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A B S T R A C T

The syntheses and characterization of two new complexes, [Mn2(TQA)2(µ-O)2](ClO4)2 (1) and [Mn2(TQA)2(µ-
OAc)2](ClO4)2 (2) (TQA= tris(2-quinolylmethyl)amine), are described. The diMn complexes (1 & 2) have been
characterized by elemental analysis, IR and X-ray diffraction. The complexes partly resemble the active-site
structures of the oxidized and reduced forms of bacterial manganese catalases. Addition of aqueous H2O2 to the
complexes in 1:1 MeOH/tris-buffer solution led to rapid evolution of O2 confirming their catalase activity. The
complexes 1 & 2 exhibited turnovers of 810 and 665mol O2 per mol of the catalysts, respectively. Catalytic
efficiencies (kcat/KM) of 8.5 and 22M−1 s−1 were measured for the complexes 1 & 2. The corresponding
mononuclear Mn(II) complex, [Mn(TQA)(MeCN)(ClO4)](ClO4)·MeCN (3) also exhibited similar catalase activity.
The complexes (1–3) showed marked preference for catalytic H2O2 disproportionation over oxidation of 2,2′-
azinobis-(3-ethylbenzothiazoline)-6-sulfonicacid (ABTS).

1. Introduction

Despite being an essential bio-relevant metal ion, relatively few
manganese based enzymes having a well characterized active site have
been isolated till date. The most important physiological role played by
the manganese is its involvement in the oxygen evolving complex
(OEC) during photosynthesis [1–3]. Apart from this, a number of
mononuclear (viz., superoxide dismutase and manganese dioxygenase)
and binuclear (e.g. Catalase, ribonucleotide reductase, arginase) man-
ganese-containing enzymes have been isolated and characterized
structurally during the last few decades [4–14]. Among them, manga-
nese catalases are the most extensively studied [8–12]. Broadly, three
different varieties of catalases that protect cells from harmful effects of
H2O2 by converting it into water and dioxygen, have been identified.
Among them, the iron-containing enzymes (heme-type catalase &
chloroperoxidase) are most extensively studied [15]. The third variety
of catalases isolated and characterized by protein crystallography from
three bacterial organisms, Lactobacillus plantarum [16], Thermus ther-
mophiles [17] and Thermoleophilum album [10] are found to contain
dimanganese active sites. The enzymes cycle between MnII/MnII and
MnIII/MnIII redox states during catalytic turnovers. Moreover, the oxi-
dized and reduced forms of the enzymes differ in the nature of the

bridging ligands. The oxidized form of the enzyme reveals an active site
containing two MnIII ions bridged by the carboxylate group of a glu-
tamate residue in a syn-syn fashion. The motif is completed by two more
bridging oxygen atoms, one of which is thought to be a µ-oxido [16]. In
contrast, the reduced form of the enzyme features a µ-OH and a µ-OH2

along with the bridging carboxylate unit [16].
Considerable efforts have been made to develop synthetic mimics of

Mn-catalases as pharmaceutical agents to destroy H2O2 and other re-
active oxygen species (ROS) [18–20]. So far, only a handful of func-
tional mimics featuring diMn motifs have been reported [21–28]. A
series of diMn complexes bearing binucleating salen type of ligands has
emerged as efficient functional mimics. One of these, [MnIVsalpn(µ-O)]2
(salpn= 1,3-bis(salicylideneamino)propane) exhibited excellent ac-
tivity towards H2O2 disproportionation (kcat = 2.5× 102 s−1) [29,30].
However, unlike the native enzymes, the catalyst cycles between
MnIVMnIV and MnIIIMnIII redox states. Another design strategy em-
ployed to synthesize diMn catalase mimics is to employ tripodal ligands
offering two vacant cis-coordination sites upon metalation. These va-
cant coordination sites facilitate the synthesis of binuclear complexes.
Triller et al. exploited this strategy and utilized a tripodal ligand bpia
(bpia= bis(picolyl)(N-methylimidazol-2-yl)amine) to synthesize diMn
catalase mimics [31]. The diMn(II/II) complex [Mn2(bpia)2(µ-OAc)2]2+
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mimicking the active site of the reduced form of manganese catalases
has shown catalase activity (kcat = 0.237 s−1) [31,32].

