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A three-dimensional manganese(II) coordination polymer:
synthesis, structure and catecholase activity
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ABSTRACT
A manganese-based coordination polymer, [Mn2L2(m-MeOH)2]n
(H2L ¼ 2-hydroxy-1-naphthaldehyde isonicotinoylhydrazone) was
obtained by self-assembly of 2-hydroxy-1-naphthaldehyde isonico-
tinoylhydrazone and manganese(II) acetate. The coordination
polymer was characterized by IR, EPR and UV–Vis spectroscopy.
The single-crystal X-ray diffraction study reveals that the dibasic
tridentate ligand (L2�) is bound via ONO donor sites to
manganese(II). Two such [ML] fragments are connected by m2-
bridged methanol (MeOH) to form a di-manganese species. The
sixth site of each of the manganese is occupied by the pyridyl N
atom of the isonicotinoyl group. This arrangement gives a poly-
nuclear complex of the formula [Mn2L2(m-MeOH)2]n. The coordin-
ation geometry of manganese is distorted octahedral. The X-band
electron paramagnetic resonance (EPR) measurement of the com-
plex at 77 K shows a six-line spectrum and a signal at the half
field, with g¼ 4.88. The half-field signal indicates the dimeric
nature of the complex in the solution state. The cyclic voltammet-
ric measurement of the complex shows a reversible MnIII/MnII

redox couple. The complex catalyzes the conversion of 3,5-di-tert-
butyl catechol to the corresponding o-quinone with a catalytic
turnover rate of (kcat) 27.22h

�1.
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1. Introduction

Manganese is a metal which can readily shuttle between oxidation states þ2 and þ3.
This behavior is widely utilized in redox metalloenzymes, such as catalase, ribonucleo-
tide reductase, superoxide dismutase and dioxygenase [1]. Manganese enzymes have
various types of active sites having different nuclearity, including the tetranuclear
manganese clusters that exist at the reactive site of photosynthetic water oxidation
[2]. This has led researchers to develop manganese complexes of different nuclearity
not only to develop better and efficient catalysts, but also in the design of single-mol-
ecule magnets [3]. Several multinuclear manganese complexes with diverse structures
such as rings [4], clusters and coordination polymers have been studied, owing to
their structural diversity [5], magnetism [6], sensing [7] and catalysis [8]. The choice of
manganese in many such synthetic models is due to the fact that it is a redox-active
metal ion, has flexible coordination geometry and therefore offers plenty of choice for
structural modulation [9–11]. Dinuclear manganese complexes are widely utilized for
various catalytic conversions, such as epoxidation, hydroxylation, and hydrosilylation/
hydrogermylation [12–15]. Polynuclear manganese complexes also show interesting
magnetic anisotropy properties [16]. In addition, various multinuclear manganese com-
plexes are also shown to catalyze conversions such as oxygen transfer reactions and
water oxidation [17, 18].

In recent years many of the manganese complexes were shown to catalyze super-
oxide-dismutase-like activity and catecholase activity [19, 20]. The two major metal-
loenzymes, catechol dioxygenase and catechol oxidase, catalyze the conversion of cat-
echol to their respective products [21, 22]. Catechol oxidase is generally found in
some plants, algae and fungi and catalyzes the oxidation of o-diphenols to the corre-
sponding o-quinones in the presence of molecular oxygen which gets reduced to
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water. The conversion of catechols into o-quinones is important as the latter is used in
many antiseptic formulations. Although catechol oxidase has a dicopper active site
structure, several transition metal complexes with manganese [23], iron [24] and cobalt
[25] have been reported to show catecholase activity. Among manganese complexes
that display catecholase activity, several have a dinuclear core with alkoxy/phenolate/
oxido/methanol bridges [26]. Various strategies are used to generate a dinuclear Mn-
Mn core in a polymeric matrix. However, simple strategies such as housing a dinuclear
core in a matrix of a coordination polymer that offers voids for the diffusion of the
substrate can be very effective. Herein we report a manganese coordination polymer
that offers dinuclear Mn…Mn core bridged methanol molecules obtained by the pro-
cess of self-assembly.

