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Synthesis and structural characterization of a cobalt( II) complex, [Co(2,2-dpa)2(NO3)]NO3 (1) [2,2-dpa = 2,2-dipyridylamine]
has been reported. Single crystal X-ray diffraction study reveals that 1 crystallizes in monoclinic system with P21/n space group.
Investigation on supramolecular investigation reveals that counter anionic nitrate ion plays a crucial role in the construction
of long range 3D crystalline structure. Room temperature magnetic susceptibility measurement predicts the high spin nature
of the cobalt(II) compound. The cobalt(II) complex has been evaluated to mimics the functional sites of phenoxazinone syn-
thase enzyme in acetonitrile medium. The cobalt( II) complex significantly able to promote the oxidative coupling of 2-
aminophenol (2-AP) to 2-aminophenoxazin-3-one under aerobic condition with significant turn over number, kcat = 1.46×104

h–1. ESI-MS of the reaction mixture recommends that the course of catalysis proceeds through substrate-enzyme adduct for-
mation. Finally, detailed quantum chemical calculations have firmly supported the experimental observations.
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Introduction
Development of structural aspects of cobalt compounds

with poly-pyridyl ligands have been a challenging issue in
this modern days of science. Cobalt compounds have a val-
ued contributions in the advancement of photophysical and
photochemical properties which are extremely demanding
in bringing an innovations to different functional materials1–3.
Cobalt is a bio-essential element that has multi-dimensional
effect in this living system. Cobalt is found in cobalamin and
in few other metalloproteins4. Cobalamin is necessity for
building of myelin. Myelin is an insulating layer that available
around nerves and support the production of red blood cell
which is highly indispensable for the metabolism of fats and
carbohydrates, and in the synthesis of proteins4. Cobalt ions
in association with different poly-pyridyl systems have de-
veloped several appealing structural and chemical proper-
ties in biological system, therapeutic agents and drug de-
sign5,6. The oxidative coupling of 2-aminophenol (2-AP) to
2-amino-3H-phenoxazine-3-one (APX) through catalytic ac-
tivation by transition metal complexes has been received

considerable interest since this class of compounds are head-
ing to an important information in bioinorganic chemistry. Ex-
ploration of mechanistic aspects for different bio-relevant
organic transformations  may open a new vista in molecular
science7–9. 2-Amino-3H-phenoxazine-3-one also known as
questiomycin A, is related to the naturally occurring antine-
oplastic agent, actinomycin D. Actinomycin D acts by inhibit-
ing DNA-directed RNA synthesis10 and is used clinically for
the treatment of certain types of cancer11. The metallo-en-
zyme, phenoxazinone synthase catalyzes the oxidative cou-
pling of two molecules of substituted 2-aminophenol to the
phenoxazinone chromophore in the final step of the biosyn-
thesis of actinomycin D12–14. Although literature survey shows
that crystal structure of this cobalt(II) complex was previously
reported by Castillo15 but  we follows different kind of reac-
tion methodology to prepare this cobalt(II) complex. To de-
velop a better active catalytic system we use this cobalt(II)-
dipyridylamine complex as an efficient bio-mimicking model
towards the mimicking of functional site of phenoxazinone
synthase enzyme. The cobalt complex significantly promotes
the oxidative coupling of 2-aminophenol (2-AP) to 2-
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aminophenoxazin-3-one in acetonitrile medium under aero-
bic condition with turnover number, kcat = 1.46×104 h–1. Theo-
retical calculations using density functional theory (DFT) fur-
ther support strongly with the experimental observations.

Results and discussion
Synthesis and spectroscopic characterization:
The CoII complex is prepared by addition of 2,2-

dipyridylamine to Co(NO3)2 in aqueous-methanolic solvent
mixture at room temperature. The compound is air-stable
and moisture-insensitive. The cobalt(II) complex is soluble in
various common solvents like methanol, ethanol, acetoni-
trile and water.