In the present work, we have employed a tripodal ligand TQA
(TQA= tris(2-quinolylmethyl)amine) to develop manganese catalase
models. Despite being a member of the TPA family of ligands
(TPA= tris(2-pyridylmethyl)amine), metal complexes bearing TQA
have exhibited unique magnetic properties and unprecedented re-
activity towards C–H bonds, attributable primarily to the greater steric
bulk of quinolenes. In particular, the oxoiron(IV) complex of TQA has
emerged as the best electronic functional model of the oxoiron(IV) in-
termediate of the enzyme TauD-J [33]. The complex featuring an S= 2
ground state exhibited unprecedented reactivity towards strong C–H
bonds with rates of substrate oxidation 3–4 orders of magnitude larger
than the related low-spin (S= 1/2) oxoiron(IV) complexes. The
amazing reactivity pattern of the Fe-TQA complexes prompted us to
explore the corresponding manganese complexes. Herein, we report the
synthesis, characterization and reactivity of the complexes
[Mn2(TQA)2(µ-O)2](ClO4)2 (1), [Mn2(TQA)2(µ-OAc)2](ClO4)2 (2) and
[Mn(TQA)(MeCN)(ClO4)](ClO4)·MeCN (3) (Scheme 1). Complexes 1
and 2 are the approximate structural mimics of the oxidized and re-
duced form of the native manganese catalases. All the complexes have
been shown to exhibit catalase activity at ambient conditions with ex-
cellent turnovers.

2. Experimental section

2.1. Materials and methods

All reagents were used as purchased from commercial suppliers.
Solvents were purified by standard methods. The concentration of H2O2

stock solution was determined by iodometric titration. The ligand was
prepared by previously reported method [34].

2.2. Synthesis of the manganese complexes

2.2.1. Synthesis of [Mn2(TQA)2(O)2](ClO4)2 (1)
A mixture of Mn(ClO4)2·6H2O (180mg, 0.5mmol) and TQA

(220mg, 0.5 mmol) in 5mL acetonitrile was stirred for 2 days in pre-
sence of air at room temperature. The yellow solution formed after
2 days of stirring was left under air for 7 days and brown crystalline
solid separated out. The brown solid thus obtained was washed with
ether and dried to get the desired complex. Suitable crystal for X-ray
crystallography (dimension= 0.32× 0.30× 0.29mm) were obtained
by diffusion of diethyl ether to an acetonitrile solution of the catalyst.
Yield: 250mg (40%); Anal. Calc. for C60H48Cl2Mn2N8 O10: C, 58.98; H,
3.96; N, 9.17. Found: C, 58.88; H, 3.92; N, 9.12. ESIMS (positive ion
mode, acetonitrile) m/z: 511.12 [Mn2(TQA)2(µ-O)2]2+. FT-IR (KBR, ν
cm−1): 2360, 1612, 1514, 1120.

2.2.2. Synthesis of [Mn2(TQA)2(OAc)2](ClO4)2 (2)
A mixture of Mn(OAc)2·4H2O (122mg, 0.5mmol) and TQA

(220mg, 0.5 mmol) was stirred for two hours in a vial containing 2mL
acetonitrile. Sodium perchlorate (1.0 mmol) was added to the reaction
mixture. The solution was filtered and crystallized via vapour diffusion
of diethyl ether to afford white crystals suitable for X-ray crystal-
lography. Yield: 330mg (50%). Anal. Calc. for C64H58Cl2Mn2N8O14: C,
57.19; H, 4.35; N, 8.34. Found: C, 57.14; H, 4.28; N, 8.28 ESIMS (po-
sitive ion mode, acetonitrile) m/z: 554.1[Mn2II(TQA)2(OAc)2]2+. FT-IR
(KBr, ν cm−1): 2360, 1598, 1511, 1116.

