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Unique mononuclear MnII complexes of an
end-off compartmental Schiff base ligand:
experimental and theoretical studies on their
bio-relevant catalytic promiscuity†
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Shyamal Kumar Chattopadhyay,b Rafał Kruszynski,c Agata Trzesowska-Kruszynska,c

Stepan Stepanović,d Maja Gruden-Pavlović,e Marcel Swartf,g and Debasis Das*a

Three new mononuclear manganese(II) complexes, namely [Mn(HL)2]·2ClO4 (1), [Mn(HL)(N(CN)2)

(H2O)2]·ClO4 (2) and [Mn(HL)(SCN)2] (3) [LH = 4-tert-butyl-2,6-bis-[(2-pyridin-2-yl-ethylimino)-methyl]-

phenol], have been synthesized and structurally characterized. An “end-off” compartmental ligand (LH)

possesses two symmetrical compartments with N2O binding sites but accommodates only one manga-

nese atom instead of two due to the protonation of the imine nitrogen of one compartment. Although all

three complexes are mononuclear, complex 1 is unique as it has a 1 : 2 metal to ligand stoichiometry. The

catalytic promiscuity of complexes 1–3 in terms of two different bio-relevant catalytic activities namely

catecholase and phenoxazinone synthase has been thoroughly investigated. EPR and cyclic voltametric

studies reveal that radical formation rather than metal centered redox participation is responsible for their

catecholase-like and phenoxazinone synthase-like catalytic activity. A computational approach suggests

that imine bond bound radical generation rather than phenoxo radical formation is most likely responsible

for the oxidizing properties of the complexes.

Introduction

Schiff-base complexes have been comprehensively studied in
coordination chemistry mainly due to their ease of synthesis,

excellent structural diversities, and enormous potential
towards various applications including bio-activity.1–5 Among
the Schiff base ligands, phenol based compartmental ligands
are of interest to the bio-inorganic chemists to synthesize
small coordination compounds as structural and/or functional
models of different metallobiosites like catechol oxidase,
phenoxazinone synthase, urease, catalase etc.6–20 Mn-contain-
ing redox enzymes are omnipresent in nature and perform a
number of vital functions.21 The most important examples are
manganese superoxide dismutase,22a manganese catalases,22b

peroxidase,22c and manganese-dependent dioxygenases.22d

Photosynthetic water oxidation by photosystem-II is controlled
by a tetra-manganese cluster.22e,f The modeling approach has
been widely used to reveal the structure and function of
manganese redox enzymes.23 In recent time, dioxygen acti-
vation catalyzed by Mn(II) Schiff-base complexes in terms of
oxidation of catechol or o-amino phenol are being investigated
by several groups including us.24 However, the exact mechanis-
tic pathways involved in these oxidation processes are not well
explored experimentally as well as theoretically. In order to
have a better understanding of these mechanistic pathways we
have undertaken this project. Complexation has been carried
out by employing a phenol based bi-compartmental Schiff
base ligand, 4-tert-butyl-2,6-bis-[(2-pyridin-2-yl-ethylimino)-
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methyl]-phenol (LH) and manganese(II) ions. Interestingly, we
have got three mononuclear MnII Schiff base complexes of bi-
compartmental ligand LH (Scheme 1) instead of dinuclear
complexes with different metal : ligand stoichiometries. Di-
oxygen activation in terms of catechol and o-aminophenol oxi-
dation using 3,5-di-tert-butyl catechol (3,5-DTBC) and
o-aminophenol (OAPH), respectively, as model substrates cata-
lyzed by our Mn(II) complexes have been thoroughly investi-
gated. A new mechanistic pathway involved in this oxidation
has been unveiled by combined experimental and theoretical
approaches as is depicted in this communication.

Experimental sections
Methods and materials

Elemental analyses (carbon, hydrogen and nitrogen) were per-
formed using a Perkin-Elmer 240C elemental analyzer. Infra-
red spectra (4000–500 cm−1) were recorded at 27 °C using a
Shimadzu FTIR-8400S with KBr pellets. Magnetic suscepti-
bilities were measured at 27 °C using an EG and G PAR 155
vibrating sample magnetometer with Hg[Co(SCN)4] as refer-
ence; diamagnetic corrections were made using Pascal’s con-
stants. Electronic spectra (800–200 nm) were obtained at 27 °C
using a Shimadzu UV-2450 with methanol as the solvent and
reference. The cyclic voltammetric measurements were carried
out in dry acetonitrile solutions with 0.2 M TEAP as the sup-
porting electrolyte (scan rate = 100 mV s−1) employing a
CH1106A potentiostat. A three electrode system was used in
which the counter and working electrodes were platinum foils
and the reference electrode was a Ag/AgCl electrode. EPR
experiments were performed at liquid nitrogen temperature
(77 K) in methanol, using a JEOL JES-FA200 spectrometer at
the X band (9.13 GHz).

All chemicals were obtained from Sigma-Aldrich and used
as received.

Syntheses of the complexes

Synthesis of [Mn(HL)2](ClO4)2 (1). Complex 1 was syn-
thesized by dropwise addition of an aqueous solution (20 mL)
of Mn(ClO4)2·6H2O (0.662 g, 2 mmol) to a hot methanolic solu-
tion (50 mL) of LH (0.415 g, 1 mmol). The solution turned into
light brown color from light yellow. The solution was refluxed

for another 2 h. The resulting solution was put in the dark for
crystallization. Light brown single crystals suitable for X-ray data
collection were obtained from the filtrate after a week. Yield
72%. Anal. calcd for C52H59Cl2MnN8O10: C, 57.67; H, 5.45; N,
10.35. Found: C, 57.62; H, 5.40; N, 10.28. IR (KBr): ν(CvN)
1653 cm−1; ν(skeletal vibration) 1596 cm−1; ν(ClO4

−) 1086 cm−1.
Synthesis of [Mn(HL)(N(CN)2)(H2O)2]·ClO4 (2). Complex 2

was prepared following the same procedure used for complex
1, with an addition of 10 mL aqueous solution of NaN(CN)2
(0.178 g, 2 mmol). The resulting solution was stirred for 1 h
and the final solution was allowed for slow evaporation. X-ray
suitable single crystals of complex 2 were obtained after one
week. Yield 79%. C28H34ClMnN7O7: C, 50.00; H, 5.06; N, 14.06.
Found: C, 49.96; H, 5.01; N, 14.02. IR (KBr): ν(CvN)
1648 cm−1; ν(skeletal vibration) 1533 cm−1; ν(ClO4

−)
1059 cm−1; ν(N(CN)2

−) 2169, 2219, 2280 cm−1.
Synthesis of [Mn(HL)(SCN)2] (3). Complex 3 was synthesized

by dropwise addition of an aqueous solution (20 mL) of MnCl2
(0.125 g, 1 mmol) to a hot methanolic solution (50 mL) of LH
(0.415 g, 1 mmol). The solution was allowed to reflux for 1 h in
water bath. Then the solution was cooled and allowed to stir in
an open atmosphere for an additional 1 h after adding an
aqueous solution of NaSCN (0.162 g, 2 mmol). A pale brown
colored product appeared from the filtrate after a few days.
Single crystals suitable for X-ray diffraction were obtained after
the dissolution of the product in acetonitrile. Yield 83%. Anal.
calcd for C28H30MnN6OS2: C, 57.42; H, 5.16; N, 14.35. Found:
C, 57.38; H, 5.28; N, 14.43 IR (KBr): ν(CvN) 1641 cm−1;
ν(skeletal vibration) 1532 cm−1; ν(SCN−) 2063 cm−1.