The IR spectrum of 1 exhibits the presence of character-
istic peak at ~1384 cm–1 which is assignable to the exist-
ence of NO3

– anion in 1. The peaks at 1621 and 1599 cm–1

confirm the presence of imine chromophore of dipyridylamine
ligand. Characteristic peaks for the hydrogen atoms of sec-
ondary amine-N are clearly observed at ~3327 cm–1 16. In
order to reveal the spin state conformation, room tempera-
ture magnetic measurement is performed. The effective
magnetic moment value is found as 4.9 BM which suggests
the existence of high spin cobalt(II) centre in solid state. This
is slightly higher compare to spin only value for CoII ions in
high spin state. Probably, 4T1g orbital of CoII ions is degener-
ate that causes a contribution of orbital angular momentum
to that magnetic moment.

UV-Vis spectral measurements for 1 in acetonitrile me-
dium are performed at room temperature to examine the
solution stability of the complex. Optical bands with higher
absorbance at 242, 277, 328 and 431 nm are found. A low
intensity but broad electronic transitions at 431 nm attributes
to ligand field bands for CoII octahedral field17. Mass spec-
tral analysis reveals that CoII complex produces molecular
ion peak at m/z 434.16 (Calcd. 434.12) in methanol as a
stable cationic species [Co(dpa)2(CH3OH)]2+ in solution. This
fact is further consolidated by solution conductivity measure-
ment at room temperature in MeOH medium. Conductivity
measurement for a 10–3 M solution indicates a 1:2 type elec-
trolyte (119 Scm2) for this cobalt complex.

Description of X-ray structure:
X-Ray diffraction analysis reveals that the cobalt(II) com-

plex crystallizes in a monoclinic system with P21/n space
group and exhibits an octahedral geometry. The ORTEP dia-

gram of the cobalt(II) compound is shown in Fig. 1. The crys-
tal structure of the cobalt complex consists of a mononuclear
cationic [Co(2,2-dpa)2(NO3)]+ core with nitrate as counter
anion. Two units of 2,2-dpa ligand coordinates CoII centre
in chelating coordination motifs. Interestingly, nitrate ion plays
a pivotal role in the construction of long range crystalline

Table 1. Crystal data and structure refinement parameters for (1)
Parameters (1)
Empirical formula C20H18N8O6Co
Formula weight 531.39
Temperature (K) 293
Crystal system Monoclinic
Space group P21/n
a (Å) 17.151(3)
b (Å) 7.3044(12)
c (Å) 17.770(3)
Volume (Å3) 2150.8(6)
Z 4
 (g cm–3) 1.622
 (mm–1) 0.856
F (000) 1076
 ranges (º) 3–27.5
Rint 0.368
R (reflections) 22701
wR2 (reflections) 4912
Final R indices 0.1530, 0.2281
Largest peak and hole (eA º–3) 0.49, –0.42

Fig. 1. ORTEP diagram of 1 (30% ellipsoid probability) with atom num-
bering scheme.
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architecture for 1. Between the two nitrate ions, one behaves
as a co-ligand with chelating mode to satisfy the coordina-
tion number of CoII centre in the primary zone of coordina-
tion while the other nitrate ion acts as a counter anion that
helps to neutralize [Co(2,2-dpa)2(NO3)]+ core. This crystal
structure of the cobalt(II) complex was previously published
by Castillo15.

Density functional theory (DFT) of the cobalt(II) complex
is also studied to bring additional support for the experimen-
tal observations. Gas phase geometric optimization of the
cobalt(II) molecular structure (Fig. 2) resembles with the X-
ray structure in a high note. The bond distances and angles

for the optimized molecular structure in gas phase structure
(Table 2) also resembles well with the bond connectivity in
the crystal structure. The computational outcomes on the
molecular structure of CoII complex further unveils that the
hexacoordination environment of the cobalt(II) ion in 1 is sat-
isfied by two dpa ligands and one nitrate ion. Each of the
dpa units and nitrate ions exhibit the chelation mode of coor-
dination towards CoII ion.

Involvement of H-bonded interactions in the construction
of long range 3D crystalline structure is also studied. It is
observed that N-H of 2,2-dpa ligand acts as an acceptor
and nitrate ions behave as donor system. Inspite of the ex-
istence of two nitrate ions, counter anionic nitrate ion plays a
vital role in the construction of 3D crystalline architectures.
The counter anionic nitrate contributes each of the oxygen
atoms towards H atoms of 2,2-dpa ligand to make a stron-
ger intermolecular association (Fig. 2). The values of H···O
interactions range from 2.0 Å to 2.65 Å [C(2)-H(2)···O4, 2.38
Å; C(3)-H(3)···O5, 2.61 Å; N(7)-H(7)···O6; , 2.07 Å   Fig.  3]
lead to a 3D supramolecular architecture in solid state (Fig.
3).

