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is of two cobalt(III) Schiff base
complexes with chelating pyridyltetrazolate and
exploration of their bio-relevant catalytic
activities†

Kousik Ghosh,a Abhisek Banerjee,a Antonio Bauzá, b Antonio Frontera *b

and Shouvik Chattopadhyay *a

Two new cobalt(III) tetrazolato complexes [Co(L1)(PTZ)(N3)] (1) and [Co(L2)(PTZ)(N3)] (2) {where H2L
1 ¼ 2((3-

(methylamino)propylimino)methyl)-6-methoxyphenol, H2L
2 ¼ 2((3-(dimethylamino)propylimino)methyl)-

6-ethoxyphenol and HPTZ ¼ 5-(2-pyridyl)tetrazole}, have been synthesized via in situ 1,3-dipolar

cycloaddition reaction of 2-cyanopyridine and sodium azide in the presence of cobalt(II) nitrate

hexahydrate and respective Schiff bases in the open atmosphere. The structures of both complexes have

been confirmed by single crystal X-ray diffraction studies. Features of noncovalent interactions in the

solid state of both complexes have been studied by means of DFT and MEP calculations and

characterized using Bader's theory of “atoms in molecules” (AIM). These complexes act as biomimetic

catalysts promoting the aerobic oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) to the corresponding

o-benzoquinone at room temperature. The reaction follows Michaelis–Menten enzymatic reaction

kinetics with turnover numbers of �0.030 s�1 in an acetonitrile–methanol (2 : 1) mixture. Both

complexes are also reactive towards aerobic oxidation of o-aminophenol in acetonitrile–methanol (2 : 1)

with turnover numbers �0.095 s�1.
Introduction

Transition metals are known to play various signicant roles in
living systems.1 They are present in many metalloenzymes and
metalloproteins and the roles of these enzymes and proteins are
primarily dependant on these metal ions.2 If the metal ions are
removed from these enzymes, the corresponding apo-enzymes
are found to lose their catalytic activity, either partially or
completely.3 The group of enzymes that is capable of processing
molecular oxygen under ambient conditions has attracted the
attention of synthetic inorganic chemists and they designed
many catalysts acting as mimics of various oxidase enzymes.4

Mimics of these oxidase metalloenzymes are of particular
interest for the development of bio-inspired catalysts for
oxidation reactions.5 For example, atmospheric dioxygen is
used by catechol oxidase, a type-3 di-copper enzyme, for the
oxidation of catechols to ortho-quinones.6 A variety of di-
n, Jadavpur University, Kolkata, 700032,
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(ESI) available: CCDC 1548132 and
crystallographic data for 1 and 2
data in CIF or other electronic format

7

copper(II), di-nickel(II) and manganese(II/III) containing func-
tional models of these metalloenzymes have been shown to
mediate such catechol oxidation.7 Phenoxazinone synthase,
another multicopper oxidase enzyme, is known to catalyze the
oxidative condensation of two molecules of a substituted o-
aminophenol to the phenoxazinone chromophore.8 Many
transitionmetal complexes of Schiff bases have been showing to
have the ability to mimic these two enzyme.9 Focusing to
cobalt(III) Schiff base complexes, extensive attention into their
metallo-organic and coordination chemistry arises from their
synthetic accessibility, fascinating structural features and
diverse range of applications in photochemistry,10 electro-
chromism,11 and catalysis.12 They also have signicant biolog-
ical applications.13 Cobalt(III) Schiff base complexes have been
used as precursor for the synthesis of Co3O4 nanoparticles via
thermal decomposition method.14

The chemistry of tetrazoles and their complexes, on the other
hand, has received great attention now-a-days15 for their wide
range of applications in coordination chemistry,16 medicinal
chemistry17 and material science.18 Although several synthetic
methods have been reported so far, synthesis by 1,3-dipolar
cycloaddition of cyanopyridine/cyanopyrazines and metal
coordinated azide is probably the best method.19 However,
although few metal tetrazolate complexes containing Schiff
bases as blocking ligands exist in literature,20 best to our
This journal is © The Royal Society of Chemistry 2018
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knowledge there is no report for the synthesis of any cobalt(III)
tetrazolate complexes with Schiff base coligands. Keeping this
in mind, we plan to synthesize and characterize few cobalt(III)
tetrazolato complexes with Schiff base co-ligands. Supramolec-
ular extended networks generated through weak non-covalent
forces (hydrogen bonding and C–H/p interaction) have also
been examined in detail using several theoretical models at the
DFT-D3 level, estimating the contribution of each interaction to
the formation of the assembly. Finally, catechol oxidase and
phenoxazinone synthase like activities of both cobalt(III) tetra-
zolato complexes have been explored.
Experimental section
Materials

All starting materials were commercially available, reagent
grade, and used as purchased from Sigma-Aldrich without
further purication. The reactions and all manipulations of the
samples were carried out under aerobic conditions.

Caution!!! Metal complexes containing azides and organic
ligands are potentially explosive. Only a small amount of the
material should be prepared and they should be handled with
care. The experimental work is safe with the proper precautions.
Table 1 Crystal data and refinement details of complexes 1 and 2

1 2

Formula C18H21CoN10O2 C20H25CoN10O2

Formula weight 468.38 496.43
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a (Å) 7.9648 (3) 16.1282 (4)
b (Å) 7.9932 (3) 7.7871 (2)
c (Å) 31.0201 (11) 18.6891 (5)
b (�) 96.409 (2) 104.133 (1)
d(calc.) [g cm�3] 1.585 1.449
m [mm�1] 0.915 0.794
F(000) 968 1032
Total reections 25 838 31 148
Unique reections 3491 3995
Observed data [I > 2s(I)] 3158 3493
No. of parameters 280 298
R (int) 0.04 0.031
R1, wR2 (all data) 0.0607, 0.1219 0.0325, 0.0745
R1, wR2 [I > 2 s(I)] 0.0547, 0.1194 0.0271, 0.0714
Residual electron density (e Å�3) 0.683, �0.919 0.199, �0.227
Preparations

Preparation of [Co(L1)(PTZ)(N3)] (1). A methanol solution of
(20mL)N-methyl-1,3-diaminopropane (0.11mL, 1mmol) and 3-
methoxysalicylaldehyde (152 mg, 1 mmol) was reuxed for ca.
1 h to form a Schiff base, HL1. A methanol solution (5 mL) of 2-
cyanopyridine (1 mmol, 105 mg) was then added to it, followed
by the addition of a methanol solution (5 mL) of cobalt(II)
nitrate hexahydrate (1 mmol, 291 mg) with constant stirring. A
solution of sodium azide (1 mmol, 65 mg) in methanol-water
was added to it and the stirring was continued for additional
2 h. A dark brown crystalline material was started to separate
out on standing the resulting solution at room temperature. It
was collected by ltration and dissolved in acetonitrile. Dark
brown single crystals, suitable for X-ray diffraction started to
separate aer ca. 7 days.

Yield: 347 mg (�74%); based on cobalt(III). Anal. calc. for
C18H21CoN10O2 (FW ¼ 468.38): C, 46.12; H, 4.48; N, 29.89%.
Found: C, 46.2; H, 4.4; N, 29.9%. FT-IR (KBr, cm�1): 3182 (yN–H),
2990–2890 (yC–H), 2022 (yN3), 1632 (yC]N), 1472 (ytetrazolate), 1446
(ytetrazolate). UV-Vis, lmax (nm), [3max (dm3 mol�1 cm�1)]
(CH3CN), 670 (1.12 � 102), 345 (6.16 � 103), 240 (3.95 � 104).
Magnetic moment: 0.095 BM (diamagnetic).

Preparation of [Co(L2)(PTZ)(N3)] (2). Complex 2was prepared
using a similar method as that used for complex 1 except that
HL2 was used instead of HL1. HL2 was synthesized by reuxing
a methanol solution of N,N-dimethyl-1,3-diaminopropane
(0.125 mL, 1 mmol) and 3-ethoxysalicylaldehyde (166 mg, 1
mmol) for ca. 1 h. X-ray quality dark brown single crystals
started to grow from acetonitrile solution aer ca. 7 days.