2. Experimental

2.1. General remarks

All reactions were performed under aerobic conditions. Solvents used for the synthesis
were purchased from RANKEM of analytical grade and used after purifying by standard
methods. Isonicotinichydrazide and 2-hydroxy-1-naphthaldehyde were purchased from
TCI Chemicals and manganese(II) acetate tetrahydrate was purchased from Merck India
and were used without purification.

A Perkin Elmer Spectrum-II FT-IR spectrometer was used for infrared spectral meas-
urements. UV–visible spectrum were recorded in N,N-dimethyl formamide (DMF) on a
Shimadzu UV-2450 spectrometer. Elemental analyses were performed on a Vario Micro
cube for C, H, N, S Analyser by Elemental Analyser System GMBH. ESI-Mass spectra
were recorded on a VARIAN 410 Prostar Binary LC with 500MS IT PDA in positive
mode at SAIF, Punjab University, Chandigarh. The XPS measurement was carried out
on a VG Scientific ESCALAB 250 instrument. The cyclic voltammogram was recorded in
a CHI1140C electrochemical analyzer equipped with a platinum wire counter electrode,
a calomel reference electrode and a glassy carbon disk working electrode. The working
electrode was polished before each voltammogram with a 1lm diamond paste, soni-
cated in ethyl alcohol, washed with the same solvent, and dried in air. The electro-
chemical studies were carried out with sample concentrations of 0.5mM, 0.75mM and
1mM in dry DMF (ACROS) using 0.1M tetrabutylammonium perchlorate (TBAP) as a
supporting electrolyte. Nitrogen was purged into the solution for 15minutes before
the start of the experiment. The temperature was maintained with a Julabo circulation
bath at 25 �C. The EPR spectrum was recorded at 77 K in DMF on a JEOL ESR
Spectrometer at 9.5mW microwave frequency with a fieldset of 330mT and 200mT
field sweep. EASYSPIN 5.0.16 was used for EPR simulations [27].

2.2. Synthesis of ligand (H2L)

The ligand (E)-N’-((2-hydroxynaphthalen-1-yl)methylene)isonicotinohydrazide (H2L,
Scheme 1) was synthesized by condensation of isonicotinichydrazide and 2-hydroxy-1-
naphthaldehyde as reported elsewhere [28]. Isoicotinichydrazide (500mg, 3.64mmol)
and 2-hydroxynaphthaldehyde (627mg, 3.64mmol) were taken in 35mL ethanol
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solution and refluxed for 4 h. Upon completion of the reaction, a yellow precipitate
was obtained, which was filtered off, washed with ethanol solution and dried under
vacuum. 375mg (75%). 1H-NMR (DMSO d6), 25 �C, 400MHz): (ppm) 12.51 (s, 1H, OHa),
12.40 (s, 1H, NHb), 9.47 (s, 1H, N¼C-Hc), 8.83 (d, 2H, CHd), 8.31 (d, 1H, CHe) 7.91 (d, 1H,
CHf), 7.94 (d, 1H, CHg), 7.88 (d, 2H, CHh), 7.61 (t, 1H, CHi), 7.41 (t, 1H, CHj), 7.24 (d, 1H,
CHk), FT-IR (KBr, cm�1): H2L, 3226s (-NH), 3029m (aromatic –CH), 1680s (>C¼O),
1660m (>C¼N), 1286 (>C-O), 1186m (-C-N). Elemental analysis, Anal. Calcd
(C17H13N3O2): C 70.09, H 4.50, N 14.42, found: C 70.05, H 4.60, N 14.44. ESI-MS: (m/z)
292.30 [MþH]þ.