2.2.3. Synthesis of [Mn(TQA)(CH3CN)(ClO4)](ClO4) (3)
An acetonitrile solution of Mn(ClO4)2·6H2O (180mg, 0.5 mmol) was

added dropwise to a vial containing TQA (220mg, 0.5 mmol) in 2mL
acetonitrile under N2. The reaction mixture was stirred for 30min at
room temperature. The solution was then poured onto diethyl ether to
get a white precipitate. Suitable crystal for X-ray crystallography (di-
mension=0.28x 0.26× 0.23mm) were obtained by diffusion of die-
thyl ether to an acetonitrile solution of the catalyst. Yield: 290mg
(81%). Anal. Calc. for C34H30Cl2MnN6O8: C, 52.59; H, 3.89; N, 10.82.
Found: C, 52.54; H, 3.85, N, 10.76. ESIMS (positive ion mode, acet-
onitrile) m/z: 594.32 [MnII(TQA)(ClO4)]+. FT-IR (KBr, ν cm−1): 1601,
1514, 1433, 1126, 830.

2.3. Physical and analytical measurements

FT-IR spectra were recorded on a JASCO FT/IR-4700 spectro-
photometer. Mass spectra were recorded on a Bruker micro-TOF MS-
Agilent series 1200 LC using electron spray ionization mode.

2.4. X-ray crystallography

Crystallographic data and experimental details for all the three
complexes are summarized in Tables 1 and 2. Data on the crystals were
collected on a Bruker SMART 1000 CCD area-detector diffractometer
using graphite monochromated Mo Kα (λ=0.71073 Å) radiation by ω
scan. The structure was solved by direct methods using SHELXS-97 and
difference Fourier syntheses and refined with SHELXL-97 [35,36]
package incorporated in WinGX 1.64 crystallographic collective
package [37]. All the hydrogen positions for the compound were in-
itially located in the difference Fourier map, and for the final refine-
ment, the hydrogen atoms were placed geometrically and held in the
riding mode. The last cycles of refinement included atomic positions for
all the atoms, anisotropic thermal parameters for all non-hydrogen
atoms and isotropic thermal parameters for all the hydrogen atoms. Full
matrix-least-squares structure refinement against |F2|. Molecular geo-
metry calculations were performed withPLATON [38] and molecular
graphics were prepared using ORTEP-3 [39]. SQUEEZE/PLATON was
used in structural refinement in complex 2. The unit cell contains 10

Scheme 1. Synthetic scheme of the metal complexes (1–3) used in this study.
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water molecules which have been treated as a diffuse contribution to
the overall scattering without specific atom positions by SQUEEZE/
PLATON. CCDC reference number 1888233 (complex 1), 1888234
(complex 2) and 1888235 (complex 3) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre (CCDC) via
www.ccdc.cam.ac.uk/data_request/cif.

2.5. Study of catalase activity

Catalase activity of the complexes were measured at 293 K polaro-
graphically using a Clark-type electrode (Hansatech Oxygraph+).
Before each experiment the electrode was calibrated using air saturated
water. Reactions were performed in 1:1 methanol:Tris-HCl buffer so-
lution. After attaining a steady baseline, different amounts of H2O2 was
added to the sealed reaction vessel containing the catalyst solution
(0.1 mM). Initial rate method was used for kinetic studies and rates
were determined by measuring the dissolved oxygen. In case of

Table 1
Crystal data collection and structure refinement for complex 1, 2 and 3.

