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The study of DNA/BSA interaction and the catalytic potential of four mononuclear oxidoalkoxido

vanadium(V) [VVO(L1–4)OEt] (1–4) and one dinuclear oxidoalkoxido mixed-ligand vanadium(V) [{VO(L2)-

OEt}2(Q)]{Q = 4,4’-bipyridine}(5) complexes, with tridentate binegative aroylazine ligands are reported

[where H2L
1 = anthranylhydrazone of 2-hydroxy-1-napthaldehyde, H2L

2 = salicylhydrazone of 2-hydroxy-

1-napthaldehyde, H2L
3 = benzoylhydrazone of 2-hydroxy-1-acetonaphthone, H2L

4 = anthranylhydrazone

of 2-hydroxy-1-acetonaphthone]. All the complexes are characterized by elemental analysis as well as

various spectroscopic techniques. Single crystal X-ray diffraction crystallography of 2 reveals that the

metal centre is in distorted square pyramidal geometry with O4N coordination spheres, whereas 5 exhibits

a distorted octahedral geometry around the metal center. In addition, all the complexes (1–5) show mod-

erate DNA binding propensity which is investigated using UV-vis absorption titration, circular dichroism,

thermal denaturation and fluorescence spectral studies. The experimental results show that the com-

plexes effectively interact with CT-DNA through both minor and major groove binding modes, with

binding constants ranging from 104−105 M−1. Among 1–5, complexes 3 and 4 show higher binding

affinity towards CT-DNA than others and at the same time also exhibit negative ΔTm values of about ∼1.5
and 1.0 °C which resembles the properties shown by cisplatin. All complexes show moderate photo-

induced cleavage of pUC19 supercoiled plasmid DNA with complex 3 showing the highest photo induced

DNA cleavage activity of ∼48%. In coherence with the DNA interaction studies, 3 and 4 also exhibit good

binding affinity towards BSA in the range of 1010−1011 M−1, which is also supported by their ability to

quench the tryptophan fluorescence emission spectra of BSA. All the complexes show remarkable photo-

induced BSA cleavage activity (>90%) at a complex concentration of 50 μM. The catalytic potential of 1–5

is also tested for the oxidative bromination of styrene, salicylaldehyde and oxidation of methyl phenyl sul-

phide. All the reactions show a high percentage of conversion (>90%) with a high turnover frequency

(TOF). Particularly, in the oxidative bromination of styrene the percentage of conversion and TOF vary

from 96–98% and 8000–19 600 (h−1) respectively, which signifies the potential of these oxidovanadium(V)

complexes to stimulate research for the synthesis of a better catalyst.

Introduction

The chemistry of vanadium is currently a subject of extensive
research because of its increasingly recognized biochemical
importance.1 Since the discovery of high concentrations of
vanadium in the blood of ascidians by Henze in 1911,2 it has
been identified as an essential element for some important
vanadium-containing enzymes, nitrogenase,3 haloperoxidase,4

nitrate reductases5 and also for Amavadin,6 a compound iso-
lated from the mushroom Amanita muscaria, that has been
shown to contain an octacoordinated V4+ ion.7 A vanadium
protein has also been proposed to catalyze the oxidation of
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NADH.8 Moreover, several vanadium compounds have been
shown to be active as insulin mimetics in vitro and in vivo,9

including clinical tests, demonstrating the usability of simple
inorganic (vanadyl sulfate, vanadate)10 and coordination com-
pounds [VO(maltolato)2]

11 for the treatment of diabetes melli-
tus in humans. The distinct preference of this metal center for
O- and/or N-coordination environments, as delineated by
Extended X-Ray Absorption Fine Structure (EXAFS),12 and crys-
tallographic studies13 on haloperoxidase, has prompted the
synthesis of numerous model vanadium compounds contain-
ing O- and N-donor ligands, whose solid state structure, and
spectroscopic, magnetic and redox properties have been widely
investigated.

Metal based drug designing is an area of contemporary
research interest due to the wide spread use of existing anti-
cancer drugs such as cisplatin and its derivatives and also due
to the limitations and disadvantages associated with them.
Due to the central role of DNA in replication and transcription,
it is the main target of antitumorals. Hence the origin of anti-
cancer activity of metal complexes has been attributed to the
ability of the metal ion to cleave DNA.14 The interaction of
metal complexes with DNA is also of great interest since it is
useful in designing new and promising drugs,15 probes for
nucleic acids,16 DNA-dependent electron transfer reactions,
DNA footprinting, sequence-specific cleaving agents and anti-
tumor drugs.17 The interactions may be covalent or nonc-
ovalent, which solely depend on the nature of the metal and
the ligand.17d,18 Non-covalent interactions between transition-
metal complexes and DNA can occur by intercalation between
base-pairs, groove binding (minor/major), or external electro-
static binding. Hence it is very essential to study the inter-
action of metal complexes with DNA that could probably have
different DNA-binding modes as well as show different biologi-
cal profiles which would be very useful for the design of new
chemotherapy drugs and their application.19 In a similar way,
proteins are the main cellular target of anticancer drugs.
Hence it is essential to study protein–drug interactions that
greatly affect the absorption, distribution, activity, and toxicity
of drugs.20 Among transition metal complexes, vanadium is
very specific due its low toxicity, wide range of coordination
numbers and geometries, available redox states, and thermo-
dynamic and kinetic characteristics. It has also been reported
that reactive oxygen species are generated during the reaction
of vanadyl ions in vivo causing the increase of apoptotic
cells,21 which may be a reason for vanadium complexes to be
used as antitumor drugs.22

Moreover, the discovery of vanadate(V)-dependent haloper-
oxidases aroused interest in the catalytic activity of vanadium(V)
complexes, where the vanadium(V) ions act as the active
center for the halogenation of organic species in the presence
of hydrogen peroxide and a halide anion.23 The ability of this
metal to possess different oxidation states which are easily
interconvertible, high affinity for oxygen and the Lewis acidic
nature extends its application in redox and Lewis acid cata-
lyzed reactions.24 Vanadium complexes are well known to cata-
lyze the oxidation of saturated hydrocarbons,25 olefins,26

aromatic compounds,27 benzylic alcohols, diols, phenols,28

sulfides, and halides.29 Traditional methods using hazardous
stoichiometric reactions of permanganate, chromate, or hypo-
chlorite for oxidation are replaced by the use of peroxide and
dioxygen, due to growing environmental issues. However these
oxidants are needed to be activated owing to their weak oxidiz-
ing nature, which is resolved to a certain extent by the use of
metal complexes including vanadium30 as a catalyst. Hence
the development of new generation catalysts with a high turn-
over number (TON), selectivity and sustainability is a frontline
area of current research.

Over the past few years, we have been studying the chem-
istry of oxido-metal complexes including those of vanadium,
in O, N-donor environments31,32 with the electrogeneration of
mixed-valence divanadium(IV,V) complexes,31a,32a and the anti-
proliferative, DNA binding, photo-induced DNA cleavage and
insulin mimetic activity of variable valence oxido and non-
oxido vanadium complexes.32d,e

Herein, we now report the chemistry of five mono- and
dinuclear oxidoethoxido vanadium(V) complexes (1–5) in
relation to biological and catalytic activities. All the complexes
are characterized by spectroscopy and the structural features of
2 and 5 have been solved by X-ray crystallography. All the com-
plexes show interesting DNA/BSA binding and photoinduced
DNA cleavage activities and are also found to show good cata-
lytic potential for the oxidative bromination of styrene, salicyl-
aldehyde and oxidation of methyl phenyl sulphide. It is
significant to mention that there are very few reports in the
literature where the catalytic efficiency of vanadium complexes
in relation to their DNA/BSA interaction has been reported.33

Experimental section
Materials and methods

All chemicals were purchased from commercial sources and
used without further purification. Reagent grade solvents were
dried and distilled prior to use. The Schiff-base ligands
namely anthranylhydrazone of 2-hydroxy-1-napthaldehyde
(H2L