2.3. Synthesis of fpoly[bis(m-((E)-N’-((2-hydroxynaphthalen-1-yl)methylene)
isonicotinohydrazido-j4O1:N1:O2:N3)bis(m-methanol-j2O:O)dimanganese(II)]g (1)

A methanolic solution (4mL) of Mn(OAc)2�4H2O (12mg, 0.05mmol) and a DMF solu-
tion (2mL) of H2L (15mg, 0.05mmol) were prepared [29, 30]. The methanolic solution
of manganese acetate tetrahydrate was carefully layered over the DMF solution of the
ligand. Brown crystals were obtained after 30 days. 8.5mg (70%). They were used for
further characterization. FT-IR (KBr, cm�1): Complex 1 3029 (aromatic –CH), 1667
(>C¼O), 1614 (>C¼N2), 1596 (>C¼N1), 1332 (C-N), 1194 (C-O), 535 (Mn-O), 493
(Mn-N). UV–Vis for 1 (DMF, kmax, nm): p-p�(314–327 nm), n-p�(337–400 nm). Elemental
analysis: Anal. calcd f[MnL(m-MeOH)]2gn�2n(H2O): C 54.83, H 4.35, N 10.66%, found: C
55.05, H 4.50, N 10.52%.

2.4. X-ray crystallography

The data of 1 were collected at 150 K in a Bruker SMART APEX II CCD detector and
graphite-monochromatic Mo Ka radiation (k ¼ 0.71073) at low temperature. The struc-
ture was solved by direct methods using SHELXT [31] and refined on F2 by full-matrix
least-squares methods using SHELXL [32]. Non-hydrogen atoms were refined aniso-
tropically. H-atoms were allowed to ride on their respective atoms with Uij values �1.2
for aromatic CH groups. The SQUEEZE routine [33] in PLATON was used to remove the
electron density distributed in voids. The hydrogen atom attached to the oxygen of

Scheme 1. Schematic diagram of H2L.
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coordinated methanol molecules could not be identified from difference fourier. The
SQUEEZE routine was able to recover 364 electrons per unit cell, equivalent to one
methanol and 0.5 water molecule per asymmetric unit as disordered solvent accom-
modated in the solvent-accessible void. The final R (all data) values converged to
R1¼ 0.0456 and wR2¼ 0.0834.

3. Results and discussion

3.1. Synthesis and general spectroscopic characterization

The ligand (H2L) (E)-N’-((2-hydroxynaphthalen-1-yl)methylene)isonicotinohydrazide was
synthesized by condensation of isonicotinichydrazide with 2-hydroxy-1-naphthalde-
hyde as per the reported literature [28]. The mass spectrum of the ligand is consistent
with the expected molecular mass of the compound (Figure S1, Supporting
Information). The 1H NMR spectrum of the ligand shows a sharp peak at 12.51 and
12.40 ppm for OH and NH protons, respectively, and the peaks in the range 9.47 to
7.22 ppm can be assigned to aromatic protons (Figure S2, Supporting Information).
The IR spectrum of H2L displays a broad band at 3436 cm�1 which is due to the asym-
metric stretching of the naphthol –OH group, while the band at 3226 cm�1 is due to
the hydrazinic -NH stretching (Figure S3, Supporting Information). In 1, the broad
band at 3428 cm�1 may be due to the presence of hydrogen-bonded water molecules
trapped in the lattice. The ligand displays a strong band at 1680 cm�1 corresponding
to>C¼O is stretching, which disappeared in 1, owing to the enolisation. The band at
1660 cm�1 corresponding to the>C¼N- stretching frequency in the ligand is shifted
to 1596 cm�1 in 1, indicating coordination of azomethine nitrogen atom. The band at
1614 cm�1 may arise from the newly formed>C¼N- bond. The UV-visible spectrum of
the ligand shows bands at 326 nm and 363 nm and a shoulder at 374 nm. These bands
can be assigned to the n-p� transition in the ligand backbone and the azomethine
group. A series of three bands observed at 439 nm, 466 nm and 496 nm are character-
istic of the p-p� transitions of the naphthyl group [34]. The nature and position of the
latter set of bands depend on strong intramolecular hydrogen bonding between the
hydroxyl group of the naphthyl group and the azomethine nitrogen [35]. The UV-vis-
ible spectrum of the complex (Figure S4, Supporting Information) show bands at
338 nm and 352 nm corresponding to n-p� transitions, while the bands at 430 nm,
460 nm and 478 nm may result from the coordinated azomethine group and modifica-
tion of the energy of the naphthyl backbone upon coordination [12]. The XPS spec-
trum of 1 shows (Figure S5, Supporting Information) peaks at 642.3 and 654.8 eV
which correspond to the binding energies of the spin-orbit splitting components of
Mn 2p3/2 and 2p1/2, respectively, in the þ2 oxidation state of the metal. The value of
Mn 2p3/2 is slightly shifted to higher binding energy due to the bonding of the metal
with higher electronegativity atoms [36, 37].