Crystal data 1 2 3

CCDC reference number 1888233 1888234 1888235
Empirical formula C60H48Cl2Mn2N8 O10 C64H58Cl2Mn2N8O14 C34H30Cl2MnN6O8

Formula weight (gmol−1) 1221.85 1343.96 776.48
Crystal system Monoclinic Orthorhombic Triclinic
Space group P 21/n P 21 21 21 P −1
Unit cell dimensions

a=12.6077(6) Å a= 14.3204(4) Å a= 11.8279(4) Å
α=90° α=90° α=80.9452(2)°
b= 17.9394(9) Å b=20.9301(6) Å b=16.2640(5) Å
β=101.59(3)° β=90° β=81.825(3)°
c= 12.6858(6) c= 22.3385(6) c= 18.6633(6)
γ=90° γ=90° γ=74.534(3)°

Volume Å3 2811.2(2) 6695.5(3) 3398.12(19)
Z 2 4 4
D (calculated), Mg/m3 1.443 1.333 1.518
Absorption coefficient, mm−1 0.612 0.525 5.135
Data collection
Temperature, K 293(2) 293(2) 293(2)
Refinement
cGoodness-of-fit on F2 (GOF) 1.057 0.964 1.026
Final R indices [I > 2σ(I)] R1= 0.0762, R1= 0.0783 R1= 0.0447

wR2= 0.1766 wR2= 0.1886 wR2= 0.1199
R indices (all data) R1= 0.1146, R1= 0.0931 R1= 0.0490,

wR2= 0.1994 wR2= 0.2098 wR2= 0.1241

R1= ΣFobsd− Fcalcd/ΣFobsd. wR2= {Σ[w(Fobsd2− Fcalcd2)2]/Σ[w(Fobsd2)2]}1/2.
GOF= {Σ[w(Fobsd2− Fcalcd2)2]/ndata− nvari}1/2.

Table 2
Selected bond lengths (Å), bond angles (°) and torsion angles (°) for complex 1, 2 and 3.

Bond lengths (Å)

Complex 1 Complex 2 Complex 3

Mn(1)–O(1)′ 1.824(3) Mn(1)–O(11) 2.070(4) Mn(1)–N(1) 2.231(2)
Mn(1)–O(1) 1.830(3) Mn(1)–O(9) 2.129(4) Mn(1)–N(2) 2.312(2)
Mn(1)–N(1) 2.114(4) Mn(1)–N(1) 2.281(5) Mn(1)–N(3) 2.242(2)
Mn(1)–N(3) 2.146(4) Mn(2)–O(12) 2.148(4) Mn(1)–N(4) 2.316(2)
Mn(1)–N(4) 2.361(4) Mn(2)–O(10) 2.058(4) Mn(1)–N(5) 2.160(2)
Mn(1)–N(2) 2.383(4) Mn(1)–N(3) 2.323(5) Mn(1)–O(1) 2.2746(18)
Mn(1)–Mn(1)′ 2.6772(12) Mn(2)–N(5) 2.264(5) Cl(3)–O(11) 1.415(2)
O(1)–Mn(1)′ 1.824(3) Mn(2)–N(8) 2.280(5) Cl(3)–O(12) 1.4378(18)

Bond angles (°)