1), salicylhydrazone of 2-hydroxy-1-napthaldehyde (H2L
2),

benzoylhydrazone of 2-hydroxy-1-acetonaphthone (H2L
3) and

anthranylhydrazone of 2-hydroxy-1-acetonaphthone (H2L
4)

were prepared by a previously reported procedure.34 Elemental
analyses were performed on a Vario EL cube CHNS Elemental
analyzer. IR spectra were recorded on a Perkin-Elmer Spectrum
RXI spectrophotometer. 1H and 13C NMR spectra were
recorded on a Bruker Ultrashield 400 MHz spectrometer using
SiMe4 as an internal standard. Electronic spectra were
recorded on a Lambda 25 PerkinElmer spectrophotometer.
The supercoiled (SC) pUC19 DNA was purified from E. coli
cells with the aid of a GeneJET Plasmid Isolation Kit (Thermo
Scientific, USA). Calf thymus (CT) DNA was purchased from
SRL (India) (biochemistry grade). Agarose (molecular biology
grade) and bovine serum albumin (BSA) were purchased from
Sigma Aldrich (USA). A Shimadzu 2010 plus gas-chromato-
graph fitted with an Rtx-1 capillary column (30 m × 0.25 mm ×
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0.25 μm) and a flame ionization detector (FID) were used to
analyze the reaction products and their quantifications were
made on the basis of the relative peak area of the respective
product. The identity of the products was confirmed using a
GC-MS model Perkin-Elmer, Clarus 500 and comparing the
fragments of each product with the library available. The
percent conversion of the substrate and selectivity of the
products was calculated from GC data using the formulae:

%Conversion of substrate ¼
100� Peak area of a substrate

Total area of substrateþ products
� 100

% Selectivity of a product ¼ Peak area of a product
Total area of products

� 100

Caution! Although we have not encountered problems, it is
worthy of note that perchlorate salts are potentially explosive
and should be handled only in small quantities with appro-
priate precautions.

Synthesis of complexes [VO(L1–4)OEt] (1–4)

Complexes 1–4 were prepared by a reported method.35

Ammonium metavanadate [NH4VO3] (1 mmol) was added to a
hot solution of an appropriate ligand, H2L

1–4 (1 mmol) in
EtOH (20 mL); the color changed instantly to brown. After 3 h
of refluxing, the reaction mixture was filtered off and kept for
crystallization. After 3 to 4 days, crystals of diffraction quality
were obtained which were used for X-ray structure determin-
ation using a single crystal X-ray diffractometer.

[VO(L1)OEt] (1). Yield: 0.25 g (0.61 mmol), 61%. Anal. calcd
for C20H18N3O4V (415.31): C, 57.84; H, 4.37; N, 10.12. Found:
C, 57.83; H, 4.39; N, 10.08. IR (KBr pellet, cm−1): 3461
ν(NH2)as, 3322 ν(NH2)s, 1595 ν(CvN), 1255 (C–O)enolic, 991
(VvO). UV-vis (CHCl3) [λmax, nm (ε, M−1 cm−1)]: 434 (15 257),
336 (19 651), 286 (26 852), 248 (30 614). 1H NMR (400 MHz,
DMSO-d6): δ 9.80 (s, 1H, HCvN), 8.49–6.57 (m, 10H, aro-
matic), 5.73–5.54 (m, 2H, CH2 (OEt)), 4.33 (s, 2H, NH2),
1.60–1.57 (t, 3H, CH3 (OEt)). 13C NMR (100 MHz, DMSO-d6):
δ 171.0, 164.2, 149.6, 148.1, 135.0, 132.8, 132.2, 130.5, 129.2,
128.5, 128.3, 124.2, 121.9, 119.7, 116.3, 115.0, 111.6, 111.0,
81.7, 18.7.

[VO(L2)OEt] (2). Yield: 0.27 g (0.65 mmol), 65%. Anal. calcd
for C20H17N2O5V (416.30): C, 57.70; H, 4.12; N, 6.73. Found:
C, 57.72; H, 4.08; N, 6.77. IR (KBr pellet, cm−1): 3442 (O–H),
1597 ν(CvN), 1254 (C–O)enolic, 996 (VvO). UV-vis (CHCl3)
[λmax, nm (ε, M−1 cm−1)]: 425 (12 649), 339 (20 637), 273
(27 392), 245 (27 822). 1H NMR (400 MHz, DMSO-d6): δ 11.61
(s, 1H, OH), 9.94 (s, 1H, HCvN), 8.56–6.97 (m, 10H, aromatic),
5.86–5.66 (m, 2H, CH2 (OEt)), 1.63–1.59 (t, 3H, CH3 (OEt)).

13C
NMR (100 MHz, DMSO-d6): δ 170.2, 164.3, 159.0, 149.0, 135.3,
133.3, 132.9, 129.3, 129.0, 128.6, 128.3, 124.1, 121.8, 119.4,
119.0, 116.9, 114.6, 111.4, 83.1, 18.2.

[VO(L3)OEt] (3). Yield: 0.27 g (0.66 mmol), 66%. Anal. calcd
for C21H19N2O4V (414.32): C, 60.88; H, 4.62; N, 6.76. Found:
C, 60.86; H, 4.58; N, 6.77. IR (KBr pellet, cm−1): 1595 ν(CvN),

1239 (C–O)enolic, 999 (VvO). UV-vis (CHCl3) [λmax, nm
(ε, M−1 cm−1)]: 430 (7003), 343 (14 511), 286 (21 713), 234
(25 207). 1H NMR (400 MHz, DMSO-d6): δ 8.09–7.20 (m, 11H,
aromatic), 5.54–5.41 (m, 2H, CH2 (OEt)), 2.92 (s, 3H, CH3),
1.53–1.49 (t, 3H, CH3 (OEt)). 13C NMR (100 MHz, DMSO-d6):
δ 170.8, 166.1, 159.7, 133.8, 131.9, 131.7, 131.6, 129.5, 129.2,
128.8, 128.4, 127.4, 126.1, 124.2, 119.4, 118.1, 80.2, 23.6, 18.7.

[VO(L4)OEt] (4). Yield: 0.28 g (0.64 mmol), 64%. Anal. calcd
for C21H20N3O4V (429.34): C, 58.75; H, 4.70; N, 9.79. Found:
C, 58.74; H, 4.73; N, 9.78. IR (KBr pellet, cm−1): 1567 ν(CvN),
1238 (C–O)enolic, 996 (VvO). UV-vis (CHCl3) [λmax, nm
(ε, M−1 cm−1)]: 419 (14 445), 307 (18 634), 277 (24 006), 253
(30 231). 1H NMR (400 MHz, DMSO-d6): δ 8.09–6.60 (m, 10H,
aromatic), 5.56–5.41 (m, 2H, CH2 (OEt)), 4.51 (s, 2H, NH2),
2.86 (s, 3H, CH3), 1.55–1.52 (t, 3H, CH3 (OEt)). 13C NMR
(100 MHz, DMSO-d6): δ 171.9, 165.9, 158.2, 149.7, 133.6, 132.3,
131.9, 130.5, 129.1, 127.3, 126.0, 124.1, 119.2, 118.0, 116.2,
115.2, 111.2, 80.0, 23.6, 18.5.

Synthesis of a mixed-ligand complex [{VO(L2)OEt}2
(μ-4,4′-bipy)] (5)

To the refluxing solution of the ligand, H2L
2 (1 mmol) in

20 mL ethanol, 4,4′-bipyridine (0.5 mmol) was added. After
10 min, ammonium metavanadate [NH4VO3] (1 mmol) was
added to the reaction mixture. The color changed to brown.
After 3 h, the solution was filtered off, and kept for crystalliza-
tion. Slow evaporation of the filtrate over 5–6 days, produced
crystals of diffraction quality, which were used for X-ray struc-
ture determination using a single crystal X-ray diffractometer.

[{VO(L2)OEt}2(μ-4,4′-bipy)] (5). Yield: 0.20 g (0.21 mmol),
41%. Anal. calcd for C50H42N6O10V2 (988.77): C, 60.73; H, 4.28;
N, 8.49. Found: C, 60.70; H, 4.24; N, 8.52. IR (KBr pellet,
cm−1): 1599 ν(CvN), 1252 ν(C–Oenolic), 1049 ν(N–N), 959
ν(VvO). UV-vis (CHCl3) [λmax, nm (ε, M−1 cm−1)]: 435 (7831),
331 (14 651), 281 (12 719), 259 (18 603). 1H NMR (400 MHz,
DMSO-d6): δ 11.59 (s, 1H, OH), 9.89 (s, 1H, CH), 8.70–6.94 (m,
14H, aromatic), 5.83–5.71 (m, 2H, CH2 (OEt)), 1.63–1.59 (t, 3H,
CH3 (OEt)). 13C NMR (100 MHz, DMSO-d6): δ 170.1, 164.3,
159.0, 150.5, 149.2, 145.1, 135.5, 133.5, 132.9, 129.4, 129.1,
128.6, 128.4, 124.3, 122.0, 121.7, 119.6, 119.2, 117.1, 114.6,
111.4, 83.1, 18.6.

