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Abstract. We have synthesized two isostructural mononuclear cobalt(III) complexes [1]NO3·3H2O and
[1]NO3·CH3CO2H·H2O {[1]+ = [Co(1,10-phenanthroline)2Cl2]+} and characterized by single crystal X-ray
structural analyses. Mass spectral studies of the complexes indicate both the compounds to produce identical
cationic species viz., [Co(phen)2Cl2]+ in methanol solution. [1]+ has been evaluated as model system for the
catechol oxidase enzyme by using 3,5-di-tert-butylcatechol (3,5-DTBC) as the substrate in methanol medium,
which revealed that the cationic complex efficiently inhibits catalytic activity with kcat value 9.65×102 h−1.
[1]+ cleaved pBR 322 DNA without addition of an activating agent. Further, the anti-cancer activity of [1]+ on
human hepatocarcinoma cell line (HepG2) has been examined. The induction of apoptosis induced in the cell
line was assessed base on the changes in cell morphology, which showed the efficacy of [1]+ to induce apopto-
sis in 53% of cells during 24 h treatment. Interestingly, the observed IC50 values reveal that [1]+ brings about
conformational change on DNA strongly and exhibits remarkable cytotoxicity.

Keywords. Cobalt(III); X-ray structure; Catecholase activity; DNA cleavage; Anti-cancer activity.

1. Introduction

Cobalt(III) compounds of polycyclic heteroaromatics
with transition metals form a class of DNA interact-
ing substances that have received considerable attention
over the years, as they combine properties of traditional
DNA interacting polycyclic aromatics with important
photophysical and photochemical potentials offered
by the metal into rigid structures spanning all three
dimensions.1–3 The design of small cationic molecules
that react at specific sequences of DNA under physio-
logical conditions via oxidative and hydrolytic cleavage
has been attracting great interest in the field of bioinor-
ganic chemistry. The application of octahedral com-
plexes has allowed the targeting of specific DNA sites by
matching the shape, symmetry and functionality of the

∗For correspondence

metal complex to those of the DNA target.4 Due to the
unusual binding properties and general photo-activity,
these coordination compounds are candidates available
as DNA secondary structure probes, photocleavers and
anti-tumour drugs.5–8

The oxidation of organic compounds is an important
and widely used reaction in laboratory scale organic
synthesis as well as in large scale chemical industry.9–11

An ideal oxidant for any large scale oxidation reaction
should be easily accessible, cheap and non-toxic like
dioxygen.12–14 It is easily available since it is present in
air and the only by-product produced from its decom-
position is water. In this respect, the oxidation of a wide
range of o-diphenols (catechols), such as caffeic acid, to
the corresponding quinones using molecular oxygen as
oxidant and a copper enzyme Catechol Oxidase (COx),
as catalyst has received considerable attraction to reveal
mechanistic aspect, catalytic activity, product formation
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selectivity, structure-reactivity relationship and so
on.15–17 The quinines which are highly reactive com-
pounds undergo auto-polymerization leading to the for-
mation of a brown polyphenolic pigment, i.e. melanin,
a process thought to protect a damaged tissue against
pathogens or insects.18 Though cobalt complexes have
been regarded as very efficient and selective catalysts
towards different organic transformations, cobalt(III)-
phenanthroline complexes as biomimetic models of
catechol oxidase have not been extensively studied.19–21

Herein, we report two new isostructural mononu-
clear cobalt(III)-phenanthroline complexes containing
hetero anions and solvate molecules in Co(III)–1,10-
phenanthroline crystalline host at room temperature.
We have investigated the catalytic activity of [1]+,
{[1]+ = [Co(1,10-phenanthroline)2Cl2]+}, towards 3,5-

di-tert-butylcatechol as bio-mimetic model for cate-
cholase oxidase in methanolic medium. Since detailed
investigation of DNA binding and DNA photocleavage
studies for cis-dichlorobis(diimine)cobalt(III)chloride
complexes was performed by Joshi et al in 2006,22

we have explored the cleavage efficiency on pBR 322
DNA without adding any external agents. Also, [1]+

proved to be an efficient cytotoxic agent against human
hepatocellular carcinoma cell line HepG2.

2. Experimental

2.1 Preparation of the complexes

2.1a Chemicals, solvents and starting materials:
High purity 1,10-phenanthroline (Lancaster, UK),
ammonium ceric nitrate (Aldrich, UK), cobalt(II) chlo-
ride hexahydrate (E. Merck, India), and glacial acetic
acid (E. Merck, India) were purchased and used as
received. All the other reagents and solvents are of Ana-
lytical grade (A.R. grade) and were purchased from
commercial sources and used as received.

