the Copper(II) Complexes1-3 and
the Phenanthroline Bases Used
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(molecular biology grade) and ethidium bromide (EB) were from
Sigma (USA). 2-Vinylpyridine and phenylethylamine were from
Aldrich (USA). Ligands py2phe, dpq, and dppz were prepared using
literature procedures.30 Tris-HCl buffer solution was prepared using
deionized sonicated triple-distilled water.

The elemental analyses were done using a Thermo Finnigan Flash
EA 1112 CHNSO analyzer. The infrared, electronic, and fluores-
cence spectral data were obtained using Perkin-Elmer Spectrum
One FT-IR, Perkin-Elmer Lambda 35 UV-vis, and Perkin-Elmer
LS-50B spectrophotometers, respectively. Electrochemical measure-
ments were done at 25°C on an EG & G PAR model 253 Versa
Stat potentiostat/galvanostat with electrochemical analysis software
270 for cyclic voltammetric work using a three electrode setup
consisting of glassy carbon working, platinum wire auxiliary, and
saturated calomel reference electrode. Magnetic susceptibility data
at 298 K were obtained for the polycrystalline samples using George
Associates Inc. Lewis-coil-force magnetometer system (Berkeley,
CA).

Preparation of [Cu(py2phe)(phen)](ClO4)2 (1) and [Cu-
(py2phe)(dpq)](ClO4)2 (2). Complexes1 and2 were prepared by
a general procedure in which Cu(ClO4)2‚6H2O (370 mg, 1.0 mmol)
was reacted with the tripodal ligand py2phe (400 mg, 1.2 mmol)
and the corresponding base [ 0.9 mmol; phen, 180 mg; dpq, 210
mg] in 15 mL of acetonitrile. The solution was stirred for 5 h at 25
°C. The product was obtained as a solid in an∼70% yield upon
the addition of diethyl ether to the reaction mixture. The solid was
isolated, washed with diethyl ether, and dried in a vacuum over
P4O10. The complexes were crystallized by a diffusion technique
in which diethyl ether was layered on the top of the acetonitrile
solution of the complexes. Anal. Calcd for C34H33CuN5O8Cl2 (1):
C, 52.75; H, 4.27; N, 9.05. Found: C, 53.09; H, 3.95; N, 9.25.
FT-IR (KBr phase): 3435br, 1615m, 1525w, 1492w, 1422m,
1312w, 1092vs, 852m, 769m, 713m, 699w, 619s, 426w cm-1 (br,
broad; vs, very strong; s, strong; m, medium; w, weak). UV-vis
in DMF, λmax (ε): 273 (26400), 442 (550), 675 nm (110 M-1 cm-1).
Magnetic data [µeff at 298 K]: 1.78µB. Anal. Calcd for C36H33-
CuN7O8Cl2 (2): C, 52.33; H, 3.99; N, 11.87. Found: C, 52.38; H,
4.08; N, 12.03. FT-IR (KBr phase): 3443br, 1615m, 1587m, 1539w,
1488s, 1438w, 1409s, 1383s, 1311w, 1220w, 1095vs, 814m, 766w,
738m, 618s, 428w cm-1. UV-vis in DMF, λmax (ε): 267 (47000),
336 (8000), 448 (2200), 683 nm (97 M-1 cm-1). Magnetic data
[µeff at 298 K]: 1.92µB.

Preparation of [Cu(py2phe)(dppz)](ClO4)2 (3). Complex3 was
prepared by reacting Cu(ClO4)2‚6H2O (370 mg, 1.0 mmol) with
the tridentate ligand py2phe (1.2 mmol, 400 mg) and dppz base
(0.9 mmol, 260 mg) in 15 mL of methanol. The solution was stirred
for 5 h at 25°C. The product was obtained as a solid in an∼65%
yield upon addition of diethyl ether to the reaction mixture. The
product was isolated, washed with diethyl ether, and dried in a
vacuum over P4O10. The complex was crystallized by a method
similar to that described for complexes1 and2. Anal. Calcd for
C40H35CuN7O8Cl2 (3): C, 54.83; H, 3.99; N, 11.17. Found: C,
54.77; H, 3.83; N, 11.35. FT-IR (KBr phase): 3447br, 1608m,
1532w, 1495s, 1430m, 1359m, 1229s, 1092vs, 816w, 769m, 729m,
619s, 426m cm-1. UV-vis in DMF, λmax (ε): 273 (11600), 367
(4500), 701 nm (78 M-1 cm-1). Magnetic data [µeff at 298 K]: 1.85

µB. The complexes were soluble in acetonitrile and dimethylfor-
mamide, moderately soluble in methanol, and sparingly soluble in
water.