X-ray crystallography

Crystallographic data and details of refinement are given in
Table S1.† More details are discussed in the ESI.† 36,37

DNA binding experiments

Absorption spectral studies. Binding of the oxidoethoxido
vanadium(V) complexes to calf thymus DNA (CT-DNA) was
studied in 10 mM Tris-HCl buffer (pH 8.0) containing 1%
DMF as described previously32e (more details are discussed in
the ESI†).

Thermal denaturation studies. Thermal denaturation
studies of CT-DNA (150 μM) in the absence and presence of
complexes (50 μM) was carried out by monitoring the absor-
bance at 260 nm in the temperature range of 30–90 °C with a
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ramp rate of 0.5 °C min−1 in 10 mM Tris-HCl buffer (pH 8.0)
containing 1% DMF. The denaturation experiments were
carried out using a Chirascan CD spectropolarimeter (Applied
Photophysics, UK) in absorbance mode equipped with a
quantum temperature controller. A significant hyperchromicity
was observed at 260 nm upon the melting of the double
stranded DNA to single stranded DNA. The melting tempera-
ture (Tm) was determined from the derivative plot (dA260/dT
vs. T ) of the melting profile.32e

Circular dichroism studies. Circular Dichroism (CD) spectro-
scopy was studied using a Chirascan CD spectropolarimeter
(Applied Photophysics, UK) as described previously.38 Briefly,
the spectra of 150 μM of CT-DNA in the absence and presence
of complexes (25 μM) were obtained in the wavelength range of
240–300 nm in 10 mM Tris-HCl buffer (pH 8.0) containing 1%
DMF using a quartz cell.

Competitive DNA binding fluorescence measurements. The
competitive binding experiments were carried out as described
previously39 (more details are discussed in the ESI†).

DNA cleavage experiments

For DNA cleavage experiments, 300 ng supercoiled (SC) pUC19
DNA was used and all experiments were carried out in 50 mM
Tris-HCl buffer (pH 8.0) containing 1% DMF and 10 mM
phosphate buffer (pH 7.8) containing 1% DMF.40

Chemical-induced DNA cleavage. Chemical nuclease studies
were performed in the dark using hydrogen peroxide (0.5 mM)
as the oxidising agent in the absence and presence of com-
plexes (1–500 μM). The solutions were first incubated at 37 °C
for 3 h and thereafter the DNA cleaved products were analysed
by agarose gel electrophoresis.

Photo-induced DNA cleavage. The effect of oxidoalkoxido
vanadium(V) complexes (1–500 μM) on the photo-induced
cleavage of supercoiled (SC) pUC19 DNA (300 ng) was studied
by agarose gel electrophoresis in both 50 mM Tris-HCl buffer
(pH 8.0) containing 1% DMF and 10 mM phosphate buffer
(pH 7.8) containing 1% DMF as described previously.40 The
photo cleavage reactions were carried out under illuminated
conditions using a UVA source at 350 nm (Luzchem
Photoreactor Model LZC-1, Ontario, Canada) fitted with
14 UVA tubes, for 3 h at room temperature (more details are
discussed in the ESI†).41

Protein binding and cleavage experiments

Bovine serum albumin (BSA) interaction studies. The
protein binding study was performed by tryptophan fluo-
rescence quenching experiments using BSA (2 μM) as a sub-
strate in 10 mM Tris-HCl buffer (pH 8.0) containing 1% DMF
using a Fluoromax 4P spectrofluorimeter (Horiba Jobin Mayer,
USA). The quenching of the emission intensity of the trypto-
phan residues of BSA at 344 nm (excitation at 295 nm) was
monitored with increasing complex concentration [0–4 μM in
10 mM Tris-HCl buffer (pH 8.0) containing 1% DMF]40 (more
details are discussed in the ESI†).

Photo-induced BSA cleavage studies. A freshly prepared solu-
tion of BSA in 10 mM Tris-HCl buffer (pH 8.0) containing 1%

DMF was used for photochemical protein cleavage studies.40

BSA (5 μM) solution in the absence and presence of
complexes [1–300 μM in 10 mM Tris-HCl buffer (pH 8.0)
containing 1% DMF] was photo-irradiated using a UVA source
at 350 nm (Luzchem Photoreactor Model LZC-1, Ontario,
Canada) fitted with 14 UVA tubes for 90 min. The irradiated
samples (20 μL) were dissolved in loading buffer (20 μL)
containing SDS (7% w/v), glycerol (4% w/v), Tris-HCl buffer
(50 mM, pH 6.8), mercaptoethanol (2% v/v) and bromophenol
blue (0.01% w/v). The samples were then denatured by heat at
100 °C for 5 min and loaded onto a 12% SDS PAGE separating
gel. The gels were photographed by using the UVP (Gel Doc
It2) Gel Documentation System. Molecular weight markers
were used in each gel to calibrate the molecular weight of
BSA.40

Catalytic reactions

Oxidative bromination of styrene. Complexes 1–5 were used
as catalyst precursors to carry out the oxidative bromination of
styrene. In a typical reaction, styrene (1.04 g, 10 mmol) was
added to an aqueous solution (5 mL) of KBr (3.57 g, 30 mmol),
followed by the addition of CH3CN (20 mL) and 30% aqueous
H2O2 (3.39 g, 30 mmol) in a 100 mL reaction flask. The catalyst
(0.0005 g) and 70% HClO4 (0.715 g, 5 mmol) were added, and
the reaction mixture was stirred at room temperature. Three
additional 5 mmol portions of 70% HClO4 were further added
after every 15 min with continuous stirring. For all batches,
the experimental conditions (e.g., stirring speed, the size of
the magnetic bar and reaction flask) were kept as similar as
possible. After 1 h, the products were extracted in the hexane
layer and injected in the GC. The identity of all the products
was confirmed by GC-MS.

Oxidative bromination of salicylaldehyde. Salicylaldehyde
(0.610 g, 5 mmol) was added to an aqueous solution (20 mL)
of KBr (1.785 g, 15 mmol), followed by addition of 30%
aqueous H2O2 (1.14 g, 10 mmol) in a 100 mL reaction flask.
The catalyst (0.0005 g) and 70% HClO4 (2.14 g, 15 mmol) were
added, and the reaction mixture was stirred at room tempera-
ture (20 °C). The addition of HClO4, however, in four equal
portions during the reaction with a 45 min interval was necess-
ary to improve the conversion of the substrate and to avoid
decomposition of the catalyst. After 3 h, the separated white
products were extracted with CH2Cl2 and dried. The crude
mass was dissolved in methanol and was subjected to GC.
The identity of the products was confirmed as mentioned
above.

Oxidation of methyl phenyl sulfide. Methylphenyl sulfide
(0.620 g, 5 mmol) and 30% aqueous H2O2 (1.14 g, 10 mmol)
were dissolved in CH3CN (5 mL). After addition of 0.001 g
catalyst (1–5) to the above solution, the reaction mixture
was stirred at room temperature for 2.5 h. During this
period, the reaction products formed were analyzed using
GC by withdrawing small aliquots after fixed time intervals.
The identities of the reaction products were confirmed by
GC-MS.
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Results and discussion
Synthesis

The four tridentate ligands (H2L
1–4) used in this work are

given in Scheme 1. The reaction of NH4VO3 with H2L
1–4 in a

ratio of 1 : 1 in refluxing ethanol in open air affords brown
colored complexes of composition [VO(L1–4)OEt] (1–4) in excel-
lent yields and the same reaction in the presence of a
co-ligand 4,4′-bipy affords the dimeric product,
[{VO(L2)OEt}2(μ-4,4′-bipy)] (5). These compounds are highly
soluble in CH2Cl2, DMF and DMSO and sparingly soluble in
MeOH, EtOH and CH3CN. All complexes are diamagnetic and
nonconducting in solution.