3.2. X-ray diffraction studies

The molecular structure of 1 with the atom numbering scheme is shown in Figure 1.
Crystallographic refinement parameters are provided in Table 1. Important bond
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Figure 1. A plot of the repeating unit of 1 drawn with 50% probability ellipsoid.

Table 1. Crystal data and structure refinement for 1.
Empirical formula C36H30Mn2N6O6

Formula weight 752.54
Temperature/K 150(2)
Wavelength/Å 0.71073
Crystal system Tetragonal
Space group I 41/a
Unit cell dimensions a ¼ 29.1685(13) Å, a ¼ b ¼ c ¼ 90�

b ¼ 29.1685(13) Å
c ¼ 8.8458(5) Å

Volume/Å3 7526.0(8)
Z 8
Density/Mg/m3 1.328
Absorption coefficient/mm�1 0.721
F(000) 3088
Crystal size/ mm3 0.200� 0.160� 0.120
Theta range for data collection/ � 1.396 to 25.436
Index ranges �35�h� 35, �35�k� 35, �10�l� 10
Reflections collected 36361
Independent reflections 3484 [R(int) ¼ 0.0684]
Completeness to theta ¼ 25.242� 100.0%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.916 and 0.868
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3484/0/227
Goodness-of-fit on F2 1.066
Final R indices [I> 2sigma(I)] R1¼ 0.0325, wR2¼ 0.0795
R indices (all data) R1¼ 0.0456, wR2¼ 0.0834
Largest diff. peak and hole 0.521 and �0.343 e.Å�3
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lengths and angles are listed in Table 2. A thermal ellipsoidal plot of the [Mn2L2(l-
MeOH)2] repeating unit of 1 is shown in Figure 1.

The crystal structure determination of 1, [Mn2L2(l-MeOH)2]n, reveals that the doubly
deprotonated ligand (L2-) binds with ONO donor atoms viz, phenolate oxygen atom
(O1), one imine nitrogen atom (N1) and one oxygen atom (O2). The metal ion is fur-
ther coordinated by two methanol molecules in a m2-bridging mode. The sixth coord-
ination site of Mn(II) is bound by the pyridine nitrogen atom (N3) of another ligand
unit (Figure S6, Supporting Information). The equatorial bond lengths Mn–O1, Mn–O2,
Mn-O3 and Mn-N1 are 1.9159(14), 1.9199(14), 1.8994(15) and 1.9671(18) Å, respectively.
However, the axial bond lengths Mn-O3a (a¼ xþ 1/2, �yþ 1/2, �zþ 1/2) and Mn-N3b