Yield: 360 mg (�72%); based on cobalt(III). Anal. calc. for
C20H25CoN10O2 (FW ¼ 496.43): C, 48.35; H, 5.04; N, 28.20%.
Found: C, 48.4; H, 5.0; N, 28.3%. FT-IR (KBr, cm�1): 3000–2928
This journal is © The Royal Society of Chemistry 2018
(yC–H), 2015 (yN3), 1616 (yC]N), 1468 (ytetrazolate), 1442 (ytetrazolate).
UV-Vis, lmax (nm), [3max (dm

3 mol�1 cm�1)] (CH3CN), 710 (3.02
� 102), 352 (9.85 � 103), 240 (5.20 � 104). Magnetic moment:
0.098 BM (diamagnetic).

Crystallographic data collection and renement

‘Bruker SMART APEX II’ diffractometer equipped with graphite-
monochromated Mo Ka radiation (l ¼ 0.71073 Å) was used for
data collection from suitable single crystals of both complexes.
Direct methods were used to solve the molecular structures and
full-matrix least squares on F2 were used to rene the structures
using SHELX-2014 package.21 Non-hydrogen atoms were rened
with anisotropic thermal parameters. The hydrogen atoms were
placed in their geometrically idealized positions and con-
strained to ride on their parent atoms. Multi-scan empirical
absorption corrections were applied to the data using the
program SADABS.22 Details of the crystallographic data and
renement details of both complexes are given in Table 1.

Details of instrumentation

Elemental analyses (carbon, hydrogen and nitrogen) were per-
formed using a Perkin Elmer 240C elemental analyzer. IR
spectra in KBr (4500–500 cm�1) were recorded with a Perkin
Elmer Spectrum Two spectrophotometer. Electronic spectra in
acetonitrile–methanol (2 : 1) mixture were recorded on a SHI-
MADZU UV-1700(E) Pharma Spec UV-Vis spectrophotometer.
Steady-state photoluminescence spectra in acetonitrile–meth-
anol (2 : 1) mixture were obtained with a Shimadzu RF-5301PC
spectrouorometer at room temperature. Time-dependent
photoluminescence spectra were recorded using a Hama-
matsu MCP photomultiplier (R3809) and were analyzed using
IBHDAS6 soware. The cyclic voltammetry experiments were
performed in DMF solution containing tetrabutylammonium
perchlorate (TBAP) as supporting electrolyte using glassy
carbon, Ag/Ag+ (nonaqueous) and platinum wire as working,
RSC Adv., 2018, 8, 28216–28237 | 28217
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Scheme 1 In situ formation of tetrazolate via 1,3-dipolar cycloaddition reaction.
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View Article Online
reference and auxiliary electrodes respectively at ambient
temperature (300 K) with no trace of decomposition as reected
in the smooth curve, in the potential range from �2 to +2 V and
were uncorrected for junction contribution. The magnetic
susceptibility measurements were done with an EG & PAR
vibrating sample magnetometer, model 155 at room tempera-
ture and diamagnetic corrections were made using Pascal's
constants. X-ray diffraction of the powder samples were per-
formed on a Bruker D8 instrument with Cu Ka radiation (l ¼
1.54184 Å). Electrospray ionization mass spectra were recorded
using Waters QTOF Micro YA263 mass analyzer. Electron
paramagnetic resonance (EPR) spectra were recorded in stan-
dard quartz EPR tubes using JEOL JES-FA200 X-band
spectrometer.
Hirshfeld Surface analysis

Hirshfeld surfaces23 and the ngerprint24 (2D) plots were
calculated using Crystal Explorer.25 The details could be found
in many previous papers.26,27
Theoretical methods

The calculations of the noncovalent interactions were carried
out using the TURBOMOLE version 7.0 (ref. 28) using the BP86-
D3/def2-TZVP level of theory. To evaluate the interactions in the
solid state, the crystallographic coordinates were used. This
procedure and level of theory was successfully used to evaluate
Scheme 2 Synthetic route to complexes 1 and 2.

28218 | RSC Adv., 2018, 8, 28216–28237
similar interactions.29 The interaction energies were computed
by calculating the difference between the energies of isolated
monomers and their assembly. The interaction energies were
corrected for the Basis Set Superposition Error (BSSE) using the
counterpoise method.30 The molecular electrostatic potential
surfaces were computed using the SPARTAN soware.31 The
Bader's “atoms-in-molecules” analysis was performed at the
same level of theory, using the AIMAll program.32
Kinetics of the catalytic oxidations of 3,5-DTBC and o-
aminophenol

With the aim of study the catechol oxidase and phenoxazinone
synthase mimicking activity of cobalt(III) tetrazolato complexes,
10�4 M solution of each complex in acetonitrile–methanol
(2 : 1) mixture was treated with at least ten equivalents of
substrate solution separately (3,5-DTBC for catechol oxidase
mimicking activity and o-aminophenol for phenoxazinone
synthase mimicking activity) under aerobic conditions at room
temperature. All catalytic reactions were monitored spectro-
photometrically for �2 h in the wavelength range 300–500 nm.
In the catalytic oxidations of 3,5-DTBC and o-aminophenol the
increase in the absorbance as a function of time around 401 and
433 nm respectively, conrms the formation of corresponding
chromophores. In addition, to check the rate dependency on
catalyst concentration, similar sets of experiments were per-
formed at a xed concentration of substrate with variable
This journal is © The Royal Society of Chemistry 2018
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Table 2 Selected bond lengths (Å) of complexes 1 and 2

1 2

Co(1)–O(1) 1.871(2) 1.8651(14)
Co(1)–N(1) 2.002(3) 2.0720(15)
Co(1)–N(1Z) 1.952(3) 1.9521(16)
Co(1)–N(2) 1.911(3) 1.9076(17)
Co(1)–N(3) 1.955(3) 1.9419(15)
Co(1)–N(7) 1.981(3) 1.9911(15)

Fig. 1 ORTEP presentation of complex 1 (ellipsoids are drawn at the
40% probability level) with selected atom-numbering scheme.
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amounts of catalyst concentrations. Rate of the reactions was
derived from the initial rate method, and the average initial rate
over three independent measurements was recorded.
Results and discussion
Synthesis

In current investigation, two Schiff base ligands HL1 and HL2

were used as blocking ligands to prepare two mononuclear
cobalt(III) tetrazolato complexes. HL1 was synthesized by the
1 : 1 condensation of N-methyl-1,3-diaminopropane with the 3-
methoxysalicylaldehyde whereas, HL2 was synthesized by
similar 1 : 1 condensation of N,N-dimethyl-1,3-propanediamine
with 3-ethoxysalicylaldehyde in methanol following the litera-
ture method.33 The ligands were not isolated and the yellow
coloured methanol solutions were used directly for the
synthesis of cobalt(III) complexes. On the other hand, the
Fig. 2 ORTEP presentation of complex 2 (ellipsoids are drawn at the
40% probability level) with selected atom-numbering scheme.

This journal is © The Royal Society of Chemistry 2018
tetrazolate was prepared in situ by 1,3-dipolar cycloaddition of 2-
cyanopyridine and azide (Scheme 1).34

The complexes were prepared in situ by the reaction of
cobalt(II) nitrate hexahydrate, 2-cyanopyridine and sodium
azide with the corresponding Schiff base ligands (HL1 for 1 and
HL2 for 2) under stirring condition using methanol as solvent.
Cobalt(II) is readily oxidised to cobalt(III) by aerial oxygen in
presence of strong eld Schiff base ligands, as was also observed
in similar complexes.35 Cobalt(II) is quite stable in aqueous (or
methanol) medium and remains as high spin Co(L)6

2+ (L ¼
H2O, CH3OH), which assumes a pale pink colour. The electronic
conguration of this species is t52ge

2
g. On adding a strong eld

ligand, the spin state changes to LS with concomitant change in
the electronic conguration to t62ge

1
g. If the strong eld ligand

produces sufficient strong eld, 10 Dq becomes very high. This
leads to severe destabilization of the eg electron, which, in turn,
is responsible for the easy removal of this electron, leading to
the oxidation of cobalt(II) to cobalt(III).