Caution! Transition metal perchlorate complexes are poten-
tially explosive and should be handled in small amounts and
with necessary precautions.

Crystal structure determination

Prism crystals of 1, 2 and 3 were mounted on a Bruker auto-
matic diffractometer equipped with a CCD detector, and used
for data collection. X-ray intensity data were collected under
graphite monochromated MoKα radiation (λ = 0.71073 Å) at
temperature 291 K, with an ω scan mode. Due to the extremely
weak scattering of the X-ray radiation on the crystals of com-
pounds 1 and 3 the reflections inside the Ewald sphere were
collected up to θ = 23.04 and 22.67° (at higher θ angles all
reflections were unobservable, and, in the case of compound
1, at lower angles the reflections were weak but well-shaped
with relatively large values of I/σ). It must be noted that such a
limitation of the angle did not affect the lucidity of the struc-
tural determinations. Details concerning crystal data and
refinement are given in Table 1. Examination of reflections on
two reference frames monitored after each 20 frames measured
showed no loss of the intensity for all measurements. Lorentz,
polarization, and numerical absorption multi-scan corrections
were applied. The structures were solved by a partial structure
expansion procedure. All the non-hydrogen atoms were refined
anisotropically using the full-matrix least-squares technique
on F2. All the hydrogen atoms were found from difference
Fourier synthesis after four cycles of anisotropic refinement,

Scheme 1 Synthetic route of complexes 1–3.

Paper Dalton Transactions

12410 | Dalton Trans., 2016, 45, 12409–12422 This journal is © The Royal Society of Chemistry 2016

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

/7
/2

02
6 

10
:2

0:
16

 P
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/c6dt00625f


and refined as “riding” on the adjacent atom with the individ-
ual isotropic displacement factor equal to 1.2 times the value
of the equivalent displacement factor of the parent non-methyl
carbon, oxygen and nitrogen atoms and 1.5 times for the
parent methyl carbon atoms, except for the hydrogen atoms of
compound 2 bonded to the oxygen and nitrogen atoms. The
crystal of compound 2 scatters X-ray radiation enough to allow
reliable refinement of the isotropic displacement parameters
and positions of the hydrogen atoms bonded to the oxygen and
nitrogen atoms. The tert-butyl group of compound 3 is dis-
ordered over two positions with 0.66 : 0.34 participation of
domains. The displacement ellipsoids of minor domain atoms
exhibit some prolation and oblation effects, probably as a result
of further disorder. The introduction of a third domain leads to
unstable refinement, which suggests the presence of some
dynamic disorder. The “riding” hydrogen atom positions were
idealised after each cycle of refinement. The SHELXS, SHELXL
and SHELXTL25 programs were used for all the calculations.
Atomic scattering factors were incorporated in the computer
programs. Selected inter-atomic bond distances and angles are
listed in Table S1 (ESI†), and the geometrical parameters of
intermolecular interactions are listed in Tables S2 and S3
(ESI†). The perchlorate anion in compound 2 is disordered over
two positions (the second domain is rotated along the local
three-fold axis passing through the Cl2 and O7 atoms at about
60°) with a 57 : 43 domain ratio. In all compounds some term-
inal atoms show symptoms of dynamic disorder, visible in the
prolating displacement ellipsoids of these atoms.

Catecholase like activity of complexes 1–3

In order to confirm the ability of the manganese(II) complexes
to oxidize 3,5-DTBC, 1 × 10−4 mol dm−3 methanolic solutions

of 1–3 were treated with 1 × 10−2 mol dm−3 (100 equiv.) of 3,5-
DTBC under aerobic conditions. The reaction was followed by
UV–vis spectroscopy. The kinetics of the 3,5-DTBC oxidation
was measured by monitoring the increase of the concentration
of the product 3,5-DTBQ. The kinetics for the oxidation of the
substrate 3,5-DTBC were determined by the initial rate method
at 25 °C. The concentration of the substrate 3,5-DTBC was
always kept 10 times higher than that of the complex and the
increase of the respective quinone concentration was deter-
mined at an ∼410 nm wavelength for each complex. Solutions
of substrates of concentrations ranging from 0.001 to
0.05 mol dm−3 were prepared from a concentrated stock solu-
tion in methanol. 2 mL of the substrate solution were taken in
a 1 cm spectrophotometer quartz cell and followed by the
addition of 0.04 mL of 0.005 mol dm−3 complex solution. The
dependence of the initial rate on the concentration of the sub-
strate was monitored spectrophotometrically at a particular
wavelength. Moreover the initial rate method showed a first-
order dependence on the complex concentration and exhibited
saturation kinetics at higher substrate concentrations. Since
all the complexes showed saturation kinetics, a treatment
based on the Michaelis–Menten model seemed to be appropri-
ate. The binding constant (KM), maximum velocity (Vmax), and
rate constant for the dissociation of substrates (i.e., turnover
number, kcat) were calculated for the complexes by using the
Lineweaver–Burk graph of 1/V vs. 1/[S], using the equation
1/V = {KM/Vmax}{1/[S]} + 1/Vmax.