O(1)′–Mn(1)–O(1) 85.78(15) O(11)–Mn(1)-O(9) 92.51(18) N(5)–Mn(1)–N(1) 167.91(8)
O(1)′–Mn(1)–N(1) 175.62(15) O(11)–Mn(1)–N(1) 169.3(2) N(5)–Mn(1)–N(3) 111.74(8)
O(1)–Mn(1)–N(1) 89.87(15) O(9)–Mn(1)–N(1) 87.44(17) N(1)–Mn(1)–N(3) 80.06(7)
O(1)′–Mn(1)–N(3) 101.89(15) O(11)–Mn(1)–N(3) 102.99(18) N(5)–Mn(1)–O(1) 85.17(7)
O(1)–Mn(1)–N(3) 172.26(15) O(9)–Mn(1)–N(3) 164.49(17) N(1)–Mn(1)–O(1) 83.57(7)
O(1)′–Mn(1)–N(4) 105.19(16) O(11)–Mn(1)–N(4) 115.75(19) N(3)–Mn(1)–O(1) 161.24(7)
O(1)–Mn(1)–N(4) 94.56(15) O(9)–Mn(1)–N(4) 95.35(18) N(5)–Mn(1)–N(2) 102.00(8)
N(1)–Mn(1)–N(4) 74.57(17) O(10)–Mn(2)–(12) 92.81(17) N(1)–Mn(1)–N(2) 74.04(8)
N(3)–Mn(1)–N(4) 82.48(15) O(12)–C(63)–O(11) 123.8(6) N(3)–Mn(1)–N(2) 92.24(7)
O(1)′–Mn(1)–N(2) 106.69(16) O(9)–C(61)–O(10) 122.9(5) O(1)–Mn(1)–N(2) 92.00(7)
O(1)–Mn(1)–N(2) 94.51(15) O(10)–Mn(2)–N(6) 97.81(19) N(5)–Mn(1)–N(4) 106.80(8)
N(1)–Mn(1)–N(2) 74.18(18) O(12)–Mn(2)–N(6) 85.59(18) N(1)–Mn(1)–N(4) 75.91(8)
Mn(1)′–O(1)–Mn(1) 94.22(15) N(8)–Mn(2)–N(6) 149.7(2) N(3)–Mn(1)–N(4) 85.50(7)
O(1)′–Mn(1)–Mn(1)′ 42.97(10) N(7)–Mn(2)–N(6) 90.68(18) O(1)–Mn(1)–N(4) 81.67(7)
O(1)–Mn(1)–Mn(1)′ 42.81(10) O(11)–Mn(1)–N(2) 97.8(2) N(2)–Mn(1)–N(4) 149.81(8)
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volumetric analysis, a 10mL flask was used, sealed with a septum and
connected to a burette having precision of 0.1mL. The catalytic reac-
tion was initiated by the introduction of H2O2 solution using a syringe
to the catalyst solution (0.2 mM) and evolution of dioxygen was mea-
sured volumetrically.

2.6. Peroxidase probes

The following procedure was used for studying the oxidation of 2,2′-
azinobis-(3-ethylbenzothiazoline)-6-sulfonicacid (ABTS) by the com-
plexes with H2O2 at ca. pH 7. Methanolic solution of the catalyst (10 μL;
10−3 M; 10−8 mol) and an aqueous ABTS solution (50 μL; 0.009M;
4.5×10−7 mol) were added to 3mL water. To the above solution H2O2

(50 μL; 10M; 5× 10−4 mol) was added and the oxidation of ABTS
started immediately. Oxidation of ABTS was followed by monitoring
the increase in intensity of UV absorption bands.

3. Results and discussion

3.1. Synthesis of the complexes

The tripodal qunolyl ligand (TQA) was synthesized by literature
method [34]. Reaction of equimolar amounts of TQA and Mn(II)-per-
chlorate in acetonitrile under air resulted in the formation of the bis(µ-
oxo)bismanganese(III) complex, [Mn2(TQA)2(µ-O)2](ClO4)2 (1). Com-
plex 1 has been thoroughly characterized by spectral analysis and X-ray
crystallography (Fig. 1). The presence of Mn2O2 core motif is indicated
by its FT-IR spectrum (Fig. S1), which exhibits a vibration at 670 cm−1,
a characteristic feature of the Mn2O2 core [40]. For the related complex
[Mn2(TPA)2(µ-O)2](ClO4)2 (TPA= tris(2-pyridylmethyl)amine), Mn–µ-
oxo vibration appears at 660 cm−1 [41]. ESI-MS data of the complex in
acetonitrile exhibited a major peak at 511.12m/z, which can be at-
tributed to [Mn2(TQA)2(µ-O)2]2+ (Fig. S2).