(b¼ y � 1/4, �xþ 3/4, z � 1/4) are 2.2428(14) and 2.3662(18) Å, respectively, indicating
axial elongation. The bond lengths are consistent with Mn-O bond lengths of low-spin
manganese(II) complexes reported elsewhere (Table S1, see Supporting Information)
[38]. The values of distorted octahedral geometry of this Mn complex are satisfied by
the bond angles (O3-Mn1-O1¼ 97.73(6)�, O1-Mn1-O3a (a¼ xþ 1/2, �yþ 1/2, �zþ 1/2)
¼ 88.21(6)�, O3-Mn1-N1¼ 173.08(7)�, N1-Mn1-O3a (a¼ xþ 1/2, �yþ 1/2, �zþ 1/2) ¼
97.21(6)�. The distortion can also be gauged from the angle variance (roct) and quad-
ratic elongation parameter (koct) whose values, 31.95(�)2 and 1.024, respectively, indi-
cate moderate distortion. The pyridyl ring is twisted compared to the rest of the
metal-ligand moiety with the dihedral angle 14.77� in the asymmetric unit of the
coordination polymer. The bridging of the methanol molecules leads to formation of
the Mn2O2 dimanganese center with a Mn…Mn distance of 3.146 Å. The Mn-O-Mn
angle measures 98.52�, which falls within the range reported for other dinuclear com-
plexes having low-spin Mn(II) at the core [26d–f]. The dimanganese [Mn2L2(m-MeOH)2]
units are connected to other similar units via the pyridyl N3 atom of the isonicotinoyl
group. Each Mn2O2 unit acts as a node and leads to a puckered 4-connected closed
loop; each such closed loop is further connected to each other via an N3 atom of a pyridyl
group of the isonicotinic moiety. These inter-loop connectivity leads to a square-like cavity
propagating along the c-direction in a helical fashion. Strong p-p stacking interactions and

Table 2. Selected bond lengths (Å) and angles (�) for 1.
Bond lengths (Å)

Mn(1)-O(3) 1.8994(15) Mn(1)-N(1) 1.9671(18)
Mn(1)-O(1) 1.9159(14) Mn(1)-O(3)a 2.2428(14)
Mn(1)-O(2) 1.9199(14) Mn(1)-N(3)b 2.3662(18)

Bond angles (�)

O(3)-Mn(1)-O(1) 97.73(6) O(1)-Mn(1)-N(3)b 86.82(6)
O(3)-Mn(1)-O(2) 93.72(6) O(2)-Mn(1)-N(3)b 91.48(6)
O(1)-Mn(1)-O(2) 168.48(6) N(1)-Mn(1)-N(3)b 89.46(7)
O(3)-Mn(1)-N(1) 173.08(7) O(3)a-Mn(1)N(3)b 171.62(6)
O(1)-Mn(1)-N(1) 89.00(7) O(3)-Mn(1)-Mn(1)a 44.82(4)
O(2)-Mn(1)-N(1) 79.59(6) O(1)-Mn(1)-Mn(1)a 93.38(5)
O(3)-Mn(1)-O(3)a 81.48(6) O(2)-Mn(1)-Mn(1)a 95.61(5)
O(1)-Mn(1)-O(3)a 88.21(6) N(1)-Mn(1)-Mn(1)a 133.53(5)
O(2)-Mn(1)-O(3)a 94.72(6) O(3)a-Mn(1)-Mn(1)a 36.66(4)
N(1)-Mn(1)-O(3)a 97.21(6) N(3)b-Mn(1)-Mn(1)a 137.01(5)
O(3)-Mn(1)-N(3)b 92.50(6)

Symmetry transformations used to generate equivalent atoms: a�xþ 1/2, �yþ 1/2, �zþ 1/2, b�xþ 3/4, y � 1/4,
z � 1/4.
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favorable C-H… p interactions appear to stabilize the coordination polymer (Table S2 and
Figure S7, see Supporting Information). These interactions favor a clustering of naphthyl
groups along the channels formed by 4-connected closed loops, while the helical channels
appear to hold solvent molecules along the 4-fold screw axis (Figure 2). The program
PLATON finds a solvent-accessible void corresponding to 422 (Å)3, and an unresolved elec-
tron density of 91 electrons, which can be roughly estimated to the presence of four
methanol and two water molecules in each of the 4-fold helical channel. Partial network
connectivity of this coordination polymer is shown in Figure 3.