Detection of hydrogen peroxide in the catalytic reactions

The formation of H2O2 during the catechol oxidation reaction
was identified following the advancement of the characteristic
band for I3

− spectrophotometrically (λmax = 353 nm;

Table 1 Crystal data and structure refinement details for studied complexes 1–3

Compound (1) (2) (3)

Empirical formula C52H59Cl2MnN8O10 C28H34ClMnN7O7 C28H30MnN6OS2
Formula weight 1081.91 671.01 585.64
Crystal system, space group Orthorhombic, Fdd2 Triclinic, P1̄ Triclinic, P1̄
Unit cell dimensions [Å, °] a = 19.971(2) a = 9.8005(5) a = 10.4398(10)

b = 40.861(6) b = 12.8410(6) b = 10.9965(10)
c = 13.081(2) c = 14.5139(7) c = 13.7776(18)
α = 90.00 α = 65.006(1) α = 80.040(17)
β = 90.00 β = 80.937(1) β = 79.204(12)
γ = 90.00 γ = 70.876(1) γ = 72.490(9)

Volume [Å3] 10 675(3) 1563.74(13) 1470.2(3)
Z, calculated density [Mg m−3] 8, 1.348 2, 1.425 2, 1.323
Absorption coefficient [mm−1] 0.412 0.564 0.622
F(000) 4536 698 610
Crystal size [mm] 0.290 × 0.221 × 0.086 0.254 × 0.116 × 0.069 0.205 × 0.154 × 0.084
θ range for data collection [°] 1.93 to 22.67 1.83 to 26.45 2.32 to 28.41
Index ranges −21 ≤ h ≤ 21, −44 ≤ k ≤ 44,

−14 ≤ 1 ≤ 14
−12 ≤ h ≤ 12, −15 ≤ k ≤ 16,
−18 ≤ 1 ≤ 17

−13 ≤ h ≤ 13, −14 ≤ k ≤ 14,
−18 ≤ 1 ≤ 18

Reflections collected/unique 14 575/3482 [R(int) = 0.0355] 19 093/6222 [R(int) = 0.0287] 19 656/7266 [R(int) = 0.0684]
Min. and max. transmission 0.879 and 0.972 0.914 and 0.970 0.903 and 0.984
Data/restraints/parameters 3482/1/333 6222/0/448 7266/0/380
Goodness-of-fit on F2 1.030 1.050 1.016
Final R indices [I > 2σ(I)] R1 = 0.0372, wR2 = 0.0918 R1 = 0.0378, wR2 = 0.1053 R1 = 0.0672, wR2 = 0.1655
R indices (all data) R1 = 0.0467, wR2 = 0.0989 R1 = 0.0501, wR2 = 0.1151 R1 = 0.1067, wR2 = 0.1946
Largest diff. peak and hole [e Å−3] 0.169 and −0.300 0.244 and −0.316 0.929 and −0.549
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ε = 26 000 M−1 cm−1), upon reaction with I−.26,27 The oxidation
reactions of 3,5-DTBC in the presence of different catalysts
were carried out as in the kinetic experiments ([Complex] =
2.5 × 10−5 M; [3,5-DTBC] = 50 × 10−5 M). After completion of
the reaction the same volume of water was added and the
quinone formed was extracted several times with dichloro-
methane. The aqueous layer was acidified with H2SO4 until the
pH is equal to 2 to stop further oxidation, and 1 mL of a 10%
solution of KI and a few drops of 3% solution of ammonium
molybdate were added. In the presence of hydrogen peroxide,
iodine was produced that formed tri-iodide ions with an excess
of iodide ions. The reaction rate is slow but increases with
increasing concentrations of the acid, and the addition of an
ammonium molybdate solution makes the reaction almost
instantaneous. The formation of I3

− could be examined spec-
trophotometrically following the development of the I3

− band
at λ = 353 nm (ε = 26 000 M−1 cm−1).4,28

Computational details

All DFT calculations were performed with the Amsterdam
Density Functional (ADF) suite of programs.29,30 MOs were
expanded in an uncontracted set of Slater type orbitals31

(STOs) of triple-ζ quality containing diffuse functions and two
sets of polarization functions (TZ2P), or a mixture of triple-ζ
quality on the metal (TZP) and double-ζ quality (DZP) on all
other atoms, in both cases with one set of polarization func-
tions, which we name here as TDZP.31 Core electrons (1s for
2nd period and 1s2s2p for 3rd and 4th period) were not treated
explicitly during the geometry optimizations (frozen core
approximation), as it was shown to have a negligible effect on
the obtained geometries.32 An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately for each SCF
cycle.

Geometries were optimized with the QUILD program33

which uses superior optimization routines based on the
adapted delocalized coordinates34 until the maximum gradient
component was less than 10−4 a.u. This computational setup
was shown to work well for transition-metal complexes.35 The
starting point for geometry optimizations was the structures
obtained from the X-ray diffraction analysis. Energies and gra-
dients were calculated using the BP86 functional36,37 and
TDZP basis set with the inclusion of Grimme’s dispersion (D3)
correction.38 The COSMO39–41 dielectric continuum model was
used for implicit treatment of the environment (with methanol
as a solvent).42,43 Scalar relativistic corrections have been
included self-consistently by using the zeroth-order regular
approximation (ZORA).44–46 Subsequent single point calcu-
lations that utilize all electron TZ2P basis sets have been per-
formed on all optimized geometries, with S12g47 level of
theory.

Catalytic oxidation of o-aminophenol

Phenoxazinone synthase like activity of the complexes was
examined by the reaction of 1.0 × 10−4 M solutions of the com-
plexes with 0.01 M solution of o-aminophenol (OAPH) in

dioxygen-saturated methanol at 300 K. The reaction was fol-
lowed spectrophotometrically by monitoring the development
of the absorbance at the wavelength of 433 nm which is a
characteristic band of the phenoxazinone chromophore.48,49

To determine the dependence of the rate of the reaction on the
substrate concentration and to evaluate various kinetic para-
meters, 1.0 × 10−4 M solution of the complexes were mixed
with the substrate under the pseudo-first-order conditions.
Moreover, to check the rate dependency on catalyst concen-
trations a similar set of experiments were performed at a fixed
concentration of the substrate with varying amounts of cata-
lyst. The rate of a reaction was evaluated from the initial rate
method, and the average initial rate over three independent
measurements was recorded.

Results and discussion
Preparation and characterization

A Schiff-base (LH) was synthesized via a 1 : 2 condensation of
2,6-diformyl-4-tertiary-butylphenol and 2-(2-aminoethyl)pyri-
dine in methanol.7 Complex 1 has been prepared by adding
manganese(II) perchlorate hydrate to the methanolic solution
of LH. Complex 2 was obtained by adding an excess of sodium
dicyanamide to a solution of 1. In the synthesis of complex 3,
manganese chloride was used in place of a metal perchlorate
salt, followed by the addition of excess sodium thiocyanate.
FTIR spectra of complexes 1–3 show bands in the range of
1641–1653 and 1532–1538 cm−1 which can be assigned to the
CvN stretching and skeletal vibration, respectively (Fig. S1–S3,
ESI†). The FTIR bands in the range of 1086–1059 cm−1 for
complexes 1 and 2 are due to the presence of the ClO4

−

group.50 Complex 2 shows that three IR bands centered at
2159, 2219 and 2280 cm−1 correspond to the CvN present at
the N(CN)2

