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Oxovanadium(IV) complexes [VO(salmet)(B)] (1−3) and [VO(saltrp)(B)] (4−6), where salmet and saltrp are
N-salicylidene-L-methionate and N-salicylidene-L-tryptophanate, respectively, and B is a N,N-donor heterocyclic
base (viz. 1,10-phenanthroline (phen, 1, 4), dipyrido[3,2-d:2′,3′-f]quinoxaline (dpq, 2, 5), and dipyrido[3,2-a:2′,3′-
c]phenazine (dppz, 3, 6)) are prepared and characterized and their DNA binding and photoinduced DNA cleavage
activity studied. Complexes 1, 2, and 4 are structurally characterized by single-crystal X-ray crystallography. The
molecular structure shows the presence of a vanadyl group in the VO3N3 coordination geometry. The dianionic
R-amino acid Schiff base acts as a tridentate O,N,O-donor ligand in a meridional binding mode. The N,N-donor
heterocyclic base displays a chelating mode of bonding with a N-donor site trans to the oxo group. The complexes
show a d−d band in the range of 680−710 nm in DMF with a shoulder near 840 nm. They exhibit an irreversible
oxidative cyclic voltammetric response near 0.8 V assignable to the V(V)/V(IV) couple and a quasi-reversible V(IV)/
V(III) redox couple near −1.1 V vs SCE in DMF−0.1 M TBAP. The complexes show good binding propensity to calf
thymus DNA giving binding constant values in the range from 5.2 × 104 to 7.2 × 105 M-1. The binding site size,
thermal melting, and viscosity data suggest DNA surface and/or groove binding nature of the complexes. The
complexes show poor “chemical nuclease” activity in the dark in the presence of 3-mercaptopropionic acid or
hydrogen peroxide. The dpq and dppz complexes show efficient DNA cleavage activity on irradiation with UV-A
light of 365 nm via a mechanistic pathway involving formation of singlet oxygen as the reactive species. They also
show significant DNA cleavage activity on photoexcitation in red light (>750 nm) by 1O2 species. Observation of
red-light-induced cleavage of DNA is unprecedented in the vanadium chemistry. The DNA cleavage activity is
metal promoted as the ligands or vanadyl sulfate alone are cleavage inactive on photoirradiation at these wavelengths.

Introduction

Photodynamic therapy (PDT) is an emerging method of
noninvasive treatment of cancer with an advantage of having
localized photoactivation of the drug at the targeted tumor
cells, leaving the healthy cells unaffected from the photo-
toxicity of the PDT agent.1-5 This method is superior in the
sense that it eliminates the toxic and resistance effects of

chemotherapeutic drugs like cis-platin and its derivatives.6-8

Photofrin, which is a mixture of hematoporphyrins and its
derivatives, is the FDA-approved PDT drug used for lung
and esophageal cancers. Photoactivation of Photofrin at its
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lowest energy Q band of 630 nm generates a1ππ* state with
subsequent formation of its triplet state3ππ* that activates
molecular oxygen to form cytotoxic singlet oxygen (1O2)
species.9 Porphyrin-based drugs show dark toxicity and
hepatotoxicity due to formation of bilirubin on oxidative
conversion.10 This has resulted in a surge of interest to
develop a new generation of PDT drugs that are less toxic
and photoactive at longer wavelengths near 800 nm consid-
ering greater tissue permeability of the longer wavelength
radiations.11-15 Besides, some nonmacrocyclic organic dyes
are also found to be potentially suitable for PDT applica-
tions.16,17 There are several bioactive organic molecules
derived from antibiotics and peptides known to cleave DNA
on photoirradiation at UV light.18-20 Such molecules, how-
ever, lack any visible absorption band within the “photo-
therapeutic window” of 620-850 nm, thus making them
unsuitable for PDT applications.

Transition-metal complexes with their varied coordination
environments and versatile redox and spectral properties offer
better scope of designing species that are suitable to
photocleave DNA in visible light following different routes
like type-1 and photoredox pathways in addition to the singlet

oxygen (type-2) process.21-23 Metal complexes are known
to cleave DNA by oxidative and hydrolytic pathways. Metal
ions with strong Lewis acidity cleave DNA by phosphodi-
ester bond hydrolysis.24-26 Oxidative cleavage of DNA
occurs in the presence of additional oxidizing/reducing agents
or by photochemical means.27-30 Transition-metal complexes
cleaving DNA on photoirradiation are of relevance to PDT
when the photoactivation takes place in the PDT window of
620-850 nm.

Polypyridyl ruthenium(II) complexes are known to cleave
DNA in visible light.31-33 Dirhodium(II) complexes show
oxidative cleavage of DNA in visible light via both oxygen-
dependent and -independent pathways.34-36 Such complexes
are potential agents for PDT applications. We have shown
that copper(II) complexes having DNA binders and photo-
active ligands like dipyridoquinoxaline (dpq) and dipyri-
dophenazine (dppz) cleave DNA in red light following
different mechanistic pathways.37-39

The present work stems from our interest in designing new
oxovanadium(IV) complexes that are capable of cleaving
DNA in red light. Vanadium(IV) complexes with a 3d1

electronic configuration show low-energy visible bands like
3d9 copper(II) complexes. It is thus expected that V(IV)
species could mimic the properties of its Cu(II) analogues
in showing visible light-induced DNA cleavage activity in
red light. Copper(II) complexes are known to show “chemical
nuclease” activity in the presence of a reducing agent like
ascorbic acid or 3-mercaptopropionic acid.40 Significant dark
toxicity of Cu(II) complexes in cellular applications is due
to formation of Cu(I) species in the presence of reducing
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thiols.41 The Cu(I) species reacts with cellular oxygen to
generate hydroxyl radicals and/or copper-bound oxo/hydroxo
species that cleave DNA.42 Copper complexes thus have
limitations for PDT applications due to their dark toxicity.
This drawback can be readily circumvented by choosing
V(IV) as a substitute of Cu(II). Vanadium(IV) ion in VO2+

is unlikely to undergo facile redox transformation in a cellular
medium. Again, VO2+ complexes show a d-d band near
700 nm. Additionally, vanadium is a biocompatible metal
ion used earlier as insulin mimetics and antitumor agents.43-46

Bleomycin vanadyl(IV) and [VO(phen)(H2O)2]2+ show
“chemical nuclease” activity in the presence of H2O2.47,48