X-ray Crystallographic Procedures.Single crystals of the phen
complex as1‚MeCN were grown by a diffusion technique in which
diethyl ether was layered on the top of an acetonitrile solution of
the complex. A crystal of 0.23× 0.19× 0.15 mm was mounted
on a glass fiber using epoxy cement. The X-ray diffraction data
were measured in frames with increasingω (width of 0.3° per
frame) at a scan speed of 8 s per frame using a Bruker SMART
APEX CCD diffractometer, equipped with a fine-focus sealed-tube
Mo KR X-ray source. SMART was used for data acquisition, and
SAINT was used for data extraction. Empirical absorption correc-
tions were made on the intensity data.31 The structure was solved
and refined using the SHELX system of programs.32 There was
one lattice MeCN molecule in the crystallographic asymmetric unit.
All non-hydrogen atoms except the solvent MeCN molecule were
refined anisotropically. The hydrogen atoms belonging to the
complex were located from the difference Fourier map and refined
isotropically. The perchlorate anions showed positional disorder.
For the oxygen atoms bonded to Cl(1), only one oxygen atom (viz.,
O(2)) was refined with a site-occupancy factor (SOF) of 1.0. There
were two peaks for the O(1) atom with SOF values of 0.6 and 0.4,
two peaks for O(3) with SOF values of 0.7 and 0.3, and two peaks
for O(4) with SOF values of 0.6 and 0.4. For the other perchlorate
anion, while the oxygen atoms O(5), O(6), and O(8) were refined
well, each with a SOF of 1.0, atom O(7) was found to be disordered
to two sites that were refined with an SOF value of 0.5. The
structure was refined with a goodness-of-fit (GOF) value of 1.037.
The maximum shift/esd value and the highest peak in the final
difference Fourier map were 0.001 and 0.894 e Å-3, respectively.
Selected crystallographic data are given in Table 1. The perspective
view of the cationic complex was obtained using the ORTEP
program.33

DNA Binding and Cleavage Experiments.The relative binding
of the complexes to calf thymus (CT) DNA was studied using the
fluorescence spectral method with an ethidium bromide-bound (EB-
bound) CT DNA solution in Tris-HCl/NaCl buffer (pH, 7.2). The
concentration of CT DNA was determined from its absorption
intensity at 260 nm with a molar extinction coefficient of 6600
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Table 1. Selected Crystallographic Data for
[Cu(py2phe)(phen)](ClO4)2‚MeCN (1‚MeCN)

chemical formula C36H36Cl2CuN6O8

fw (g mol-1) 815.15
space group P21/c
a (Å) 9.5591(14)
b (Å) 27.757(4)
c (Å) 14.372(2)
â (deg) 100.484(2)
V (Å3) 3749.7(10)
Z 4
T (K) 293(2)
Fcalcd(g cm-1) 1.444
λ(Mo KR) (Å) 0.71073
µ (cm-1) 7.84
R1 (Fo)a [R all data] 0.0559 [0.0663]
wR2 (Fo)b [wR2 (all data)] 0.1517 [0.1608]

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(|Fo| - |Fc|)2/∑w |Fo|2]1/2,
wherew ) 1/[σ2 (Fo

2) + (AP)2 + BP] whereσ ) [max(Fo
2,0) + 2Fc

2]/3.
A andB values are 0.0896 and 4.4947, respectively.
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M-1 cm-1.34 Fluorescence intensities at 601 nm (510 nm excitation)
were measured at different complex concentrations. Addition of
the complex showed a reduction in the emission intensity. The
relative binding propensity of the complexes to CT DNA was
determined from the comparison of the slopes of the lines in the
fluorescence intensity versus complex concentration plot.35 The
apparent binding constant (Kapp) was calculated from the equation
KEB[EB] ) Kapp[complex], where the complex concentration was
the value at a 50% reduction of the fluorescence intensity of EB
and KEB ) 1.0 × 107 M-1 ([EB] ) 1.3 µM). DNA-melting
experiments were carried out by monitoring the absorbance (260
nm) of CT-DNA (150 µM NP) at various temperatures in the
absence and presence of the complexes at a 2:1 ratio (DNA/
complex) using a Peltier system attached to a UV-vis spectro-
photometer. The phosphate buffer (pH 6.85) solution containing
the ternary complex and CT DNA was stirred, and the temperature
was elevated gradually from 40 to 95°C at a rate of 1.0°C per 4
min. The absorption spectral titration method was used to determine
the binding constants (Kb) of the complexes using the expression
[DNA]/( εa - εf) ) [DNA]/( εb - εf) + 1/Kb(εb - εf), whereεa, εf,
andεb are the apparent absorption coefficient, theε of the complex
in free form, and theε of the complex in the fully bound form,
respectively. TheKb value was obtained from the [DNA]/(εa - εf)
versus [DNA] plot.36