Solution phase stability

The solution phase stability was tested over a period of 72 h at
25 °C for all the complexes (1–5) by electronic absorption
spectral studies. All the complexes were stable and did not
show any change in the electronic absorption spectra in the
above incubation period (ESI Fig. S1†).

Description of the X-ray structure of complexes (2 and 5)

The observed elemental (C, H, N) analytical data of all the
oxidoethoxido vanadium(V) complexes are consistent with their
composition. It appears from the formulation of the mono-
meric complexes that hydrazones serve as tridentate ligands in
them. Although the preliminary characterization data (micro-
analysis and IR) indicated the presence of the ligand, oxido
group and ethoxido group in the complexes, they could not
point to any definite stereochemistry of the complexes, or the
coordination mode of H2L. In order to authenticate the coordi-
nation mode of the azines in these complexes, the structure of
2 has been determined by X-ray crystallography. The atom
numbering scheme for complex 2 is given in Fig. 1(a) with the
relevant bond distances and angles given in ESI, Table S2.† In
complex 2, the vanadium(V) centre is occupied by an O4N
coordination sphere, constituting a square pyramidal structure
as indicated by the geometric parameter τ (0.13).42 The basal
plane is made up of the phenolate oxygen, enolic oxygen,

imine nitrogen from the ligand and the oxygen from a deproto-
nated alkoxide. The Schiff base ligand forms a six membered
and a five membered chelate ring at the V(V) accepter centre
with bite angles of 81.6(2)° and 74.7(2)° for O(1)–V(1)–N(1) and
O(2)–V(1)–N(1) respectively. The apical position of the square
pyramid is occupied by the terminal oxido group O(3). The
short V(1)–O(3) distance, 1.581(6) Å indicates the presence of a
vanadium oxygen double bond (VvO), which is commonly
found in the five and six coordinated octahedral complexes43

of vanadium(IV) and vanadium(V). The four V–O bond lengths
are unequal, the VvO bond being the shortest and V–O
(enolate) being the longest. The V–O bond length follows the
order, V–O(oxido) < V–O(alkoxido) < V–O(phenolate) < V–O
(enolate). These data indicate the stronger binding of the
alkoxido group compared to those of the phenolate and
enolate oxygen atoms.43a,b

The dinuclear complex, 5 (Fig. 1(b), ESI Table S2†) crystal-
lizes in the tetragonal crystal system with a space group, P4/n,
with the molecule sitting across a crystallographic center of
inversion. Each half of the dinuclear complex, [{VO(L2)OEt}2
(μ-4,4′-bipy)] (5), closely resembles the structure of the other

Scheme 1 Schematic diagram of various pathways through which the
oxidovanadium(V) complexes (1–5) were synthesized.

Fig. 1 ORTEP diagram of (a) [VO(L2)OEt] (2), (b) [{VO(L2)OEt}2(μ-4,4’-
bipy)] (5).
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half of the complex. The coordination environment around the
V(V) center is octahedral and highly distorted. The ligand H2L

2

is dianionic and tridentate, with its meridionally situated
donor sites O(1), N(1), and O(2) lying in the equatorial plane
along with the ethoxido oxygen O(4). The chelate bite angles
for the five- and six-membered rings have values within the
expected ranges [O(2)–V(1)–N(1), 74.87(6)°; O(1)–V(1)–N(1),
82.09(6)°]. The bond distances about V(1) reveal the magnitude
of the distortions, as can be seen in the ESI, Table S2.† The
V–O distances range from 1.601(2) Å for the oxido ligand O(3),
located at an axial position to 1.966(1) Å for the enolate oxygen
O(2). The V(1)–O(1) (phenolate) distance is slightly shorter at
1.853(1) Å. The second axial position is occupied by a nitrogen
atom of the bridging 4,4′-bipyridine ligand, which is signifi-
cantly farther from the V center than the other five ligated
atoms. V(1)–N(3), at 2.377(2) Å, is undoubtedly the weakest of
the six V–L bonds and consequently the most susceptible to
ligand exchange.

Spectral characteristics

IR spectroscopy. The IR data of all the ligands, H2L
1–4, and

their corresponding metal complexes, 1–5, are given in the
Experimental section. The disappearance of the characteristic
bands due to –NH and –CvO in the ligand, and the appear-
ance of new bands in the range of 1255–1238 cm–1 in the com-
plexes (1–5), indicates the enolisation of these two groups
forming a vC–O bond sequence. The strong and sharp peak
displayed by the complexes in the range of 1599–1567 cm−1 is
likely to be associated with the –CvN–NvC– moiety.32a,44 The
presence of a sharp band in the range of 999–959 cm−1 is
assigned to the VvO stretching of an oxidoalkoxido vanadium(V)
complex.32a

Electronic spectroscopy. The electronic spectra of 1–5 were
recorded in CHCl3 and are quite similar. A representative spec-
trum of 3 is shown in Fig. 2. Strong absorptions in the range
of 435–419 nm are assignable to the ligand-to-metal charge

transfer transitions whereas the bands in the higher energy
region (343–234 nm) are likely to be due to ligand centred
transitions.31a,32a

NMR spectroscopy. The 1H and 13C NMR data of the free
ligands (H2L

1–4) and the corresponding oxidovanadium(V)
complexes (1–5) were recorded using DMSO-d6 and the data
are given in the Experimental section. The spectra of all the
ligands exhibit resonances in the range δ = 12.97–10.31 ppm
due to naphthyl –OH and δ = 12.07–9.17 ppm due to –NH,
which disappear in the spectra of the complexes confirming
deprotonation and complexation of the ligands. The presence
of resonances in the range δ = 11.61–11.59 ppm in complexes
2 and 5 is due to the uncoordinated –OH present in the hydra-
zide part of the ligand. Complexes 1, 2 and 5 possess a reson-
ance in the range δ = 9.94–9.80 ppm, and complexes 3 and 4
display a singlet in the range δ = 2.92–2.86 ppm due to the
–CH and –CH3 groups, respectively. All the aromatic protons of
the complexes are clearly observed in the expected region, δ =
8.70–6.57 ppm.

DNA binding studies

Absorption spectroscopic studies. DNA binding affinity of
the complexes 1–5 to CT-DNA was studied using various spec-
tral techniques. The equilibrium binding constant (Kb) of the
complexes to CT-DNA was determined with the aid of UV-vis
titration experiments (Table 1 and Fig. 3). Complexes 1–5
exhibit absorption bands in the regions 440–400 and
340–300 nm, which are attributed to L–V(dπ) LMCT and intra-
ligand transitions, respectively.32a The addition of the CT-DNA
to the complexes 1–5 showed a hypochromic shift in both the
LMCT and intra-ligands transition bands (Fig. 3). This hypo-
chromic shift indicated the interaction of the CT-DNA with the
complexes. This hypochromic shift may be due to the inter-
action between the ligand chromophores and the DNA bases.40

In general, the extent of hypochromism or hyperchromism
observed provides a measure of the strength of binding of the
complexes to CT-DNA. Among all the complexes, 3 and 4
showed a significant and drastic hypochromism. This implies
that these two complexes may have a higher binding affinity
towards CT-DNA than others. The equilibrium binding con-
stant (Kb) between CT-DNA and each of the complexes 1–5 was
calculated using eqn (1) (Experimental section, ESI†).

The Kb values reported in Table 1 revealed that 3 has the
highest binding affinity of 7.16 × 105 M−1 and 1 has the lowest

Fig. 2 UV-vis spectra of [VO(L3)OEt] (3) (1.20 × 10−4 M) in CHCl3.

Table 1 Thermodynamic data for CT-DNA binding with 1–5

Complex Binding constant (Kb)
a (M−1) ΔTm b (°C)

1 2.35 × 104 −0.27
2 2.48 × 104 0.15
3 7.16 × 105 −1.46
4 2.73 × 105 −1.11
5 9.29 × 104 0.66

aDNA binding constants were determined by the UV-vis spectral
method. b Change in the melting temperature of CT-DNA.
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binding affinity of 2.35 × 104 M−1 (Table 1). All the complexes
exhibited moderate binding affinity, and the DNA binding
strength of the complexes are in the order of 3 > 4 > 5 > 2 > 1
(Table 1). The binding affinity of the ligands to CT-DNA was
lower than their corresponding complexes (ESI Fig. S2 and
Table S3†).