Finally, the coordination environments of the manganese centres
were obtained from X-ray diffraction study. A thermal ellipsoid plot of
the complex 1 together with the selective atom numbering scheme is
illustrated in Fig. 1. Selected bond distances and angles are listed in
Table S2. Complex 1 contains the Mn2O2 diamond core motif with the
N4 ligand and thus provides a distorted octahedral environment around

both manganese(III) centres. The planar Mn2O2 is characterized by an
acute Mn–O–Mn angle (94.22°) and a short Mn–Mn distance (2.677 Å),
which is slightly longer than that reported previously for the structu-
rally related complex, [Mn2(O)2(TPA)2]2+. The Mn–µ-oxo bonds of 1
(Mn1–O1i= 1.824 Å and Mn1–O1=1.830 Å) are shorter than those of
[Mn2(O)2(TPA)2]2+ [41]. The Mn–N bonds (Mn1–N1=2.114 Å and
Mn1–N3=2.146 Å) trans to the bridging oxo is shortened by 0.2 Å
from the other axial Mn–N bonds (Mn1–N2=2.361 Å and
Mn1–N4=2.383 Å). The axial Mn–N distances are 0.06 Å longer than
those in [Mn2(O)2(TPA)2]2+ [41]. This is expected since the quinolyl
groups are known to exert steric effects that in turn, prevent the qui-
nolyl nitrogen to approach the manganese centre too closely. Similar
structural distinctions have previously been noted in Fe2O2 diamond
core motifs bearing TPA and 6-Me3-TPA (6-Me3-TPA= tris(6-methyl-2-
pyridylmethyl)amine) [42].

Addition of manganese(II) acetate to an acetonitrile solution of TQA
under N2 and subsequent addition of sodium perchlorate followed by
diethyl ether resulted in a white precipitate. Preliminary characteriza-
tion allowed us to formulate the complex as [Mn2(TQA)2(µ-OAc)2]
(ClO4)2 (2). The ESI mass spectra for complex 2 in acetonitrile shows a
major peak at 553.87m/z which corresponds to the fragment
[Mn2II(TQA)2(OAc)2]2+ (calculated=554.1) (Fig. S3). However, ESI-
MS analysis in acetonitrile revealed two additional ion peaks at mass to
charge (m/z) of 511.9 and 589.87 whose mass and isotope distribution
patterns correspond to [Mn2II(TQA)2(O)(OH2)]2+ (calculated= 512.1)
and [MnII(TQA)(OAc)(OH2)2]+ (calculated= 590.1), respectively. The
results indicate the lability of the bridging acetate anions in 2. The
difference between the asymmetric and symmetric stretching fre-
quencies (88 cm−1, Δυ(υasym− υsym, COO−) in the FT-IR spectrum of 2
also indicated the presence of bridging acetate anions (Fig. S4) [43].

The solid state structure of 2 was further established by single
crystal X-ray crystallography (Fig. 2). Dissolution of the solid in acet-
onitrile and vapour diffusion of Et2O afforded suitable crystals for single
crystal X-ray diffraction analysis. As shown in Fig. 2, the asymmetric
unit contains a diMnII core bridged by two bidentate acetates. Each of
these two Mn(II) centres are further coordinated by the tetradenate N4
ligand (TQA) providing distorted octahedral geometries around the
metal ions. Selected bond distances and angles are listed in Table 1.

The mononuclear Mn(II) complex, [MnII(TQA)(ClO4)2]. 2MeCN (3)
was obtained by reacting equimolar amounts of manganese(II) per-
chlorate and TQA in acetonitrile under nitrogen. Complex 3 crystallizes
in the triclinic space group P-1. Fig. 3 shows the ORTEP diagram along
with the selective atom numbering scheme. Selected bond lengths and

Fig. 1. ORTEP representation of complex 1 (ellipsoids were drawn at 30%
probability and the counter cations were omitted for clarity).