There are few reports on oxovanadium(V) and peroxovana-
dium(V) complexes cleaving DNA on photoactivation in
UV-A light.49-52 Photocleavage of DNA by vanadium
complexes in red light is unprecedented in the literature.
Herein, we present the synthesis, structure, DNA binding,
and photoinduced DNA cleavage activity of new oxovana-
dium(IV) complexes [VO(salmet)(B)] (1-3) and [VO-
(saltrp)(B)] (4-6), where salmet and saltrp areN-salicylidene-
L-methionate andN-salicylidene-L-tryptophanate, respectively,
and B is aN,N-donor heterocyclic base (viz. 1,10-phenan-
throline (phen,1, 4), dipyrido[3,2-d:2′,3′-f]quinoxaline (dpq,
2, 5), and dipyrido[3,2-a:2′,3′-c]phenazine (dppz,3, 6))
(Chart 1). The choice of planar phenanthroline bases is based
on their good DNA binding ability and the photoactive nature
of the quinoxaline and phenazine moieties. Bioessential
photoactiveR-amino acids are used for Schiff base prepara-
tion. Significant results include observation of a wide voltage

window between two metal-based redox couples, poor
“chemical nuclease” activity, and efficient photoinduced
DNA cleavage activity of the dpq (2, 5) and dppz (3, 6)
complexes in red light.

Experimental Section

Materials and Measurements. All reagents and chemicals were
procured from commercial sources (SD Fine Chemicals, India;
Aldrich) and used without further purifications. Solvents were
purified by standard procedures.53 Syntheses of the complexes were
done under a nitrogen atmosphere using Schlenk techniques.
Supercoiled (SC) pUC19 DNA (cesium chloride purified) was
purchased from Bangalore Genie (India). Tris(hydroxylmethyl)-
aminomethane-HCl (Tris-HCl) buffer solution was prepared using
deionized and sonicated triple-distilled water. Calf thymus (CT)
DNA, agarose (molecular biology grade), distamycin-A, catalase,
superoxide dismutase (SOD), 2,2,6,6-tetramethyl-4-piperidone
(TEMP), 1,4-diazabicyclo-[2.2.2]octan (DABCO), and ethidium
bromide (EB) were from Sigma. TheN,N-donor heterocyclic bases
dipyrido-[3,2-d:2′,3′-f]-quinoxaline (dpq) and dipyrido[3,2-a:2′,3′-
c]phenazine (dppz) were prepared by literature procedures using
1,10-phenanthroline-5,6-dione as a precursor reacted with ethyl-
enediamine for dpq and 1,2-phenylenediamine for dppz.54,55

Elemental analysis was done using a Thermo Finnigan Flash EA
1112 CHNSO analyzer. Infrared and electronic spectra were
recorded on Perkin-Elmer Lambda 35 and Perkin-Elmer Spectrum
one 55 spectrophotometers, respectively. Molar conductivity mea-
surements were performed using a Control Dynamics (India)
conductivity meter. Room-temperature magnetic susceptibility data
were obtained from a George Associates Inc. Lewis-coil force
magnetometer using Hg[Co(NCS)4] as a standard. Experimental
susceptibility data were corrected for diamagnetic contributions.56

Cyclic voltammetric measurements were made at 25°C on a EG&G
PAR model 253 Versa Stat potentiostat/galvanostat with electro-
chemical analysis software 270 using a three-electrode setup
comprised of glassy carbon working, platinum wire auxiliary, and
saturated calomel reference (SCE) electrodes. Tetrabutylammonium
perchlorate (TBAP, 0.1 M) was used as a supporting electrolyte in
DMF. The electrochemical data were uncorrected for junction
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Chart 1. Ternary Structures of the VO2+ Complexes (1-6) and
Phenanthroline Bases Used
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potentials. Electrospray ionization mass spectral measurements were
done using Esquire 3000 plus ESI (Bruker Daltonics) and Q-TOF
mass spectrometer.

Preparation of [VO(salmet)(B)] (1-3) and [VO(saltrp)(B)]
(4-6) [B ) phen (1, 3), dpq (2, 4), dppz (3, 6)].Complexes1-6
were prepared by a general synthetic procedure in which a mixture
of the correspondingR-amino acid [L-met (0.15 g, 1.0 mmol);L-trp
(0.20 g, 1.0 mmol)] and NaOH (0.03 g, 0.75 mmol) in 10 mL water
were added to a methanolic solution of salicylaldehyde (0.10 mL,
1.0 mmol). The resulting solution was refluxed for 1 h, followed
by addition of an aqueous solution of vanadyl sulfate (0.16 g, 1.0
mmol). A light-bluish precipitate was obtained after refluxing the
mixture for 1 h. To this mixture was added the corresponding
heterocyclic base [0.20 g, phen; 0.23 g, dpq; 0.29 g, dppz (1.0
mmol)] taken in 10 mL of methanol. The solution on further
refluxing for 1 h gave a red precipitate. The solid was isolated,
washed with MeOH, and finally dried in vacuum over P4O10.
Yield: ∼75%. Anal. Calcd for C24H21N3O4SV (1): C, 57.83; H,
4.25; N, 8.43; S, 6.43. Found: C, 57.72; H, 4.21; N, 8.41; S, 6.42.
ESI-MS in MeCN: m/z 499 [M + H]+. ΛM ) 10 S m2 M-1 in
DMF at 25 °C. IR (KBr phase, cm-1): 3446br, 2918w, 1650vs,
1619vs (CdN), 1536m, 1466w, 1445m, 1425m, 1341m, 1199w,
1148w, 960s (VdO), 849m, 775w, 726w (br, broad; vs, very strong;
s, strong; m, medium; w, weak). UV-vis in DMF [λmax/nm (ε/
M-1 cm-1)]: 844sh (20), 708 (35), 470 (800), 380 (4820), 267
(44 160) (sh, shoulder).µeff ) 1.65 µB at 298 K. Anal. Calcd for
C26H21N5O4SV (2): C, 56.73; H, 3.85; N, 12.72; S, 5.83. Found:
C, 56.68; H, 3.83; N, 12.69; S, 5.77. ESI-MS in MeCN:m/z 551
[M + H]+. ΛM ) 7 S m2 M-1 in DMF at 25°C. IR (KBr phase,
cm-1): 3446w, 2921w, 1651vs, 1621vs (CdN), 1532w, 1466w,
1441m, 1403m, 1343w, 1198w, 1083w, 962s (VdO), 809w, 765w.
UV-vis in DMF [λmax/nm (ε/M-1 cm-1)]: 848sh (30), 701 (40),
469 (605), 376 (5400), 341 (7630), 325 (8490), 270 (38 860).µeff