2.1b General synthesis of compounds: Cobalt(III)
complexes were synthesized by mixing phen (0.198 g,
1 mmol), CoCl2.6H2O (0.237 g, 1 mmol) and ceric
ammonium nitrate in 1:1:2 ratio. For the synthe-
sis of [1]NO3·3H2O, 4/6 (v/v) AcOH:H2O (7N) has
been used as solvent mixture, whereas for [1]NO3·

CH3CO2H·H2O, we used 7/3 (v/v) AcOH:H2O (12N).
The reaction mixture was kept on magnetic stirrer for
another 30 mins. The dark brown supernatant liquids
were kept in air for slow evaporation. After 15–20
days the fine microcrystalline compounds were sepa-
rated out, washed in hexane and dried in vacuo over
silica gel indicator. The spectroscopic measurements

and elemental analyses confirm the structural formation
of the complexes. Yield of [1]NO3·3H2O (based
on metal salt): 0.3180 g (73.1%). Anal cal. for
C24H22N5Cl2O6Co : C, 47.54; H, 3.66; N, 11.55; Found:
C, 47.45; H, 3.58; N, 11.59. Selected IR bands (KBr
pellet, cm−1): 3417 (s), 1384 (s), 1426 (m), 1604
(s). UV-Vis (λ,nm): 232, 265, 450–650 (broad band).
Yield of [1]NO3·CH3CO2H·H2O (based on metal salt):
0.3060 g (70.3%). Anal cal. for C26H22N5Cl2O6Co: C,
49.54; H, 3.52; N, 11.11; Found: C, 49.43; H, 3.43; N,
11.18. Selected IR bands (KBr pellet, cm−1): 3401 (s),
1383 (s), 1424 (m), 1609 (s). UV-Vis (λ, nm): 233, 267,
450–650 (broad band).

2.2 Physical measurements

Infrared spectra (KBr) were recorded with a FTIR-
8400S SHIMADZU spectrophotometer in the range
400–3600 cm−1. 1H NMR spectra in DMSO-d6 were
obtained on a Bruker Avance 300 MHz spectrometer
at 25◦C and was recorded at 299.948 MHz. Chemical
shifts are reported with reference to SiMe4. Diffuse
reflectance spectra were obtained with a Varian Cary
5E spectrometer using polytetrafluoroethylene (PTFE)
as a reference. Ground state absorption was measured
with a JASCO V-530 UV-vis spectrophotometer. Ther-
mal analyses of the compounds were carried out on
a PerkinElmer Diamond TG/DTA system up to 700◦C
in a static nitrogen atmosphere with a heating rate of
10◦C/min. Elemental analyses were performed on a
Perkin Elmer 2400 CHN microanalyser. Electrospray
ionization (ESI) mass spectrum was recorded using a
Q-tof-micro-quadruple mass spectrometer.

2.3 X-ray diffraction study

Single crystal data of [1]NO3·3H2O and [1]NO3·CH3

CO2H·H2O were collected on a Bruker SMART APEX
II CCD diffractometer using Mo-Kα radiation (λ =

0.71073 Å) at 220 and 150 K respectively. Sys-
tematic absent reflections led to the identification of
identical space group Cc (9) for [1]NO3·3H2O and
[1]NO3·CH3CO2H·H2O crystals. Of the 9452 and 6018
total reflections for the two respective complexes 4708
and 2421 with I>2σ were used for structure solutions.
The structures were solved by direct methods, and the
structure solution and refinement were based on |F|2.
All non-hydrogen atoms were refined with anisotropic
displacement parameters whereas hydrogen atoms were
placed in calculated positions when possible and given
isotropic U values 1.2 times that of the atom to which
they are bonded. Fourier map showed the maximum and
minimum peak heights at 0.40, −0.35 for [1]NO3·3H2O
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and 0.25 and −0.26 for [1]NO3·CH3CO2H·H2O with no
chemical significance. All calculations were carried out
using Bruker programs23 and SHELXL−97.24

2.4 Catalytic oxidation of 3,5-DTBC

In order to examine the catecholase activity of the complex,
a 10−4M solution of [1]+ in methanol solvent was treated
with 100 equiv. of 3,5-ditert-butylcatechol (3,5-DTBC)
under aerobic conditions at room temperature. Absor-
bance vs. wavelength (wavelength scans) of the solution
was recorded at a regular time intervals of 5 min in the
wavelength range 300–500 nm for up to 60 min. It may be
noted here that a blank experiment without catalyst does
not show formation of the quinone up to 6 h in MeOH.

To determine the dependence of rate on substrate con-
centration and various kinetic parameters, a 10−4M solu-
tion of the complex was treated with at least 10 equiv. of
substrate to maintain the pseudo- first order condition.
The reaction was followed spectrophotometrically by
monitoring the increase in the absorbance at 398 nm
(Quinone band maxima) as a function of time (time
scan) up to 60 min.

2.5 DNA cleavage studies

Cleavage of pBR 322 DNA by [1]+ was monitored
by agarose gel electrophoresis technique. The complex
(25, 50, 75 and 100 µg) solutions were incubated with
plasmid DNA for an hour at 37◦C. After incubation
2 µ l of bromophenol blue dye was mixed with [1]+ and
loaded carefully into the electrophoresis chamber wells
along with the control DNA. TAE buffer was used as a
running buffer and [1]+ is stable in this buffer medium.
The plasmid DNA, thus treated, was loaded on agarose
gel and constant 50 V was applied for 30 min. Then
the bands were stained with EB and observed in the
gel documentation system and photographed to deter-
mine the extent of DNA cleavage and the results are
compared with the control.