3.3. Epr study of 1

The solid-state EPR spectrum of the sample at room temperature gives a broad signal
with giso ¼ 2.023, indicating the presence of a weakly coupled manganese(II) dinuclear
center (Figure S8, Supporting Information) [39]. To understand the integrity of 1 in
solution, the X-band EPR spectrum was measured at 77 K in DMF (Figure 4). The EPR
spectrum is anisotropic, giving a well resolved six-line signal. The EPR simulation with
I¼ 5/2 gives a best-fit with the parameters gx ¼ 2.005, gy ¼ 2.010, gz ¼ 2.0015 and
giso ¼ 2.005. This anisotropy is known to arise due to the presence of distortion in the
molecular geometry from the perfect octahedral symmetry [40]. The appearance of six
lines indicates the coupling of the electronic spin of Mn(II), to the nuclear spin of

Figure 2. A diagram showing the clustering of the naphthyl groups in 1.
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55Mn (I¼ 5/2) and that the contribution from axial zero-field splitting parameter (D) is
marginal. The hyperfine coupling constants Ax ¼ 75, Ay ¼ 36, Az ¼ 95 (�10�4 cm�1)
indicate that the electronic delocalization is not equivalent in the bonds formed by

Figure 4. The X-band EPR spectrum of 1 recorded at 77 K in DMF. Experimental (black) and simu-
lated (red). Inset: half-field signal of 1.

Figure 3. A simplified network connectivity of 1.
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manganese(II) [41]. The weak signal observed at half-field with g value 4.88 can be
inferred as arising from the methanol-bridged dinuclear Mn…Mn core.

3.4. Electrochemical study of 1

Cyclic voltammetry is widely used to study the redox properties of transition metal com-
plexes. Therefore, the redox properties of 1 were investigated using cyclic voltammetry.
The complex dissolves appreciably only in DMF and has limited solubility in acetonitrile
and methanol. Hence, the cyclic voltammogram of 1 at a concentration of 0.75mM was
recorded in dry DMF containing 0.1M [(nBu)4N]ClO4 as supporting electrolyte in a three-
electrode system containing glassy carbon electrode as a working electrode, a platinum
wire as counter electrode and calomel electrode as a reference electrode. In order to have
an idea about the oxidation state of the manganese present, the resting potential of the
complex was obtained. The value of �0.09V indicates that the manganese metal ion is in
þ2 oxidation state. A cyclic voltammetric potential sweep was performed in the potential
range þ0.5 V to �0.6V vs. SCE at 100mV s�1 to minimize the interference, owing to lig-
and based redox processes which occurs beyond this range (Figure 5). Cyclic voltammetric
scan of 1 at different scan rates of 50, 100, 150 and 200 mVs�1 were performed within
the same potential range (Figure S9, Supporting Information) to check the redox property
of the manganese complex. The experiment was performed with anodic scan first, fol-
lowed by cathodic scan. The solution of 1 in DMF displays a quasi-reversible one-electron
redox process at E1/2 ¼ �0.03V corresponding to the MnII-MnII/MnII-MnIII redox couple
and another one at E1/2 ¼ þ0.4V originating from the MnII-MnIII/MnIII-MnIII redox couple.
The anodic scan gives a peak for the MnII/MnIII redox couple at Epa ¼ �0.0046V and the
cathodic scan gives a peak at Epc ¼ �0.07V with a peak to peak separation of (DEp ¼
Epa � Epc) 65mV for MnIII/MnIII redox couple at Epa ¼ þ0.43V and the cathodic scan gives
a peak at Epc ¼ þ0.37V with a peak to peak separation of (DEp ¼ Epa � Epc) 100mV. The
peak current ratio, Ipa/Ipc ¼ 0.71, 0.83 and E1/2 ¼ �0.03 and þ0.4 V vs. SCE, respectively,

Figure 5. Cyclic voltammogram of 1 (0.75Mm) with scan rate 100 mVs�1 in DMF. (The resting
potential is indicated by 1 mark).
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corresponds to the metal centered MnII-MnII/MnII-MnIII and MnII-MnIII/MnIII/MnIII redox
processes. In order to identify whether the cortical oxidation is in fact catalyzed by 1, a
potential sweep of 1 (0.75mM) was performed in the presence of catechol (15 equivalent)
in the potential range �0.8V to þ1.7V under nitrogen atmosphere. The voltammogram
displayed an anodic peak at þ0.93V corresponding to catechol oxidation, which is found
to appear at the same potential in the absence of 1. However, in the presence of oxygen
a potential scan in the same potential window displayed an increase in catalytic current
beyond þ1.6V. This indicates that 1 catalyzes catechol oxidation in the presence of oxy-
gen only (Figure S10, Supporting Information).