− moiety. One sharp IR band at 2063 cm−1 is due to
the CvN stretching of the SCN− moiety present in complex 3.
The effective magnetic moment for complexes 1–3 in the range
of 5.85–5.90 B.M. at 300 K is highly consistent with the spin
only value (5.92 B.M.) for high spin MnII. The oxidation state
of the metal complexes has further been examined by the EPR
study in methanol. All the complexes 1–3 exhibit characteristic
six line EPR spectra as is expected for octahedral MnII species
(Fig. S4 and S5, ESI†). ESI-MS spectra of all the complexes are
presented in Fig. S6–S8 (ESI†). In the ESI-MS spectrum, three
peaks for complex 1 can be assigned to [H(LH)]+, [Mn(L)]+ and
[Mn(LH)ClO4]

+, respectively. Complex 2 exhibits peaks at m/z =
415.25, 468.17, 507.29 and 568.12 which may be assigned to
[H(LH)]+, [Mn(LH)]+, [Mn(L)K]+ and [Mn(LH){N(CN)2}]

+,
respectively. Similarly for complex 3 peaks at 415.33, 501.34
and 527.32 may be assigned to [(LH)H]+, [Mn(LH)CH3OH]+

and [Mn(LH)SCN]+, respectively.

Description of the crystal structures of complexes 1–3

The Cambridge Structural Database51 search showed that the
bis-Schiff bases derived from 2,6-diformylphenol derivatives
and 2-(2-pyridyl)ethylamine usually form dinuclear coordi-
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nation compounds with metal ions. The mononuclear com-
pounds have been obtained only for MnII and FeIII ions when
the inorganic ions where used as a co-ligand.52–55 The in-
corporation of a bridging acetate ligand leads to formation of
dinuclear manganese(II) coordination compounds.52,54

The crystal structures of complexes 1–3 are presented in
Fig. 1–3, respectively. The crystal structure of 1 consists of a
[Mn(HL)2]

2+ mononuclear cationic species and perchlorate
counter-anions, joined by C–H⋯O hydrogen bonds (Table S3
and Fig. S9, ESI†). It should be noted that a metal to ligand
stoichiometry of 1 : 2 has never been observed in the metal
complexes of flexible 2,6-bis[N-(2-pyridylethyl)iminomethyl]
phenol ligands.51 The central manganese atom lies on a two-
fold axis, thus the coordination entity occupies two asym-
metric units and consequently each manganese ion is co-
ordinated by two imino-nitrogen atoms, two pyridine nitrogen
atoms and two phenolate oxygen atoms from two ligand mole-
cules. The Mn1–O1 bonds are the strongest ones.56–59 The
bidentate Schiff-base moiety of this compound is not planar,
the imine nitrogen atom N1 deviates from the plane defined
by O1–C8–C7–C11 atoms by 0.301(6) Å. The MnN4O2 octa-
hedron is rhombically distorted, with the cis-N/O–Mn–N/O
angles ranging from 81.08(15) to 105.40(17)°. As in 1 and 2,
the second imine nitrogen atom from the Schiff base ligand is
not coordinated to the metal centre and it forms an intra-
molecular hydrogen bond with the phenolate group. The di-
hedral angle between the phenolate group plane and the side-
arm pyridine ring plane is 37.24(22)°, whereas the dihedral
angle between the phenolate group plane and coordinated
pyridine ring plane is 55.89(13)°.

The asymmetric unit of 2 contains one [Mn(HL)(N3C2)
(H2O)2]

+ complex cation and a disordered perchlorate ion as

the counter ion. The organic ligand coordinates to the manga-
nese(II) ion in the formally neutral zwitterionic form. The
coordination sphere geometry of the central atom can be

Fig. 1 The asymmetric unit of compound 1. The hydrogen atoms are
omitted for clarity. The ellipsoids are drawn at the 50% probability level.
The symmetry generated atoms N1I, N2I, O1I symmetry code: −x + 3/2,
−y + 1/2, z. Selected bond lengths (Å) and angles (°): Mn1–O1 2.111(4),
Mn1–N1 2.257(4), Mn1–N2 2.226(5), N1–C11 1.273(7), N3–C19 1.283(7),
C11–N1–C12 116.1(4), C19–N3–C20 124.5(5).

Fig. 2 Molecular structure of compound 2. The disordered domain of
the perchlorate ion is indicated by the hollow lines. The hydrogen atoms
are omitted for clarity. The ellipsoids are drawn at the 50% probability
level. Selected bond lengths (Å) and angles (°): Mn1–O1 2.0784(15),
Mn1–O3 2.1784(17), Mn1–N5 2.223(2), Mn1–O2 2.2247(18), Mn1–N3
2.2306(16), Mn1–N4 2.2408(19), N1–C11 1.284(3), N3–C19 1.274(3),
C11–N1–C12 126.3(2), C19–N3–C20 117.66(17).

Fig. 3 Molecular structure of compound 3. The disordered domain of
the tert-butyl group is indicated by hollow lines. The hydrogen atoms
are omitted for clarity. The ellipsoids are drawn at the 50% probability
level. Selected bond lengths (Å) and angles (°): Mn1–O1 2.073(2), Mn1–
N1 2.185(3), Mn1–N2 2.249(3), Mn1–N5 2.111(3), Mn1–N6 2.091(3), N1–
C11 1.271(4), N3–C19 1.280(4), C11–N1–C12 115.7(3), C19–N3–C20
125.6(3).
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described as a slightly distorted octahedron. The calculated
bond valences56–59 indicated that the Mn1–O1 bond (of the
phenolate group) is the strongest one whereas the Mn1–O2 (of
the water molecule) bond is the weakest one. The methanol
oxygen atom in 1 is also weakly bonded to the central ion. As
in 1, the coordinated pyridine ring is twisted out of the bis-
iminomethylphenolate plane by 31.29(8)°. The dicyanamide
ions and water molecules are linked by the O–H⋯N hydrogen
bonds (Table S3 and Fig. S10, ESI†) forming a dimer via the
R2

2(10) motif. Further intermolecular O–H⋯N interactions
between the pyridine ring and water molecules expand the
complex dimer to the one dimensional chain extending along
the crystallographic [01−1] axis. The perchlorate anions are the
terminal units of the supramolecular chain, bonded to
complex cations via O–H⋯O hydrogen bonds.