To confirm the cleavage activity of the [1]+, UV spec-
troscopic analysis was performed. 1 µL of the DNA was
diluted with 50 µL of TE buffer and absorbance was
read at 260 nm for the control DNA, along with the test
samples containing different concentrations of [1]+ and
the DNA. The concentration of the DNA was calculated
using the formula:

DNA concentration (µg/mL) = (OD 260) × (dilution
factor) × (50 µg DNA/mL)/(OD260 unit)

2.6 Anti-cancer activity of the [1]+ complex

2.6a Cell culture: The human hepatocarcinoma
(HepG2) cell line was obtained from the National Centre

for Cell Science (NCCS), Pune, India. The cells were
cultured in DMEM medium (Sigma–Aldrich, St. Louis,
MO, USA), supplemented with 10% fetal bovine serum
(Gibco) and 100 U/mL of penicillin and 100 µg/mL of
streptomycin as antibiotics (Gibco), in 96 well culture
plates, at 37◦C, in a humidified atmosphere of 5% CO2,
in a CO2 incubator (Forma, Thermo Scientific, USA).
All experiments were performed using cells from pas-
sage 15 or less.

2.6b Cytotoxicity assay (MTT assay): The Co(III) com-
plex, [1]+ in the concentration range 50–500 µM was
dissolved in DMSO and [1]+ is stable in this medium.
It was added to the wells 24 h after seeding of 5 ×103

cells per well in 200 µL of fresh culture medium. DMSO
solution was used as the solvent control. A miniaturized
viability assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) was carried out
according to the method described by Mosmann.25

After 24 and 48 h, 20 µL of MTT solution [5 mg/mL in
phosphate-buffered saline (PBS)] was added to each
well and the plates were wrapped with aluminum foil
and incubated for 4 h at 37◦C. The purple formazan
product was dissolved by addition of 100 µL of DMSO
to each well. The absorbance was monitored at 570 nm
(measurement) and 630 nm (reference) using a 96-well
plate reader (Bio-Rad, Hercules, CA, USA). Data were
collected for three replicates each and used to calculate
the mean. The percentage inhibition was calculated,
from this data, using the formula:

=
Mean OD of untreated cells (control) - Mean OD of treated cells(treat) × 100

Mean absorbance of untreated cells (control)

From these data, the IC50 (the concentration at which
[1]+ killed 50% of the cells at the respective durations
of treatment) for 24 and 48 h treatment were arrived at.

2.6c Acridine orange (AO) and ethidium bromide

(EB) staining: Acridine orange and ethidium bromide
staining was performed as described by Spector et al.26

The cell suspension of each sample containing 5 ×105

cells, was treated with 25 µL of AO and EB solution
(3.8 µM of AO and 2.5 µM of EB in PBS) and exam-
ined in a fluorescent microscope (Carl Zeiss, Germany)
using an UV filter (450–490 nm). Three hundred cells
per sample were counted in triplicate for each dose
point. The cells were scored as viable, apoptotic or
necrotic as judged by the staining, nuclear morphology
and membrane integrity26 and the percentages of apop-
totic and necrotic cells were then calculated. Morpho-
logical changes were also observed and photographed.
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2.6d Hoechst 33528 Staining: The Human Hepa-
tocarcinoma (HepG@) cells were cultured in 6-well
plates and treated with IC50 concentration of [1]+. After
24 h incubation, the treated and untreated cells were
harvested and stained with Hoechst 33258 (1 mg/mL,
aqueous) for 5 min at room temperature. A drop of cell
suspension was placed on a glass slide, and a cover slip
was laid over to reduce light diffraction. At random 300
cells, in duplicate, were observed at ×400 in a fluo-
rescent microscope (Carl Zeiss, Jena, Germany) fitted
with a 377–355 nm filter, and the percentage of cells
reflecting pathological changes was calculated.

2.7 Thermogravimetric analysis

The thermal behaviour of the complexes [1]NO3·3H2O
and [1]NO3·CH3CO2H·H2O were followed up to 700◦C
in a static nitrogen atmosphere with a heating rate of
10◦C per minute.

3. Results and Discussion

3.1 Syntheses and formulation

The mononuclear cobalt(III) complexes, [1]NO3·3H2O
and [1]NO3·CH3CO2H·H2O were prepared by addition
of 1,10-phenanthroline to a solution of CoCl2·6H2O fol-
lowed by the addition of solid CAN in aqueous acetic
acid solution (v/v) at different pH for both complexes at
room temperature, respectively. Interestingly, different
composition of solvent mixture produces different sol-
vate molecules with identical Co(III)-coordination link-
ages. The schematic presentation of syntheses is given
below (Scheme 1):

3.2 Spectroscopic characterization and solution

properties

Two isostructural Co(III) complexes, [Co(phen)2Cl2]
NO3·3H2O and [Co(phen)2Cl2]NO3·CH3CO2H·H2O
were prepared by addition of 1,10-phen to a solu-
tion of CoCl2·6H2O followed by the addition of solid
CAN in aqueous acetic acid solutions having two
different acetic acid concentrations. However, such
compounds could not be prepared in other mixed

aqueous solvents like methanol-water, acetonitrile-
water, dichloromethane-water or in pure solvents like
water and methanol. Here, CAN is used to oxidize the
metal ion at +3 oxidation level and it also supplies
heavier nitrate anion to stabilize the complexes. The
[Co(phen)2Cl2]+ is soluble in all the common solvents
like methanol, acetonitrile, water, etc.

