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Introduction

Metal complexes of the type [M(LL)3]n+, where LL is either
1,10-phenanthroline (phen) or a modified phen ligand, are
particularly attractive species for developing new diagnostic and
therapeutic agents that can recognize and cleave DNA.1,2 The
ligands or the metal in these complexes can be varied in an
easily controlled manner to facilitate an individual application,
thus providing an easy access for the understanding of details
involved in DNA-binding and cleavage.1,3 Currently, a great
deal of attention is being paid to DNA interactions of mixed-
ligand ruthenium(II) complexes that contain both phen (or bpy
) 2,2′-bipyridyl) and modified phen (or modified bpy) ligands,
the latter of which was so designed to augment the intercalative
interaction by the complexes.4-8 Among various such com-
plexes studied so far, [Ru(phen)2DPPZ]2+ and [Ru(bpy)2DPPZ]2+

(DPPZ) dipyrido[3,2-a:2′,3′-c]phenazine, a modified phenan-
throline ligand) have been reported to be avid binders of DNA
and more importantly, to be remarkable luminescent reporters
of DNA structure.5 In addition, it has been recently shown, by

Barton and co-workers, that the application of mixed-ligand
ruthenium(II) complexes of the type [Ru(phen)2(LL ′)]2+ (LL ′
) a modified phenanthroline ligand belonging to the DPPZ
family) permits variations in geometry, size, hydrophobicity,
and hydrogen-bonding ability of the complexes and allows a
variation in the strength of their DNA-binding and “light-
switching” ability.6

Notwithstanding this well-documented importance of DPPZ
in DNA interactions of the complexes containing it, binding
studies using such complexes having a metal ion other than
ruthenium have attracted much less attention; exceptions being
recent reports on [Os(phen)2DPPZ]2+ and [Re(py)2(CO)3DPPZ]+

(py ) pyridine).9 Moreover, apart from a study which reports
on the electrochemically initiated cleavage of DNA by [Ru-
(O)(tpy)DPPZ]2+ (tpy ) terpyridine),8 to our knowledge,
nuclease activity of no other DPPZ complex has ever been
tested. Clearly, further studies using various [M(phen)2DPPZ)]n+

complexes are needed to evaluate the influence of metal-ion-
induced geometry, charge, spin-state, redox potential, etc.
changes on the DNA binding and cleavage mechanisms in this
important class of complexes as was the case with the previously
reported metalloderivatives (M) Ru, Rh, Co, Cr, etc.) of phen
or modified phen ligands.1,3,10 Such studies are also needed to
serve as complementary studies to those involving [Ru(phen)2-
(LL ′)]2+ type complexes mentioned above. This manuscript
reports on the synthesis, characterization, DNA-binding, and
photochemical DNA cleavage characteristics of [M(phen)2-
DPPZ)]n+ where M ) Co(III) or Ni(II) and n ) 3 or 2,
respectively. Structures of these investigated complexes are
given in Figure 1.

Experimental Section

Materials. All common chemicals, solvents as well as cobalt(II)
and nickel(II) salts, 1,10-phenanthroline monohydrate and 1,2-diami-
nobenzene were purchased either from BDH (Bombay, India) or Merck
(Bombay, India). CT DNA, tetrabutylammonium chloride ((TBA)Cl)
and tetrabutylammonium hexafluorophosphate ((TBA)PF6) were ob-
tained from Sigma Chemicals. The supercoiled pBR 322 DNA
(Bangalore Genie, Bangalore, India) was used as received. Agarose
(molecular biology grade) and ethidium bromide were purchased from
Bio-Rad. All the solvents were purified before use as per the standard
procedures.11 Deionized, triply distilled water was used for preparing
various buffers.
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Figure 1. Structures of the investigated complexes.
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Synthesis. [Co(phen)2DPPZ](PF6)3‚5H2O. To a 50 mL ethanolic
solution of [Co(phen)2Cl2]Cl‚3H2O12 (578 mg, 1 mM) was added a
423 mg (1.5 mM) sample of DPPZ.13 The resulting solution was
refluxed for 1 h and further stirred for 4-5 h under nitrogen. It was
filtered, and the complex was precipitated upon addition of a saturated
ethanolic solution of ammonium hexafluorophosphate. The complex
was filtered and further dried under vacuum before being recrystallized
(acetone-ether).
Anal. Calcd for C42H34N8O5P3F18Co: C, 41.74; H, 2.84; N, 9.27.