Photoinduced cleavage of supercoiled (SC) pUC19 DNA by the
complexes was studied by agarose gel electrophoresis. The reactions
were carried out under illuminated conditions using a UV lamp of
365 nm (12 W, sample area of illumination 45 mm2), a 632.8 nm
CW He-Ne laser (3 mW, beamsize 2 mm, Scientifica-Cook Ltd
make, U.K.), and a 694 nm pulsed ruby laser (30 mJ/P peak power,
Lumonics make, 1/6 Hz, 20 ns, beam width of 1 mm). Eppendorf
and glass vials were used for the UV and visible light experiments,
respectively, in a dark room at 25°C using SC DNA (1µL, 0.2
µg, 33 µM) in 50 mM tris-(hydroxymethyl)methane-HCl (Tris-
HCl) buffer (pH 7.2, ionic strength 25 mM) containing 50 mM
NaCl and the complex (varied concentrations). The solution path
length used for illumination in the sample vial was 6 mm. After
photoexposure, the sample was incubated for 1 h at 37°C, followed
by the addition to the loading buffer containing 25% bromophenol
blue, 0.25% xylene cyanol, and 30% glycerol (3µL), and the
solution was finally loaded on an 0.8% agarose gel containing 1.0
µg/mL ethidium bromide. Electrophoresis was carried out in a dark
chamber for 3 h at 40 V in TAE(Tris-acetate-EDTA) buffer.
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 a UVITEC Gel Documentation
System. Corrections were made to the data for the low level of
nicked-circular (NC) form present in the original SC DNA sample
and for the low affinity of EB binding to SC compared to the NC
form of DNA.37 Experiments were carried out in the presence of
different additives for mechanistic investigations. These reactions
were carried out by adding reagents to SC DNA prior to the addition
of the complex before photoirradiation. The “chemical nuclease”
activity of the complexes was studied using 3-mercaptopropionic
acid (MPA) as a reducing agent under dark reaction conditions.
Supercoiled pUC19 DNA (0.2µg, 33 µM) in 50 mM Tris-HCl
buffer (pH 7.2) containing 50 mM NaCl was treated with the metal

complex (40µM) and MPA (5 mM), followed by dilution with the
Tris-HCl buffer to a total volume of 18µL. The samples were
incubated for 1 h at 37°C in the dark. The concentrations of the
complexes or the additives corresponded to the quantity of the
sample in 2µL stock solution used prior to dilution to the 18µL
final volume with Tris-HCl buffer.

Results and Discussion

Synthesis and Structural Aspects.Ternary copper(II)
complexes [Cu(py2phe)B](ClO4)2 (B ) phen,1; dpq,2; dppz,
3) with the py2phe tripodal ligand and a bidentate phenan-
throline base (B) are prepared in high yield and characterized
from analytical and spectral data. The one-electron para-
magnetic complexes exhibit a d-d band in the range of 675
to 701 nm in DMF (Figure 1). The analogous{tris(3-
phenylpyrazolyl)borate}copper(II) ternary complexes are
known to show the d-d band near 650 nm.38 Complexes
1-3 show a characteristic infrared band for the anionic
perchlorate at∼1090 cm-1. The redox active complexes
display one-electron quasi-reversible cyclic voltammetric
responses assignable to the Cu(II)/Cu(I) couple at-0.016,
0.017, and 0.058 V vs SCE for1-3 in DMF-Tris-HCl
buffer medium giving peak-to-peak separations (∆Ep) of 230,
220, and 190 mV, respectively, at a scan rate of 50 mV s-1.
The E1/2 values show greater stabilization of the copper(I)
state in the dppz complex resulting from the higherπ acidity
of the ligand in the presence of an extended aromatic
phenazine moiety.