The IR spectra of [1]NO3·3H2O and [1]NO3·

CH3CO2H·H2O contain characteristic strong bands for
the NO−

3 anion at ∼1384 cm−1. These bands are over-
lapped with a set of bands for the 1,10-phen fragment,
which, in turn, also shows bands at about 1000 and 3100
cm−1.27 Bands characteristic for the α-diimine ligands are
clearly observed at ∼1600 cm−1. Water molecules in the
structure of the complexes were detected in the IR spec-
tra by a broad band centred at about 3401 and 3417 cm−1.

The diffuse reflectance spectra of the cobalt(III) com-
plexes exhibit three regions: three absorption bands in
the UV region, corresponding to the intra-ligand and
ligand-to-metal transitions of 1,10-phen, a second range
from about 450 to 650 nm and a third weak band cen-
tred at about 800 nm (figure S1). The latter two bands
originate from the same d − d transitions.28

NMR spectroscopy experiments on [1]NO3·3H2O
and [1]NO3·CH3CO2H·H2O testify to its diamagnetic
nature. The 1H NMR spectra of the complexes contain
four doublet peaks at ∼10.03, 9.31, 8.82 and 8.38 ppm,
and two triplet peaks at ∼8.5 and 7.6 ppm (figure S2)
for the 1,10-phenanthroline ligands with characteristic
coupling constants 3JH,H = 7.66–7.53 Hz.

In order to probe the solution stability of the com-
plexes, we have performed UV–Vis spectral measure-
ments for methanolic solution of [1]NO3·3H2O and
[1]NO3·CH3CO2H·H2O at room temperature and both
the compounds produced almost identical band at
∼232, 267, 341 and 540 nm. Low intensity and broad
transitions at 540 nm are attributed to ligand field bands
in CoIII octahedral field (figure S3) and these bands
remained unaffected over a period of at least 5 days
revealing that the complexes are stable in solution at
room temperature. Mass spectral analysis of the cobalt
complexes further consolidates this fact by producing
molecular ion peak at m/z 489.0263 (Calc. 489.0084)
(figure S4) in methanol and this experimental peak
corresponds to the existence of the stable cationic
species as [Co(1,10-phen)2Cl2]+ in solution.

CoCl2 + 1,10-phenanthroline + CAN

40% AcOH-H2O

70% AcOH-H2O

[Co(phen)
2
Cl

2
]NO

3
·3H

2
O

[Co(phen)
2
Cl

2
]NO

3
·CH

3
CO

2
H·H

2
O

Phen=1,10-phenanthroline
CAN=Ammoniumcericnitrate
AcOH=Aceticacid

Scheme 1. Preparation of cobalt(III) complexes.
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Figure 1. ORTEP diagram of [1]NO3·3H2O (30% ellipsoid probability) with atom numbering scheme.

3.3 Description of crystal structures

The single crystal X-ray diffraction analysis reveals
that both the crystal lattices of [1]NO3·3H2O and
[1]NO3·CH3CO2H·H2O consist of identical mononu-
clear cationic unit [Co(phen)2Cl2]+ but differ in inclu-
sion of solvent molecules. The ORTEP diagram with
atom numbering scheme of the mononuclear complexes
[1]NO3·3H2O and [1]NO3·CH3CO2H·H2O are shown
in figures 1 and 2. The coordination geometry around
each (III) centre is best described as distorted octa-
hedron with a CoN4Cl2 chromophore. The coordina-
tion includes two coordinated phenanthroline ligands,
along with two coordinated Cl atoms in mutual cis ori-
entation in [1]NO3·3H2O and [1]NO3·CH3CO2H·H2O.
The angles 92.15(4)◦ and 91.89(3)◦ between the
two coordinated chlorine atoms around Co(III) cen-
tre in [1]NO3·3H2O and [1]NO3·CH3CO2H·H2O as
Cl(1)-Co(1)-Cl(2) indicate the cisoid representation
of the structures. A summary of the crystallographic
data and structure refinement parameters is given in
table 1. The bond angle and bond distance data are
given in table S1 for [1]NO3·3H2O and table S2 for
[1]NO3·CH3CO2H·H2O.

Scheme 2. Catalytic Oxidation of 3,5-DTBC to 3,5-DTBQ
in air-saturated methanol solvent.