We have repeated the reaction under N2 atmosphere, but no
complex could be isolated. The formation of both complexes is
shown in Scheme 2.
Description of crystal structures

[Co(L1)(PTZ)(N3)] (1) and [Co(L2)(PTZ)(N3)] (2). Both
complexes crystallize in the monoclinic space group P21/c. The
structures consist of discrete mononuclear units in each of
which cobalt(III) exhibits similar coordination environment.
The perspective views of complexes 1 and 2 together with
Table 3 Selected bond angles (�) of complexes 1 and 2

1 2

O(1)–Co(1)–N(1) 86.56(12) 90.60(6)
O(1)–Co(1)–N(1Z) 93.19(12) 89.33(6)
O(1)–Co(1)–N(2) 92.00(12) 91.15(6)
O(1)–Co(1)–N(3) 168.01(12) 168.59(6)
O(1)–Co(1)–N(7) 87.57(12) 87.67(6)
N(1)–Co(1)–N(1Z) 173.85(14) 179.27(7)
N(1)–Co(1)–N(2) 85.18(14) 88.19(7)
N(1)–Co(1)–N(3) 93.94(13) 92.72(6)
N(1)–Co(1)–N(7) 97.44(13) 96.19(6)
N(1Z)–Co(1)–N(2) 88.69(13) 91.08(7)
N(1Z)–Co(1)–N(3) 87.58(13) 87.48(6)
N(1Z)–Co(1)–N(7) 88.69(13) 84.53(6)
N(2)–Co(1)–N(3) 99.98(13) 99.85(7)
N(2)–Co(1)–N(7) 177.31(14) 175.47(7)
N(3)–Co(1)–N(7) 80.48(13) 81.12(6)

RSC Adv., 2018, 8, 28216–28237 | 28219
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Fig. 3 MEP surfaces of complexes 1 (a) and 2 (b) with indication of the energetic values in selected point of the surface (isosurface at 0.002 a.u.).
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selected atom-numbering schemes are shown in Fig. 1 and 2
respectively. In each complex, cobalt(III) is in a distorted octa-
hedral environment being coordinated by the phenoxo oxygen
atom, O(1), the amine nitrogen atom, N(1), and the imine
nitrogen atom, N(2), from the deprotonated Schiff base ligand
{(L1)� for complex 1 and (L2)� for complex 2} and two additional
nitrogen atoms, N(3) and N(7), from 2-pyridyltetrazolate, (PTZ)�

in the equatorial plane and by the amine nitrogen atom, N(1) of
the tridentate Schiff base and another nitrogen atom, N(1Z) of
Fig. 4 (a) Crystal packing of 1 (hydrogen atoms omitted); (b and c) theore
Å); (d) distribution of bond and ring (red and yellow spheres) critical poin

28220 | RSC Adv., 2018, 8, 28216–28237
a terminal azide in the axial positions. It is to be noticed here
that in each case, the Schiff base is occupying one facial posi-
tion. Thus the important point may be the bending of the Schiff
base. In the equatorial plane, pyridyltetrazolate and Schiff base
moieties are not co-planar, but they form dihedral angles of
32.650 (in 1) and 43.190 (in 2). Azide moieties are differently
oriented in the coordination sphere of the two complexes that
lead to different packing patterns in their solid state structures.
The bond lengths and bond angles of the complexes (given in
tical models used to evaluate the noncovalent interactions (distances in
ts in one dimer of complex 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Crystal packing of 2 (hydrogen atoms omitted); (b and c) theoretical models used to evaluate the noncovalent interactions (distances in
Å); (d and e) distribution (partial views) of bond, ring and cage (red, yellow and green spheres) critical points in two dimers of complex 2.

Fig. 6 Hirshfeld surfaces mapped with dnorm (left-side), shape index (middle) and curvedness (right-side).

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 28216–28237 | 28221

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

25
 3

:0
6:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03035a


Fig. 7 Fingerprint plots of 1 (left-side) and 2 (right-side): full and resolved into H/H, C/H/H/C, N/H/H/N contacts showing the percentages
of contacts contributed to the total Hirshfeld surface area of both complexes. Surfaces in the right hand columns highlight the relevant surface
patches associated with the specific contacts in the total Hirshfeld surface area of complexes 1 and 2.

Table 4 The details data of the photoluminescence and time-
resolved photoluminescence decays of complexes 1 and 2

Complexes
Absorption
(nm)

Emission
(nm)

Time
(ns) c2

1 240 350 7.24 1.042081
2 240 380 7.91 1.067222
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Tables 2 and 3, respectively) are comparable with previously
reported octahedral cobalt(III) Schiff base complexes.20c,34 The
distortion of the octahedral geometry can be easily observed
28222 | RSC Adv., 2018, 8, 28216–28237
from the bond angles, which deviate from the ideal values of 90�

(for the cis angles) or 180� (for the trans angles). The Co(III)–
Nimine distances are shorter than the Co(III)–Namine ones, due to
the different hybridization of nitrogen atoms. This is a common
phenomenon observed in many other cobalt(III) Schiff base
complexes.36 The saturated six member chelate rings, Co(1)–
N(1)–C(2)–C(3)–C(4)–N(2) (for complex 1) and Co(1)–N(1)–C(3)–
C(4)–C(5)–N(2) (for complex 2) are present in chair conforma-
tions with puckering parameters37a q¼ 0.674(3) Å, q¼ 13.3(3), f
¼ 352.2(15)� (for complex 1) and q¼ 0.6724(18) Å, q¼ 12.55(17),
f ¼ 4.8(8)� (for complex 2).
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Cyclic voltammogram of complex 1 in DMF medium. Inset
shows the voltammogram in between �2 to 0 V.
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Theoretical study of noncovalent interactions

We have focused our attention to the study of relevant hydrogen
bonding and C–H/p interactions observed in the solid state
architecture of both complexes. At rst, the MEP surfaces of
both complexes were computed to investigate the most positive
and negative regions in order to rationalize the interactions
observed in their crystal packing. The MEP surfaces are given in
Fig. 3 and it can be observed that the most negative region is
located at the nitrogen atoms of the tetrazole ring in both
complexes (�60 kcal mol�1) and the most positive one at the
NH group in complex 1 (+50 kcal mol�1) and at the hydrogen
atoms of the coordinated N(CH3)2 group in 2 (+29 kcal mol�1).
The nitrogen atoms of the azide are also present in strongly
negative MEP values. Therefore interactions involving the NH/
N(CH3)2 groups as hydrogen bond donors and tetrazole/azide as
acceptors are electrostatically favored.

A fragment of the crystal packing of complex 1 is shown in
Fig. 4a, where the formation of 2D layer is highlighted. In one
direction the chain is governed by hydrogen bonding interac-
tions (Fig. 4c) and in the perpendicular direction the molecules
interact by means of C–H/p interactions (Fig. 4b). The inter-
action energies of both assemblies were evaluated using the
models shown in Fig. 4c. It can be easily observed that the
hydrogen bonding dimer is energetically more favorable (DE2 ¼
�14.1 kcal mol�1) than the dimer (DE1 ¼ �4.7 kcal mol�1)
governed by CH/p interactions. In the latter, two different p-
systems are involved, the conventional aromatic ring (at 2.82 Å
to the ring centroid) and the p-system of the azide, since the
Table 5 Cyclic voltammetry data (V) for both complexes in DMF mediu

Complexes EIII/II EII/III DEIII4II

E1
III

1 �0.70 �0.38 0.32 �
2 �0.62 �0.30 0.32 �

This journal is © The Royal Society of Chemistry 2018
directionality of the interaction (hydrogen bond) indicates that
the hydrogen atom is pointing to the p instead of the s-elec-
trons of the pseudohalide. The hydrogen bonded dimer pres-
ents stronger interaction energy in agreement to the MEP
surface, since the interaction of N–H and tetrazole is very
favored electrostatically. The C–H/p interaction described in
Fig. 4c (2.91 Å to one C atom of the ring) is similar to that
previously highlighted by N. Nishio in the crystal structure of
levopimaric acid (2.94 Å to one carbon atom)37b and also in
phenyl-substituted tetrahydroisoquinoline derivatives (2.86
Å).37c Similar C–H/p interactions have also been commonly
described in supramolecular assemblies of several complexes,
reported in previous journals.37d,e The Bader's theory of atoms-
in-molecules was used to further conrm the existence of the
CH/p interactions. The existence of a bond critical point (CP)
and bond path connecting two atoms is an unambiguous
evidence of interaction. The distributions of critical points and
bond paths for the dimer of complex 1 are shown in Fig. 4d. It
can be observed that the conventional C–H/p(phe) interaction
is characterized by the presence of two bond CPs (red spheres)
and bond paths connecting two hydrogen atoms to the phenyl
ring. Moreover, the unconventional C–H/p(azide) interaction
is characterized by the presence of a bond CP and bond path
connecting the hydrogen atom to a nitrogen atom of the ligand,
thus conrming the existence of the interaction.