Thermal denaturation studies. To understand the nature of
interaction between CT-DNA and the complexes, thermal
denaturation experiments were performed. The melting
temperature (Tm) of CT-DNA in the absence of any complex
was 64.5 °C (Fig. 4) which is quite in agreement with our
previous results.39,40 The melting temperature of CT-DNA
increased very slightly upon interaction with complex 5, while

1 and 2 had a negligible effect on the melting temperature of
CT-DNA (Fig. 4 and Table 1). On the other hand, a decrease
in the melting point of CT-DNA of about ∼1.5 and 1.0 °C was
observed for complex 3 and 4 respectively (Fig. 4 and
Table 1). This decrease in the melting point of CT-DNA may
be due to the destabilisation of a DNA double helix by these
two complexes. Similar properties are also shown by well-
known alkylating agents, cisplatin and its derivatives.45,46

A small shift in the DNA melting temperature suggests that
the interaction between the complexes and CT-DNA follows a
groove binding mode.39

Circular dichroism studies. Circular dichrosim spectroscopy
was used to explore the conformational changes in CT-DNA

Fig. 3 Electronic absorption spectra of 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e) (25 μM each) upon the titration of CT-DNA (0–65 μM) in 10 mM Tris-HCl
buffer (pH 8.0) containing 1% DMF. Arrow shows the changes in absorbance with respect to an increase in the CT-DNA concentration. The inset
shows the linear fit of [DNA]/(εa − εf ) vs. [DNA] and the binding constant (Kb) was calculated using eqn (1) (Experimental section, ESI†).
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due to interactions with the complexes.47 CT-DNA shows two
conservative CD bands in the UV region at 275 nm (positive
band) due to base stacking and at 245 nm (negative band) due
to right handed helicity.47 Groove binding and electrostatic
interaction of small molecules show less or no perturbation on
the base stacking and helicity bands, whereas an intercalation
mode can induce intensity changes of both bands, thus modu-
lating the right handed B-conformation of DNA.47 The CD
spectra of CT-DNA (150 μM) in the presence of the complexes
showed a slight increase in the negative ellipticity at 245 nm as
well as in the positive ellipticity at 275 nm (ESI Fig. S3†). This
CD spectral behaviour of the complexes 1–5 with CT-DNA indi-
cated that the binding of CT-DNA to the complexes follows a
groove binding mode, which is in coherence with our thermal
melting studies.

Competitive binding studies. The thermal denaturation and
the circular dichroism experiments hinted that the complexes
1–5 bind to CT-DNA through a groove binding mode.
Therefore, in order to find out the exact binding mode of the
complexes with CT-DNA, we performed competitive binding
experiments with three fluorescent dyes namely DAPI, MG and
EB. DAPI and MG are mainly the minor and major groove
binders respectively, while EB binds to DNA through intercala-
tion.39 The titration of the DAPI bound CT-DNA with increas-
ing complex concentration led to the quenching of the emis-
sion intensity of the DAPI bound CT-DNA at 455 nm with a red
shift in the emission maxima (ESI Fig. S4†). This indicated the
displacement of the bound DAPI to CT-DNA by the complexes
1–5 (ESI Fig. S4†). Complex 3 exhibited the highest quenching
of ∼90% followed by complexes 1 and 2 (∼70%) (ESI Fig. S4†).
Complexes 4 and 5 showed the lowest quenching of ∼53% of
the fluorescence intensity at 455 nm (ESI Fig. S4†). Hence our
data clearly showed that the complexes 1–5 bind to the
CT-DNA through a minor groove binding mode.

In order to assess whether the complexes interacted with
CT-DNA by major groove binding, MG bound CT-DNA was
titrated with increasing concentration of the complexes. The
decrease in the emission intensity of the MG bound CT-DNA
at 672 nm upon the addition of the complexes indicated that
the complexes 1–5 interacted with CT-DNA through a major
groove binding mode (ESI Fig. S5†). Complex 3 showed the
highest quenching of the emission intensity at 672 nm of
∼40% followed by complex 1 and 4, which exhibited a quench-
ing of ∼22 and ∼27% respectively (ESI Fig. S5†). The lowest
quenching of the emission intensity at 672 nm was shown by
the complexes 2 and 5 of ∼16 and ∼12% respectively (ESI
Fig. S5†). Therefore our results clearly revealed that the com-
plexes 1–5 interacted with CT-DNA through both major and
minor groove binding modes.

Similar competitive experiments were also performed with
EB bound CT-DNA. The addition of the complexes to the EB
bound CT-DNA did not quench (<2%) the emission intensity
of the EB bound CT-DNA at 597 nm significantly (ESI
Fig. S6†). This clearly showed that the complexes did not
interact with the CT-DNA by intercalation which is in good
agreement with our thermal melting and circular dichroism
experiments.

DNA cleavage studies

Chemical-induced DNA cleavage. The cleavage of super-
coiled (SC) pUC19 DNA (300 ng) by 1–5 (1–500 μM) in the dark
was done with the aid of hydrogen peroxide as the oxidising
agent. The complexes do not show any apparent DNA cleavage
implying that no hydrolytic cleavage activity took place. The
lack of chemical nuclease activity may be due to their moder-
ate interaction and binding with DNA.

Photo-induced DNA cleavage. In order to explore whether
the DNA binding properties of the complexes 1–5 were associ-
ated with any photonuclease activity, a photo-induced DNA
cleavage assay was performed. Photo-induced DNA cleavage
activity of 1–5 was studied using supercoiled (SC) pUC19 DNA
in 50 mM Tris-HCl buffer (pH 8.0) containing 1% DMF upon
irradiation of UVA light of 350 nm in the presence and absence
of the complexes (ESI Fig. S7†). The extent of SC DNA cleavage
by the complexes was monitored in a concentration dependent
manner with the aid of agarose gel electrophoresis as shown
in ESI Fig. S7.† The oxidoalkoxido vanadium(V) complexes
showed greater than ∼15% DNA cleavage activity at a concen-
tration of 5 μM (Fig. 5). This cleavage activity of the complexes
was almost saturated at a complex concentration of 100 μM
(Fig. 5, inset). Among all the complexes, 3 showed the highest
DNA cleavage activity of ∼ 48%, which abides well with its
DNA binding parameters (Fig. 5 and Table 1), while the photo-
induced cleavage activity of complexes 1, 2, 4 and 5 saturated
at ∼36, ∼27, ∼34 and ∼25% respectively (Fig. 5). The photo-
nuclease activity was also carried out with 10 mM phosphate
buffer at pH 7.8 containing 1% DMF and the DNA cleavage
activity obtained was similar to the results observed for Tris
buffer containing 1% DMF. This observation is in accordance
with our previous studies with oxido vanadium complexes.39,40

Fig. 4 Derivative plot of thermal denaturation of CT-DNA (150 μM) in
the absence and presence of 1–5 (50 μM). The experiment was done in
10 mM Tris-HCl buffer (pH 8.0) containing 1% DMF. Inset shows the
ΔTm (°C) of the complexes as compared to CT-DNA.
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Control experiments were performed which suggest that
neither DMF (1%) nor the ligands exhibited any photo-
induced DNA cleavage activity, which implies that ligands or
DMF (1%) were cleavage inactive under similar experimental
conditions (ESI Fig. S8†).