3.4 Catecholase activity of [1]+

Catechol oxidases are type III copper proteins which
catalyze the oxidation of catechols to quinones in
the presence of oxygen.29 The catecholase activity of
the [Co(phen)2Cl2]+ complex, [1]+ was studied using
3,5-di-tert-butylcatechol (3,5-DTBC) as a convenient
model substrate, in air-saturated methanol solvent at
room temperature (25◦C). For this purpose, a 1×10−4M
solution of this complex was treated with 1×10−2M
(100 equiv.) of 3,5-DTBC and the course of the reac-
tion was followed by recording the UV–vis spectra of
the mixture at an interval of 5 min for 1 h (Scheme 2).

Spectral bands at 232, 267, 341 and 540 nm appeared
in the electronic spectrum of complex [1]+ in methanol,
whereas 3,5-DTBC showed a single band at 284 nm. As
the reaction proceeded, there was a gradual decrease in
intensity of the band at 284 nm due to the catechol30 and
an initial new band was formed at ∼398 nm (figure 3),
which indicated the formation of the respective quinone
derivative and the band maximum was gradually shifted
to 398 nm. 3,5-DTBQ was purified by column chro-
matography and isolated in high yield (76.2% for 1) by
slow evaporation of the eluant. The product was iden-
tified by 1H NMR spectroscopy. 1H NMR (CDCl3, 400
MHz) δH: 1.15 (s, 9H), 1.20 (s, 9H), 6.15 (d, J = 2.4
Hz, 1H), 6.86 (d, J = 2.4 Hz, 1H).

Kinetic studies were performed to understand the
extent of the efficiency. The kinetics of oxidation of 3,5-
DTBC were determined by the method of initial rates
and involved monitoring the growth of the quinone band
at 398 nm as a function of time.31 For this purpose, 0.04
mL of the complex solution, with a constant concentra-
tion of 1 ×10−4 M, was added to 2 mL of 3,5-DTBC
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Figure 2. ORTEP diagram of [1]NO3·CH3CO2H·H2O (30% ellipsoid probability) with atom numbering scheme.

Table 1. Crystal data and structure refinement parameters for [1]NO3·3H2O and
[1]NO3·CH3CO2H·H2O.

Parameters [1]NO3·3H2O [1]NO3·CH3CO2H·H2O
Empirical formula C24H22N5Cl2O6Co C26H22N5Cl2O6Co
Formula weight 606.30 630.32
Temperature (K) 220(2) 150(2)
Crystal system Monoclinic Monoclinic
Space group Cc(9) Cc(9)
a (Å) 15.2063(15) 15.3215(9)
b (Å) 13.4762(13) 13.3189(17)
c (Å) 12.3354(12) 12.8357(17)
Volume (Å3) 2501.5(4) 2578.0(6)

Z 4 4
ρ (gcm−3) 1.610 1.624
µ (mm−1) 0.951 0.927
F (000) 1240 1288
θ ranges (◦) 2.0-28.3 2.0-25.0
Rint 0.014 0.016
R (reflections) 9452 6018
wR2 (reflections) 4708 2421
Final R indices 0.0280,0.0799 0.0293, 0.0852
Largest peak and hole (eA◦−3) 0.40,-0.35 0.25,-0.26

of a particular concentration (varying its concentration
from 1 ×10−3 M to 1 ×10−2 M) to achieve the ultimate
concentration of the complex as 1 ×10−4 M. The colour
of the solution gradually turned deep brown, indicat-
ing the gradual conversion of 3,5-DTBC to 3,5-DTBQ.
The experiments were done at a constant temperature of
25◦C under aerobic conditions. For a particular complex-
substrate mixture, time scan at the maximum of the

quinone band (398 nm) was carried out for a period of
60 min. The rate constants versus concentration of the
substrate data were then analyzed on the basis of the
Michaelis−Menten approach of enzymatic kinetics to
get the Lineweaver−Burk plot (double reciprocal), as
well as the values of the parameters Vmax, Km, and Kcat.
The observed rate constant versus substrate concentra-
tion plot and the Lineweaver−Burk plot for complex
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Figure 3. Increase of quinone band at 398 nm after addi-
tion of 100 equivalents of 3,5-DTBC to a solution contain-
ing [1]+ (10−4 M) in methanol at 250C. The spectra were
recorded after every 5 min.

[1]+ in MeOH is shown in figure 4. To reveal high cat-
alytic activity of [1]+, we drew a comparison between
our cobalt(III) complex and some other mono- and
polynuclear cobalt complexes.32–35 The data obtained
from the Lineweaver–Burk plot model were used for a
comparison of catalytic activity towards the oxidation
of 3,5-DTBC as shown in table 2. The kinetic parame-
ters of [1]+ are also presented in table 2. This compari-
son also indicates that [1]+ acts as a better and effective
catalyst towards catecholase activity than some recently
reported ones.32–35

3.5 Mechanistic aspects towards catalytic oxidation

of 3,5-di-tert-butylcatechol (DTBC) by [1]+

Regarding complexes of metal ions of cobalt as active
catalysts for catechol oxidase activity, two or three
examples of mononuclear cobalt complexes are known
in literature.15b,c,33 So, cobalt(III) compound, [1]+ in
the present investigation is one of the few examples of
mononuclear cobalt complexes containing catalyst of
catecholase activity for which both the single crystal X-
ray structure and Kcat value has been determined. To get
an insight into the nature of possible complex–substrate
intermediates, ESI-MS positive spectra of a 1:100 mix-
ture of [1]+ and 3,5-DTBCH2 were recorded after 20
min of mixing in methanol. The observed patterns are
presented in figure S5 (Scheme 3).