The phen complex1‚MeCN is structurally characterized
by single-crystal X-ray diffraction technique. A perspective
view of the cationic complex is shown in Figure 2, and
selected bond distances and bond angles data are presented
in Table 2. The crystal structure of the complex consists of
a discrete monomeric copper(II) species with two perchlorate
anions and one lattice MeCN molecule in the crystallographic
asymmetric unit belonging to monoclinic space groupP21/
c. The geometry of the copper atom is distorted square
pyramidal (τ ) 0.35) with a CuN5 coordination in which
the phen ligand occupies the basal plane.39 The tripodal
ligand shows axial-equatorial bonding modes. The amine
nitrogen atom N(1) binds at the elongated axial site giving(34) Reichmann, M. E.; Rice, S. A.; Thomas, C. A.; Doty, P.J. Am. Chem.

Soc.1954, 76, 3047.
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(36) Wolf, A.; Shimer, G. H., Jr.; Meehan, T.Biochemistry1987, 26, 6392.
(37) Bernadou, J.; Pratviel, G.; Bennis, F.; Girardet, M.; Meunier, B.

Biochemistry1989, 28, 7268.

(38) Dhar, S.; Reddy, P. A. N.; Nethaji, M.; Mahadevan, S.; Saha, M. K.;
Chakravarty, A. R.Inorg. Chem.2002, 41, 3469.

(39) Addison, A. W.; Rao, T. N.; Reedijk, J.; Rijn, J. V.; Verschoor, G. C.
J. Chem. Soc., Dalton Trans.1984, 1349.

Figure 1. d-d band in the electronic spectra of [Cu(py2phe)(dpq)](ClO4)2

(2, ;) and [Cu(py2phe)(dppz)](ClO4)2 (3, - - -) in DMF.
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a Cu(1)-N(1) distance of 2.253(3) Å. The average Cu(1)-
N(basal plane) distance is 2.027[3] Å. The phenyl group of
the tripodal ligand py2phe is involved in a moderately strong
CH-π interaction with the aromatic ring of the phen ligand
giving a H(4)‚‚‚Co

phendistance of 2.667 Å and a C(4)-H(4)‚
‚‚Co

phenangle of 140.42°, where Co
phen is the centroid of the

phen ligand.
DNA Binding Properties. The mode and propensity of

binding of the complexes to calf thymus (CT) DNA are
studied by different techniques. The fluorescence spectral
method is used to study the relative binding of these
complexes to CT DNA. The emission intensity of ethidium
bromide (EB) is used as a spectral probe as EB shows
reduced emission intensity in buffer because of quenching
by the solvent molecules and a significant enhancement of
the intensity when bound to DNA. Binding of the complexes
to DNA decreases the emission intensity and the extent of
the reduction of the emission intensity gives a measure of
the DNA binding propensity of the complexes. The apparent
binding constant (Kapp) values for1-3 are 1.0× 105, 5.7×
105, and 2.0× 106 M-1, respectively. The significantly high
Kapp value for the dppz complex, in comparison to that of
its phen analogue, could be the result of the presence of its
extended aromatic rings which facilitate its DNA binding
propensity. The binding data can be compared with those of
the analogous copper(II) scorpionates [Cu(TpPh)B](ClO4),

where B is the heterocyclic base like phen, dpq, or dppz
and TpPh is monoanionic tris(3-phenylpyrazolyl)borate.38 The
scorpionates, which have the metal-bound DNA-binder
heterocyclic base in the{CuII(TpPh)} bowl, do not show any
significant DNA binding because of the steric encumbrance
of the tripodal ligand. The efficient DNA binding of
complexes1-3 could be the result of the less steric bulk of
the py2phe tripodal ligand, the greater positive charge of the
complex, and the possible favorable hydrophobic interactions
of the pendant phenyl group of py2phe with the DNA. The
reduction of the emission intensity of EB upon increasing
the complex concentration could be caused by the displace-
ment of the DNA-bound EB by the copper(II) complex or
the result of quenching of the EB fluorescence, resulting from
the binding of the one-electron paramagnetic copper(II)
complex to DNA.