The asymmetric unit of 3 contains one neutral [Mn(HL)
(SCN)2] unit. The manganese(II) ion displays a distorted tetra-
gonal–pyramidal coordination geometry formed by the phenol-
ate oxygen atom, the imine and the pyridine nitrogen atoms of
2,6-bis[N-(2-pyridylethyl)iminomethyl]-4-tert-butylphenolate
ligand, and two nitrogen atoms of thiocyanate anions. One of
the side-arm uncoordinatated imine nitrogen atom is proto-
nated, which allows the formation of an intramolecular
N–H⋯O hydrogen bond with the phenolate oxygen atom. The
Mn–O and Mn–N bond lengths vary from 2.073(2) to 2.249(3) Å,
and they are similar to those found for other mononuclear
MnII coordination compounds.52–54 The intermolecular assem-
bly of 3 is dominated by π⋯π stacking interactions of 6-mem-
bered rings of adjacent molecules (Table S3 and Fig. S11,
ESI†). The coordinated pyridine ring is twisted out of the bis-
iminomethylphenolate plane by 18.27(20)°.

The molecular structure of the two synthesized 1 : 1 com-
plexes, 2 and 3, is similar to that of the previously reported
mononuclear manganese(II) coordination compounds of 2,6-
bis[N-(2-pyridylethyl)iminomethyl]-4-methylphenol possessing
the azide,52 the nitrate53 and the thiocyanate52–54 ions, respect-
ively. Complex 1 is the first example of a compound crystalliz-
ing with a 1 : 2 metal to Schiff base ligand stoichiometry.

Electrochemical studies

Cyclic voltammograms for the complexes are presented in
Fig. S12–S14 (ESI†). All the complexes show a strong, irrevers-
ible reductive wave at −1.25 to −1.29 V, which is assigned to
the reduction of the imino moiety of the Schiff base ligand. At
more negative potential, complexes 2 and 3 show another
quasi-reversible reductive couple at around −1.65, with a peak
to peak separation of 110–160 mV, which is attributed to the
addition of electrons to the pyridine π*-orbital of the Schiff
base ligand. For complex 1, containing two Schiff base ligands,
two pyridine centered reductions are observed at −1.7 and
−1.8 V, but the electrode processes are nearly irreversible in
nature. On the positive side, for complexes 2 and 3 two ir-
reversible ligand centered oxidations are observed at 0.92 and
1.4 V for complex 2 and at 1.1 V and 1.75 V for complex 3. In
the case of complex 1, two quasi-reversible oxidations are
observed at 0.45 V (ΔEp = 100 mV) and 0.75 V (ΔEp = 100 mV),

followed by an irreversible oxidation at 1.5 V. The couple at
0.45 V is tentatively assigned to the Mn(III)/Mn(II) couple,
whereas the other two oxidative responses are probably ligand
oxidations. The presence of two phenolato oxygens in the
coordination sphere of Mn(II) in complex 1 probably makes it
easier to oxidize to Mn(III) compared to the other two com-
plexes where the Mn(III)/Mn(II) couple could not be detected.

Catecholase like activity

We have examined the catalytic activity of the complexes by
evaluating the oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC)
via O2 activation to o-quinone in air-saturated methanol solu-
tion at 25 °C. All the three mononuclear MnII complexes show
significant catalytic oxidation of the substrates as monitored
by means of UV–vis spectroscopy. The kinetics for the oxi-
dation of the substrates 3,5-DTBC has been determined by
monitoring the increased concentration of the products, 3,5-
DTBQ, following the procedure reported in the Experimental
section. The spectral scans for complex 1, 2 and 3 are pre-
sented in Fig. 4, S15 and S16,† respectively. Enzyme kinetics
plots data for complexes 1–3 are reported in Fig. S17–S22
(ESI†). Analysis of the experimental data shows that the
Michaelis binding constant (KM) values are significantly
different from each other and they vary in a wide range from
1.7 × 10−2 to 1.08 × 10−3, whereas the Vmax values for all the
complexes are very similar and vary in a narrow range from
2.883 × 10−5 to 1.68 × 10−5. Kinetic parameters for complexes
1–3 are shown in Table 2. Table 3 represents the kcat values of
some previously reported transition metal com-
plexes.4,16,24,53,60 Upon comparison of Tables 2 and 3, it may
be stated that our synthesized complexes belong to the highly
efficient catalyst group, where the order of their activity is 1 >
2 > 3. We can also conclude that the transition metal com-
plexes undergoing ligand centred catechol oxidation have a
higher kcat value than that of the metal complexes having

Fig. 4 UV–vis spectra of (i) complex 1, (ii) 3,5-DTBC, and (iii) changes in
UV–vis spectra of complex 1 upon addition of 3,5-DTBC observed after
each 5 min interval.
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metal centered catechol oxidation properties. On the basis of
the ESI-MS study, complexes 1, 2 and 3 should exist in solution
as [Mn(LH)ClO4]

+, [Mn(LH){N(CN)2}]
+, and [Mn(LH)SCN]+,

respectively. Due to their non-coordinating nature perchlorate
ions generally act as counter anions and consequently the
overall charge of complex 1 is +2. On the other hand due to
the coordinating ability of N(CN)2

− and SCN− they should be
present in the inner coordination sphere imparting +1 overall
charge for both complexes 2 and 3, respectively. It is quite
evident that higher the effective charge on the metal ion
higher will be the catalyst–substrate interactions followed by
higher efficiency, as is observed in the case of complex 1.
Structural characterization reveals that Mn–N bond distances
with N(CN)2 and (NCS) are 2.223 and 2.165 Å for complexes 2
and 3, respectively. A longer Mn–N bond distance for complex

2 causes easy dissociation to accommodate the incoming sub-
strate 3,5-DTBC to a greater extent, thereby showing higher
activity over complex 3. In order to get insight into the nature
of possible complex–substrate intermediates, the ESI-MS posi-
tive spectra of a 1 : 50 mixture of complex 1 (most active) and
3,5-DTBC in methanol are recorded after 5 minutes of mixing,
and the spectra is depicted in Fig. S23 (ESI†). The peak at
m/z = 690.3265 can be assigned to the 1 : 1 complex–substrate
aggregate, [Mn(L)(3,5-DTBC)]+. The rest of the peaks at m/z =
468.1732, 415.2570 and 243.1356 can be considered as
[Mn(L)]+, [H(LH)]+ and [3,5-DTBQ-Na]+, respectively.