Most importantly, characteristic peaks are observed
at m/z = 243.55 and 641.02. The peaks at m/z = 243.55
and 641.02 correspond, respectively, to the quinone–
sodiumaggregate[(3,5-DTBQ)Na]+ and[CoII(1,10-phen)2

(3,5-DTBC2−)H]+. The latter peaking at m/z = 641.02

is interesting because the peak position in the ob-
served mass spectral pattern clearly indicates that the
peak arises due to 1 : 1 complex–substrate aggregate
[CoII(1,10-phen)2(3,5-DTBC2−)H]+. It is logical to con-
sider the dianionic 3,5-DTBCH2− species in [CoII(1,10-
phen)2(3,5-DTBC2−)H]+ as coordinated in bidentate
chelating mode through the phenolate oxygen atom to
the cobalt(III) centre. The intermediate Co(III) complex
is reduced to Co(II) by the catechol derivative, and 3,5-
DTBC itself gets oxidised to quinone in presence of
oxygen with the production of water.

Whatever the aftermath, coordination of the cate-
chol moiety to the metal centre is an essential require-
ment for a complex to show catecholase activity. In
the two proposed mechanisms regarding the in vivo
cycle, 1:1 adduct formation between a dicopper(II) core
and the substrate has been mentioned. While monoden-
tate asymmetric coordination of the substrate has been
proposed in one mechanism (Krebs’s mechanism),17c,d

simultaneous coordination of the substrate to both cop-
per centres in the dinucleating bridging is suggested
in the second (Solomon’s mechanism).17b Although
our cationic mononuclear cobalt(III) complex is not a
CuIICuII molecular system, one 1:1 complex substrate
aggregate [CoII(1,10-phen)2(3,5-DTBC2−)H]+ having a
bidentate chelating catechol moiety in that aggregate
has been identified in the ESI-MS positive spectrum
in the present investigation. So, after comparing these
data, it can be concluded that the reported cobalt(III)
complex is quite an efficient catalyst and has an appre-
ciable turnover rate in methanolic medium. Besides,
[1]+ being a mononuclear cobalt(III) complex with non-
copper centre is mimicking an enzyme with a dicopper
active site.

3.6 DNA cleavage studies

The irradiation of pBR322 plasmid DNA in the pres-
ence of the [1]+ was studied so as to determine the effi-
ciency with which it sensitizes DNA cleavage. This can
be achieved by monitoring the transition from the natu-
rally occurring, covalently closed circular form (Form I)
to the open circular relaxed form (Form II). This occurs
when one of the strands of the plasmid is nicked, and
can be determined by gel electrophoresis of the plas-
mid. Extended irradiation results in a build up of nicks
on both strands of the plasmid, which eventually results
in its opening to the linear form (Form III). When cir-
cular plasmid DNA is subjected to gel electrophoresis,
relatively faster migration is observed in the supercoiled
form (Form I). Form (II) migrates slowly and Form III
migrates between Form II and Form I.36,37
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Figure 4. Plot of rate vs. [substrate] in presence of [1]+ in MeOH; inset: Lineweaver-Burk plot.

Table 2. Kinetic parameters for the oxidation of 3,5-DTBC catalyzed by [1]+ in methanol.

Complex Solvent Vmax (M s−1) Km(M) Kcat(h−1) Reference
*[1]+ MeOH 2.68×10−5 1.77×10−3 9.65×102 This paper
1 MeOH 1.891×10−5 1.57×10−5 4.53×101 32
1 MeOH 3.36×10−5 7.38×10−4 1.21×103 33
1 MeCN 1.33×10−5 8.70×10−3 7.97×101 34
1 MeOH 7.23×10−2 3.01×10−6 4.82×102 32
1 MeOH 7.23×10−2 7.23×10−2 4.29×10−2 35

*Std. Error for Vmax (MS−1) = 4.11×10−6; Std. Error for Km(M)= 6.62×10−4

O

O

Co

N

N

N

N

Scheme 3. Formation of mononuclear intermediate species
during the course of catechol oxidation.

The ability of [1]+ to cleave DNA was assayed with
the aid of gel electrophoresis on pBR 322 DNA as the
substrate in a medium of 5 mM Tris–HCl/50 mM NaCl
buffer (pH 7.1) in the absence of external additives.
The DNA was mixed with different concentrations (25,
50, 75 and 100 µg) of Co(III) complex and was incu-
bated at 37◦C for 1 h. Figure 5 reveals the cleavage
activity of [1]+ on pBR 322 DNA. Lane 1 shows the
pBR 322 DNA control. Lane 2 shows the DNA treated
with 25 µg of complex [1]+. There was a partial clea-
vage of the DNA with the addition of 25 µg of the
complex. Further addition of different concentrations
(50, 75 and 100 µg) of the complex in Lane 3, Lane
4, and Lane 5 did not show bands for the DNA. This
finding clearly suggests that the concentration of the
complex needed to cleave the pBR 322 DNA was 50 µg.
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Figure 5. Concentration-dependent cleavage of plasmid pBR 322 DNA by
[1]+ . Lane 1 shows the control DNA. Lane 2 shows DNA + sample (25 µg);
lane 3, DNA+ sample (50 µg); lane 4, (75 µg); lane 5, (100 µg).