Found: C, 41.13; H, 2.95; N, 9.13. FABMS (m/z): [M - PF6]+, 991;
[M - 2PF6]2+, 846. IR (KBr): 3400, 1608, 1523, 1506, 1433, 858,
and 715 cm-1. UV-visible (CH3CN), λmax, nm (log ε): 220 (5.22),
282 (5.11), 330 (4.31), 348 (4.23), 359 (4.29), and 377 (4.23).1H NMR
(DMSO-d6, 200 MHz), ppm (TMS): 9.95 (dd, 2H), 9.21 (d, 2H), 9.18
(d, 2H), 8.59 (m, 8H), 8.32 (d, 4H), 8.00 (m, 4H), 7.68 (d, 4H).
[Ni(phen)2DPPZ](PF6)2‚4H2O. This complex was prepared, starting

from [Ni(phen)2Cl2]14 (490 mg, 1 mM) and DPPZ (423 mg, 1.5 mM),
in a manner analogous to that described above for the cobalt complex.
Anal. Calcd for C42H34N8O4P2F12Ni: C, 47.44; H, 3.22; N, 10.54.

Found: C, 47.36; H, 3.01; N, 10.45. FABMS (m/z): [M - PF6]+,
845; [M - phen- 2PF6]2+, 520. IR (KBr): 3408, 1624, 1516, 1494,
1423, 848, and 727 cm-1. UV-visible (CH3CN), λmax, nm (log ε):
226 (4.92), 273 (5.03), 325 (4.14), 348 (4.12), 358 (4.13), and 376
(4.12). µeff (solid, 293( 2 K): 3.16µB.
Each hexafluorophosphate salt was dissolved in minimum amount

of acetone, and a saturated solution of (TBA)Cl in acetone was added
dropwise until the precipitation was complete. The water-soluble
chloride salts thus obtained were filtered, washed thoroughly with
acetone, and vacuum dried. Recovery was about 90% of the theoretical
yield in each case.
Methods. UV-visible and IR spectra were recorded with Shimadzu

Model UV-160 A (coupled with a temperature controller Model TCC-
240 A) and JASCO Model FT-IR spectrophotometers, respectively.
The 1H NMR spectra were recorded with a Bruker NR-FT 200
spectrometer, and magnetic susceptibility measurements were carried
out using a CAHN (Model 6612) magnetic susceptibility system.
Cyclic and differential-pulse voltammetric experiments were performed
on a Princeton Applied Research electrochemical work station as
described previously.15 FABMS spectra were recorded with a JEOL
SX 102/DA-600 mass spectrometer.
DNA-Binding and Cleavage Experiments. The concentration

(base-pairs) of CT DNA was measured by using its known extinction
coefficient at 260 nm (6600 M-1 cm-1).16 Buffer A (5 mM tris, pH
7.1, 50 mM NaCl) was used for absorption titration experiments and
buffer B (1 mM phosphate, pH 7.0, 2 mM NaCl) was used for thermal
denaturation and differential-pulse voltammetric experiments. The
chloride salts of the complexes were used in studies with DNA.
Absorption titration experiments were performed by maintaining the
metal complex concentration constant (10-15 µM) and varying the
nucleic acid concentration (0-100 µM). The absorption data were
analyzed for an evaluation of the intrinsic binding constant,Kb, using
a reported procedure17 which had been previously employed for
obtaining the Kb values of several mixed-ligand ruthenium (II)
complexes.4a DNA melting experiments were carried out by monitoring
the absorption (260 nm) of CT DNA (160µM) at various temperatures,
in the absence and in the presence (0-10 µM) of each investigated
complex. The melting temperature (Tm) and the curve widthσT

()temperature range between which 10% and 90% of the absorption
increase occurred) were calculated as described.3b Differential-pulse
voltammetric experiments (highly polished glassy carbon electrode)
were performed for 0.1 mM of the complexes in the absence and in
the presence of increasing amounts (0-3 mM) of CT DNA.