A fragment of the crystal packing of complex 2 is shown in
Fig. 5a, where the formation of 2D layers is highlighted.
Complex 2 forms self-assembled dimers governed by hydrogen
bonding and p–p stacking interactions (see black and red
dashed lines, respectively, Fig. 5b). This self-assembled dimer
interacts with the adjacent one by means of C–H/p interac-
tions (see Fig. 5d) involving the p-systems of phenyl and azide
moieties, as previously observed in complex 1. The interaction
energies of both assemblies were evaluated using the models
shown in Fig. 5b and d. It can be observed that the self-
assembled hydrogen bonding dimer is energetically very favor-
able (DE3 ¼ �17.5 kcal mol�1) due to the formation of several
hydrogen bonds. The interaction energy of the other dimer
governed by C–H/p interactions is more modest (DE4 ¼
�7.7 kcal mol�1). In complex 2 the conventional aromatic ring
involved in the C–H/p(phe) interaction belongs to the PTZ
ligand instead to the Schiff-base ligand. In addition, two H-
atoms of the N(CH3)2 group interact with p-system of the
azide (2.8 Å). The distributions of critical points and bond paths
for the dimers of 2 are shown in Fig. 5c and e. In the self-
assembled dimer, it can be observed that each hydrogen
bonding interaction is characterized by the presence of one
bond CPs (red spheres) and bond path that connects the
hydrogen atom to the nitrogen atom of the tetrazole ring
m (scan rate 25 mV s�1)

/2

4II EII/I EI/II DEII4I E1/2 II4I

0.54 �1.80 �1.84 0.04 �1.82
0.46 �1.81 �1.44 0.37 �1.63

RSC Adv., 2018, 8, 28216–28237 | 28223
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Fig. 10 Time resolved UV-Vis spectral profiles indicating the incre-
ment of o-aminophenoxazine-3-one peak at �433 nm upon addition
of 10�2 M o-aminophenol to the 10�4 M of complex 1 in acetonitrile–
methanol (2 : 1) mixture at room temperature.

Fig. 9 Time resolved UV-Vis spectral profiles indicating the increment
of 3,5-DTBQ peak at �400 nm upon addition of 10�2 M 3,5-DTBC to
the 10�4 M of complex 1 in acetonitrile–methanol (2 : 1) mixture at
room temperature.
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(Fig. 5c). The interaction is further characterized by the pres-
ence of a ring CP (yellow sphere) due to the formation of
a supramolecular ring. Moreover, the p/p interaction is
characterized by the presence of a bond CP and bond path
interconnecting two nitrogen atoms of the tetrazole rings, thus
conrming the existence of the interaction. Finally, in Fig. 5e it
is shown the distribution of CPs for the C–H/p assembly. It
can be observed that the conventional C–H/p(phe) interaction
is characterized by the presence of two bond CPs (red spheres)
and bond paths connecting two hydrogen atoms of the methyl
groups to the phenyl ring and tetrazole rings. Moreover, the
unconventional C–H/p(azide) interaction is characterized by
the presence of two bond CPs and bond paths connecting two
hydrogen atoms of the N(CH3)2 group to two N-atoms of the
pseudohalide.

Hirshfeld surface analysis

The Hirshfeld surfaces of the two complexes, mapped over
dnorm (range of �0.1 to 1.5 Å), shape index and curvedness, are
illustrated in Fig. 6. The dominant interaction between N/H/
H/N atoms can be seen in the Hirshfeld surfaces as red spots
on the dnorm surface in Fig. 6. Other visible spots in the
Hirshfeld surfaces correspond to mainly C/H/H/C and H/H
contacts. Additionally, the 2D ngerprint plots (Fig. 7) illustrate
the difference between the intermolecular interaction patterns
and the relative contributions (in percentage) for the major
intermolecular interactions associated with the complex. In the
2D ngerprint plot (Fig. 7) intermolecular interactions appear
as distinct spikes. The ngerprint plots can also be decomposed
to emphasize selected atoms pair close contacts. This decom-
position enables separation of contributions from different
interaction types, which overlap in the full ngerprint. Relative
contributions to the Hirshfeld surface area for the various
intermolecular contacts of both complexes are shown in Fig. S1
(ESI†).

X-ray diffraction of powdered sample

The X-ray diffraction patterns of the powdered samples are in
excellent agreement with those simulated from single crystal X-
ray diffraction, conrming the purity of the bulk samples. The
simulated patterns of the complexes were calculated from the
single crystal structural data using the CCDC Mercury soware.
Experimental and simulated powder XRD patterns of complexes
1 and 2 are given in Fig. S2 and S3 respectively (ESI†).

Spectral and magnetic properties

The IR spectrum of complex 1 exhibits a moderately strong
band at 3182 cm�1, which may be ascribed to the N–H
stretching vibration. No such band is observed in case of
complex 2, because of the absence of N–H bond in it. The bands
in the range of 3000–2900 cm�1 due to alkyl C–H stretching
vibrations are routinely noticed in IR spectra of both
complexes.38 Sharp bands at 2021 and 2015 cm�1 indicate the
presence of monodentate azide coligand in the IR spectra of
complexes 1 and 2, respectively.39 The distinct bands at
�1625 cm�1 due to the azomethine (C]N) groups are noticed
28224 | RSC Adv., 2018, 8, 28216–28237
in the IR spectra of both complexes.40 The bands at 1446,
1472 cm�1 (for 1) and 1444, 1469 cm�1 (for 2) are due to the
tetrazolate moiety and also observed in other tetrazolate-based
metal complexes in previous reports.41 IR spectra of complexes 1
and 2 are given in Fig. S4 and S5 respectively (ESI†).

The electronic spectra (200–900 nm) of the complexes are
similar to each other in acetonitrile–methanol (2 : 1) mixture at
room temperature. Usually low-spin octahedral cobalt(III)
complexes show two broad absorption bands at low energy
region due to spin allowed 1A1g /

1T1g and
1A1g /

1T2g tran-
sitions.42 In the present case, complexes 1 and 2 show broad
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Michaelis–Menten plot (a), Lineweaver–Burk plot (b), Hanes plot (c) and Eadie–Hofstee plot (d) of complex 1 for catalytic oxidation of
3,5-DTBC in acetonitrile–methanol (2 : 1) mixture at room temperature.
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absorption bands at 670 nm and 710 nm, respectively, attrib-
utable to one of the two expected transitions for any low-spin
cobalt(III) in octahedral geometry, as mentioned above.43 The
intense absorption bands of the complexes, at around 350 nm
may be assigned as charge transfer transitions from the coor-
dinated ligands to the cobalt(III) centers (LMCT).44a High energy
absorption bands around 240 nm in both complexes may be
assigned to intra ligand p–p* transition.44b Electronic spectra of
1 and 2 are given in Fig. S6 and S7 respectively (ESI†).

Both complexes show strong photoluminescence upon the
irradiation of ultraviolet light. Upon excitation at around
240 nm, complex 1 emits at 350 nm whereas complex 2 emits at
380 nm. The excited state mean lifetimes of complexes 1 and 2
are 7.24 ns and 7.91 ns, respectively (Table 4) Photo-
luminescence spectra and time dependent photoluminescence
decay prole of both complexes is shown in Fig. S8–S10 (ESI†).