Table 3. UV Spectroscopic readings of pBR 322 DNA with [1]+.

Sample Absorbance at 260 nm Concentration of DNA

Control pBR 322 DNA 2.4 6 µg/mL
pBR 322 DNA + 25 µg [1]+ 1.39 3.4 µg/mL
pBR 322 DNA + 50 µg [1]+ 0.65 1.62 µg/mL
pBR 322 DNA + 75 µg [1]+ 0.32 0.80 µg/mL
pBR 322 DNA + 100 µg [1]+ 0.15 0.3 µg/mL

To confirm the cleavage activity of [1]+ on the
DNA, UV spectroscopic analysis was performed for
the control pBR 322 DNA and DNA with different con-
centrations of the complex (Table 3). The concentration
of the DNA showed a gradual decrease with increasing
concentrations of the complex (Figure S6). The concen-
tration of DNA sample can be checked by the use of UV
spectrophotometry. DNA absorbs UV light very effi-
ciently which makes it possible to detect and quantify
at a concentration as low as 2.5 ng/µL. The nitrogenous
bases in nucleotides have an absorption maximum at
about 260 nm. The DNA concentration was calculated
using the formula, DNA concentration (µg/mL) = (OD
260) × (dilution factor) × (50 µg DNA/mL)/(1 OD260
unit). The control had 6 µg/mL of DNA. There was a
gradual decrease in the concentration of the DNA when
added with increasing concentrations of [1]+ complex.
This clearly shows that the complex played a major role
in cleavage of pBR 322 DNA.

3.7 Anti-cancer activity of the [1]+ complex

It is now well accepted that metal coordination com-
pounds with metal–ligand exchange rates comparable
to cell-division processes, often appear to be highly
active as anti-cancer agents.38b A all third generation
drugs (vide supra) appear to bind to a guanine-N7
site and this binding seems to be essential for the
effect induced in DNA. Different compounds, however,
appear to have different binding kinetics, and also the
structural details of the resulting DNA adducts appear

to differ to some degree.38c The anti-cancer activity
associated with [1]+ is also associated with the presence
of two fairly labile cis ligands and two phenanthroline
ligands that are inert to substitution under biological
conditions.

3.7a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide (MTT) Assay: The present [Co(phen)2

Cl2]+, [1]+ complex has the ability to strongly bind
and cleave DNA in the absence of an external agent
and DNA cleavage is considered as an important step
for a drug to act as an anti-cancer agent.38–40 Thus,
the cytotoxicity of the [1]+ dissolved in DMSO was
investigated against a human hepatocarcinoma cell line
(HepG2) adopting MTT assay. The IC50 values of [1]+

were obtained by plotting the cell viability against the
concentration of the complex (Figure S7). The results
revealed that the IC50 at 48 h (170± 0.2 µM) is lower
than that at 24 h (175± 0.3 µM) clearly indicating that
the complex exhibits cytotoxicity against HepG2 in
dose- and duration-dependent manner. Thus, the cyto-
toxicity exhibited by the complex is consistent with its
strong binding with DNA, and its efficiency in cleaving
DNA in the absence of an external agent is responsible
for its potency to induce cell death through different
modes of interaction between the cationic complex and
DNA.

3.7b AO/EB staining: Apoptotic cell death is known
as characterized by different cellular changes such as
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cell shrinkage, nuclear condensation, DNA fragmenta-
tion, membrane blebbing and formation of apoptotic
bodies. These apoptotic characteristics as produced in
human hepatocarcinoma cell (HepG2) by [1]+ were
analyzed adopting AO/EB staining. In this staining
method, the fluorescence pattern depends on the via-
bility and membrane integrity of the cells. In general,
dead cells are permeable to ethidium bromide and flu-
oresce in orange-red, whereas live cells are permeable
to acridine orange only and thus fluoresce in green.
The cytological changes which were observed in the
treated cells are classified into four types based on the
fluorescence emission and morphological features of
chromatin condensation in the AO/EB stained nuclei: i)
Viable cells, which are having highly organized nuclei,
fluoresce in green. ii) Early apoptotic cells, which show
nuclear condensation, emit orange-green fluorescence.
iii) Late apoptotic cells, with highly condensed or frag-
mented chromatin, fluoresce orange to red. iv) Necrotic
cells fluoresce orange to red, with no indication of chro-
matin fragmentation. All these morphological changes
were observed after the treatment of cancer cells with
the complex. Figure 6 indicates the apoptotic morpholo-
gies induced by [1]+ at IC50 concentration for 24 h.
The cobalt(III) complex, [1]+ being a cationic molecule
with two chlorine atoms at cis position (<Cl-Co-Cl =