) 1.70µB at 298 K. Anal. Calcd for C30H23N5O4SV (3): C, 60.00;
H, 3.86; N, 11.66; S, 5.34. Found: C, 59.95; H, 3.85; N, 11.58; S,
5.56. ESI-MS in MeCN:m/z 601 [M + H]+. ΛM ) 4 S m2 M-1

in DMF at 25°C. IR (KBr phase, cm-1): 3466br, 2920w, 1641s,
1618vs (CdN), 1537m, 1495w, 1445m, 1339m, 1197w, 1149w,
1076w, 960s (VdO), 808w, 763w. UV-vis in DMF [λmax/nm (ε/
M-1 cm-1)]: 840sh (20), 694 (40), 460 (915), 380 (18 220), 362
(17 080), 270 (16 100).µeff ) 1.68 µB at 298 K. Anal. Calcd for
C30H22N4O4V (4): C, 65.10; H, 4.01; N, 10.12. Found: C, 64.86;
H, 3.96; N, 10.22. ESI-MS in MeCN:m/z 554 [M + H]+. ΛM )
3 S m2 M-1 in DMF at 25 °C. IR (KBr phase, cm-1): 3217w,
3056w, 2909w, 1623vs (CdN), 1539w, 1447w, 1343m, 1152w,
959s (VdO), 845w, 751w. UV-vis in DMF [λmax/nm (ε/M-1

cm-1)]: 840sh (16), 691 (30), 473 (670), 375 (4960), 269 (41 370).
µeff ) 1.62 µB at 298 K. Anal. Calcd for C32H22N6O4V (5): C,
63.48; H, 3.66; N, 13.88. Found: C, 63.66; H, 3.49; N, 13.85. ESI-
MS in MeCN: m/z 606 [M + H]+. ΛM ) 4 S m2 M-1 in DMF at
25 °C. IR (KBr phase, cm-1): 3440br, 3067w, 2919w, 1627vs (Cd
N), 1540m, 1442m, 1369w, 1338w, 1300w, 1207w, 1081w, 999m,
961s (VdO), 817w, 755m. UV-vis in DMF [λmax/nm (ε/M-1

cm-1)]: 841sh (20), 675 (40), 470 (760), 372 (5270), 341
(8410), 326 (9350), 267 (40 260).µeff ) 1.66 µB at 298 K. Anal.
Calcd for C36H24N6O4V (6): C, 65.96; H, 3.69; N, 12.82. Found:
C, 65.75; H, 3.61; N, 12.91. ESI-MS in MeCN:m/z 656 [M +
H]+. ΛM ) 2 S m2 M-1 in DMF at 25°C. IR (KBr phase, cm-1):
3431br, 3078w, 2927w, 1623vs (CdN), 1540w, 1447w, 1353m,
1202w, 1150w, 1077w, 964s (VdO), 818w, 739m. UV-vis in
DMF [λmax/nm (ε/M-1 cm-1)]: 838sh (20), 686 (40), 458
(910), 380 (21 650), 362 (20 695), 269 (90 410).µeff ) 1.63µB at
298 K.

Solubility and Stability. The complexes were highly soluble in
DMF and DMSO, less soluble in MeOH, MeCN, and H2O, and
insoluble in hydrocarbon solvents. They were stable in the solid
and solution phases.

X-ray Crystallographic Procedures. Crystal structures of1,
2, and4 were obtained by single-crystal X-ray diffraction technique.
Crystals were obtained from MeOH-CH2Cl2 solutions (1:1 v/v)
of the complexes on slow evaporation of the solvent. Crystal
mounting was done on glass fiber with epoxy cement. All geometric
and intensity data were collected at room temperature using an
automated Bruker SMART APEX CCD diffractometer equipped
with a fine focus 1.75 kW sealed tube Mo KR X-ray source (λ )
0.71073 Å) with increasingω (width of 0.3° per frame) at a scan
speed of 8, 15, and 13 s per frame for complexes1, 2, and 4,
respectively. Intensity data, collected using theω-2θ scan mode,
were corrected for Lorentz-polarization effects and absorption.57

Structures were solved by the combination of Patterson and Fourier
techniques and refined by full-matrix least-squares method using
the SHELX system of programs.58 All hydrogen atoms belonging
to the complex were in their calculated positions and refined using
a riding model. All non-hydrogen atoms were refined anisotropi-
cally. Perspective views of the molecules were obtained by
ORTEP.59

DNA Binding Methods. The experiments were carried out in
Tris-HCl buffer (50 mM Tris-HCl, pH 7.2) using the complex
solution in DMF (10%). The calf thymus (CT) DNA (ca. 350µM
NP) in the buffer medium gave a ratio of UV absorbance at 260
and 280 nm of ca. 1.9:1, suggesting the DNA was apparently free
from protein. The concentration of DNA was estimated from its
absorption intensity at 260 nm with a known molar absorption
coefficient value of 6600 M-1 cm-1.60 Absorption titration experi-
ments were performed by varying the concentration of the CT DNA
while keeping the complex concentration constant. Due correction
was made for the absorbance of DNA itself. The spectra were
recorded after equilibration for 5 min. The intrinsic equilibrium
binding constant (Kb) and binding site size (s) of the complexes to
CT DNA were obtained by the McGhee-von Hippel (MvH)
method using the expression of Bard and co-workers by monitoring
the change of the absorption intensity of the spectral bands with
increasing concentration of CT DNA by regression analysis using
eq 1

whereεa is the extinction coefficient observed for the charge-transfer
absorption band at a given DNA concentration,εf is the extinction
coefficient of the complex free in solution,εb is the extinction
coefficient of the complex when fully bound to DNA,Kb is the
equilibrium binding constant,Ct is the total metal complex
concentration, [DNA]t is the DNA concentration in nucleotides,
ands is the binding site size in base pairs.61,62The nonlinear least-
squares analysis was done using Origin Lab, version 6.1.

(57) Walker, N.; Stuart, D.Acta Crystallogr.1993, A39, 158.
(58) Sheldrick, G. M.SHELX-97, Programs for Crystal Structure Solution

and Refinement; University of Göttingen: Göttingen, Germany, 1997.
(59) Johnson, C. K.ORTEP, Report ORNL-5138; Oak Ridge National

Laboratory: Oak Ridge, TN, 1976.
(60) Reichman, M. E.; Rice, S. A.; Thomas, C. A.; Doty, P.J. Am. Chem.

Soc.1954, 76, 3047.
(61) McGhee, J. D.; von Hippel, P. H.J. Mol. Biol. 1974, 86, 469.
(62) Carter, M. T.; Rodriguez, M.; Bard, A. J.J. Am. Chem. Soc.1989,

111, 8901.