Room temperature magnetic susceptibility measurements
show that both complexes are diamagnetic as expected for low-
spin cobalt(III) complexes.45a
This journal is © The Royal Society of Chemistry 2018
Electrochemical studies

By scanning in the negative direction initiated at 0.00 V, two
reduction peaks are observed. The starting reduction peaks
corresponding to Co(III) / Co(II) reduction processes are
observed at about potential�0.70 and�0.62 V for complexes 1
and 2 respectively. Similarly the subsequent reduction peaks
of complexes 1 and 2 are observed at �1.80 and �1.81 V
respectively, which indicate Co(II)/ Co(I) transformation. The
corresponding oxidation peaks are observed during the
reverse scan process. The oxidation of Co(I) / Co(II) is sug-
gested by the presence of the peaks at �1.84 and �1.44 V for
complexes 1 and 2 respectively. Co(II) / Co(III) oxidation
processes are observed at �0.38 and �0.30 V for complexes 1
and 2 respectively. The cyclic voltammogram of complex 1 is
shown in Fig. 8. The quasi-reversible redox reaction may be
rationalized by the expected structural changes by elongation
of axial bond lengths or losing of axial ligands because of the
addition of one electron to dz2 orbital and vice versa.45b

Repeated scans lead to nearly superposable cyclic voltammo-
grams, which suggest all three oxidation states of cobalt are
RSC Adv., 2018, 8, 28216–28237 | 28225
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Fig. 12 Michaelis–Menten plot (a), Lineweaver–Burk plot (b), Hanes plot (c) and Eadie–Hofstee plot (d) of complex 1 for catalytic oxidation of
OAPH in acetonitrile–methanol (2 : 1) mixture at room temperature.
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markedly stable. The reduction peak potentials are strongly
depend on donor strength of the coordinate ligands. Presence
good electron withdrawing groups such as 5-(2-pyridyl)tetra-
zole and azide causes more electron affinity on cobalt center
and so a more negative cathodic peak than cobalt Schiff base
complexes.45c The results of cyclic voltammetry also closely
resemble that of the similar reported complexes, which serve
as further evidences for similar structural and electronic
properties.45b–d The detailed cyclic voltammetry data (V) for
both complexes are given in Table 5.
Catalytic activity and kinetic study

The catalytic experiments were conducted in aerobic condition
at room temperature with model substrates 3,5-di-tert-butylca-
techol (3,5-DTBC) for catechol oxidase like activity and OAPH (o-
aminophenol) for phenoxazinone synthase like activity. Whole
catalytic activity was performed in acetonitrile–methanol (2 : 1)
mixture because of very good solubility of the complexes,
substrates and their products. No additional base was added in
the reaction medium.
28226 | RSC Adv., 2018, 8, 28216–28237
Catechol oxidase mimicking activity

The catechol oxidase mimicking activity of both complexes was
investigated withmodel substrate 3,5-DTBC. Among the different
catechols used in catechol oxidasemodel studies, 3,5-DTBC is the
most widely used substrate because of its low redox potential for
the quinone–catechol couple, which makes it easy to be oxidized
to the corresponding quinone (3,5-DTBQ), and its bulky substit-
uents help to stop further oxidation reactions, such as ring
opening etc. The product (3,5-DTBQ) is signicantly stable and it
exhibits a strong absorption around 400 nm. So, catechol oxidase
mimicking activity and the respective reaction kinetics can be
easily followed by UV-visible spectroscopy by following the
appearance of the characteristic absorption of the 3,5-DTBQ. The
band intensity around 400 nm is gradually increased as a func-
tion of time, suggesting cobalt(III) tetrazolato complexes are
capable of exhibiting prominent bio-mimetic catalytic activity
related to catechol oxidase. Time resolved UV-Vis spectral proles
indicating the increment of 3,5-DTBQ characteristic peak of
complex 1 is shown in Fig. 9. It was found that in the absence of
catalyst, no catalytic oxidation of the substrate occurs.
This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Proposed mechanistic pathway for the aerial oxidation of 3,5-DTBC catalyzed by complexes 1 and 2.
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Phenoxazinone synthase mimicking activity

It is generally agreed phenoxazinone synthase catalyzes the
penultimate step in the biosynthesis of the antibiotic actino-
mycin D by Streptomyces antibioticus, where oxidative conden-
sation of o-aminophenol substituents occurs. Therefore, o-
aminophenol is used as model substrate for investigating phe-
noxazinone synthase mimicking activity of both complexes. The
Scheme 4 Proposed mechanistic pathway for the aerial oxidation of o-

28228 | RSC Adv., 2018, 8, 28216–28237
oxidative condensation of o-aminophenol catalyzed by the
complexes was investigated by monitoring the increase of the
absorption peak around 433 nm, characteristic of the phenox-
azinone chromophore. The spectral scan for both complexes
reveal the progressive increase of peak intensity at ca. �433 nm
suggesting catalytic oxidation of o-aminophenol in aerobic
condition. The time dependent spectral change for the period of
2 h aer the addition of o-aminophenol to the acetonitrile–
aminophenol catalyzed by complexes 1 or 2.

This journal is © The Royal Society of Chemistry 2018
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Table 8 A comparison of catechol oxidase mimicking activity of previously reported cobalt based complexesa

Complexes Solvent Vmax (M s�1) KM (M) kcat (h
�1) Ref.

[CoIII(HL3)2](OAc)$H2O CH3OH (3.36 � 0.339) � 10�5 (7.38 � 0.597) � 10�4 1210 47a
CH3CN (5.99 � 0.198) � 10�5 (4.90 � 0.597) � 10�4 2160
DCM (4.06 � 0.571) � 10�5 (1.25 � 0.229) � 10�3 1460

[CoII3(L
4)(OAc)2(CH3OH)2]$2CHCl3 CH3CN 1.02 � 10�7 5.20 � 10�3 14.7 47b

[CoII3(L
4)(OAc)2(H2O)2] CH3CN 1.83 � 10�7 7.09 � 10�3 26.4

[CoII3L
5
2(m-L

5)2(m-OH2)2(CF3CO2)2] CH3CN (10.54 � 0.742) � 10�7 (24.55 � 0.072) � 10�5 379 47c
[CoII7(m-L

5)6(m-OMe)6]Cl2 CH3CN (20.59 � 0.988) � 10�7 (43.23 � 0.098) � 10�5 741
[CoII2L

6]$3H2O CH3OH 4.50 � 104 9.76 � 102 270 47d
[CoII2L

7]$4H2O CH3OH 3.70 � 104 8.57 � 102 222
[CoII2L

8]$5H2O CH3OH 2.50 � 104 5.47 � 102 150
[(CoIII2(H2L

9)2(OAc)2)]$CH3OH CH3CN : DMF (1.33 � 0.136) � 10�7 (8.70 � 1.470) � 10�3 79.75 47e
[CoII3Co

III
3(HL10)2(H2L

10)2(OAc)2]
$9CH3OH$H2O

CH3CN : CH3OH 1.20 � 10�5 5.60 � 10�3 72.2 47f

CoII(OAc)2$4H2O CH3CN : CH3OH 9.30 � 10�8 1.00 � 10�2 32 47g
[CoII2(L

11)Cl2](ClO4)2$5H2O {at pH 7.3} CH3OH Tris–HCL
buffer

2.50 � 10�8 2.47 � 10�3 0.9 47h
[CoII2(L

11)Cl2](ClO4)2$5H2O {at pH 7.6} 3.16 � 10�8 2.51 � 10�3 1.14
[CoII2(L

11)Cl2](ClO4)2$5H2O {at pH 8.0} 1.95 � 10�7 2.77 � 10�3 7.02
[CoIII(phen)2(Cl)2]

+ CH3OH 2.68 � 10�5 1.77 � 10�3 965 47i
[CoIIICoIIL12(N3)3]$0.5CH3CN$0.27H2O CH3CN (7.93 � 0.631) � 10�7 (1.18 � 0.214) � 10�3 114.24 47j
[CoIIICoII(HL13)2(H2O)
(HOCH2CH3)]Cl$2H2O