To find out the exact pathway of 3,5-DTBC oxidation, we
performed the EPR experiment of only complex as well as a
mixture of a complex and 3,5-DTBC. The only complex has six
line spectra, which implies the Mn2+ systems. But the EPR
signal of a mixture of 3,5-DTBC and complex 1 (as representa-
tive) has one extra peak at 337 mT (g = 1.999) along with six
lines (Fig. 5). The EPR signal at g = 1.999 is undoubtedly due
to the generation of an organic radical. We have already
reported that the generation of an imine bond radical (g ≈ 2)
is responsible for catechol oxidation.4,7,61 It is now essential to
know whether dioxygen reduces to water or H2O2 during the
oxidation process. The oxidation of I− to I2 followed by the

Table 3 kcat values of some previously reported transition metal complexes

Catalysta Solvent kcat (h
−1) Ref.year

(1) [NiIIL1(H2O)3]I2·H2O Methanol 92.7 42013

(2) [NiII2 (L
1)2(NCS)2] Acetonitrile 64.1 60a2012

(3) [CuII(L7)Cl]Cl Methanol 11.16 60b2011

(4) [CuII2 (H2L)(μ-OH)](ClO4)2 Methanol 28.74 60c2008

(5) CuII2diep Water–methanol 63 60d2012

(6) [MnII(6′Me2indH)(H2O)2(CH3CN)](ClO4)2 DMF 48.9 60e2008

(7) [MnII(HL)(H2O)3](NO3)2·(H2O)] Methanol 2160 532011

(8) [MnII(HL)(SCN)2(H2O)]·0.5H2O] Methanol 1440 532011

(9) [MnII(HL)(N(CN)2)(H2O)2](NO3)·H2O] Methanol 720 532011

(10) [MnII(L1)(SCN)2(H2O)] DMSO 607.08 24c2016

(11) [MnII
2 (L1)(OAc)2](BPh4)] DMSO 853.38 24c2016

(12) [MnII
2 (L2)(OAc)2(dca)]n DMSO 255.19 24c2016

(13) [CuII2 (L
Me,Me–O)(OH)(OClO3)][ClO4]·MeCN Methanol 564 162012

(14) [MnIIIL1(OOCH)(OH2)] Acetonitrile 936.64 60f 2012

(15) [MnIIIL2(OH2)2][Mn2(L2
2(NO2)3] Acetonitrile 365.34 60f 2012

(16) [MnIII
2 L2(NO2)2] Acetonitrile 1432.74 60f 2012

(17) [MnIIIL2Cl·4H2O] Methanol 247 60g2009

(18) [MnIIIL3Cl·4H2O] Methanol 360 60g2009

(19) [MnIIIL4Cl·4H2O] Methanol 720 60g2009

(20) [MnIV
2 (L

1
A)2(L

1••) DCM 12.60 60h2004

(21) [MnIV(L2A)(L
2•)2] DCM 21.30 60h2004

(22) [MnIV(L3A)(L
3•)2] DCM 55.20 60h2004

(23) [MnIV(L4A)(L
4•)2] DCM 14.80 60h2004

(24) [MnIV(L5A)(L
5•)2] DCM 34.14 60h2004

(25) [MnIV(L6A)(L
6•)2] DCM 16.32 60h2004

(26) [MnIV(L7A)(L
7•)2] DCM 15.60 60h2004

a (1) HL1 = 2-[(2-piperazin-1-ylethylimino)methyl]phenol; (2) HL1 = 2-[1-(3-methylaminopropylamino)ethyl]phenol; (3) HL7 = 6-(bispyrazol-1-ylmethyl-
amino)hexan-1-ol; (4) H3L = 2,6-bis[{{(2-hydroxybenzyl)(N′,N′-(dimethylamino)ethyl)}amino}methyl]-4-methylphenol; (5) diep = 2,8-dimethyl-5,11-bis
(pyridin-2-ethyl)-1,4,5,6,7,10,11,12-octahydroimidazo[4,5-h]imidazo[4,5-c][1,6]-diazecine; (6) 6′Me2indH = 1,3-bis(6′-methyl-2′-pyridylimino)isoindo-
line; (7–9) HL = 2,6-bis{2-(N-ethyl)pyridineiminomethyl}-4-methylphenolato; (10, 11) HL1 = 2-formyl-4-chloro-6-N-ethylmorpholine-iminomethyl-
phenol; (12) HL2 = 2-formyl-4-methyl-6-N-ethylpyrrolidine-iminomethyl-phenol; (13) LMe,Me = 1,3-bis[(N,N,N′-trimethylaminoethyl)aminomethyl]
benzene; (14) L1 = 2,7-bis(2-hydroxyphenyl)-2,6-diazaocta-2,6-diene; (15, 16) L2 = 1,7-bis(2-hydroxyphenyl)-2,6-diazahepta-1,6-diene); (17) L2 = N,N-1-
methylethylenebis(3-formyl-5-methylsalicylaldimine); (18) L3 = N,N-1,1-dimethylethylenebis(3-formyl-5-methylsalicylaldimine); (19) L4 = N,N-cyclo-
hexenebis(3-formyl-5-methylsalicylaldimine); (20) L1 = 1,3-bis(4,6-di-tert-butyl-2-iminophenol)benzene; (21) L2 = 2-anilino-4,6-di-tert-butylphenol;
(22) L3 = 2-(3,5-di-t-butyl-anilino)-4,6-di-tert-butylphenol; (23) L4 = 2-(3,5-ditrifluromethane-anilino)-4,6-di-tert-butylphenol; (24) L5 = 2-(3,5-dimethyl-
anilino)-4,6-di-tert-butylphenol; (25) L6 = 2-(3,5-dichloro-anilino)-4,6-di-tert-butylphenol; (26) L7 = 2-(3,5-dimethoxy-anilino)-4,6-di-tert-butylphenol.

Table 2 Kinetic parameters of catecholase like activity for complex 1–3

Catalyst Vmax (M s−1) KM (M) kcat (h
−1)

1 2.883 × 10−5 1.7 × 10−2 1038
2 2.420 × 10−5 1.08 × 10−3 871.2
3 1.680 × 10−5 4.105 × 10−3 604.8

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2016 Dalton Trans., 2016, 45, 12409–12422 | 12415

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

/7
/2

02
6 

10
:2

0:
16

 P
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/c6dt00625f


generation of I3
−, as is evident from the UV–vis spectral study

of the solution (Fig. S24, ESI†) obtained after a suitable
workup of the mixture of catechol, complex, and KI (see the
Experimental section), clearly hints that dioxygen is reduced to
H2O2, as reported by other investigators also.60a An experiment
to detect the formation of H2O2 was also carried out separately

in the absence of oxygen as well as in the absence of 3,5-DTBC.
In both cases we did not find any indication for the formation
of H2O2, suggesting that both the substrate and oxygen are
required together for the generation of H2O2. Quantitative esti-
mation of H2O2 performed at different time intervals was
carried out as reported earlier.15 The results suggest that the
amount of H2O2 is nearly twice that of the amount of 3,5-DTBQ
(Fig. S25, ESI†). This observation also strengthens our proposed
mechanism for the catecholase like oxidation (vide infra).

In addition to the generation of imine bond radicals, there
are also some reports of phenoxo radical species which are
accountable for catechol oxidation.62–66 Now to rationalize the
exact pathway for our complexes we performed DFT calculation
(vide infra).