(εa - εf)/(εb - εf) ) (b - (b2 - 2Kb
2Ct[DNA] t/s)

1/2)/2KbCt (1)

b ) 1 + KbCt + Kb[DNA] t/2s
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DNA melting experiments were carried out by monitoring the
absorption intensity of CT DNA (180µM) at 260 nm at various
temperatures both in the absence and in the presence of the
oxovanadium(IV) complexes (30µM). Measurements were carried
out using a Perkin-Elmer Lambda 35 spectrophotometer equipped
with a Peltier temperature-controlling programmer (PTP 6)
((0.1 °C) on increasing the temperature of the solution by 0.5°C/
min. Viscometric titrations were performed with a Schott Gerate
AVS 310 Automated Viscometer. The viscometer was thermostated
at 37°C in a constant temperature bath. The concentration of CT
DNA was 135µM in NP, the flow times were measured with an
automated timer, each sample was measured three times, and an
average flow time was calculated. Data were presented as (η/η0)1/3

vs [complex]/[DNA], whereη is the viscosity of DNA in the
presence of complex andη0 is that of DNA alone. Viscosity values
were calculated from the observed flowing time of DNA-containing
solutions (t) corrected for that of the buffer alone (t0), η ) (t - t0).

DNA Cleavage Experiments. The cleavage of supercoiled
pUC19 DNA (33.3µM, 0.2 µg, 2686 base pair) was studied by
agarose gel electrophoresis using metal complexes in 50 mM tris-
(hydroxylmethyl)methane-HCl (Tris-HCl) buffer (pH 7.2) contain-
ing 50 mM NaCl. For photoinduced DNA cleavage studies, the
reactions were carried out under illuminated conditions using UV-A
source at 365 nm (12 W, model LF-206.LS) or near IR light of
∼750 nm using a Spectra Physics Water-Cooled Mixed-Gas Ion
Laser Stabilite2018-RM (continuous-wave (CW) beam diameter at
1/e2 1.8 mm( 10% and beam divergence with full angle 0.7 mrad
( 10%) with an attachment model 2018-RM-IR with all-lines IR
optics (752.5-799.3 nm). The laser beam power at the sample
position (5 cm from the aperture with a solution path length of 5
mm) was 150 mW, measured using a Spectra Physics CW Laser
Power Meter (model 407A). After light exposure, each sample was
incubated for 1.0 h at 37°C and analyzed for the photocleaved
products using gel electrophoresis. The mechanistic studies were
carried out using different additives (NaN3, 0.5 mM; DMSO, 4µL;
catalase, 4 units; SOD, 4 units; TEMP, 0.5 mM; DABCO, 0.5 mM)
prior to addition of the complex. For the D2O experiment, this
solvent was used for dilution of the sample to 18µL. The samples
after incubation in a dark chamber were added to the loading buffer
containing 25% bromophenol blue, 0.25% xylene cyanol, and 30%
glycerol (3µL), and the solution was finally loaded on 0.8% agarose
gel containing 1.0µg/mL ethidium bromide. Electrophoresis was
carried out in a dark chamber for 2.0 h at 60 V in TAE (Tris-
acetate EDTA) buffer. Bands were visualized by UV light and
photographed. The extent of DNA cleavage was measured from
the intensities of the bands using a UVITEC Gel Documentation
System. Due corrections were made for the low level of nicked
circular (NC) form present in the original supercoiled (SC) DNA
sample and for the low affinity of EB binding to SC compared to

NC and linear forms of DNA.63 The concentrations of the complexes
and additives corresponded to that in the 18µL final volume of
the sample using Tris buffer. The observed error in measuring the
band intensities was∼5%.

Results and Discussion

Synthesis and General Aspects.Complexes of formula-
tions [VO(salmet)(B)] (B) phen,1; dpq, 2; dppz,3) and
[VO(saltrp)(B)] (B ) phen,4; dpq,5; dppz,6) are prepared
in high yield from a general synthetic procedure in which
vanadyl sulfate is reacted with dianionicR-amino acid Schiff
bases and phenanthroline bases in aqueous methanol (Chart
1). Selected physicochemical data for the complexes are
given in Table 1. The nonelectrolytic complexes are soluble
in aqueous DMF. They show characteristic vanadyl (VdO)
and imine (CdN) infrared bands at∼960 and∼1620 cm-1,
respectively. They are one-electron paramagnetic, giving a
magnetic moment value in the range from 1.6 to 1.7µB at
25 °C in accordance with the 3d1 electronic configuration
of the VIVO2+ moiety. The electronic absorption spectra of
the oxovanadium(IV) complexes1-6 in DMF show two
low-energy low-intensity metal-centered transitions near 840
and 700 nm (Figure 1). The band at>800 nm appears as a
shoulder. The∼700 nm band is used for the photoinduced
DNA cleavage studies. An additional metal-centered band
is observed near 470 nm. The molar extinction coefficient
(ε) values for the low-energy bands that lie in the range of
15-40 M-1 cm-1 are significantly lower than analogous
copper(II) complexes (ε values of∼150 M-1 cm-1), showing
red-light-induced DNA cleavage activity.37-39 It is thus of

(63) Bernadou, J.; Pratviel, G.; Bennis, F.; Girardet, M.; Meunier, B.
Biochemistry1989, 28, 7268.

Table 1. Physicochemical Data for Complexes1-6

IR,a cm-1

complex ν(VdO) ν(CdN) λ, nm (ε, M-1 cm-1)b µeff
c ∆Tm

d/°C Kb/M-1 (s)e

[VO(salmet)(phen)] (1) 960 1619 844 (20),f 708 (35) 1.65 1.5 0.5((0.1)× 105 [0.1]
[VO(salmet)(dpq)] (2) 962 1621 848 (30),f 701 (40) 1.70 2.5 2.7((0.6)× 105 [0.1]
[VO(salmet)(dppz)] (3) 960 1618 840 (20),f 694 (40) 1.68 4.08 7.2((0.6)× 105 [0.3]
[VO(saltrp)(phen)] (4) 959 1623 840 (16),f 691 (30) 1.62 1.5 0.6((0.1)× 105 [0.1]
[VO(saltrp)(dpq)] (5) 961 1627 841 (20),f 675 (40) 1.66 2.48 1.1((0.2)× 105 [0.1]
[VO(saltrp)(dppz)] (6) 964 1623 838 (20),f 686 (40) 1.63 3.28 3.4((0.7)× 105 [0.1]

a In KBr phase.b Visible electronic bands in DMF.c µeff in µB for solid powdered samples at 298 K.d Change in the DNA melting temperature.e Kb,
DNA binding constant (s, binding site size).f Shoulder.