For the gel electrophoresis experiments, supercoiled pBR 322 DNA
(100µM) in tris-HCl buffer (pH) 8.0) was treated with an 100µM
of the metal complex, and the mixture was incubated for 1 h in the
dark. The samples were then analyzed by 0.8% agarose gel electro-
phoresis (Tris-acetic acid-EDTA buffer, pH) 8.0) at 40 V for 5 h.
The gel was stained with 1µg/mL of ethidium bromide for 0.5 h after
which it was analyzed using the UVP gel documentation system GDS
2000 and was also directly photographed and developed as described
previously.18 Irradiation experiments were carried out by keeping the
pre-incubated (dark, 1 h) samples inside the sample chamber of a
JASCO Model FP-777 spectrofluorimeter (λ ) 350( 5 nm; slit width
) 5 nm)

Results and Discussion

Synthesis and Characterization. [Co(phen)2DPPZ]3+ and
[Ni(phen)2DPPZ]2+ were synthesized by the reaction of the
corresponding dichloro complexes with DPPZ. Each new
complex showed satisfactory elemental analysis, FABMS and
IR data (see Experimental Section). While the d6, diamagnetic
cobalt complex was further characterized by its1H NMR
spectrum, the nickel complex, upon incorporating the diamag-
netic correction, gave aµeff of 3.16 µB consistent with the
presence of a d8, paramagnetic nickel(II) ion in it.14 The UV-
visible spectra (200-400 nm) of both the complexes were seen
to be dominated by bands due to the transitions involving phen
and DPPZ ligands.19 On the basis of the spectral data of DPPZ,
[Ru(phen)2DPPZ]2+,5d and [Ru(bpy)2DPPZ]2+,13b the bands seen
at 348, 360, and 376 nm in both [Co(phen)2DPPZ]3+ and [Ni-
(phen)2DPPZ]2+ have been assigned toπ-π* transitions of the
metal-bound DPPZ.
The cyclic voltammogram of [Co(phen)2DPPZ]3+ (CH3CN,

0.1 M (TBA)PF6; Pt-working electrode) showed peaks at+0.40,
-0.95,-1.17,-1.70, and-1.83 V (VsSCE). Wave analysis
suggested that while the peaks observed at+0.40,-0.95, and
-1.17 V represent diffusion-controlled, reversible/quasi-revers-
ible, one-electron transfer reactions,20 those observed at-1.70
and-1.83 V are totally irreversible under identical experimental
conditions. On the basis of the reported electrochemical data
of [Co(phen)3]2+ 21 (+0.39,-0.96 V under our experimental
conditions), the peak observed in the positive scan region for
[Co(phen)2DPPZ]3+ can be ascribed to the Co(III)/Co(II) redox
couple and that observed at-0.95 V to the Co(II)/Co(I) couple.
The peaks at-1.17,-1.70, and-1.83 V have been assigned
to electron additions onto the Co(III)-bound DPPZ and phen
ligands, respectively.19 The ligands on [Ni(phen)2DPPZ]2+

could be reduced at-1.29 and-1.72 V (DPPZ) and at-1.90
V (phen).
DNA-Binding Studies. Addition of increasing amounts of