A blank experiment, carried out with only Mn2+ salt and
3,5-DTBC in the absence of the ligand and another blank
experiment with only ligand and 3,5-DTBC in the absence of
the Mn2+ salt, showed no band around ∼400 nm in the UV–vis
spectra, suggesting the effectiveness of our complexes.

Computational study

In order to investigate the assumed reaction mechanism we
employed density functional theory (DFT) calculations.
A characteristic feature of open-shell transition-metal ions in
general is that several electronic configurations are accessible

Fig. 5 EPR spectra of complex 1 and the mixture of complex 1 and 3,5-
DTBC in methanol.

Fig. 6 Proposed mechanistic cycle for catecholase-like activity of complex (1) with 3,5-di-tert-butylcatechol.
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that may give rise to a number of different spin states, where
the preferred one is determined by various factors. Since Mn2+

can be either in high-spin (HS), intermediate (IS), or low-spin
(LS) state, in order to determine the ground state we per-
formed calculations at the S12g/TZ2P//BP86-D3/TDZP levels of
theory,31,36–38,46 including scalar relativistic29,67 and solvation
effects,39,41,42 which has been proven to be accurate for the
spin-state energetics.35,68,69 The proposed mechanistic cycle is
given in Fig. 6.

The radicals in structures (4) and (5) can in principle be
localized at the imine bond or at the phenoxy oxygen, see
Fig. 7.

Our DFT calculations revealed that the active intermediate
should be the high spin Mn(II) complex with the radical loca-
lized at the imine, Fig. 8. The spin density from the metal is
slightly delocalized over the ligating atoms that can stabilize it
with conjugation (pyridine and imine nitrogens and catechol
oxygen). Besides at the metal, an excess of spin density can be
observed at the imine and catechol carbons (which is further
delocalized in tiny portions over conjugated positions). Hence
according to our calculations the formation of an imine
radical (4) is preferred.

The results for the spin state calculations are given in
Table 4. The abbreviations for the complexes and ligands are
explained in Fig. 9.

As can be seen, for structures (1–3), Mn2+ is in the HS state,
as expected. For structures (4–5), only the HS state has the
required electronic structure (with an excess of spin density on
imine and catechol) in order to be considered as a catalytically
active intermediate. Lower spin states cannot be in the appro-
priate electronic structure (and it is unlikely that they partici-
pate in the catalytic cycle). Additionally, in the case of
intermediate spin states, the MeOH dissociated (bond dis-
tances are about 2.5 angstroms and even more).

Phenoxazinone synthase activity

Catalytic oxidation of 2-aminophenol (OAPH) was examined
spectrophotometrically in dioxygen-saturated methanol solu-
tion at 30 °C. In order to confirm the ability of the manganese(II)
complexes to oxidize OAPH, 1.0 × 10−4 M methanolic solutions
of the three complexes were treated with a 0.01 M solution of
OAPH under aerobic conditions. The course of the reaction
was followed by UV–Vis spectroscopy, and a representative
time-resolved spectral profile for a period of 2 h after the
addition of OAPH is shown in Fig. 10 for 1. The spectral scans
for complexes 2 and 3 are shown in Fig. S26 and S27,† respect-
ively (ESI†). The spectral scan reveals the progressive increase
of the peak intensity at ca. 424 nm, a characteristic of phenoxa-
zinone chromophores, suggesting the catalytic oxidation of
OAPH to 2-aminophenoxazine-3-one under aerobic con-
ditions.70 A blank experiment without a catalyst under identi-
cal conditions does not show significant increase in the band
intensity at 424 nm. These spectral behaviors unambiguously
demonstrate that all the complexes are active catalysts for the
aerial oxidation of OAPH to the corresponding phenoxazinone
chromophore.Fig. 8 Spin density of intermediate (4).

Fig. 7 Plausible structures of radical intermediate (4).

Table 4 Spin state energiesa (S12g/TZ2P//BP86-D3/TDZP) for complex species (1–5) from the catalytic cycle described in Fig. 6

Spin state [Mn2+(LH)2]
2+ (1) [Mn2+L(MeOH)3]

+ (2) [Mn2+L(MeOH)23,5-DTBC(H)] (3) [Mn2+L*(MeOH)23,5-DTBC*]
− (4) [Mn2+L*(MeOH)3] (5)

LS 9.28 25.25 28.23 0.34b 18.53c

IS 10.53 8.47 14.13 −12.01b,d −2.81d
HS 0 0 0 0 0

a Scalar relativistic corrections and solvation effects included in both geometry optimization and single-point energy calculations. b This structure
does not correspond to intermediate 4, there is no radical on the catechol. c Structure with no excess of spin density on any atom, i.e. a pure
closed-shell singlet state. dMethanol dissociated away.
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Reaction kinetics was performed to understand the extent
of catalytic efficiency. For this purpose, 1.0 × 10−4 M solution
of the complexes was treated with at least 10-fold excess of the
substrate to follow the pseudo-first-order conditions. Kinetic
studies were performed at a constant temperature of 25 °C,
monitored with a thermostat under aerobic conditions. For a
particular complex–substrate mixture, a time scan at the
maximum band (424 nm) of 2-aminophenoxazine-3-one was
carried out for a period of 20 min, and the initial rate was
determined by linear regression from the slope of the absor-
bance versus time, and each experiment was performed thrice
and the average values were noted. ESI-MS positive spectra of a
1 : 50 mixture of the complex 1 (most active) and o-amino-
phenol in methanol was recorded after 5 minutes of mixing,
and the spectra are depicted in Fig. S28 (ESI†). The peak at
m/z = 577.68 (for 1) can be assigned to [MnL-(OAPH)]+, which
is consistent with the rate saturation kinetics as discussed
earlier. Other major peaks at m/z = 468.42, 415.45, 235.16 and
213.18 are assigned to [Mn(L)]+, [H(LH)]+, [Na(2-aminophenox-
azine-3-one)]+ and [(2-aminophenoxazine-3-one)H]+, respect-
ively. The initial rate of the reactions versus concentrations of
the substrate plot shows rate saturation kinetics as depicted in
Fig. S29–S34 (ESI†). This observation indicates that the reac-

Fig. 9 The abbreviations for the complexes and ligands that are used in Table 4.