CH3OH 5.946 � 10�4 8.815 � 10�3 21.408 47k
DMF 8.25 � 10�4 2.014 � 10�4 29.700

[CoIIICoII2(H2L
14)2(L

2)Cl2]$3H2O CH3OH 6.764 � 10�4 8.972 � 10�3 24.353
DMF 5.57 � 10�5 12.00 � 10�4 20.054

[CoIIICoIIL15(N3)3]$CH3CN CH3OH (3.152 � 0.695) � 10�7 (1.576 � 0.702) � 10�3 45.38 47l
CH3CN (3.348 � 0.858) � 10�6 (3.011 � 1.227) � 10�3 482.16

[CoII2(L
16H)(H2O)2(OAc)2](OAc)2 CH3OH 1.24 � 10�4 2.45 � 10�3 447 47m

[CoII2(L
17)(H2O)2(OAc)2](OAc) CH3OH 1.28 � 10�5 1.78 � 10�3 45.9

[CoII2(L
18)(H2O)2(OAc)2](OAc) CH3OH 1.19 � 10�5 2.39 � 10�3 42.9

[CoIIICoIIIL19(N3)4]$6H2O CH3CN (1.477 � 0.259) � 10�6 (1.678 � 0.578) � 10�3 212.6 47n
[CoIIICoIIIL20(N3)4]$3.5H2O CH3CN (1.306 � 0.268) � 10�6 (3.300 � 1.045) � 10�3 188.0
[CoIIICoIIL21(N3)3]$H2O CH3CN (1.328 � 0.329) � 10�6 (4.523 � 1.578) � 10�3 191.3
cis-[Co3L

22
2 (MeOH)2(N3)2(m1,1-N3)2] CH3CN (1.967 � 0.113) � 10�6 (1.89 � 0.059) � 10�3 142 47o

trans-[Co3L
22
2 (H2O)2(N3)2(m1,1-N3)2]$(H2O)2 CH3CN (1.195 � 0.010) � 10�6 (1.44 � 0.008) � 10�3 85

[Co3L
23
2 (N3)3(m1,3-N3)] CH3CN (1.382 � 0.065) � 10�6 (1.65 � 0.048) � 10�3 99

[CoIIIL24(N3)2(H3O
+)]$2MeOH CH3CN (6.967 � 0.858) � 10�8 (1.26 � 0.328) � 10�3 10.0 47p

[CoIIIL24(NCS)(H2O)]$DMF$H2O DMF (7.80 � 0.592) � 10�8 (1.24 � 0.208) � 10�3 11.2
[CoIII(L25)2](ClO4)3 CH3OH (1.45 � 1.24) � 10�4 (1.90 � 0.880) � 10�3 5020 47q
[CoIII(L26)(L27)(N3)] CH3CN 3.412 � 10�6 2.553 � 10�4 122.83 47r
[CoIII(L28)(L29)(NCS)] CH3CN 12.965 � 10�6 6.834 � 10�4 466.74
[CoIII(L1)(PTZ)(N3)] CH3CN : CH3OH (3.139 � 0.453) � 10�6 (1.198 � 0.089) � 10�6 113.00 This work
[CoIII(L2)(PTZ)(N3)] CH3CN : CH3OH (3.162 � 0.415) � 10�6 (1.047 � 0.623) � 10�6 113.83

a Where, H2L
3 ¼ N-(2-hydroxyethyl)-3-methoxysalicylaldimine; H4L

4 ¼ condensation product of 2,3-dihydroxynaphthalene-1,4-dicarbaldehyde and
2-[O-(1-ethyloxyamide)]oxime-4,6-dibromophenol; HL5 ¼ 2-{(3-ethoxypropylimino)methyl}-6-methoxyphenol; H2L

6 ¼ 1 : 2 condensation product of
1,2,4,5-tetra-amino benzene and 2-hydroxy benzaldehyde; H2L

7 ¼ 1 : 2 condensation product of 1,2,4,5-tetra-amino benzene and 2,4-dihydroxy
benzaldehyde; H2L

8 ¼ 1 : 2 condensation product of 1,2,4,5-tetra-amino benzene and 2-hydroxy naphthaldehyde; H4L
9 ¼ 3,5-di-tert-butyl-2-

hydroxybenzylideneamino)-2-(hydroxymethyl)propane-1,3-diol; H4L
10 ¼ 2-(3,5-di-tert-butyl-2-hydroxybenzylideneamino)-2-(hydroxymethyl)

propane-1,3-diol; L11 ¼ N,N,N0,N0-tetrakis(20-benzimidazolylmethyl)-1,4-diethylene amino glycol ether; phen ¼ 1,10-phenanthroline; H2L
12 ¼ [2 +

2] condensation product of 2,6-diformyl-4-methylphenol and 2,2-dimethyl-1,3-diaminopropane; H3L
13 ¼ 3-[(2-hydroxy-benzylidene)-amino]-

propane-1,2-diol; H3L
14 ¼ 3-[(2-hydroxy-3-methoxy-benzylidene)-amino]-propane-1,2-diol; H2L

15 ¼ [2 + 2] condensation of 4-ethyl-2,6-
diformylphenol and 2,20-dimethyl-1,3-diaminopropane; HL16 ¼ 2,6-bis(N-ethylpiperazine-iminomethyl)-4-methyl-phenolato; HL17 ¼ 2,6-bis(2-
ethylpyridine-iminomethyl)-4-methyl-phenolato; HL18 ¼ 2,6-bis(N-ethylpiperidine-iminomethyl)-4-methyl-phenolato; H2L

22 ¼ N,N0-
bis(salicylidene)-1,3-propanediamine; H2L

23 ¼ N,N0-bis(2-hydroxybenzyl)-1,3-propanediamine; H2L
24 ¼ N,N0-ethylenebis(3-

ethoxysalicylaldiimine); L25 ¼ condensation product of 1,3-propanediamine and 2-benzoylpyridine; HL26 ¼ 2((2(piperidin-1-yl)ethylimino)
methyl)-6-ethoxyphenol; HL27 ¼ 1-acetyl-2-naphthol; HL28 ¼ 2-((3(dimethylamino)propylimino)methyl)-6-methoxyphenol; HL29 ¼ 2,4-
pentanedione.
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methanol (2 : 1) mixture of complex 1 is depicted in Fig. 10. It
should be noted at this point that a blank experiment without
catalyst (complex) does not show signicant growth of the band
at �433 nm, characteristic of phenoxazinone chromophore, in
an identical reaction condition.
This journal is © The Royal Society of Chemistry 2018
Kinetic parameters and explanation of the turnover numbers

Michaelis–Menten model is an important tool to treat this type
of saturation rate dependency on the concentration of the
substrate. The Michaelis–Menten equation:
RSC Adv., 2018, 8, 28216–28237 | 28229
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Table 9 A comparison of phenoxazinone synthase mimicking activity of previously reported cobalt based complexesa

Complexes Solvent Vmax (M s�1) KM (M) kcat (h
�1) Ref.

[CoIII(L25)2](ClO4)3 CH3OH (1.27 � 0.915) � 10�4 (3.84 � 0.847) � 10�3 4590 47q
CH3CN (1.42 � 0.985) � 10�4 (6.04 � 1.04) � 10�4 5120

[CoIII2Co
IIL232 (m2-C6H5CO2

�)2
(C6H5CO2

�)2]$(CH3CN)2
CH3CN (2.13 � 0.412) � 10�6 (9.66 � 0.198) � 10�3 153.60 48a

[CoIII(L30)(N3)2]$0.5CH3CN CH3OH 3.00 � 10�7 1.35 � 10�2 54.0 48b
[CoIII(L30)(NCS)2]$0.5H2O CH3OH 2.70 � 10�7 1.24 � 10�2 48.6
[Co(HL30)2][Co(NCS)4]$NCS CH3OH 4.65 � 10�8 8.87 � 10�3 26.1
[Co(L30)2]2[Co(NCO)4] CH3OH 1.45 � 10�7 1.02 � 10�2 8.37
[CoIII(L31)2(L

32)2]-Cl$8H2O CH3OH 1.70 � 10�7 6.08 � 10�3 30.6 48c
[CoIII(HL33)2](OAc)$H2O CH3OH (7.87 � 0.541) � 10�4 (4.31 � 0.775) � 10�4 28 300 48d
[CoIIIL34(L35)2]ClO4$MeOH$H2O CH3OH 3.19 � 10�8 6.785 � 10�4 11.48 48e
[CoIIIL34(L36)2Na(ClO4)2]$0.5H2O CH3OH 7.75 � 10�8 2.356 � 10�3 27.90
[CoIII2(L