Figure 1. Electronic absorption spectra of [VO(salmet)(dpq)] (3) (s) and
[VO(saltrp)(dppz)] (5) (- - -) in DMF. Wavelengths (365 and 750 nm) used
for DNA photocleavage experiments are shown by the arrows.
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interest to explore the utility of these vanadyl(IV) complexes
in DNA cleavage studies at red light of>700 nm since
compounds showing photocleavage of DNA at near IR
wavelength are rare in the literature.1 Lutetium(III) texaphyrin
complex (LUTRIN) has a band at 732 nm, and this complex
is under clinical trials for PDT applications.15 Complexes
1-6 exhibit an intense band at∼380 nm due to a ligand-
to-metal charge-transfer (LMCT, PhO- f V) transition, and
the remaining bands appearing in the UV region are
assignable to the intraligand transitions.64 All complexes
display a band at ca. 270 nm assignable to theπ f π*
transition. The complexes of the dpq and dppz ligands are
known to exhibit an additional band near 350 nm due to n
f π* transition involving the quinoxaline and phenazine
moieties.65

Electrochemistry. Complexes1-6 are redox active,
showing cyclic voltammetric responses involving the metal
center and ligands in DMF-0.1 M TBAP (Table 2, Figure
2). Two anodic responses (Epa) are observed near 0.8 and
1.2 V with a weak cathodic counterpart (Epc) at ca. 0.4 V.
The first anodic response is assigned to the V(V)/V(IV) redox
couple showing aipc/ipa peak current ratio of∼0.4 (ipc and
ipa are cathodic and anodic peak currents, respectively). The
irreversible nature of the electron-transfer process involving

the VVO3+/VIVO2+ moieties could be due to the unstable
nature of the oxidized species in the presence ofπ-acceptor
phenanthroline bases. The anodic peak at∼1.2 V is broad
in nature and could be due to ligand-based oxidation. The
complexes display a quasi-reversible voltammetric response
in the potential range from-0.9 to-1.3 V with a peak-to-
peak (∆Ep) separation of 70-84 mV at a 50 mV s-1 scan
rate. This redox process is assignable to the V(IV)/V(III)
couple. The observed voltage window of∼2.0 V between
the V(V)/V(IV) and V(IV)/V(III) couples is of significance.
These complexes are expected to show poor “chemical
nuclease” activity due to this voltage window. In contrast,
analogous copper(II) complexes having a readily accessible
metal-based Cu(II)/Cu(I) redox couple show significant
“chemical nuclease” activity in the presence of reducing
thiols.41 Complexes1-6 show ligand-based reductions.
While the phen complexes display one irreversible reduction
near-1.4 V, the dpq and dppz complexes display two redox
processes. The first ligand-based redox process, observed for
the dpq and dppz complexes near-1.5 and -1.1 V,
respectively, with an∆Ep value of∼60 mV at 50 mV s-1,
is reversible in nature. An additional reductive response is
observed near-1.7 and-1.4 V for the dpq and dppz ligands,
respectively.

Crystal Structures. The phen and dpq complexes of the
salmet ligand (1‚2H2O and2) and the phen complex of the
saltrp ligand (4‚0.5MeOH) are structurally characterized by
single-crystal X-ray diffraction. Selected crystallographic data
are summarized in Table 3. ORTEP views of the complexes
are shown in Figures 3 and 4. Selected bond distances and
angles are given in Table 4. The structure of the complexes
consists of a discrete monomeric vanadium(IV) species with
a VO2+ moiety bonded to a dianionic tridentate Schiff base
ligand and aN,N-donor phenanthroline base (phen, dpq). The
Schiff bases are bound through the phenolate oxygen, imine
nitrogen, and carboxylate oxygen atoms, leaving the thiom-
ethyl of salmet and indole ring of saltrp as the pendant
groups. The lattice water molecules in1‚2H2O are involved
in intermolecular bifurcated H-bonding interactions with the
carboxylate oxygen atom of the Schiff base and the vanadyl
oxygen atom giving distances in the range of 2.80-2.87 Å.
The lattice methanol molecule in4 shows intermolecular
H-bonding interactions (distance) 2.74 Å) with the car-
boxylate oxygen atom of the Schiff base. In addition, the
-NH of the indole ring of the saltrp ligand is involved in

(64) Dutta, S. K.; Kumar, S. B.; Bhattacharyya, S.; Tiekink, E. R. T.;
Chaudhury, M.Inorg. Chem. 1997, 36, 4954.

(65) Toshima, K.; Takano, R.; Ozawa, T.; Matsumura, S.Chem. Commun.
2002, 212.

Table 2. Electrochemical Dataa for Complexes1-6

anodic scan cathodic scan

complex Epa
1, V Epc

1, V ipc/ipa Epa
2, Vb E1/2

1,V (∆Ep, mV)c Epc
2, Vd E1/2

2,V (∆Ep, mV)e

[VO(salmet)(phen)] (1) 0.86 0.44 0.3 1.25 -1.25 (80) -1.37
[VO(salmet)(dpq)] (2) 0.84 0.44 0.4 1.18 -1.14 (80) -1.54 (70)
[VO(salmet)(dppz)] (3) 0.85 0.43 0.3 1.14 -0.96 (83) -1.23 (65)
[VO(saltrp)(phen)] (4) 0.84 0.42 0.4 1.14 -1.29 (84) -1.39
[VO(saltrp)(dpq)] (5) 0.85 0.43 0.3 1.09 -1.19 (84) -1.57 (65)
[VO(saltrp)(dppz)] (6) 0.85 0.42 0.3 1.13 -0.95 (77) -1.11 (65)

a Scan rate of 50 mV s-1 in DMF-0.1 M TBAP. Potentials are vs saturated calomel electrode (SCE).E1/2 ) 0.5(Epa + Epc). ∆Ep ) (Epa - Epc), where
Epa andEpc are anodic and cathodic peak potentials, respectively. Currentsipc and ipa are for the cathodic and anodic peaks, respectively.b Anodic peak
without any cathodic counterpart.c Quasi-reversible process with aipc/ipa ratio of unity. d Cathodic peak without any anodic counterpart.e Quasi-reversible
process withipc/ipa ratio in the range of 0.8-0.9.

Figure 2. Cyclic voltammograms of [VO(salmet)(dpq)] (2) (s) and [VO-
(saltrp)(dppz)] (6) (- - -) in DMF-0.1 M TBAP at a scan speed of 50 mV
s-1.

DNA CleaWage by OxoWanadium(IV) Complexes

Inorganic Chemistry, Vol. 46, No. 26, 2007 11117



an intermolecular H-bonding interaction with the carboxylate
oxygen atom, giving a distance of 2.85 Å. The complexes
have a VIVO3N3 coordination geometry with the vanadyl
group showing a VdO distance of∼1.6 Å. The Schiff bases
exhibit a meridional binding mode, leaving the phenanthro-
line base to bind at the axial-equatorial positions. The V-N
bond trans to the VdO group is significantly long (2.33-
2.36 Å) compared to the other V-N distances (∼2.15 and
∼2.05 Å). The V-O distances involving the Schiff bases
are ∼2.0 Å. The molecular structure does not show any
significant steric encumbrance of the phenanthroline base
by the Schiff base ligands.