The binding of complexes1-3 to CT DNA has been
studied from the thermal denaturation profile of the DNA.
We observed a minor increase in the melting temperature
(Tm) on addition of the complex to CT DNA. The∆Tm values
for 1-3 are 4.0, 5.5, and 7.2°C, respectively, in which the
free CT DNA gives aTm value of 71 °C. The results
primarily suggest the groove-binding nature of the com-
plexes. We also carried out absorption spectral measurements
to determine the binding constants of the complexes to CT
DNA by monitoring the change of the intensity of the spectral
bands at 273 nm for1, 336 nm for2, and 367 nm for3 with
increasing concentration of CT DNA. An intercalative mode
of binding generally gives hypochromism along with a red
shift (bathochromic shift) of the electronic spectral band.40

The extent of the hypochromism gives a measure of the
strength of the intercalative binding/interaction. The phen
complex,1, was found to show a minor bathochromic shift
of ca. 3 nm along with hypochromicity of∼43%. Similar
spectral changes are also observed for the dpq and dppz
complexes indicating the primarily groove-binding nature of
the complexes. TheKb values obtained by this method are
6.2 × 103 for 1, 1.0 × 104 for 2, and 5.7× 104 M-1 for 3
(Figure 3).

(40) (a) Barton, J. K.; Danishefsky, A. T.; Goldberg, J. M.J. Am. Chem.
Soc.1984, 106, 2172. (b) Kelly, T. M.; Tossi, A. B.; McConnel, D.
J.; Strekas, T. C.Nucleic Acids Res.1985, 13, 6017. (c) Tysoe, A.;
Morgan, R. J.; Baker, A. D.; Strekas, T. C.J. Phys. Chem.1993, 97,
1707.

Figure 2. ORTEP view of the cationic complex in [Cu(py2phe)(phen)]-
(ClO4)2‚MeCN (1‚MeCN) showing thermal ellipsoids at the 50% probability
level and the atom numbering scheme. The CH-π interaction is also shown
(- - -).

Table 2. Selected Bond Distances (Å) and Angles (deg) for
[Cu(py2phe)(phen)](ClO4)2‚MeCN (1‚MeCN)

Cu(1)-N(1) 2.253(3)
Cu(1)-N(2) 2.004(3)
Cu(1)-N(3) 2.037(3)
Cu(1)-N(4) 2.027(3)
Cu(1)-N(5) 2.044(3)

N(2)-Cu(1)-N(4) 170.61(12)
N(2)-Cu(1)-N(3) 91.34(13)
N(4)-Cu(1)-N(3) 90.32(12)
N(2)-Cu(1)-N(5) 92.96(13)
N(4)-Cu(1)-N(5) 80.97(11)
N(3)-Cu(1)-N(5) 149.28(12)
N(2)-Cu(1)-N(1) 92.94(12)
N(4)-Cu(1)-N(1) 95.98(11)
N(3)-Cu(1)-N(1) 98.05(12)
N(5)-Cu(1)-N(1) 112.07(11)

Figure 3. Plot of [DNA]/(εa-εf) vs [DNA] for 3 using absorption spectral
data.
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Chemical Nuclease Activity. The chemical nuclease
activity of the complexes has been studied using supercoiled
(SC) pUC19 DNA in a medium of Tris-HCl/NaCl buffer
in the presence of MPA as a reducing agent. The observed
DNA cleavage activity order is3 > 2 .1 (Figure 4). A 40
µM dppz complex completely cleaves SC DNA to its NC
form, while its dpq analogue shows∼80% cleavage in dark
in the presence of MPA. The phen complex is relatively poor
cleaver of DNA as the steric encumbrance of the tripodal
py2phe ligand affects the binding of the phen complex to
DNA (Scheme 2a). In the presence of the minor groove
binder distamycin, the dpq complex shows inhibition of
cleavage, while the dppz complex displays no apparent
inhibition. The results suggest minor and major groove
binding preferences for the dpq and dppz complexes,
respectively.38 The presence of a hydroxyl radical scavenger
like DMSO inhibits the “chemical nuclease” activity of the
complexes. We suggest a cleavage pathway involving the
formation of reactive hydroxyl radical or copper-oxo species
similar to the one proposed for the “chemical nuclease”
activity of the bis-phen copper(I) complex (Scheme 2b).41-44

Photoinduced DNA Cleavage.The cleavage activity of
the complexes has been studied using plasmid supercoiled
pUC19 DNA in a medium of Tris-HCl/NaCl buffer on
irradiation with monochromatic UV light of 365 nm and red
light of 632.8 and 694 nm. Selected cleavage data are given
in Table 3. Complex1 is a poor cleaver of DNA on exposure
to light at 365 nm. A 50µM solution of the dpq complex,2,
on irradiation at 365 nm for 30 min, however, shows
essentially complete cleavage of SC DNA to its nicked
circular (NC) form along with the formation of the linear
form of DNA whose quantity increases on increasing the
photoexposure time (Figure 5). The dppz complex,3, is more
reactive as it shows cleavage activity similar to that of2 but
with a much reduced complex concentration and less
exposure time. The dppz complex also shows the formation
of linear DNA resulting from double-strand breaks. Literature

(41) Meijler, M. M.; Zelenko, O.; Sigman, D. S.J. Am. Chem. Soc.1997,
119, 1135.