Phenoxazinone synthase activity:
The aminophenol oxidation activity of the cobalt(II) com-

plex is investigated using 2-aminophenol (2-AP) as a stan-
dard substrate in air saturated acetonitrile medium. To per-
form the investigation, a 1×10–3 M solution of 1 is treated

Table 2. Selected bond distances (Å) and angles (º) for 1
(Data within the parenthesis denotes the corresponding theoretical values in vacuum)

Bond distances (Å)
Co1-N1 1.947 (1.982) Co1-N2 1.942 (2.001)
Co1-N4 1.923 (1.940) Co1-N3 1.910 (1.908)
Co1-O1 1.902 (1.882) Co1-O2 1.905 (1.880)

Bond angles (º)
N1-Co1-N2 90.69 (89.88) N3-Co1-O2 169.02 (172.53)
N1-Co1-N3 92.25 (92.53) N4-Co1-O1 86.97 (88.89)
N1-Co1-N4 174.65 (172.48) N4-Co1-O2 86.63 (92.10)
N1-Co1-O1 88.03 (84.89) N3-Co1-N2 90.22 (90.16)
N1-Co1-O2 88.24 (82.14) O1-Co1-O2 70.31 (74.27)
N2-Co1-N4 94.56 (95.46)
N2-Co1-O1 166.22 (168.63)
N2-Co1-O2 95.94 (95.04)
N3-Co1-N4 88.30 (92.72)
N3-Co1-O1 98.75 (99.13)

Fig. 2. Optimized structure of CoII-dpa complex in vacuum.
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with 1×10–2 M of the substrate. The course of the catalytic
oxidation reaction is approached through monitoring the op-
tical spectra of the substrate in presence of catalyst at a time
interval of 15 min for 3 h.

In order to examine the nature of reactivity for the CoII-
dpa complex, theoretical calculations have been performed
on energy of frontiers orbitals. The electronic transitions in-
volving the frontier orbitals, HOMOLUMO/HOMO+1/
2LUMO-1/2 (Fig. 4) afford a better view to make an ac-
count about the electronic activity. The energy gap between
HOMO and LUMO in the cobalt(II)-dpa complex is 2.44 eV
which is treated as a lower energy and supports in favour of
higher reactivity for the complex.

The cobalt(II)-dpa complex displays characteristic spec-
tral bands at 242, 277, 328 and 431 nm in the optical spec-
trum in acetonitrile medium. 2-AP shows a high intensity
single band at 267 nm in the UV-Vis spectrum. A gradual
decrease in absorbance of the optical band at 267 nm18–21

is observed with the progress of time and certainly indicates
the disappearance of 2-AP from the solution. During the
course of catalysis, an initial new broad band with increasing
intensity is concomitantly formed in the region 385–410 nm
centred at 398 nm21,22  (Fig. 5). An additional new optical
band is also found in the spectral region 690–710 nm20–22

which presents an indication about the formation of cobalt
ion-2-AP adduct in the solution. The phenomenon with the

Fig. 3. Nitrate ion mediated 3D crystalline architechture through in-
termolecular H-bonding interactions.

Fig. 4. Graphical plots of the frontier molecular orbitals of Co-dpa
complex in IEFPCM/MeCN solvent model with corresponding
transition energy values.