In order to investigate the mechanism involved in the
photonuclease reactions, the photo-induced DNA cleavage
experiments of complexes 1–5 were performed in the presence
of various quenchers. The DNA cleavage reaction involving
molecular oxygen can proceed in two mechanistic pathways:
(a) a type-II process involving singlet oxygen species (1O2), or
(b) by a photo-redox pathway involving reactive hydroxyl rad-
icals (OH).39 The addition of NaN3 (singlet oxygen quencher)
decreased the photonuclease activity of complexes 1, 3 and 4
by ∼12, ∼9 and ∼6% respectively (ESI Fig. S9 and S10†). The
other singlet oxygen quencher i.e. L-histidine slightly inhibited
the photo-induced DNA cleavage activity by ∼4–5% for com-
plexes 1, 3 and 4 (ESI Fig. S9 and S10†). But the DNA cleavage
activity of 2 and 5 did not alter in the presence of these two
additives (ESI Fig. S9 and S10†). The hydroxyl radical scavenger
KI, inhibited the photonuclease activity of 1, 3 and 4 by ∼8,
∼10 and ∼8% respectively (ESI Fig. S9 and S10†). D-Mannitol
decreased the DNA cleavage activity of 3 by ∼8%, while a mar-
ginal decrease was observed for 1 and 4 (ESI Fig. S9 and S10†).
However, complexes 2 and 5 did not show any inhibition in
the photo-induced DNA cleavage activity in the presence of
these two additives (ESI Fig. S9 and S10†). Therefore, it can be
inferred that 1, 3 and 4 exhibited photo-induced DNA cleavage
activity possibly via both singlet oxygen and hydroxyl radical
pathways, while the mechanistic pathways involved in the

photo-induced DNA cleavage of 2 and 5 cannot be stated with
certainty.

Protein binding and cleavage experiments

Bovine serum albumin (BSA) binding studies. The inter-
action between small molecules and serum protein is a signifi-
cant characteristic of metal drug metabolism and can possibly
effect the biotransformation and the mechanism of action of
the chemotherapeutic agents.48 BSA is often selected as a
model protein to study the interaction of the small molecules
with serum albumins due to its similarity with human serum
albumin.47 Therefore, as the oxidoalkoxido vanadium(V) com-
plexes showed good binding propensities towards CT-DNA and
photo-induced DNA cleavage activity, further investigation of
the interaction of these complexes 1–5 with bovine serum
albumin (BSA) was undertaken. Qualitative analysis of the
interaction of the complexes 1–5 with BSA was studied by
examining the quenching of the tryptophan fluorescence emis-
sion spectra of BSA in the presence of the complexes. The fluo-
rescence of the protein is specifically caused by three amino
acid residues namely tryptophan, tyrosine and phenylalanine.
BSA consists of two tryptophan residues along its amino acid
sequence and exhibits tryptophan fluorescence at an excitation
of 295 nm with an emission maximum at 344 nm. The inter-
action with BSA was followed by monitoring the quenching of
tryptophan fluorescence upon the addition of complexes
(Fig. 6). The intrinsic tryptophan fluorescence intensity of BSA
was found to quench gradually on increasing the complex con-
centration of 1, 2 and 5 whereas in the case of 3 and 4 there
was a drastic decrease in the fluorescence intensity of trypto-
phan on increasing the complex concentration (Fig. 6). This
shows that the binding affinity of 3 and 4 towards BSA is much
greater than other complexes.

In order to quantify the binding affinity of the complexes
towards BSA, the Stern–Volmer quenching constant (KSV) was
calculated using eqn (3) (Experimental section, ESI†). The
quenching constants for 3 and 4 were found to be 7.35 × 106

and 6.62 × 106 M−1 , respectively (Table 2), which revealed that
the quenching ability of 3 and 4 is ∼10 folds greater than
other complexes. The quenching constant of the complexes
are in the order of 3 > 4 > 5 > 2 > 1 (Table 2), which is similar
to the order of the binding constant of the complexes with
CT-DNA as observed earlier (Table 3). The extent of quenching
of the fluorescence intensity confers a measure of association
of the complex with BSA. Small molecules bind independently
to a set of sites in a protein molecule, and the equilibrium
between the free and the bound molecule is given by the
Scatchard equation49 (eqn (4), Experimental section, ESI†).
The binding constant (KBSA) and the number of binding sites

(n) were obtained from the plot of log
F0 � F

F

� �
vs. log[Q]

(Table 2 and ESI Fig. S11†). Both the complexes 3 and 4
showed around 103–104 fold more binding affinity than other
complexes as depicted from their binding constants of 7.60 ×
1011 and 1.74 × 1010 M−1 respectively (Table 2). The binding

Fig. 5 Concentration dependent DNA cleavage by 1–5; 300 ng of SC
pUC19 DNA at different concentrations of the complexes [1–500 μM in
50 mM Tris-HCl buffer (pH 8.0) containing 1% DMF] was photo-
irradiated with UVA at 350 nm for 3 h. The net DNA cleavage percent
was calculated using eqn (2) (Experimental section, ESI†). Inset shows a
bar diagram representation of the net DNA cleavage of different com-
plexes at 100 and 500 μM.
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constant of the complexes towards BSA also followed the same
order as observed for the quenching constant (Table 2). The
binding stoichiometry of BSA with complexes 3 and 4 was also
found to be greater than other complexes i.e. 1 : 1.85 and
1 : 1.58 respectively (Table 2).

Photo-induced BSA cleavage activity. Previously, our group
and others have shown that the vanadium complexes can
exhibit photo-induced BSA cleavage activity.32e,40,50 Since com-
plexes 1–5 exhibited good binding affinity towards BSA, their
protein cleavage activity was investigated by the photo-induced
BSA cleavage assay. The photo-induced BSA cleavage activity of
these complexes in UVA light of 350 nm was carried out using
5 μM of BSA in 10 mM Tris-HCl buffer (pH 8.0) containing 1%
DMF. The BSA cleavage activity was monitored by SDS-PAGE
gel electrophoresis in the presence and absence of complexes
1–5 (ESI Fig. S12†). A 50 μM solution of complexes 1–5 showed

Fig. 6 Intrinsic tryptophan fluorescence spectra of BSA (2 μM) in the presence of complex 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e) (0–4 μM). Tryptophan flu-
orescence spectra were recorded in the range of 310–400 nm at 25 °C. The excitation wavelength was 295 nm. Arrow indicates the effect of
increasing concentration of complexes on the tryptophan fluorescence emission of BSA. The inset shows the linear fit of F0/F vs. [complex] and the
Stern–Volmer quenching constant (KSV) was calculated using eqn (3) (Experimental section, ESI†).

Table 2 BSA binding parameters of 1–5

Complex

Stern Volmer
constanta

(KSV) (M
−1)

Binding
constanta

(KBSA) (M
−1)

Number of
bindinga

sites (n)

1 3.04 × 105 1.15 × 106 1.11
2 3.72 × 105 1.74 × 106 1.12
3 7.35 × 106 7.60 × 1011 1.85
4 6.62 × 106 1.74 × 1010 1.58
5 4.53 × 105 2.11 × 107 1.29

a Stern Volmer and binding constants were determined by fluorescence
spectroscopy.

10

ht
tp
://
do
c.
re
ro
.c
h



greater than 90% cleavage of BSA (5 μM) with a photo
irradiation of 90 min (ESI Fig. S12a–e,† lane 7). The complexes
1–5 did not exhibit any BSA cleavage activity in the dark.
Control experiments done with 1% DMF and the ligands
showed that 1% DMF and ligands were cleavage inactive under
similar experimental conditions.

Catalytic activity studies

Oxidative bromination of styrene. Model vanadium com-
plexes can act as functional models of vanadium-dependent
haloperoxidases in that they catalyse the oxidative bromination
of organic substrates in the presence of H2O2 and bromide
ion.51–53 During the catalytic reaction, the vanadium complex
reacts with 1 or 2 equivalents of H2O2, and generates oxido-
monoperoxido, [VO(O2)]

+ or oxido-diperoxido, [VO(O2)2]
−

species which ultimately oxidizes KBr to bromide species (Br2,
and/or HOBr). The generated bromide species further reacts
with the organic substrates with the release of a proton. The
oxidoalkoxido vanadium(V) complexes reported here satisfac-
torily catalyse the oxidative bromination of styrene.

Oxidative bromination of styrene using alkoxido vanadium(V)
complexes (1–5) as a catalyst precursor in the presence of
H2O2, KBr and HClO4 gave mainly three products, namely, (a)
1,2-dibromo-1-phenylethane, (b) 2-bromo-1-phenylethane-1-ol
and (c) 1-phenylethane-1,2-diol (Scheme 2). Some minor pro-
ducts (benzaldehyde, styrene epoxide, benzoic acid and 4-bromo-
styrene) were also detected but their overall percentage of the

total of the main products was very low (ca. 4%). Addition of
HClO4 in four equal portions was required to obtain better oxi-
dative bromination. All products were separated/isolated by
column chromatography and the content of each fraction was
confirmed by 1H NMR spectroscopy as well as GC-MS.