37)2(m-L
38)2Cl2]Cl2$2H2O CH3OH 1.91 � 10�7 1.57 � 10�3 13.752 9f

[CoIII(L39)(N3)3] CH3OH (5.66 � 0.32) � 10�8 (7.12 � 0.72) � 10�3 20.37 46b
[CoIII(L40)(N3)3] CH3OH (9.24 � 0.52) � 10�8 (8.58 � 0.96) � 10�3 33.26
[CoIII2(L

41)2(m-O2)](ClO4)4$2CH3CN CH3OH (8.60 � 0.09) � 10�8 (1.01 � 0.15) � 10�2 30.09 48f
[CoIII2(L

42)2(m-O2)](ClO4)4 CH3OH (6.40 � 0.08) � 10�8 (1.47 � 0.16) � 10�2 23.04
[CoII(L43)(CH3CN)](ClO4)2 CH3OH (1.87 � 0.06) � 10�8 (1.01 � 0.14) � 10�2 3.36
[CoII(L44)(H2O)](ClO4)2 CH3OH (3.54 � 0.06) � 10�8 (1.28 � 0.15) � 10�2 6.37
[CoII(L45)(H2O)](ClO4)2 CH3OH (4.60 � 0.08) � 10�8 (1.32 � 0.17) � 10�2 8.28 48f
[CoII(L46)Cl(H2O)]Cl$H2O CH3OH (3.80 � 0.31) � 10�7 (2.0 � 0.30) � 10�2 13.68 48g
[CoII(L46)(NCS)2] CH3OH (2.05 � 0.22) � 10�7 (1.9 � 0.30) � 10�2 7.38
[CoII(L47)Cl2] CH3OH (1.14 � 0.05) � 10�7 (1.6 � 0.90) � 10�2 4.10
[CoIII(L48)(L49)(N3)] CH3CN 6.73 � 10�6 5.08 � 10�4 247.2 48h
[CoIII(L48)(L49)(NCS)] CH3CN 7.15 � 10�6 5.75 � 10�4 257.4
[CoIII(L50)(L51)(N3)] CH3CN 2.153 � 10�6 1.613 � 10�5 77.52 45
[Co(L52)(L49)(N3)] CH3CN 2.003 � 10�6 1.565 � 10�5 72.12
[CoIII(L26)(L27)(N3)] CH3CN 4.629 � 10�6 0.676 � 10�4 166.64 47r
[CoIII(L28)(L29)(NCS)] CH3CN 17.400 � 10�6 3.238 � 10�4 626.40
[CoIII(L1)(PTZ)(N3)] CH3CN : CH3OH (9.869 � 0.906) � 10�6 (199.682 � 18.486) � 10�4 355.28 This work
[CoIII(L2)(PTZ)(N3)] CH3CN : CH3OH (9.769 � 1.248) � 10�6 (101.684 � 5.708) � 10�4 351.68

a Where, HL30 ¼ condensation product of N,N-dimethyldipropylenetriamine and o-vanillin; H2L
31 ¼ 3,5,6-tribromo-4-pyridiniumcatechol; L32 ¼

pyridine; H2L
33 ¼ N-(2-hydroxyethyl)-3-methoxysalicylaldimine; H2L

34 ¼ N,N0-bis(3-methoxysalicylidehydene)cyclohexane-1,2-diamine); L35 ¼ 4-
aminopyridine; L36 ¼ 1-methylimidazole; L37 ¼ 2-aminomethylpyridine; L38 ¼ 2-iminomethylpyridine anion; L39 ¼ bis(2-pyridylmethyl)amine;
L40 ¼ (2-pyridylmethyl)(2-pyridylethyl)amine; L41 ¼ 1 : 2 condensation product of 3,30-bisaminopropylamine and 2-pyridinecarboxaldehyde; L42

¼ 1 : 2 condensation product of 3,30-bisaminopropylamine and 2-acetylpyridine; L43 ¼ 1 : 2 condensation product of diethylenetriamine and 2-
pyridinecarboxaldehyde; L44 ¼ 1 : 2 condensation product of 3,30-bisaminopropylamine and 6-methyl-2-pyridinecarboxaldehyde; L45 ¼ 1 : 2
condensation product of 3,30-diamino-N-methyldipropylamine and 6-methyl-2-pyridinecarboxaldehyde; L46 ¼ N,N0-bis(pyridin-2-ylmethylene)-2,2-
dimethylpropane-1,3-diamine; L47 ¼ N,N0-bis(6-methylpyridin-2-ylmethylene)-2,2-dimethylpropane-1,3-diamine; HL48 ¼ 2-(3-(dimethylamino)
propyliminomethyl)-6-ethoxyphenol; HL49 ¼ 1-benzoylacetone; HL50 ¼ 2((2(2-hydroxyethylamino)ethylimino)methyl)-6-ethoxyphenol, HL51 ¼ 2-
acetyl-1-naphthol; HL52 ¼ 1((2(diethylamino)ethylimino)methyl)naphthalen-2-ol.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

25
 3

:0
6:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
V ¼ Vmax ½S�
KM þ ½S� (1)

where, V ¼ initial rate; [S] ¼ concentration of the substrates; KM

¼Michaelis–Menten constant for the metal complex and Vmax¼
maximum initial rate attained for a particular concentration of
the metal complex in the presence of a large excess of the
substrate.

On the other hand, rearrangement of Michaelis–Menten
equation produces Lineweaver–Burk equation (eqn (2)), Hanes
equation (eqn (3)) and Eadie–Hofstee equation (eqn (4)).

1

V
¼ KM

Vmax

1

½S� þ
1

Vmax

(2)

½S�
V

¼ ½S�
Vmax

þ KM

Vmax

(3)
28230 | RSC Adv., 2018, 8, 28216–28237
V ¼ Vmax � KM

V

½S� (4)

All these equations are used to analyze a variety of kinetic
parameters, including turnover number (kcat) and specicity
constant (kcat/KM) for catechol oxidase and phenoxazinone
synthase mimicking activity of synthesized complexes. Kinetic
parameters like Vmax and KM were calculated by the analysis of
entire experimental data. The turnover number value (kcat) is
obtained by dividing the Vmax by the concentration of the
catalyst (complex) used. Fig. 11 and 12 represent the Michaelis–
Menten plot, Lineweaver–Burk plot, Hanes plot and Eadie–
Hofstee plot of complex 1 for catalytic oxidation of 3,5-DTBC
and OAPH, respectively. Similarly, the Michaelis–Menten plot,
Lineweaver–Burk plot, Hanes plot and Eadie–Hofstee plot of
complex 2 for catalytic oxidation of 3,5-DTBC and OAPH are
This journal is © The Royal Society of Chemistry 2018
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Fig. 13 ESI-MS positive spectrum of 1 : 50 mixture of complex 1 and 3,5-DTBC in acetonitrile–methanol (2 : 1) mixture at room temperature.
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given in Fig. S11 and S12 (ESI†), respectively. Tables 6 and 7
contain all kinetic parameters of the complexes for catechol
oxidase and phenoxazinone synthase like activity, respectively.
In order to calculate kinetic parameters more accurately, several
enzyme kinetic plots have been used. More or less similar
kinetic parameters have been obtained in all cases and this
indicates the accuracy of the experimental results. The kcat value
suggest that both complexes are very effective catalyst for the
conversation of 3,5-DTBC to 3,5-DTBQ and o-aminophenol to 2-
aminophenoxazine-3-one.
Origin and mechanistic pathway of catalytic activity