Fig. 5. Increase of optical band at 398 nm upon addition of 10 equiva-
lents of 1 (10–3 M) to 100 equivalent of 2-AP in MeCN [The
spectra were recorded after every 15 min]. Inset: Time vs ab-
sorbance plot.

appearance of an optical band at ~398 nm accounts for the
catalytic conversion of 2-AP to phenoxazinone species in
acetonitrile solution. Blank experiment in acetonitrile in ab-
sence of cobalt(II)-dpa complex under similar experimental
condition didn’t produced any phenoxazinone species and
signify the presence of cobalt(II)-dpa complex in this cata-
lytic oxidation reaction. The phenoxazinone compound is
purified and extracted by column chromatography. The iso-
lated product is found in high yield (84.1% for 1). The prod-
uct was identified by 1H NMR spectroscopy. 1H NMR (CDCl3,
500 MHz) H: 7.66 (m, 1H), 7.42 (m, 3H), 6.49 (s, 1H), 6.36
(s, 1H).
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Kinetic studies for the catalytic oxidation of 2-AP are stud-
ied to comprehend the extent of catalytic efficiency. The ki-
netics of catalytic oxidation of 2-AP are determined following
the method of initial rates. The catalytic oxidation reactions
are monitored with the growth of phenoxazinone species at
398 nm as a function of time22,23 (Fig. 6). The values of ki-
netics parameters are determined by analyzing the plot of
the rate constants versus concentration of 2-AP plot based
on the Michaelis-Menten approach of enzymatic kinetics (Fig.
6).  The values of kinetics parameters are Vmax, 4.06×10–5,
Sd. error 6.86×10–6; KM, 6.49×10–3, Sd. error 2.24×10–4 and
kcat, 1.46×104 h–1.

To assess the mechanistic routes for this catalytic oxida-
tion by cobalt(II) complex towards 2-AP, in situ mass spectral
analysis of 2-AP  in presence of 1 in acetonitrile medium is
performed. ESI-MS spectral analysis for that reaction mix-

Fig. 6. Plot of rate versus [substrate] in presence of 1 in MeCN.

ture (Fig. 7) in acetonitrile medium exhibits mainly the char-
acteristics peaks at m/z 216.09 and 510.63 with isotope distri-

Fig. 7. ESI-Mass spectrum of the reaction mixture of 1 with 2-AP in MeCN.
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bution patterns which consolidates the presence of [(2-amino-
3H-phenoxazine-3-ones) + H+] and [[Co(2-amino-
phenol)(dpa)2] + H+] species respectively. Further, the char-
acteristic peak at m/z 510.63 confirms the existence of sub-
strate-catalyst adduct in solution in the form of coordinated
iminobenzosemiquinonato to cobalt ion in the course of ca-
talysis. From the in situ mass spectrum, it can be recom-
mended that the course of catalysis is occurred through sub-
strate-catalyst adduct formation (Scheme 1).

Scheme 1. Proposed mechanistic pathways for aminophenol oxi-
dation by cobalt(II) complex.

Conclusion
A mononuclear cobalt(II) complex with dipyridylamine

ligand has been synthesized and isolated in good yield. The
cobalt(II) compound contains two nitrate ions with different
coordination motifs – first one is for the saturation of the co-
ordination number and the second one is for charge balance.
Strong intermolecular H-bonding interactions between
counter anionic nitrate and dpa ligand play a pivotal role in
the construction of long range 3D crystalline structure. Com-
putation modelling strongly supports the structural aspects
of X-ray structure and accounts for its high reactivity in solu-
tion. The cobalt(II) complex has been evaluated to mimics
phenoxazinone synthase enzyme and significantly promotes
the catalytic oxidation of 2-aminophenol (2-AP) to 2-
aminophenoxazin-3-one in acetonitrile medium under aero-
bic condition with turnover number, kcat = 1.46×104 h–1. The
cobalt(II) based catalytic oxidation follows a saturation kinet-

ics and proceeds through catalyst-substrate intermediate with
high catalytic efficacy.

Experimental
Chemicals, solvents and starting materials:
High purity 2,2-dipyridylamine (Lancaster, UK), cobalt(II)

nitrate hexahydrate (E. Merck, India), 2-aminophenol (Aldrich,
UK), were purchased and used as received. All the other
reagents and solvents were of analytical grade (AR grade)
purchased from commercial sources and were used as re-
ceived.

Synthesis of [Co(2,2-dpa)2(NO3)]NO3 (1):
A 50-50 v/v MeOH-H2O solution (10 mL) of 2,2-

dipyridylamine (0.1710 g, 1 mmol) was added drop wise to a
solution of Co(NO3)2.6H2O (0.2880 g, 1 mmol) in the same
solvent (10 mL) and mixed slowly on a magnetic stirrer with
slow stirring for 10 min. Then the solution was refluxed for
another 30 min. Lastly, the pink coloured solution was fil-
tered and the supernatant liquid was kept in air for slow evapo-
ration. After a few days, the fine microcrystalline compound
that separated out was washed with toluene and dried in
vacuo over silica gel indicator.