The reaction was carried out at room temperature and the
following parameters were studied to optimize the reaction
conditions for the maximum oxidative bromination of styrene
considering a representative complex 3 as a catalyst precursor:
(i) amount of catalyst, (ii) amount of KBr, (iii) amount of
oxidant and (iv) amount of HClO4.

Three different amounts of 3 (0.0005, 0.0010 and 0.0015 g)
were used as the catalyst precursor while keeping fixed the
amounts of styrene (1.04 g, 10 mmol), KBr (1.19 g, 10 mmol),
30% H2O2 (1.14 g, 10 mmol) and 70% aqueous HClO4 (1.43 g,
10 mmol) in CH3CN/water (20/5 mL) (entries 1 to 3 of Table 3).
Additions of HClO4 were made in four equal portions, one
immediately after the catalyst precursor (reaction time = 0) and
the three other portions with 15 min intervals. A maximum of
21% conversion was obtained after 1 h of reaction with 0.0005 g
of the catalyst, while 0.0010 and 0.0015 g of the catalyst did not
improve the conversion much and gave 23% and 27% conversion,
respectively. Therefore, 0.0005 g of 3 was set as optimum (Fig. 7a).

Similarly, three different substrate-to-KBr ratios were used
(entries 4 and 5). The initial conversion of 21% with a sub-
strate-to-KBr ratio of 1 : 1 improved to 38% upon increasing
the substrate to KBr ratio to 1 : 2. This conversion further
increased to 69% at a substrate-to-KBr ratio of 1 : 3. Therefore
3.57 g (30 mmol) of KBr was used for optimization of other
conditions (Fig. 7b).

The effect of the amount of oxidant, added as 30% aqueous
H2O2 solution, was studied with the substrate-to-oxidant ratios
of 1 : 2 and 1 : 3 for the fixed amount of styrene (1.04 g,
10 mmol), catalyst (0.0005 g), KBr (3.57 g, 30 mmol) and
HClO4 (1.43 g, 10 mmol) in CH3CN/H2O (20/5 mL), and the
reaction was monitored at room temperature for 1 h. The

Table 3 Conversion of styrene (1.04 g, 10 mmol) using vanadium complexes (1–5) as a catalyst in 1 h of reaction time under different reaction
conditions

Entry
KBr
[g (mmol)]

H2O2
[g (mmol)]

HClO4
[g (mmol)]

Catalyst
[g (mmol)]

TOF
[h−1]

Conv.
[%] Monobromo Dibromo Diol

Other
products

1 1.19 (10) 1.14 (10) 1.43 (10) 0.0005 g 1750 21 14 0 86 0
2 1.19 (10) 1.14 (10) 1.43 (10) 0.001 g 958 23 25 0 74 1
3 1.19 (10) 1.14 (10) 1.43 (10) 0.0015 g 750 27 17 0 82 1
4 2.38 (20) 1.14 (10) 1.43 (10) 0.0005 g 3166 38 13 0 86 1
5 3.57 (30) 1.14 (10) 1.43 (10) 0.0005 g 5750 69 39 0 60 1
6 3.57 (30) 2.27 (20) 1.43 (10) 0.0005 g 3916 47 9 0 90 1
7 3.57 (30) 3.39 (30) 1.43 (10) 0.0005 g 4416 53 11 0 88 1
8 3.57 (30) 3.39 (30) 2.86 (20) 0.0005 g 8167 98 30 2 67 1
9 3.57 (30) 3.39 (30) 4.29 (30) 0.0005 g 8250 99 23 4 69 4
10 3.57 (30) 3.39 (30) 5.72 (40) 0.0005 g 8250 99 17 8 74 1
11a 3.57 (30) 3.39 (30) 2.86 (20) 0.0005 g 8000 96 28 1.4 69 1.6
12b 3.57 (30) 3.39 (30) 2.86 (20) 0.0005 g 8000 96 28 1.7 67 3.3
13c 3.57 (30) 3.39 (30) 2.86 (20) 0.0005 g 8818 97 23 2.3 74 0.7
14d 3.57 (30) 3.39 (30) 2.86 (20) 0.0005 g 19 600 98 33 2.3 63 1.7
15 3.57 (30) 3.39 (30) 2.86 (20) Blank — 44 45 0 52 3

a = 1, b = 2, c = 4 and d = 5.

Scheme 2 Main products obtained upon oxidative bromination of
styrene. (a) 1,2-Dibromo-1-phenylethane, (b) 2-bromo-1-phenylethane-
1-ol and (c) 1-phenylethane-1,2-diol.
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conversion increased upon increasing the substrate-to-oxidant
ratio, and the substrate-to-oxidant ratio of 1 : 3 gave 53% con-
version of styrene (entries 6 and 7) (Fig. 7c).

To optimize the amount of HClO4, four different amounts
of 70% HClO4 were used for fixed amounts of styrene (1.04 g,
10 mmol), catalyst precursor (0.0005 g), KBr (3.57 g, 30 mmol),
30% H2O2 (3.39 g, 30 mmol) and CH3CN/water (20/5 mL).
Increasing the HClO4 amount from 1.43 g (10 mmol) to 2.86 g
(20 mmol) increased the conversion from 53 to 98%. Only a
slight improvement in conversion was obtained upon further
increasing this amount to 4.29 g (30 mmol) (entries 8 and 9).
Therefore, 2.86 g (20 mmol) of 70% HClO4 was considered to
be adequate to obtain maximum oxidative bromination of
styrene (Fig. 7d).

Entry 8 of Table 3 presents the optimized reaction con-
ditions for the oxidative bromination of 10 mmol of styrene,
which are: catalyst precursor 3 (0.0005 g), 30% aqueous H2O2

(3.39 g, 30 mmol), KBr (3.57 g, 30 mmol), 70% aqueous HClO4

(2.86 g, 20 mmol) (added in four equal portions in 15 min
intervals), and CH3CN/H2O (20/5 mL) at room temperature
for 1 h.

Catalytic activities of other complexes (1, 2, 4 and 5) have
also been carried out under similar reaction conditions and
are presented in Table 3 (entries 11 to 14). The catalytic poten-
tial of all complexes has been found to be equal (ESI Fig. S13†)
indicating no effect of substituents (–H, –NH2 and –OH) on

the benzene ring on their activity. The control experiment
(without the catalyst) shows only 44% conversion under the
above optimized conditions (entry 15 of Table 3). Fig. 8 rep-
resents the consumption of styrene and the selectivity of the

Fig. 7 (a) Effect of the catalyst amount on the oxidative bromination of styrene. Reaction conditions: styrene (1.04 g, 10 mmol), 30% aqueous H2O2

(1.14, 10 mmol), KBr (1.19 g, 10 mmol) and 70% aqueous HClO4 (1.43 g, 10 mmol). (b) Effect of the KBr amount on the oxidative bromination of
styrene. Reaction conditions: styrene (1.04 g, 10 mmol), 3 (0.0005 g), 30% aqueous H2O2 (1.14, 10 mmol), and 70% aqueous HClO4 (1.43 g,
10 mmol). (c) Effect of the oxidant amount on the oxidative bromination of styrene. Reaction conditions: styrene (1.04 g, 10 mmol), 3 (0.0005 g), KBr
(3.57 g, 30 mmol) and 70% aqueous HClO4 (1.43 g, 10 mmol). (d) Effect of the HClO4 amount on the oxidative bromination of styrene. Reaction con-
ditions: styrene (1.04 g, 10 mmol), 3 (0.0005 g), KBr (3.57 g, 30 mmol) and 30% aqueous H2O2 (3.39, 30 mmol).

Fig. 8 Plots showing percentage conversion of styrene and the selecti-
vity of the formation of different reaction products as a function of time.
Reaction conditions: styrene (1.04 g, 10 mmol), 3 (0.0005 g), 30%
aqueous H2O2 (3.39, 30 mmol), KBr (3.57 g, 30 mmol) and 70% aqueous
HClO4 (2.86 g, 20 mmol).
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formation of major products with time under these experi-
mental conditions.