(42) Graham, D. R.; Marshall, L. E.; Reich, K. A.; Sigman, D. S.J. Am.
Chem. Soc.1980, 102, 5419.

(43) Zelenko, O.; Gallagher, J.; Sigman, D. S.Angew. Chem., Int. Ed. Engl.
1997, 36, 2776.

(44) (a) Johnson, G. R. A.; Nazhat, N. B.J. Am. Chem. Soc.1987, 109,
1990. (b) Yamamoto, K.; Kawanisi, S.J. Biol. Chem.1989, 264,
15435. (c) Que, B. G.; Downey, K. M.; So, A. G.Biochemistry1980,
19, 5987.

Figure 4. Cleavage of supercoiled pUC19 DNA (33µM) by [Cu(py2-
phe)B](ClO4)2 (B ) phen,1; dpq, 2; dppz,3; 40 µM) using 3-mercapto-
propionic acid (MPA, 5 mM) as a reducing agent in the presence or absence
of additives in a 50 mM Tris-HCl/NaCl buffer (pH 7.2) at 37°C containing
DMF (10%): lane 1, DNA control; lane 2, DNA+ 3; lane 3, DNA +
MPA; lanes 4-6, DNA + complexes1-3, respectively,+ MPA; lane 7,
DNA + distamycin (100µM) + 2 + MPA; lane 8, DNA+ distamycin
(100 µM) + 3 + MPA; lane 9, DNA+ DMSO (2 µL) + 3 + MPA; lane
10, DNA + NaN3 (100 µM) + 3 + MPA.

Scheme 2. (a) Schematic View Showing the Steric Protection of the
Phen Ligand in [Cu(py2phe)(phen)]2+ at the Minor Groove of Duplex
DNA.a (b) Mechanistic Pathway Proposed for the DNA Photocleavage
Activity of 2 and3 at 365 nm and for the Chemical Nuclease Activity
in the Presence of MPA.

a phen) dark shade and py2phe) light shade.

Table 3. Photoinduced SC pUC19 DNA (0.2µg, 33 µM) Cleavage
Dataa Using 2 and3 at 365, 632.8, and 694 nm

Sl
no. conditions

[complex]
(µM)

λ
(nm)

t
(min)

%
SC

%
NC

%
linear

1 DNA control - 365 60 92 8 -
2 DNA + 2 50 365 15 12 88 -
3 DNA + 2 50 365 30 1 90 9
4 DNA + 2 50 365 60 1 46 53
5 DNA + 3 25 365 15 1 99 -
6 DNA + 3 25 365 30 1 80 19
7 DNA + NaN3 + 2 50 365 15 90 10 -
8 DNA + D2O + 2 50 365 15 5 55 40
9 DNA + 2 (argon) 50 365 15 92 8 -

10 DNA control - 632.8 120 98 2 -
11 DNA + 2 100 632.8 120 1 56 43
12 DNA + 3 100 632.8 60 2 53 45
13 DNA control - 694 120 95 5 -
14 DNA + 2 200 694 120 32 68 -
15 DNA + 3 100 694 120 28 72 -

a [NaN3], 100 µM; D2O, 14µL; SC, NC, and linear are different forms
of DNA.