DNA Binding. Absorption titration method is used to
monitor the interaction of complexes1-6 with CT DNA

(Table 1, Figure 5). A complex generally shows hypo-
chromism and a red shift (bathochromism) of the absorption
band when it binds to DNA through intercalation, resulting
in a strong stacking interaction between the aromatic
chromophore of the ligand and the base pairs of the DNA.
The extent of hypochromism gives a measure of the strength
of an intercalative binding. The observed trend in hypo-
chromism among the present complexes follows the order
dppz complexes3, 6 > dpq complexes2, 5 > phen
complexes1, 4. The intrinsic equilibrium DNA binding
constant (Kb) values of the complexes along with the binding
site size (s) are given in Table 1. TheKb values of∼105

M-1 follow the same order as observed in the trend of
hypochromism. The binding site size (s) values obtained from
the MvH fits are in the range of 0.1-0.3 with the dppz
complexes showing a higher value ofs in comparison to
their dpq and phen analogues. This could be due to the

Table 3. Selected Crystallographic Data for1‚2H2O, 2, and4‚0.5 CH3OH

1‚2H2O 2 4‚0.5 CH3OH

formula C24H25N3O6SV C26H21N5O4SV C30.5H24N4O4.5V
cryst size (mm3) 0.15× 0.12× 0.10 0.10× 0.08× 0.06 0.20× 0.12× 0.05
fw, g M-1 534.47 550.48 569.48
cryst syst orthorhombic orthorhombic orthorhombic
space group (no.) P212121 (19) P212121 (19) P212121 (19)
a, Å 10.000(3) 9.429(8) 10.420(7)
b, Å 15.541(4) 14.957(12) 16.214(10)
c, Å 15.830(4) 17.702(16) 31.66(2)
R ) â ) γ, deg 90.0 90.0 90.0
V, Å3 2460.2(11) 2497(4) 5350(6)
Z 4 4 8
T, K 293(2) 293(2) 293(2)
D (calcd) (g cm-3) 1.443 1.465 1.414
λ, Å (Mo KR) 0.71073 0.71073 0.71073
µ (mm-1) 0.533 0.524 0.417
data/restraints/params 4575/0/316 4600/0/335 9873/0/721
goodness-of-fit onF2 1.028 1.050 1.036
R (Fo)a [I > 2σ(I)] 0.0780 0.0759 0.0959
wR(Fo)b [I > 2σ(I)] 0.1176 0.1042 0.1444
R [all data] (wR [all data]) 0.1503 (0.1375) 0.1235 (0.1175) 0.2031 (0.1819)
largest diff. peak and hole (e Å-3) 0.452,-0.241 0.551,-0.228 0.456,-0.284
w ) 1/[σ2(Fo

2)+(AP)2+(BP)] A ) 0.0432;B ) 0.0000 A ) 0.0353;B ) 0.0000 A ) 0.0540;B ) 0.0000

a R ) Σ||Fo| - |Fc||/Σ|Fo|. b wR ) {Σ[w(Fo
2 - Fc

2)2]/Σ[w(Fo)2]}1/2; w ) [σ2(Fo)2 + (AP)2 + BP]-1, P ) (Fo
2 + 2Fc

2)/3.

Figure 3. ORTEP views of [VO(salmet)(phen)] (1) (a) and [VO(salmet)-
(dpq)] (2) (b) showing atom labeling for the metal and heteroatoms and
30% probability thermal ellipsoids.

Figure 4. ORTEP views of two independent molecules of [VO(saltrp)-
(phen)] (4) showing atom labeling for the metal and heteroatoms and 50%
probability thermal ellipsoids.
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difference in their groove binding preferences. While the
dppz ligand prefers DNA major groove binding, the dpq and
phen ligands bind at the minor groove of DNA.22 The Schiff
base salmet shows a higher binding propensity than its saltrp
analogue, possibly due to less steric bulk of the pendant
thiomethyl group of methionine in comparison to the pendant
indole ring of tryptophan. The small value of binding site
size (s) suggests greater surface aggregation/groove binding
of the complexes than intercalative binding mode to DNA.

Binding of complexes1-6 to CT DNA was also studied
from thermal denaturation and viscosity measurements (Table
1, Figure 6). A small change in the DNA melting temperature
(∆Tm) is observed on addition of the complexes to CT DNA.
The low ∆Tm values for 1-6 suggest groove and/or

electrostatic binding of the complexes to CT DNA stabilizing
the DNA double-helix structure in preference to an interca-
lative mode of binding to DNA that normally gives large
positive ∆Tm values.26,66 The surface aggregation may be
promoted in the presence of the vanadyl (VO2+) moiety of
the complexes. Viscosity measurements are carried out to
examine the effect on the specific relative viscosity of DNA
upon addition of complexes. Since the relative specific
viscosity (η/η0) of DNA gives a measure of the increase in
contour length associated with the separation of DNA base
pairs caused by intercalation, a classical DNA intercalator
like ethidium bromide shows a significant increase in the
viscosity of DNA solutions (η and η0 are the specific
viscosities of DNA in the presence and absence of the
complexes, respectively). In contrast, a partial and/or non-
intercalation of the ligand could result in a less pronounced
effect on the viscosity.67 The plot of the relative specific
viscosity (η/η0)1/3 versus [complex]/[DNA] ratio shows only
a minor change in the viscosity. The results indicate the
primarily DNA groove and/or surface binding nature of the
complexes, giving an order of the (η/η0) values as3 > 2 >
1 and6 > 5 > 4.

Chemical Nuclease Activity.The oxidative cleavage of
SC pUC19 DNA (33.3µM) by complexes1-6 (66.6µM)
in Tris-HCl/NaCl medium is studied under dark conditions
using 3-mercaptopropionic acid (MPA, 0.5 mM) and glu-
tathione (0.5 mM) as reducing agents and hydrogen peroxide
(0.5 mM) as an oxidizing agent. The complexes are found

(66) Gunther, L. E.; Yong, A. S.J. Am. Chem. Soc.1968, 90, 7323.
(67) Veal, J. M.; Rill, R. L.Biochemistry1991, 30, 1132.