3.5. Catecholase activity of 1

In most of the studies involving catechol oxidase activity, 3,5-di-tert-butylcatechol (3,5-
DTBCH2) is used as a model substrate due to ease of oxidation of substrate to its cor-
responding quinone, 3,5-di-tert-butylquinone (3,5-DTBQ). No further oxidation is
observed due to the bulkier groups present in the substrate [42]. The oxidized sub-
strate 3,5-DTBQ also shows a characteristic strong absorption at ca. 400 nm which
helps monitor the progress of the catalytic reaction. In order to study the catecholase
activity of the manganese complex, a 0.25� 10�4 M solution of complex in DMF was
prepared and was treated with 100 fold of 3,5-DTBCH2 in the same solvent (Figure 6a).
The progress in the oxidation of the substrate under aerobic conditions was moni-
tored by recording UV–visible spectra of the reaction mixture every 5minutes up to a
total time of 60min after mixing. A gradual increase in the intensity of the spectra is
an indication of the formation of more 3,5-DTBQ, which can be due to the catechol
oxidase activity of the manganese complex. A control experiment performed in exactly
the same conditions, without the manganese complex as the catalyst, show no change
in the absorption intensity at 400 nm, indicating the absence of conversion of 3,5-
DTBC into 3,5-DTBQ.

The kinetic study of the catalysis was monitored by performing a set of time-scans
at the band maximum of the product (quinone) at a fixed temperature of 25 �C. The

Figure 6. (a) Increase in absorption intensity with time after addition of 100 equivalent of 3,5-
DTBCH2 to a solution containing complex in 1 in DMF; (b) Initial rates vs [substrate] for the oxida-
tion reaction by 1 as a catalyst in DMF. Lineweaver–Burk plot is given as inset.
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concentration of the complex was kept constant at 0.25� 10�4 M, and the concentra-
tion of the 3,5-DTBCH2 varied from 0.25� 10�3 M to 0.25� 10�2 M. The initial rate
method was used for determining the rate constant for the catalyst, complex 1. At
lower concentrations of the substrate, first-order kinetics were observed, indicating
substrate-catalyst binding in the initial stage of the catalytic reaction [43]. The rate
constant vs. substrate concentration was measured on the basis of the
Michaelis–Menten equation to get the Lineweaver–Burk plot and the parameters Vmax,
KM and Kcat (Figure 6b). A comparison of the catecholase activity of the manganese
complex with other similar manganese-based catalysts reported in DMF is presented
in Table 3. It can be observed that for a mononuclear manganese(II) complex, reported
elsewhere, the Kcat value appears to be higher in DMF medium [23, 44]. For
manganese(II) dinuclear complexes in methanol medium reported elsewhere [45], the
turnover number is found to be lower than for 1 we have reported here. For a 1D
Mn(II) coordination polymer in methanolic medium the Kcat value is higher than those
reported for mononuclear complexes [46], but is lower than the one observed in an
MnII/MnIII hexanuclear cluster [43]. It can be observed from the mass spectral data
(Figure S11, Supporting Information) that the complex breaks down to a dinuclear
species, which may be responsible for catecholase activity in solution. From the above
observations, it can be concluded that the lower activity displayed by 1 may be due
to the electron deficient nature of the ligand used.