Oxidative bromination of salicylaldehyde. Vanadium(V) com-
plexes also catalyze the oxidative bromination of salicylalde-
hyde in the presence of H2O2. In the present study, complexes
1–5 were used as catalyst precursors with water as the solvent.
The catalytic oxidative bromination of salicylaldehyde gave
5-bromosalicylaldehyde, 3,5-dibromosalicylaldehyde and 2,4,6-
tribromophenol (Scheme 3).

The oxidative bromination of salicylaldehyde was per-
formed under different reaction conditions (Table S4†) and
the maximum conversion was observed for the following con-
ditions: salicylaldehyde (0.610 g, 5 mmol), catalyst (0.0005 g),
KBr (1.78 g, 15 mmol), 30% aqueous H2O2 (1.14 g, 10 mmol),
70% aqueous HClO4 (2.14 g, 15 mmol) and water (20 mL)
(entry 7, Table S4†); the addition of HClO4, however, in four
equal portions during the reaction was necessary to improve
the conversion of the substrate and to avoid decomposition of
the catalyst. Under the above conditions, a maximum of 99%
conversion was achieved with 3 as the representative and the
selectivity of different products follows the order: 5-bromosali-
cylaldehyde (74%), 2,4,6-tribromophenol (21%) > 3,5-dibromo-
salicylaldehyde (5%). Table 4 also provides % conversion of
salicylaldehyde and selectivity of the products obtained by
other catalysts (1, 2, 4, 5) under the above reaction conditions
and is comparable to 3.

In the absence of the catalyst, the reaction mixture gave
only ca. 37% conversion of salicylaldehyde with the selectivity
order of products: 5-bromosalicylaldehyde (89%) > 2,4,6-
tribromophenol (10.5%) > 3,5-dibromosalicylaldehyde (0.5%).

Oxidation of methyl phenyl sulfide. Sulfoxides and sulfone,
the oxidation product of sulfides, are useful precursors for bio-
logically and chemically important compounds54,55 used in
various chemical reactions. Vanadium dependent haloperoxi-

dases1a,29c and model complexes catalyse the oxidation of sul-
fides (thioethers) to sulfoxides and further to sulfones30a,52 by
H2O2. Such oxidation of methyl phenyl sulfide was tested
using complexes 1–5 as the catalyst, and the corresponding
oxidation products were obtained as shown in Scheme 4.

The reaction conditions were optimized for the maximum
oxidation of methyl phenyl sulfide by studying three different
parameters viz. the catalyst (amount of catalyst per mole of
methyl phenyl sulfide), the effect of amount of oxidant (moles
of H2O2 per mole of methyl phenyl sulfide) and the solvent of
the reaction mixture in detail. The conversions obtained with
all these conditions, plotted as a function of time, are pre-
sented in ESI Fig. S14(a)–(c)†. Thus for 5 mmol (0.620 g) of
methyl phenyl sulfide, the amount of catalyst (0.0005 g,
0.001 g and 0.0015 g), 30% aqueous H2O2 (5, 10 and 15 mmol)
and solvent (CH3CN) volume (5, 10 and 15 mL) were varied
and the reaction was carried out at room temperature.
Table S5† summarizes all conditions and conversion obtained
under particular conditions taking 3 as the representative cata-
lyst. The optimized reaction conditions for the sulfoxidation of
methyl phenyl sulfide, to obtain the maximum conversion
(94%) was concluded as: methyl phenyl sulfide (0.620 g,
5 mmol), 3 (0.001 g), 30% aqueous H2O2 (1.14 g, 10 mmol)
and CH3CN (5 mL) [entry 2 of Table S5†]. The effect of
different catalysts (1–5) on the oxidation of methyl phenyl
sulfide is presented in ESI Fig. S14.†

The percent conversion of methyl phenyl sulfide under the
optimised reaction conditions and the selectivity of reaction
products as a function of time are shown in Fig. 9. It is clear
from the plot that both the products start to form with the
conversion of methyl phenyl sulfide. However, the initial
selectivity of 96% for methyl phenyl sulfoxide at 33.6% conver-
sion of methyl phenyl sulfide in the first half an hour starts to
decrease and reaches 65% after 2.5 h of reaction time. Thus,
the initially formed sulfoxide further reacts with H2O2 present

Scheme 3 Main products obtained upon oxidative bromination of sali-
cylaldehyde. (a) 5-Bromosalicylaldehyde, (b) 3,5-dibromosalicylaldehyde
and (c) 2,4,6-tribromophenol.

Table 4 Effect of different catalysts (1–5) on the oxidative bromination of salicyldehyde, TOF and product selectivity

Catalyst (g) TOF (h−1) % Conversion

% Selectivity

Monobromo Dibromo Tribromo

1 1375 99 71 0.6 28.4
2 1375 99 68 7 25
3 1375 99 74 5 21
4 1500 99 71 0.5 28.5
5 3300 99 67 3 30
Blank reaction — 37 89 0.5 10.5

Scheme 4 Main products obtained upon oxidation of methyl phenyl
sulfide. (a) Methyl phenyl sulfoxide and (b) methyl phenyl sulfone.
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in the reaction mixture to give sulfone with 35% selectivity at
the end of 2.5 h.

Other catalysts 1, 2, 4 and 5, tested under the above opti-
mized reaction conditions gave maxima of 96%, 93%, 96.2%
and 98% conversion, respectively. Thus, amongst the other
complexes, the catalytic efficiency varies in the order: 5 > 4 > 1
> 3 > 2. The selectivity of different products along with the con-
version and turn over frequency for these catalysts are pre-
sented in Table 5. It is clear from the data of the table that the
percent selectivity of the product, methyl phenyl sulfoxide is
nearly the same but higher than methyl phenyl sulfone, in all
cases.

Conclusions

The study of DNA/BSA interaction and the catalytic potential of
four mononuclear oxidoethoxido vanadium(V) [VVO(L1–4)OEt]
(1–4) and one dinuclear oxidoethoxido mixed-ligand vanadium(V)
[{VO(L2)OEt}2(Q)] {Q = 4,4′-bipyridine}(5) complexes, with tri-

dentate binegative aroylazine ligands are reported. Single
crystal X-ray diffraction crystallography of 2 reveals that the
metal centre is in distorted square pyramidal geometry with
O4N coordination spheres, whereas 5 exhibits a distorted octa-
hedral geometry with O4N2 coordination spheres around the
metal center. The oxidoalkoxido vanadium(V) complexes (1–5)
show moderate DNA binding propensity. Among 1–5, com-
plexes 3 and 4 show a higher binding affinity towards CT-DNA
than others and at the same time also exhibit negative ΔTm
values of about ∼1.5 and 1.0 °C which resembles the property
shown by cisplatin.

All complexes show moderate photo-induced cleavage of
pUC19 supercoiled plasmid DNA with complex 3 showing the
highest photo induced DNA cleavage activity of ∼48%. Among
1–5, complexes 1, 3 and 4 exhibit photo-induced DNA cleavage
activity possibly via both singlet oxygen and hydroxyl radical
pathways, while the mechanistic pathways involved in the
photo-induced DNA cleavage of 2 and 5 could not be deter-
mined. In coherence with the DNA interaction studies, 3 and 4
also exhibit good binding affinity towards BSA in the range of
1010–1011 M−1 which is around 103–104 fold more than other
complexes. This behaviour is also supported by the ability of 3
and 4 to quench the tryptophan fluorescence emission spectra
of BSA, which is ∼10 folds greater than other complexes All the
complexes show remarkable photo-induced BSA cleavage
activity (>90%) at a complex concentration of 50 μM. The cata-
lytic potential of 1–5 is also tested for the oxidative bromination
of styrene, salicylaldehyde and oxidation of methyl phenyl sul-
phide. In all the cases the percentage of conversion is increased
significantly in the presence of catalysts and show high a per-
centage of conversion (>90%) with a high turnover frequency.
Particularly, in the oxidative bromination of styrene, the percen-
tage of conversion and TOF varies from 96–98% and
8000–19 600 (h−1) respectively. Moreover in all the catalytic reac-
tions 5 shows the highest TOF value. In view of the above
results, it can be predicted that these oxidovanadium(V) com-
plexes under study may have the potential to stimulate research
for synthesis of a better catalyst. However, further work is in pro-
gress to correlate the catalytic efficiency of these oxidoalkoxido
vanadium(V) complexes to their biological potential.
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