Table 4. Selected Bond Distances (Å) and Angles (deg) for
[VO(salmet)(phen)] (1‚2H2O), [VO(salmet)(dpq)] (2), and
[VO(saltrp)(phen)] (4‚0.5 CH3OH) with esd’s in the Parentheses

1‚2H2O 2 4‚0.5 CH3OHa

V(1)-O(1) 1.595(4) 1.591(4) 1.585(5)
V(1)-O(2) 1.996(4) 1.992(4) 1.958(6)
V(1)-O(3) 1.948(4) 1.951(4) 2.004(6)
V(1)-N(1) 2.046(5) 2.055(4) 2.059(7)
V(1)-N(2) 2.149(5) 2.168(5) 2.156(7)
V(1)-N(3) 2.333(5) 2.362(5) 2.335(7)
O(1)-V(1)-O(2) 100.8(2) 101.65(18) 102.4(3)
O(1)-V(1)-O(3) 100.7(2) 101.22(18) 101.2(3)
O(1)-V(1)-N(1) 103.4(2) 104.52(18) 103.7(3)
O(1)-V(1)-N(2) 93.3(2) 92.07(18) 93.6(3)
O(1)-V(1)-N(3) 165.8(2) 164.05(17) 166.3(3)
N(2)-V(1)-N(3) 72.6(2) 72.03(18) 73.0(3)

a The data correspond to the parameters observed in Molecule A in the
asymmetric unit. The bonding parameters in Molecule B are similar to those
in Molecule A [V(2)-O(5), 1.571(5) Å].

Figure 5. Absorption spectral traces of complexes3 (a) and5 (b) in 5
mM Tris-HCl buffer (pH 7.2) on increasing the quantity of CT DNA with
the inset showing the least-squares fit of∆εaf/∆εbf vs [DNA] for 1 (9), 2
(b), and3 (2) (a) and4 (9), 5 (b), and6 (2) (b) using the MvH equation
(see text).

Figure 6. (a) Thermal denaturation plots of 180µM CT DNA alone and
in the presence of complexes2 and6. (b) Effect of increasing amount of
3 (b) and5 (9) on the relative viscosities of CT-DNA at 37.0 ((0.1) °C
in 5 mM Tris-HCl buffer (pH, 7.2) ([DNA]) 135 µM, R ) [complex]/
[DNA]).
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to be cleavage inactive, while [Cu(phen)2]2+ (5 µM), used
as a control, efficiently cleaves DNA in the presence of MPA
(Figure 7). The “chemical nuclease” activity of the bis-phen
copper(II) complex is due to formation of a reactive copper-
(I) species that activates molecular oxygen to form a hydroxyl
radical and/or copper-oxo species that cleaves DNA by
abstraction of the deoxyribose sugar hydrogen atom.40 A
similar mechanistic pathway seems to be unfavorable for the
present complexes, showing VVO3+/VIVO2+ and VIVO2+/
VIIIO+ redox couples near 0.8 and-1.2 V, respectively, with
a potential window of 2.0 V. While the present complexes
are inactive “chemical nucleases”, oxo-bridged divanadium-
(III) complexes having 1,10-phenanthroline are known to
cleave plasmid DNA by formation of hydroxyl or superoxide
radicals.68 Similarly, bleomycin-vanadyl(IV) and VO-
(phen)2+ complexes oxidatively cleave DNA in the presence
of hydrogen peroxide.47,48There are few reports on “chemical
nuclease” active oxovanadium(IV) complexes used as anti-
cancer agents.48

Photonuclease Activity.The photoinduced DNA cleavage
activity of the complexes has been studied using SC pUC19
DNA in a medium of Tris-HCl/NaCl buffer on irradiation

with monochromatic UV-A light of 365 nm (12 W) and red
light of >750 nm (150 mW) (Table 5, Figures 8 and 9).
The phen complexes in the absence of any photoactive
moiety are a poor cleaver of DNA on exposure to UV-A
light. A 33.3µM solution of the dpq complexes2 and5 on
irradiation at 365 nm for 2 h shows essentially complete
cleavage of SC DNA to its nicked circular (NC) form. The
dppz complexes3 and6 also display efficient DNA cleavage
activity at 365 nm. The photoinduced DNA cleavage activity
of the dpq and dppz complexes could be due to the
photosensitizing effect of the quinoxaline and phenazine
moieties. Control experiments with only SC DNA exposed
to 365 nm or the SC DNA in the presence of dpq or dppz
complex in dark do not show any DNA cleavage activity.
The ligands alone are cleavage inactive under similar reaction
conditions. The DNA binding property of the complexes was
studied using DNA minor groove binder distamycin-A
(Figure 8). Distamycin-A (50µM) alone shows∼15%
cleavage of SC DNA (33.3µM) at 365 nm (t ) 2 h).
Addition of the dpq complexes to SC DNA in the presence
of distamycin-A shows significant inhibition in the cleavage
activity. The dppz complexes, however, display no apparent
inhibition, suggesting minor and major groove binding nature
of the dpq and dppz complexes, respectively.22

The photoinduced DNA cleavage activity of the complexes
in red light was studied using a CW Ar-Kr mixed-gas ion
laser with an IR attachment (752.5-799.3 nm) using different
complex concentrations (Figure 9). The choice of wavelength
is based on the observation of a d-d band of the complexes
near 700 nm in the electronic spectra. While the phen
complexes are cleavage inactive, the dpq and dppz complexes
show significant cleavage of DNA from its SC to NC form
at the near-IR wavelength of∼750 nm. Photoexcitation of
the metal complexes seems to be metal assisted and involves
the metal-based charge-transfer and d-d bands, resulting in
an excited state that generates DNA cleavage active species.
Although there are few reports on vanadium(V) complexes
showing photocleavage of DNA at UV light, observation of
DNA cleavage in red light is unprecedented in the
literature.49-52

Mechanistic Studies. DNA cleavage reactions were
carried out in the presence of different additives to understand
the mechanistic pathways involved in the photocleavage
reactions (Figure 10). The complexes are cleavage inactive
at 365 nm in an argon atmosphere, indicating the necessity
of molecular oxygen for cleaving DNA on photoactivation.
The DNA cleavage reactions involving3O2 could proceed
via two major mechanistic pathways. The singlet excited
electronic state of the complex through efficient intersystem
crossing could generate an excited triplet state of the complex
that can activate molecular oxygen from its stable triplet
(3O2,3Σg

-) to the reactive singlet (1O2,1∆g) state by a type-II
process.9 In an alternate pathway, the excited-state complex
could reduce molecular oxygen to generate reactive hydroxyl
radical. Addition of singlet oxygen quenchers like sodium
azide, TEMP, and DABCO to SC DNA significantly inhibits
the photoinduced DNA cleavage activity of the complexes.
Hydroxyl radical scavenger like DMSO and catalase has no

(68) Otieno, T.; Bond, M. R.; Mokry, L. M.; Walter, R. B.; Carrano, C. J.
Chem. Commun.1996, 37.