Fig. 2. ORTEP representation of complex 2 (ellipsoids were drawn at 30%
probability and the counter cations were omitted for clarity).
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angles have been compiled in Table 1. Complex 3 features a six- co-
ordinated Mn(II) centre with a distorted octahedral coordination sphere
enforced by the tetradentate N4 ligand while the axial coordination
sites are occupied by a perchlorate and a solvent molecule (acetoni-
trile). The average Mn–NQuinolyl distance is 2.31 Å while the Mn–Namine

distance is 2.23 (Å). These Mn–N distances are typical of high-spin
manganese(II) complexes.

3.2. Kinetic studies

As mentioned earlier the oxidized and reduced form manganese
catalase contain MnIII2 and MnII2 core, which is responsible for the cat-
alytic activity. Looking at the similarities between the active sight of the
Mn catalase and our synthesized complex we were encouraged to test
their abilities to catalytic hydrogen peroxide disproportionation reac-
tion. Upon addition of hydrogen peroxide to solutions of complexes 1
and 2 in 1:1 MeOH/tris-buffer resulted in rapid O2 evolution indicating
that the complexes catalyze H2O2 disproportionation. Lack of lag phase
indicated that complexes 1 and 2 act as the true catalyst. Evolution of

oxygen was measured volummetrically for these complexes and the
time profile is given in Fig. 4.

Both complex 1 and complex 2 were able to catalyze hydrogen
peroxide giving a turnover number of 810 and 665mol O2 per mol of
the catalysts, respectively. Reactivity of complex 3 towards catalase
activity was also tested and under identical conditions complex 3 was
also found to be catalytically active giving a TON of 769. After the first
catalytic turnover second batch of H2O2 was added to the same catalyst
solution of complex 1. This time the amount of oxygen evolved de-
creased to half the initial amount indicating degradation of the active
catalyst (Fig. S7).

In order to get kinetic parameters ‘Initial rate method’ was applied
by monitoring the amount of oxygen evolved using a Clark type elec-
trode. At constant hydrogen peroxide concentration the initial rate was
found to be linearly dependant with the catalyst concentration sug-
gesting a first order dependence with respect to catalyst concentration
for all the three complexes (Fig. 5). When concentration of hydrogen
peroxide was varied keeping the catalyst concentration fixed a satura-
tion kinetics were observed for all the three catalysts. This implies an
equilibrium between the catalyst complex with the substrate. At higher
substrate conditions the catalyst-substrate complex remains in large
quantity and the rate depends on the decomposition of this complex
and free catalyst. This behaviour suggests a Michaelis–Menten type
kinetic profile (Fig. 6). Kinetic parameters for the reaction were ob-
tained by fitting the rate vs [H2O2] data to the Michaelis–Menten
equation.

The values of catalytic turnover number (kcat) and the Michaelis
constant (KM) and catalytic efficiency (kcat/KM) were determined from
the Lineweaver-Burk plot (Fig. 7). The kinetic data are given in Table 3.
The value of KM is a measure of affinity towards the substrate and
higher the value lower is the affinity. As evident from the results shown
in Table 3, complex 2 has the lowest value of KM (17mM) suggesting
highest affinity towards the substrate and complex 1 has the lowest
affinity having the highest KM value (90mM). The turnover number kcat
is the rate of substrate conversion into the corresponding products and
kcat/KM is the catalytic efficiency. Complex 2 shows the highest cata-
lytic efficiency among these three complexes giving kcat/
KM= 22M−1 s−1 which is three times larger than complex 1 (kcat/
KM= 8.5M−1 s−1). The activation parameters ΔH‡=35.4 kJmol−1

and ΔS‡=−86 J Kmol−1 for complex 1 was obtained from an Eyring
analysis of temperature dependant rate constants (5–25 °C) (Fig. S8).

Fig. 3. ORTEP representation of complex 3 (ellipsoids were drawn at 30%
probability and the counter cations were omitted for clarity).