Yield: 0.1910 g (66.3% based on metal salt). Anal. (%):
Calcd. for C20H18N8O6Co (1): C, 45.73; H, 3.45; N, 21.33.
Found: C, 45.80; H, 3.39; N, 21.40; IR (KBr pellet, cm–1):
3338, 1626, 1598, 1384; UV-Vis (, nm, 10–4 M): 242, 277,
328, 431.

Physical measurements:
Infrared spectrum was recorded with a FTIR-8400S

Shimadzu spectrophotometer using KBr pellet in the range
400–3600 cm–1. Ground state absorption was measured with
a JASCO V-730 UV-Vis spectrophotometer. Elemental analy-
ses were performed on a Perkin-Elmer 2400 CHN
microanalyser. Electrospray ionization (ESI) mass spectrum
was recorded using a Q-tof-micro quadruple mass spectrom-
eter. Solution conductivity was recorded using a Systronic
conductivity meter. A Gouy balance was used to determine
room temperature magnetic susceptibility of the powdered
sample. Diamagnetic corrections were made from the
Pascal’s constants.

Single crystal X-ray diffraction study:
Single crystal X-ray diffraction data of the cobalt complex

were collected using a Rigaku XtaLABmini diffractometer
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equipped with mercury CCD detector. The data were col-
lected with graphite monochromated Mo-K radiation (=
0.71073 Å) at 293(2) K using  scans. The data were re-
duced using Crystal Clear suite 2.024 and the space group
determination was done using Olex225. The structure was
resolved by direct method and refined by full-matrix least-
squares procedures using the SHELXL-2014/726 software
package using Olex2 suite. Tables 1 and 2 lists all the crys-
tallographic and bond angles, bond distance parameters re-
lated to the crystal structure reported herein.

Catalytic oxidation of 2-aminophenol:
In order to examine phenoxazinone synthase activity,

1×10–4 M solution of 1 in acetonitrile medium is treated with
10 equivalent of 2-aminophenol (2-AP) under aerobic condi-
tions at room temperature. Absorbance vs wavelength (wave-
length scans) of these solutions are recorded at a regular
time interval of 15 min for aminophenol oxidation in the wave-
length range 300–800 nm18–21.

Kinetic experiments were performed spectrophotometri-
cally with complex 1 and 2-AP in acetonitrile at 25ºC for
aminophenol oxidation activity 0.04 mL of the complex solu-
tion, with a constant concentration of 1×10–4 M, was added
to 2 mL of 2-AP of a particular concentration (varying its con-
centration from 1×10–3 M to 1×10–2 M) to achieve the ulti-
mate concentration of the complex as 1×10–4 M. The con-
version of 2-aminophenol to 2-aminophenoxazine-3-one was
monitored with time at a wavelength 398 nm (time scan) in
MeCN22,23.

Computational details:
To provide strong support to the experimental findings,

extensive quantum mechanical calculations have been per-
formed using Gaussian 09 program suite27. GaussView
5.0.827 has been widely used for visualisation and image
extraction purpose. The ground-state and excited state cal-
culations have been operated with density functional theory
(DFT) and time dependent density functional theory (TD-DFT)
respectively in conjugation with B3LYP theoretical model and
6-311G basis set28. This B3LYP is an well established theo-
retical model for quantum chemical calculations29–33 in
vacuum and as well as in various solvents. Initially, the CoII

complex have been optimized in vacuum. Thereafter, to be
consistent with the experimental observations, the CoII com-
plex has been optimized in methanol (= 32.613) following
Integral Equation Formalism Polarisable continuum Model

(IEFPCM)34–37. To confirm the optimized structure to be true
minima, the stability of the optimized structure has been veri-
fied through IR frequency and stability calculations. The bond
length and bond angle parameters of the optimized struc-
ture in vacuum resemble very well with the single crystal
XRD structure of the CoII complex.
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