Fig. 10 UV–Vis spectral scans showing an increase in the phenoxazi-
none chromophore band at 420 nm after the addition of o-aminophenol
(0.001 M) to a solution of complex 1 (1 × 10−4 M) in methanol at 25 °C.
The spectra were recorded for a period of 2 h.
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tion proceeds through the formation of an intermediate
complex–substrate adduct in a pre-equilibrium stage and that
the irreversible substrate oxidation is the rate determining step
of the catalytic cycle. This type of saturation rate dependency
on the concentration of the substrate can be treated with the
Michaelis–Menten model, which on linearization gives a
double reciprocal Lineweaver–Burk plot to analyze the values
of the parameters, Vmax, KM, and kcat. Analyses of the experi-
mental data yielded the Michaelis binding constant (KM)
values of 3.39 × 10−3, 3.55 × 10−3 and 3.34 × 10−3 M for 1–3,
respectively, while the Vmax values of 3.85 × 10−6, 1.78 × 10−6

and 3.97 × 10−7 M s−1 for 1–3, respectively. The turnover
number (kcat) value is obtained by dividing the Vmax by the con-
centration of the complex used, and is calculated to be 138.62,
64.07 and 14.2 h−1 for 1–3, respectively (Table 5). Table 6 rep-
resents the kcat values for the oxidation of OAPH by previously
reported catalyst transition metal complexes.11,49,60e,70,71

Table 6 clearly suggests that our complexes belong to a highly
efficient catalyst group. In cyclic voltammetric studies we did
not get any indication of oxidation from MnII to MnIII for both
complexes 2 and 3. Therefore, it may be stated that both com-
plexes are not oxidized during the oxidation of OAPH as pro-
posed previously.70a However, both our complexes are able to
catalyze the oxidation of OAPH. So there may be some new
pathway that has been followed during catalytic oxidation of

OAPH. In order to unveil that pathway we have performed an
EPR experiment (Fig. 11). From the EPR experiment we have
observed that the EPR signal of only complex 2 in methanol
shows a six line spectrum as expected for the MnII system.
However, the 1 : 50 mixture of complex 2 and OAPH exhibits a
broad signal at g ≈ 1.98. Comparing these two EPR spectra we
can conclude that the six line spectrum of MnII obtained from
complex 2 is masked by a broad peak of the organic radical
generated from complex 2 as reported earlier.72 We have also
proposed a probable mechanistic pathway of OAPH oxidation
by complex 1 (Fig. 12). Generation of H2O2 during the OAPH
oxidation has been confirmed following the same procedure
as mentioned previously in the Experimental section. Quanti-
tative estimation of H2O2 at different time intervals implies
that nearly 2 mol of H2O2 were shown to be produced per mole
of OAPH oxidation (Fig. S35, ESI†). The result also supports
our proposed mechanism for OAPH oxidation.

Table 5 Kinetic parameters (Vmax, KM, kcat) of complexes 1–3 for the
oxidation of OAPH

Catalyst Vmax (M s−1) KM (M) kcat (h
−1)

1 3.85 × 10−6 3.39 × 10−3 138.62
2 1.78 × 10−6 3.55 × 10−3 64.07
3 3.97 × 10−7 3.34 × 10−3 14.2

Table 6 kcat values for the phenoxazinone synthase like activity of different metal complexes previously reported

Catalysta Solvent kcat (h
−1) Ref.year

(1) [FeIIICl2(L
5)] DMF 137 71a2014

(2) [Co(L2)(N3)3] Methanol 33.26 71b2014

(3) [Co2(amp)2(μ-imp)2Cl2]Cl2·2H2O Methanol 13.75 112013

(4) [Co(L1)Cl(H2O)]Cl·H2O Methanol 13.68 492014

(5) [Mn(L1)Cl2] Methanol 11.90 71c2014

(6) [Mn(L2)Cl2] Methanol 9.66 71c2014

(7) [Mn(L3)Cl2] Methanol 8.20 71c2014

(8) [Mn(L4)Cl2]·H2O Methanol 26.32 71c2014

(9) [Fe(L1)Cl3] Methanol 56 71d2012

(10) [Mn(6′Me2indH)(H2O)2(CH3CN)](ClO4)2 DMF 2.93 60e2008

(11) [Cu(hebmz)2] DMF 29.7 71e2005

(12) [Mn(L1)Cl2]·2MeOH Methanol 23.54 70a2013

(13) [Mn(L2)Cl2] Methanol 27.32 70a2013

a (1) HL5 = 1,3-bis(5′-methyl-2′-thiazolylimino)isoindoline; (2) L2 = (2-pyridylmethyl)(2-pyridylethyl)amine; (3) amp = 2-aminomethylpyridine;
imp = 2-iminomethylpyridine anion; (4) L1 = N,N′-bis(pyridin-2-ylmethylene)-2,2-dimethylpropane-1,3-diamine; (5) L1 = pyridin-2-ylmethylene-
[2-(2-pyridin-2-yl-tetrahydro-pyrimidin-1-yl)-ethyl]-amine; (6) L2 = (methoxy-pyridin-2-yl-methyl)-[2-(2-pyridin-2-yl-imidazolidin-1-yl)-ethyl]-amine;
(7) L3 = {2-[2-(6-methyl-pyridin-2-yl)-imidazolidin-1-yl]-ethyl}-(6-methyl-pyridin-2-ylmethylene)-amine; (8) L4 = hexahydro-1-(2-(tetrahydro-2-
(pyridin-2-yl)pyrimidin-(2H)-yl)ethyl)-2-(pyridin-2-yl)pyrimidine; (9) L1 = N,N′-bis(2-methylbenzimidazolyl)pyridinediamide; (10) 6′Me2indH = 1,3-
bis(6′-methyl-2′-pyridylimino)isoindoline; (11) Hhebmz = 2-(α-hydroxyethyl)benzimidazole; (12) L1 = pyridin-2-ylmethylene-[3-(2-pyridin-2-yl-tetra-
hydro-pyrimidin-1-yl)-propyl]-amine; (13) L2 = N-(3-amino-propyl)-N′-(1-pyridin-2-yl-ethylidene)-propane-1,3-diamine.

Fig. 11 EPR spectra of (i) complex 2 and (ii) 1 : 50 mixture of complex 2
and OAPH in methanol.
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Conclusion

Three mononuclear Mn(II) complexes of an “end-off” compart-
ment ligand have been synthesized where the metal : ligand
stoichiometry is unusually observed to be 1 : 2 in complex 1.
All three complexes have been comprehensively structurally
characterized by X-ray single crystal structural analyses. All
three complexes have been utilized as a potential dioxygen
activator to catalyze the aerobic oxidation of 3,5-DTBC and
o-aminophenol as model substrates and thereby to exhibit
catecholase-like and phenoxazinone synthase-like activities. All
three complexes are highly active with different degrees i.e. 1 >
2 > 3 and the efficiency order has been rationalized in terms of
effective positive charge on the complexes and metal–ligand
bond lability. EPR and CV studies suggest that oxidation of
catechol and o-aminophenol catalyzed by our Mn(II) complexes
are due to ligand bound radical generation rather than metal
centered redox participation. Detailed DFT calculation on cate-
chol oxidation is in favor of an imine bound radical instead of
phenoxo radical formation as the basis of oxidation.
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