Figure 5. (a) Gel electrophoresis diagram showing the cleavage of SC
pUC19 DNA (0.2µg, 33µM) by 1-3 using monochromatic UV radiation
of 365 nm (12 W) at different complex concentrations and exposure times:
lane 1, DNA control (60 min); lane 2, DNA+ 1 (50 µM, 60 min); lane 3,
DNA + 2 (50 µM, 30 min); lane 4, DNA+ 2 (50 µM, 60 min); lane 5,
DNA + 3 (25 µM, 15 min); lane 6, DNA+ 3 (25 µM, 30 min); lane 7,
DNA + 2 (50 µM, in dark, 1 h); lane 8, DNA+ 3 (25 µM, in dark, 1 h).
(b) Cleavage of SC pUC19 DNA (0.2µg, 33µM) by 2 and3 (50 µM) in
the presence of different additives on photo irradiation at 365 nm for 15
min in 50 mM Tris-HCl/NaCl buffer (pH 7.2) containing DMF (10%)
under aerobic conditions (except for lane no. 6): lane 1, DNA control;
lane 2, DNA+ 2; lane 3, DNA+ NaN3 (100 µM) + 2; lane 4, DNA+
D2O (14 µL) + 2; lane 5, DNA+ DMSO (2 µL) + 2; lane 6, DNA+ 2
(under argon); lane 7, DNA+ 3; lane 8, DNA+ NaN3 (100 µM) + 3;
lane 9, DNA+ DMSO (2 µL) + 3.
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reports show that ruthenium(II) polypyridyl complexes
containing the dibenzo[h,j]dipyrido[3,2-a:2′,3′-c]phenazine
ligand display DNA double-strand breaks by singlet oxygen
as a result of partial intercalative binding of the complexes
to plasmid DNA.45 Control experiments with only SC-DNA
exposed to 365 nm or the SC-DNA in the presence of dpq
or dppz complex in absence of light do not show any
significant cleavage of DNA. The photocleavage reactions
are studied using different additives. The complexes are
cleavage inactive in an argon atmosphere indicating the
necessity of molecular oxygen. The DNA cleavage reactions
involving 3O2 could proceed via two major mechanistic
pathways.8,46 The singlet excited electronic state of the
complex, through efficient intersystem crossing, could gener-
ate the excited triplet state of the photosensitizer that can
activate molecular oxygen from its stable triplet (3O2, 3Σg-)
to the reactive singlet (1O2, 1∆g) state by a type-II process
(Scheme 2b). In an alternate pathway, the excited-state
complex could reduce molecular oxygen to generate reactive
hydroxyl radicals. We have observed that the addition of
the singlet oxygen quencher sodium azide to SC-DNA
significantly inhibits the photoinduced DNA cleavage activity
of the dpq complex at 365 nm. The hydroxyl radical
scavenger DMSO has no apparent effect on the cleavage
activity. The results suggest the involvement of singlet
oxygen in the photocleavage reactions on UV light irradia-
tion. The formation of singlet oxygen is also indicated from
the reaction in D2O showing enhancement of the cleavage
activity.47 The dpq or dppz ligand alone is cleavage inactive
at 365 nm under similar experimental conditions. Control
experiments have been carried out using monomeric copper-
(II) complexes [Cu(dpq)(NO3)2(OH2)] (I ) and [Cu(dppz)-
(NO3)2(OH2)] (II ) in which the photosensitizer base is
unprotected from solvent quenching in absence of any
sterically encumbered tripodal ligand.48 Both I andII show
relatively poor DNA cleavage activity under similar reaction
conditions, while copper(II) scorpionates [Cu(TpPh)B]+ dis-
play significantly higher cleavage activity than2 and 3
(Figure 6). The steric protection of dpq and dppz as
photosensitizer is relatively more in the{Cu(TpPh)} bowl.38

Both the dpq and dppz complexes show photoinduced
DNA-cleavage activity at red light of 632.8 nm (low-power
CW He-Ne laser, 3 mW) and 694 nm (pulsed ruby laser,
1/6 Hz, 20 ns) (Figure 7). A 100µM solution of the dppz
complex on 1 h exposure at 632.8 nm displays essentially
complete cleavage of DNA from its SC to NC (53%) and
linear (45%) forms. Significant cleavage of SC DNA to its
NC form is observed at 694 nm. A 100µM solution of the
dppz complex3 on a 2 hexposure at this wavelength gives
∼70% cleavage of SC-DNA. The dppz complex consistently

shows greater DNA cleavage activity than its dpq analogue
at all the three wavelengths we have studied.

The “chemical nuclease” and photoinduced DNA cleavage
activity of the present complexes and their TpPh analogues
show interesting trend.17,38 Complexes1-3 display better
DNA binding propensity than their TpPh analogues because
of the lesser steric bulk of the py2phe ligand, and the present
complexes show significantly enhanced “chemical nuclease”
activity in the presence of MPA. The steric encumbrance of
the{Cu(TpPh)} bowl is more than that of the{Cu(py2phe)}
unit, and this has a significant effect on the protection of
the heterocyclic base like dpq and dppz in its photoexcited
state from quenching by the solvent molecules. The photo-
induced DNA cleavage activity of [Cu(TpPh)B]+ is more than
its py2phe analogue (B) dpq, dppz). Control experiments
have shown that dpq and dppz ligands alone with their
photoexcited3(n-π*) and 3(π-π*) states are unable to
cleave DNA at 365 nm (12 W) or at red light. The same
ligand when bound to copper(II) exhibits significant DNA
cleavage even at red light wavelengths of 694 and 632.8 nm,
which is close to the wavelength used for photoactivation
of the PDT drug Photofrin. The metal ion thus plays a major

(45) Hergueta-Bravo, A.; Jimenez-Hernandez, M. E.; Montero, F.; Oliveros,
E.; Orellana, G.J. Phys. Chem. B2002, 106, 4010.