Fig. 4. Volume of oxygen evolved with respect to time upon addition of hy-
drogen peroxide (1M) to a solution of complex 1 (black cubes), complex 2 (blue
triangles) and complex 3 (red circles) (0.2 mM) in 1:1 methanol:buffer at 20 °C.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Initial rate of hydrogen peroxide (100mM) disproportionation with
respect to catalyst concentration. Grey lines indicate linear fitting of data
points.
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3.3. Peroxidase activity

Peroxidase-like activity of the complexes 1–3 was also studied. For
these studies oxidation of diammonium salt of ABTS (2,2′-azinobis-(3-
ethylbenzothiazoline)-6-sulfonicacid) was followed at pH 6.8 in aqu-
eous solution as it reacts rapidly in presence of a peroxidase catalyst.
ABTS is a well known and frequently applied substrate for studying
peroxidase like activity. The reduced form of ABTS being colourless and
the oxidized form being green makes it very useful in quantifying the
peroxide activity [45–47]. The oxidized cation radical of ABTS has very
unique spectral feature in the visible region with spectral bands at 415,
650, 735 and 815 nm [45,48]. Addition of H2O2 to 1–3 in phosphate
buffer (pH 6.8) led to the accumulation of ABTS%+ as evident from
Fig. 8. The extent of the reaction was measured quantitatively at
λ=650 nm since ε=12,000M−1 cm−1.

Among these three complex 1 oxidizes only 10% ABTS during the
course of the reaction and complex 2 being the least reactive with

substrate conversion of 2.5% only. The lower reactivity towards per-
oxidase probe suggests that these complexes exhibit superior reactivity
towards H2O2 disproportionation (catalase activity) than oxidation of
ABTS (peroxidase activity).

4. Conclusion

In this work we have employed a tripodal quinolyl based ligand
TQA (tris(2-quinolylmethyl)amine) to synthesize two novel manganese
complexes having structural and functional similarities with the oxi-
dized and reduced form of catalase enzyme. All the complexes were
structurally characterized and their reactivity towards H2O2 dis-
proportionation reaction were studied. Complex 2, which is an ap-
proximate structural mimic of the reduced form of the Mn-catalases
shows the highest catalytic efficiency whereas complex 1 have shown
highest turnover number among these three complexes. Further studies
to explicitly unravel the reaction mechanism of the diMn catalase

Fig. 6. Plot of initial rate of substrate consumption versus concentration of hydrogen peroxide at fixed catalyst concentration (0.1mM) at 20 °C. (left for complex 1,
middle for complex 2 and right for complex 3.)

Fig. 7. Lineweaver-Burke plot for complex 1 (left), complex 2 (middle) and complex 3 (right).

Table 3
Comparative table of kinetic data for manganese catalase and different catalase mimics.

Compound kcat/KM [M−1 s−1] TON Reaction Condition Ref.

T. thermophilus catalase 3.1× 106 n.d. – [50]
L. plantarum catalase 0.6× 106 n.d. – [51]
T. album catalase 1.7× 106 n.d. PBS (pH 8) [9]
1 8.5a 810b MeOH/tris-buffer This work
2 22a 769b MeOH/tris-buffer This work
3 7a 665b MeOH/tris-buffer This work
[Mn2(bpia)2(μ-OAc)2](ClO4)2 5.2 n.d. N-Methylformamide [31]
[Mn(salpn)O]2 1× 103 n.d. Acetonitrile [30]
[Mn2(BCPMP)(OAc)2] 11.44 7500 Methanol [49]
[Mn2(etsalim)4(Hetsalim)2] (ClO4)2 1.6 3150 Methanol (5 equiv NaOH) [44]
[Mn2L2P2]6+ 1890 n.d. BBS (pH 7.8) [52]
[Mn2L2(Cl)2] 2750–7800 n.d Water [53]

BBS=Borate Buffer Saline.
a Kinetic information was obtained by experiments performed using a Clark type electrode.
b TON was determined volumetrically.
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mimics are currently being pursued in the laboratory.
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