CT DNA resulted in hypochromism and bathochromic shifts
of the peak maxima in the UV-visible spectra of both [Co-
(phen)2DPPZ]3+ and [Ni(phen)2DPPZ]2+. As seen in Figure
2a, the lowest energy band of [Ni(phen)2DPPZ]2+ shows a
bathochromic shift of 7 nm in the presence of CT DNA. The
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corresponding band in the cobalt complex, under similar
experimental conditions, was seen to be red-shifted by 6 nm.
Absorption titration curves with the absorbance being measured
between 300 and 430 nm revealed that isosbestic points are
present at 388 and 416 nm and at 385 and 414 nm for the nickel
(Figure 2a) and cobalt complexes, respectively. These spectral
changes are reminiscent of those reported for DNA interactions
of several tris-chelated, mixed-ligand complexes containing phen
and/or DPPZ including [Ru(phen)2DPPZ]2+.1,4-7 The intrinsic
binding constant,Kb, which was obtained by monitoring the
change in absorbance at 376 nm with increasing concentration
of DNA is as high as (9( 2)× 105 M-1 for both the complexes
investigated in this study.22 [Ru(bpy)2DPPZ]2+, [Ru(phen)2-
DPPZ]2+, [Os(phen)2DPPZ]2+, and [Ru(H2O)DPPZ(tpy)]2+ have
been reported to strongly bind to DNA (Kb = 106-107 M-1)
by an intercalative mode.5-9 Results of various spectroscopic
and biochemical studies have suggested that it is the DPPZ

ligand that intercalates between the base-pairs of DNA in these
mixed-ligand complexes. On the basis of the similarities in
structures, absorption titration characteristics, and apparent
binding constants between the previously studied DPPZ com-
plexes mentioned above and [Co(phen)2DPPZ]3+ and [Ni-
(phen)2DPPZ]2+, it can be suggested that DNA-binding by the
latter complexes also involves an intercalation of DPPZ. This
suggestion is further supported by thermal denaturation and
differential-pulse voltammetric experiments, the results of which
are summarized below.
Thermal denaturation experiments carried out on CT DNA

in the absence of any added complex revealed that theTm and
σT values for the duplex are 60( 2 and 22( 1 °C, respectively,
under our experimental conditions. Addition of [Co(phen)2-
DPPZ]3+ or [Ni(phen)2DPPZ]2+ ([DNA]/[complex] ) 20)
increasedTm by 8 ( 1 °C for the former (see Figure 2b) and
by 6( 1 °C for the latter complex.23 By contrast, addition of
either [Co(phen)3]3+ or [Ni(phen)3]2+ to DNA increased theTm
value by<5 °C. TheσT values are 24( 1 and 26( 1 °C for
[Co(phen)2DPPZ]3+ and [Ni(phen)2DPPZ]2+, respectively.
Differential-pulse voltammetric experiments carried out for

[Co(phen)3]3+ and [Co(phen)2DPPZ]3+ in both the presence and
the absence of CT DNA have revealed that decrease in the peak-
current due to CoIII /CoII redox couple (E1/2 (CoIII/II ) ) -0.02 V
vs SCE for both the complexes in buffer B) in the presence of
a 30-fold molar excess of DNA (in comparison with the peak-
current in buffer B) is more pronounced for the DPPZ-containing
complex (=75%) compared to that for the tris-phen complex
(=50%). Bard et al.24 have previously shown that addition of
DNA reduces the cyclic and differential-pulse voltammetric
peak-currents of the CoIII /CoII couple for [Co(phen)3]3+ and have
also estimatedKb to be (1.6 ( 0.2) x 104 M-1 under
experimental conditions similar to those employed in this
study.24b Our results are consistent with this data and the
pronounced reduction of the peak-current observed for [Co-
(phen)2DPPZ]3+ can be explained if the affinity toward DNA
is higher for this DPPZ-containing complex than that for [Co-
(phen)3]3+.25

Photocleavage of DNA. Only [Co(phen)2DPPZ]3+ was
found to effect the photocleavage of the supercoiled pBR 322
DNA. Control experiments suggested that untreated DNA does
not show any cleavage in the dark and even upon irradiation
by a 350 nm light (compare lanes 1 and 2, Figure 3). Similarly,
DNA nicking was not observed for pBR 322 treated with [Co-
(phen)2DPPZ]3+ in the dark experiments (lane 3, Figure 3). On
the other hand, irradiation of DNA in the presence of the
complex for 20 min caused the generation of relaxed circular
DNA as shown in lane 4 of Figure 3. Increasing the irradiation
time to 60 min. resulted in further relaxation of the duplex
only in the presence of the complex unaffecting the untreated
sample (compare lanes 2 and 5 in Figure 3).26 Control

(22) TheseKb values can be taken only as the lower limit of the effective
binding constants for these complexes because they bind too strongly
even at micromolar concentrations of DNA as was the case with the
previously studied DPPZ complexes.5-9 Thus, although the two
complexes investigated in the present study provide a good opportunity
to compare directly the binding of isosteric intercalating species of
+2 and+3 charge to DNA, such a comparison could not be made.