Figure 7. Cleavage of SC pUC19 DNA (0.2µg, 33.3µM) by [VO(salmet)-
(B)] (B ) phen,1; dpq,2; dppz,3) and [VO(saltrp)(B)] (B) phen,4; dpq,
5; dppz,6) (66.6µM) in the presence of reducing agents MPA (0.5 mM),
glutathione (0.5 mM), and oxidizing agent H2O2 (0.5 mM) in 50 mM Tris-
HCl/NaCl buffer (pH 7.2) containing 10% DMF under dark reaction
conditions: (a) lane 1, DNA control; lane 2, DNA+ MPA; lane 3, DNA
+ glutathione; lane 4, DNA+ [Cu(phen)2(H2O)](ClO4)2 + MPA; lane 5,
DNA + [Cu(phen)2(H2O)](ClO4)2 + glutathione; lanes 6-11, DNA +
complexes1-6 + MPA; lane 12, DNA+ 2 + glutathione; lane 13, DNA
+ 4 + glutathione. (b) Lane 1, DNA control; lane 2, DNA+ H2O2; lanes
3-8, DNA + complexes1-6 + H2O2.

Figure 8. Cleavage of SC pUC19 DNA (0.2µg, 33.3µM) by complexes
1-6 (33.3µM) in 50 mM Tris-HCl/NaCl buffer (pH, 7.2) containing 10%
DMF on photoirradiation at 365 nm (12 W) for an exposure time of 2 h:
lane 1, DNA control; lane 2, DNA+ dpq (33.3µM); lane 3, DNA+ dppz
(33.3 µM); lanes 4-9, DNA + complexes1-6; lane 10, DNA +
distamycin-A (50µM); lane 11, DNA+ distamycin-A (50µM) + 2; lane
12, DNA + distamycin-A (50µM) + 3.

Figure 9. Cleavage of SC pUC19 DNA (33.3µM) by complexes1-6 in
50 mM Tris-HCl/NaCl buffer (pH, 7.2) containing 10% DMF at red light
of λ >750 nm (150 mW) with an exposure time of 2 h: lane 1, DNA
control; lane 2, dpq control; lane 3, dppz control; lanes 4-9, DNA +
complexes1-6 (66.6 µM).
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apparent effect on the cleavage activity. The results suggest
the involvement of singlet oxygen in the photocleavage
reactions in UV-A light of 365 nm. Formation of singlet
oxygen is also indicated from the reaction in D2O, showing
enhancement of the cleavage activity due to the longer
lifetime of 1O2 in this medium.69 Bases dpq, dppz, and
vanadyl sulfate alone do not show DNA cleavage activity
at 365 nm under similar experimental conditions. Control
experiments in red light (>750 nm) also show the involve-
ment of singlet oxygen as the reactive species.

Conclusions

We present the first report on the photoinduced DNA
cleavage activity of oxovanadium(IV) complexes in the PDT
window. The VO2+ complexes ofO,N,O-donorR-amino acid
Schiff bases andN,N-donor phenanthroline bases as DNA
binder cum photosensitizer display efficient DNA binding
propensity. The dpq and dppz complexes show photoinduced

DNA cleavage activity on photoirradiation at 365 nm and
red light of>750 nm by a singlet oxygen pathway. The DNA
cleavage observed on photoactivation at a near-IR wave-
length is significant. Porphyrin bases including Photofrin are
known to cleave DNA on photoirradiation at the Q bands at
relatively shorter wavelengths.1 Photocleavage of DNA at
near IR wavelength (>700 nm) is important for PDT
applications as the human tissue has greater penetration at
longer wavelengths than at 630 nm, the wavelength used
for Photofrin activity. Among the macrocyclic organic dyes,
lutetium texaphyrin (LUTRIN) is known to cleave DNA on
photoirradiation at near-IR wavelength.1,15 The other sig-
nificant result is the observation of a wide redox voltage
window of ∼2.0 V for these oxovanadium(IV) complexes,
thus making them to show poor “chemical nuclease” activity.
This has relevance to PDT since redox-active iron and copper
complexes showing dark toxicity in a cellular medium are
unsuitable for PDT applications. The photoinduced DNA
cleavage activity of the VO2+ complexes of dpq and dppz
ligands in red light is unprecedented in the literature. The
results are of importance toward designing and developing
new oxovanadium(IV) complexes as potential agents for
cellular applications in PDT.
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Table 5. Photoinduced SC DNA (0.2µg, 33.3µM) Cleavage Dataa

Sl no. reaction condition [complex]: 365 nm [>750 nm]/µM t/h %NC365 nm[%NC>750 nm]

1 DNA control 2 2 [2]
2 DNA + [VO(salmet)(dpq)] (2) (in dark) 33.3 [66.6] 2 3
3 DNA + [VO(salmet)(phen)] (1) 33.3 [66.6] 2 15 [4]
4 DNA + [VO(salmet)(dpq)] (2) 33.3 [66.6] 2 82 [20]
5 DNA + [VO(salmet)(dppz)] (3) 33.3 [66.6] 2 91 [28]
6 DNA + [VO(saltrp)(phen)] (4) 33.3 [66.6] 2 12 [4]
7 DNA + [VO(saltrp)(dpq)] (5) 33.3 [66.6] 2 81 [27]
8 DNA + [VO(saltrp)(dppz)] (6) 33.3 [66.6] 2 86 [23]

a Exposure time,t. SC and NC are supercoiled and nicked circular forms of pUC19 DNA. The error in measuring %DNA is∼5%. The absorbance of the
complexes at 750 nm is∼0.03 in DMF. Light source: UV light (365 nm, 12 W). [Ar-Kr CW laser (>750 nm, 150 mW)]. Additional data on ligands and
vanadyl sulfate (33.3µM) alone (%NC for 2h photoexposure): dpq, 25%; dppz, 18%; salmet, 8%; saltrp, 9% and VOSO4, 4% at 365 nm.

Figure 10. Cleavage of SC pUC19 DNA (33.3µM) by [VO(salmet)-
(dpq)] (2) in the presence of various additives on irradiation at 365 (blue)
and>750 nm (red) for 2 h with a complex concentration of 33.3 and 66.6
µM, respectively, in Tris-HCl buffer containing 10% DMF. The additive
concentrations/quantity are as follows: sodium azide (0.5 mM), TEMP (0.5
mM), DABCO (0.5 mM), D2O (14µL), DMSO (4 µL), catalase (4 units),
and SOD (4 units).

DNA CleaWage by OxoWanadium(IV) Complexes

Inorganic Chemistry, Vol. 46, No. 26, 2007 11121