(46) Meunier, B.; Pratviel, G.; Bernadou, J.Bull. Soc. Chim. Fr.1994,
131, 933.

(47) Khan, A. U.J. Phys. Chem.1976, 80, 2219. (b) Merkel, P. B.; Kearns,
D. R. J. Am. Chem. Soc.1972, 94, 1029.

(48) Thomas, A. M.; Nethaji, M.; Mahadevan, S.; Chakravarty, A. R.J.
Inorg. Biochem. 2003, 94, 171.

Figure 6. Cleavage of pUC19 DNA (33µM) by [Cu(TpPh)(dpq)](ClO4)
[(i), 25 µM], [Cu(py2phe)(dppz)](ClO4)2 (3) [(ii), 100 µM], and [Cu(dppz)-
(NO3)2(H2O)] [(iii), 100 µM] at different photoexposure time using a CW
He-Ne laser of 632.8 nm.

Figure 7. (a) Red light-induced cleavage of SC pUC19 DNA (33µM) by
complexes2 (100 µM) and 3 (100 µM) in 50 mM Tris-HCl/NaCl buffer
(pH 7.2) containing DMF (10%) using a 632.8 nm CW laser (3 mW) at
different exposure times: lane 1, DNA control (2 h); lane 2, DNA+ 2 (30
min); lane 3, DNA+ 2 (1 h); lane 4, DNA+ 2 (2 h); lane 5, DNA+ 3 (15
min); lane 6, DNA+ 3 (45 min); lane 7, DNA+ 3 (60 min); lane 8, DNA
+ 3 (in dark). (b) Gel diagram showing the cleavage of SC DNA (33µM)
by 2 (200µM) and3 (100µM) using a pulsed ruby laser (694 nm, 30 mJ/P
peak power): lane 1, DNA control (2 h); lane 2, DNA+ 2 (30 min); lane
3, DNA + 2 (1 h); lane 4, DNA+ 2 (2 h); lane 5, DNA+ 3 (30 min); lane
6, DNA + 3 (1 h); lane 7, DNA+ 3 (2 h); lane 8, DNA+ 3 (in dark, 2
h).
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role in the photoexcitation process. Our earlier studies have
shown that DNA cleavage by ternary complexes is metal-
assisted and involves the metal-based charge transfer and
d-d transitions in the photoexcitation process.26 Since the
present complexes show a d-d band in the range of 675-
701 nm in their electronic spectra, photoexcitation by the
ruby laser of 694 nm could involve this band in showing
efficient DNA cleavage at this longer wavelength.

Conclusions

Ternary copper(II) complexes in which the DNA binder
cum photosensitizer phenanthroline bases, such as dpq and
dppz, are in a{Cu(py2phe)} bowl formed by a tripodal ligand
are prepared, and their 1,10-phenanthroline analogue is
structurally characterized by X-ray crystallography. The
complexes display efficient binding to CT-DNA and chemi-
cal nuclease activity in the presence of 3-mercaptopropionic
acid as a reducing agent. The dpq and dppz complexes show
cleavage of supercoiled DNA on photoexcitation at 365 nm,
involving the formation of singlet oxygen as the reactive
species. The observation of a low energy d-d band near
700 nm for the dppz complex is of importance as porphyrins
including Photofrin are known to show visible bands at
relatively shorter wavelengths. The dpq and dppz complexes
exhibit visible light-induced DNA cleavage activity at red
light of 632.8 and 694 nm with the formation of linear DNA
in significant quantity. The observation of efficient photo-
cleavage of DNA at 694 nm using a pulsed ruby laser is of
significance in the PDT chemistry as human tissue has greater

transparency at this wavelength than at 630 nm, the
wavelength known for photoactivation of the PDT drug
Photofrin. The present study shows the positive effect of
steric protection of the photosensitizer by the ancillary ligand
from solvent quenching of the excited electronic state. The
steric effect which is akin to the molecular light switch effect
observed for tris-chelates of emissive transition metal
complexes, significantly enhances the photoinduced DNA
cleavage activity of the ternary copper(II) complexes.
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