Based on the above experimental results, it is clear that both
complexes are very reactive towards the catechol oxidase and
phenoxazinone synthase mimicking activity. Schemes 3 and 4
represent possible mechanism for catalytic conversation of 3,5-
DTBC to 3,5-DTBQ and o-aminophenol to 2-aminophenoxazine-
3-one, respectively. It is easily understandable that at initial step
of the catalytic cycles, the tetrazole moiety and/or monodentate
azide co-ligand were replaced by the substrate, thereby forming
a substrate–catalyst adduct. Hence it may be stated that the
replacement of tetrazole moiety and/or monodentate azide co-
ligand initiated the catalytic cycles. This substrate–catalyst
adduct yields a substrate radical in the rate determining step.
Finally, quinone chromophore was formed from this substrate
radical via a number of oxidative dehydrogenation processes.
This journal is © The Royal Society of Chemistry 2018
The catalytic activity depends on the interaction between
substrate and catalyst. Higher the interaction between substrate
and catalyst higher the kcat values (Tables 6 and 7). Both
complexes have comparable turnover numbers. Similar types of
tentative catalytic cycles have also been proposed by several
other groups.46

A detailed literature survey with cobalt based model
complexes for catechol oxidase and phenoxazinone synthase
mimicking activities has shown that several factors may affect
their catalytic activity, such as the oxidation state of the metal,
coordination geometry around the metal center, metal–metal
distance, ligand exibility, exogenous bridging ligand etc.47,48 All
these cobalt based model complexes showing catechol oxidase
and phenoxazinone synthase mimicking activity are gathered in
Tables 8 and 9 respectively along with several kinetic parame-
ters such as KM, Vmax and kcat. As the turnover numbers (kcat
values) of both complexes fall in between the range, they may be
considered as moderate catalysts.
Experimental and theoretical proof
behind proposed mechanistic
pathways
Experimental proof

Electrospray ionization mass spectral analysis. The electro-
spray ionization mass spectral analysis (ESI-MS positive) of
RSC Adv., 2018, 8, 28216–28237 | 28231
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Fig. 14 ESI-MS positive spectrum of 1 : 50 mixture of complex 1 and o-aminophenol in acetonitrile–methanol (2 : 1) mixture at room
temperature.
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complex 1 in presence of substrate (3,5-DTBC for catechol
oxidase mimicking activity and o-aminophenol for phenox-
azinone synthase mimicking activity) in acetonitrile–methanol
(2 : 1) mixture were recorded to get inside the catalytic cycles.
Complex 1 was taken as a model complex. ESI-MS positive
spectra of a 1 : 50 mixture of the complex 1 with 3,5-DTBC and
o-aminophenol were recorded separately aer 5 min of mixing
in acetonitrile–methanol (2 : 1) mixture and the results are
depicted in Fig. 13 and 14, respectively. The most attention-
grabbing observation from the mass spectral study is the
appearance of peaks related to substrate–catalyst intermediate
species. For catechol oxidase and phenoxazinone synthase
mimicking activity of the complex 1, mass peaks around m/z �
501 indicate the substrate–catalyst intermediate species, [Co-L1-
(3,5-DTBC)-H]+ and [Co-L1-N3-(OAPH)-CH3OH-K]+, respectively.
These peaks verify that the catalytic cycles proceed through
a stable substrate–catalyst intermediate formation.

In presence of 3,5-DTBC, the mass spectrum exhibits a peak
at m/z ¼ 243.0899 corresponding to quinone sodium aggregate
[3,5-DTBQ-Na]+, conrming the catechol oxidase mimicking
activity of complex 1. On the other hand, in presence of o-
aminophenol a peak appears at m/z ¼ 215.0353 which corre-
sponds the formation of [phenoxazinone-H]+. This conrms
phenoxazinone synthase mimicking activity of the complex.
Electrospray ionization mass spectral analysis (ESI-MS positive)
28232 | RSC Adv., 2018, 8, 28216–28237
of complex 1 in acetonitrile–methanol (2 : 1) mixture is given in
S13 (ESI†). Peak around m/z � 477 indicates the formation of
[Co-L1-N3-OCH3-2(CH3CN)-K]

+ (loss of tetrazole moiety) which is
the initial step of catalyses. The proposed mechanistic pathways
(Schemes 3 and 4) are therefore justied by the mass spectral
analysis.

Electron paramagnetic resonance spectral analysis. Electron
paramagnetic resonance spectroscopy is a very helpful tool to
monitor the generation of radical intermediate during catalytic
cycles. As radical is formed as an intermediate species in our
proposed mechanistic pathways, EPR measurements at room
temperature have been performed on the mixture of the
complex 1 with 3,5-DTBC and o-aminophenol separately.
Fig. 15(a) and (b) illustrate the EPR spectra of the mixture
containing complex 1 and 3,5-DTBC/o-aminophenol, respec-
tively in acetonitrile medium. Both the EPR spectra is domi-
nated by an isotropic signal around giso � 2.00 (for instance, giso
¼ 1.974 in case of 3,5-DTBC and giso ¼ 1.973 in case of o-ami-
nophenol), with a peak-to-peak line width of ca. 20 G. The g
value of the signal is very much closed to 2.0023 (value for a free
electron49), a value that is characteristic for organic radicals,
such as a phenoxyl-type radical.50 Hence it can be concluded
that cobalt(III) tetrazolato complexes are capable of oxidizing
3,5-DTBC and o-aminophenol through a radical pathway, as
shown in Schemes 3 and 4, respectively.
This journal is © The Royal Society of Chemistry 2018
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Fig. 16 (a) DFT optimized geometry of the complex between the 3,5-DTBC substrate and cobalt(III) metal center. (b) Spin density plot of the
cobalt(II) complex (upon SET). (c) DFT optimized geometry of the complex between the OAPH substrate and cobalt(III) metal center. H-atoms
omitted for clarity. Distances in Å.

Fig. 15 EPR spectra of acetonitrile solution of complex 1 (10�4 M) at 77 K immediately after addition of (a) 3,5-DTBC or (b) o-aminophenol.
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Theoretical proof

Catechol oxidase and phenoxazinone synthase mimicking
activities have been extensively analyzed previously by theoret-
ical studies.9g,46c,47o,51 Therefore, we have mainly focused in the
theoretical study to analyze the energetic features of the
supramolecular interactions and how they inuence the crystal
packing. However, in an effort to give some theoretical support
to the mechanism and species proposed in the ESI-MS experi-
ments, we have computed both cobalt(III) and cobalt(II) inter-
mediates proposed in Scheme 3 using DFT calculations (BP86-
D3/def2-TZVP). The fully optimized geometries and spin
density analysis of the cobalt(II) complex have been given in
Fig. 16. The catechol is doubly coordinated to the cobalt(III) with
similar Co/O distances. Upon the single electron transfer, the
spin density plot reveals that the unpaired electron is equally
distributed in both O-atoms and also the aromatic ring. The
spin density at the cobalt(II) atom is 2.7 e, thus conrming the
cobalt(II) oxidation state, with some spin density delocalized
into the ligand (to the atoms directly bonded to cobalt). Finally,
we have also optimized using DFT calculations the proposed
complex [Co-L1-N3-(OAPH)-CH3OH] as the rst mechanistic step
This journal is © The Royal Society of Chemistry 2018
shown in Scheme 4 (see Fig. 16c). The substrate is mono-
coordinated to cobalt, and the NH2 group is H-bonded to the
MeOH group (O/N distance 2.67 Å).
Concluding remarks

Two new cobalt(III) tetrazolato complexes with Schiff bases and
azide co-ligands have been synthesized under non-
hydrothermal and non-microwave reaction conditions using
a simple in situ 1,3-dipolar cycloaddition reaction. The simple
domino synthesis of these complexes therefore opens a new
convenient synthetic route for such types of cobalt(III) tetrazo-
lato complexes with Schiff base and azide as co-ligands. The
structures of the complexes were conrmed by single crystal X-
ray diffraction technique. The formation of hydrogen bonding
and C–H/p interactions have been studied using DFT calcu-
lations. Catechol oxidase and phenoxazinone synthase
mimicking activity of the complexes have been studied spec-
trophotometrically. Due to the similarity of molecular struc-
tures, the complexes show comparable results as far as catechol
oxidase and phenoxazinone synthase activity.
RSC Adv., 2018, 8, 28216–28237 | 28233
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B. Ghosh, A. Bauzá, A. Frontera, A. J. Blake, M. Corbella,
C. D. Mukhopadhyay and S. K Chattopadhyay, RSC Adv.,
2016, 6, 86851–86861; (c) S. Dasgupta, I. Majumder,
P. Chakraborty, E. Zangrando, A. Bauzá, A. Frontera and
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