(23) Tm and σT values increased with increasing addition of the metal
complex as expected.3b

(24) (a) Carter, M. T.; Bard, A. J.J. Am. Chem. Soc. 1987, 109, 7528. (b)
Carter, M. T.; Rodriguez, M.; Bard, A. J.J. Am. Chem. Soc. 1989,
111, 8901.

(25) Indeed, a rough estimate ofKb (using a method adopted from ref 24)
for the binding of [Co(phen)2DPPZ]3+ with DNA by the differential-
pulse voltammetric method is=106 M-1, a value that is close to the
one obtained by the absorption titration method.

(26) The mobility change of pBR 322 that is evident in the presence of
[Co(phen)2DPPZ]3+ as shown in Figure 3 was also noticed when the
nickel(II) analogue was employed, but not when [Co(phen)3]3+ and
[Ni(phen)3]2+ were employed in the gel electrophoresis experiments.
However, no change in the mobility has been observed when the DNA
samples containing [Co(phen)2DPPZ]3+ (irradiated or not) were ethanol
precipitated prior to loading onto the gel suggesting that DNA binding
by this complex involves noncovalent interactions.

Figure 2. (a) UV-visible spectra (buffer A) of [Ni(phen)2DPPZ]2+

(15 µM) in the absence and in the presence of CT DNA (40µM) (b)
Melting curves (buffer B) of CT DNA (160µM) in the absence and in
the presence of [Co(phen)2DPPZ]3+ (8 µM).
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experiments have suggested that phen and DPPZ (free ligands,
dissolved in 10% DMF) are not detectably active under our
irradiation conditions. In addition, no perceptible DNA cleavage
was observed when samples of pBR 322 containing [Co-
(phen)3]3+ or [Co(phen)2(phen-dione)]3+ (phen-dione) 1,10-
phenanthroline-5,6-dione, a precursor used in the synthesis of
DPPZ) were irradiated at 350 nm, as both these complexes do
not appreciably absorb at this wavelength.27 Finally, the d8

[Ni(phen)2DPPZ]2+ system did not show any light-induced

nuclease activity, probably because of the paramagnetic nature
of the complex that, in principle, would render the excited state
of the molecule ineffective.
In summary, the results described in this study while

underscoring the importance of DPPZ in the DNA-binding also
demonstrate that substitution by different metal ions can bring
about subtle modulation in the properties and, consequently, in
the DNA interaction of this new class of mixed-ligand com-
plexes containing the versatile dipyridophenazine ligand.
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(27) However, [Co(phen)2DPPZ]3+, [Co(phen)3]3+, and [Co(phen)2(phen-
dione)]3+ all effect DNA nicking when irradiated at 313 nm where
they show more equal absorbance (logε values at 313 nm are 4.43,
4.16, and 4.10 for the three complexes in that order) than at 350 nm.
The relative efficiencies of the photocleavage reactions roughly follow
a trend: [Co(phen)2DPPZ]3+, 1 > [Co(phen)3]3+, 0.9> [Co(phen)2-
(phen-dione)]3+, 0.7. Further studies that inquire into the mechanism
of DNA cleavage by these complexes using various “inhibitors” are
currently in progress.

Figure 3. Light-induced nuclease activity of [Co(phen)2DPPZ]3+

(numbers given in brackets refer to % of the open circular form of
DNA, form II, in each case) Dark and light experiments: lanes 1 and
2, untreated pBR 322 (100µM) in the dark [55] and upon irradiation
(60 min) [52]; lanes 3, 4, and 5, pBR 322+ [Co(phen)2DPPZ]3+ (100
µM) in the dark [46] and upon irradiation for 20 min [66] and 60 min
[100], respectively.
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