The aerobic catechol oxidation reaction is generally assumed to involve the release
of H2O2 during the catalytic cycle. Therefore, to identify the presence of H2O2 during
catechol oxidation, the starch-iodide test was performed. For this test, a starch-potas-
sium iodide mixture was added to the mixture of 1 and 3,5-DTBCH2. If H2O2 is
released during the catechol oxidation reaction, the hydrogen peroxide is expected to
react with the potassium iodide releasing I2. The molecular iodine released forms an
inclusion complex with starch, giving a blue color. In our experiment, the blue color-
ation was observed during the starch-iodide test, indicating the release of H2O2. Based
on the above observation, a plausible mechanism of the catechol oxidation reaction
by the manganese complex is suggested as given in Scheme 2. The catalytic cycle is
initiated by the loss of the proton from the bridging methanol which then abstracts a

Table 3. Comparison of catecholase activity by various compounds.
Catalyst Vmax (Ms

�1) KM (M) kcat (h
�1) Ref.

Complex 1 (1.89 ± 0.04)�10�7 (2.89 ± 0.26)�10�4 27.22 This work
[MnIIIL(OAc)(H2O)]�DMFa (1.19 ± 5.57)�10�7 (7.73 ± 1.5)�10�4 17.2 [23]
[MnIIIL(N3)(H2O)]

a (1.76 ± 0.6.414)�10�7 (10.2 ± 1.4)�10�4 25.4 [23]
[MnIIIL(NCS)(H2O)]

a (1.18 ± 6.31)�10�7 (6.22 ± 1.5)�10�4 17.0 [23]
[Mn2(O2CCH3)(N-C2H5-HPTB)](ClO4)2

b – – 44 [45]
[Mn2(O2CC6H5)(N-C2H5-HPTB)](ClO4)2

b – – 24 [45]
[Mn2(O2CCH3)(H-HPTB)](ClO4)2

b – – 8 [45]
[Mn2(O2CC6H5)(H-HPTB)](ClO4)2

b – – 8 [45]
[Mn(6’Me2indH)(H2O)2(CH3CN)](ClO4)2

c 23� 10�7 12.7� 10�3 48.8 [44]
[MnII(bpy)2(H2O)(ClO4)](ClO4)

d (63.6 ± 6.48)�10�4 (36 ± 1.04)�10�4 126.9 [46]
[MnIII2Mn

II
4O2(pyz)2(C6H5CH2COO)10]n

e (7.076 ± 16.2)�10�5 (1.745 ± 0.32)�10�4 2547 [43]
aL¼N,N’-ethylenebis(3-ethoxysalicylaldimine), solvent DMF.
bHPTB¼N,N,N0 ,N0-tetrakis(2-benzimidazolylmethyl)-2-hydroxo-1,3-diaminopropane, solvent MeOH.
c6’Me2indH ¼ 6’-methyl-2-pyridylimino)isoindoline, solvent DMF.
dbpy¼ bipyridine, solvent MeOH.
epyz¼ pyrazine, solvent CH3CN.
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proton from a hydroxyl group of the catechol, leading to the formation of methanol
which remains coordinated to Mn1. The dioxygen then attacks the coordinatively
unsaturated Mn2. The coordinated peroxide radical ion then abstracts the second
phenolic hydrogen atom from the catecholate species. This leaves behind a phenolate
radical ion which quickly rearranges to the DTBQ radical. The DTBQ radical is then
quickly converted to free 3,5-DTBQ; the odd electron is likely to get transferred to the
Mn(III) of the dinuclear Mn2 core by tunnelling via the Mn(III)-peroxide bond. This is
followed by the release of H2O2 by the abstraction of a proton from coordinated
methanol on Mn1, regenerating the catalytic Mn2 core.

4. Conclusion

A new manganese coordination polymer, [MnII2(L)2(MeOH)2]n, was synthesized from a
tetradentate ligand H2L by a self-assembly process. The two manganese(II) metal ions
are connected by two methanol molecules in a m2-bridging mode. The dinuclear
assembly is further linked via the pyridyl nitrogen atoms to form a three-dimensional
coordination polymer. The network formed has 4-connected closed loops linked by 4-
fold helical connectivity. The compound displays moderate catecholase like activity in
aerobic condition with concomitant release of H2O2.

Scheme 2. A plausible mechanism for catechol oxidation under aerobic condition catalyzed by 1.
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