92◦) and labile groups at cisoid position around metal
centres, is of considerable attraction in biology, spe-
cially as anticance agents.41 The cisoid labiles groups
facilitate the path of substitution of the labile groups
by the nitrogenous base (purine and pyrimidine) of
the DNA and the [1]+-DNA adduct enhances distor-
tion in DNA molecules which causes apoptosis of the
affected cells. On the other hand, [Co(phen)2Cl2]+ has
two phenanthroline ligands which can intercalate into
nitrogenous base pairs and elongate the DNA to some
extent. Intercalative binding can also kill the affected
DNA molecules. Figure 7 shows the efficacy of [1]+ to
induce apoptosis in 53% of cells when treated for 24 hr
and there is no indication of necrotic cell death com-
pared to untreated controls. The IC50 values and mor-
phological changes consolidate the potential anticancer
activity of the molecule. However, further studies are
needed in this direction to decipher the molecular mech-
anisms underlying the mode of cell death induced by
[1]+.

3.7c Hoechst Staining: Morphological changes in
the nucleus and chromatin were revealed by Hoechst
33528 staining method. The cells treated with IC50 con-
centration of the complex showed some changes in
their morphology of nuclei compared to the control
untreated nuclei. In the untreated control cells the nuclei

Figure 6. Representative morphological changes observed
for [1]+ with AO/EB staining against HepG2 cells at 24 h
incubation.

Figure 7. The effect of [1]+ on HepG2 cell as revealed
in acridine orange and ethidium bromide staining. Relative
percentage of morphological changes was determined and
classified into three categories: viable, apoptosis and necrosis
as compared with the control cells after 24 h incubation.

were round with intact chromatin while after treatment
with the complex for 24 h changes such as chromatin
marginalization, condensation and fragmentation were
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Figure 8. Representative morphological changes observed
for [1]+ with Hoechst 33258 staining against HepG2 at 24 h
incubation.

observed. Figure 8 indicates the apoptotic nuclear mor-
phology induced at IC50 concentration by the complex
for 24 h. It is interesting that 55% of treated cells
exhibited abnormal nuclei (Figure 9).

3.8 Thermogravimetric analysis

The thermal behaviour of the complexes [1]NO3·3H2O
and [1]NO3·CH3CO2H·H2O were followed up to 700◦C
in a static nitrogen atmosphere with a heating rate of
10◦C per minute. Thermal analysis of [1]NO3·3H2O
shows that the loss in the temperature range 100–
197◦C is 6.15% (figure S8), corresponding to two water
molecules. The loss of total solvent molecules (16.1%)
at higher temperature (100–275◦C) is attributed to
the strong interaction of the water-nitrate anions. The
release of two coordinated chlorine atoms takes place in
the second step (275.48–316.80◦C). The experimental
mass loss 19.081% agrees well with the calculated mass
loss 14.55%. The residual part of the phenanthroline
moieties takes place in the last step.

In the case of [1]NO3·CH3CO2H·H2O, there is con-
tinuous loss of solvent that starts at about 40◦C and
the release of acetic acid-water-nitrate occurs up to
289◦C (Figure S9). The next step between 289.81◦C
and 425.08◦C corresponds with the loss of two coor-
dinated chlorine atoms and the residual part of the
phenanthroline moieties take place in the last step
(425.08–626.51◦C).

Figure 9. The effect of [1]+ on HepG2 cell as revealed
in Hoechst staining. Relative percentage of morphological
changes was determined and classified into two categories:
normal and abnormal nuclei as compared with the control
cells after 24 h incubation.

4. Conclusions

We have synthesized and crystallographically char-
acterized two mononuclear cis-Co(III)-phenanthroline
compounds. The cationic cobalt(III) complexex, [1]+

exhibits very efficient catalytic activity in saturated oxy-
gen environment towards 3,5-ditertbutylcatechol with
kcat value 9.65×102 h−1. [1]+ is one of the few exam-
ples of mononuclear cobalt(III) complexes contain-
ing catalyst of catecholase activity for which both
the single crystal X-ray structure and Kcat value have
been determined. Besides, [1]+ being a mononuclear
cobalt(III) complex with non-copper centre is mimick-
ing an enzyme with a dicopper active site. [1]+ induces
very efficient cleavage of double-stranded DNA with-
out the requirement of activating agents and exhibits
important cytotoxicity against human hepatocarcinoma
cell line (HepG2) in terms of damaging the DNA in can-
cer cells. Moreover, detailed experimentation related
to DNA interaction, cleavage and cytotoxicity on this
complex will help to develop clinically relevant infor-
mation for possible new anticancer agents.

Supplementary Information

Crystallographic data are available free of charge
from The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: +44-1223-336033;
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E-mail: deposit@ccdc.cam.ac.uk or www: http://www.
ccdc.cam.ac.uk) upon request, quoting deposition num-
ber CCDC 829003 for [1]NO3·3H2O and and CCDC
975400 for [1]NO3·CH3CO2H·H2O. Figures S1-S9 and
tables S1-S3 are available in the online version at www.
ias.ac.in/chemsci.
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