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Studies on Manganese(II) Complexes of N-Benzimidazole-Functionalized
1,4,7-Triazacyclononane: Crystal Structures, Properties and

Combined Superoxide Dismutase and Catalase Functions

Qing-Xiang Li,[a,b] Qin-Hui Luo,*[a] Yi-Zhi Li,*[a] Zhi-Quan Pan,[a,b] and
Meng-Chang Shen[a]
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Two new manganese(II) complexes [MnL1Cl2] and
[MnL2Cl]ClO4·MeOH were synthesized [L1 = 1-(benzimida-
zol-2-ylmethyl)-1,4,7-triazacyclononane; L2 = 1,4-bis(benzi-
midazol-2-ylmethyl)-1,4,7-triazacyclonone) and character-
ized by standard physical methods. The new complexes have
better stability than the parent complex due to the introduc-
tion of benzimidazole groups on the backbone of tacn. The

Introduction

Superoxide dismutase (SOD) efficiently catalyzes the dis-
mutation of superoxide anion (·O2

�) to oxygen and hydro-
gen peroxide,[1,2] which is subsequently disproportionated
into water and oxygen by catalase[3] (CAT).
·O2

� � 2 H� � e� � H2O2

2 H2O2 � 2 H2O � O2

Both SOD and CAT play important roles in the protec-
tion of cells against the toxicity of oxygen.[3] Manganese is
involved in many biological processes,[4] such as hydrogen-
peroxide decomposition and superoxide dismutation etc.,
and is found at the active centers of MnSOD[5,6] and
MnCAT.[5]

In MnSOD the manganese has a trigonal-bipyramidal
coordination environment with three histidine groups and
one monodentate carboxylate group,[6] whereas MnCAT
may effectively catalyze the disproportionation of H2O2 by
using a µ-oxo/hydroxo-bis(µ-carboxylate)dimanganese
structural unit as the active site.[5,7,8] Recently, various di-
nuclear manganese-based catalase mimics[9] that decompose
hydrogen peroxide have been screened as catalysts for low-
temperature bleaching[10] and for organic syntheses.[11] The
manganese complexes used as mimics of MnSOD are more
suitable than Cu2Zn2SOD because manganese has a lower
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complexes were studied as superoxide dismutase (SOD)
mimics by the riboflavin photoreduction method at pH 7.4.
In basic or weakly basic solutions, the complexes decompose
hydrogen peroxide catalytically, and possess the combined
functions of SOD and catalase.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

toxicity in mammalian systems.[12] Recently, various
mononuclear manganese complexes have been selected for
pharmaceutical uses,[13] such as manganese complexes with
Schiff-base ligands,[14] porphyrins, 1,4,7,10,13-pentazacylic
pentadecane derivatives,[15,16] and so on.[17] Among these, a
class of complexes with combined SOD and catalase func-
tions have attracted many people’s attention: complexes
such as [Mn(salen)Cl] and [Mn(vanl)Cl] (salen and vanl are
the [1�2] condensates of ethylenediamine with salicyl-
adehyde or vanillin, respectively) exhibit both SOD and
catalase activities, catalytically destroying both superoxide
anion and hydrogen peroxide. Due to their novel combined
functions, they have been suggested to serve as therapeutic
agents.[18�20]

An attractive property of the tridentate macrocycle 1,4,7-
triazacyclonone (tacn) is its ability to form thermo-
dynamically stable redox-active manganese complexes.[21,22]

In this paper, this ligand has been further modified. Two
new manganese() complexes [MnL1Cl2] 1 and
[MnL2Cl]ClO4·MeOH 2 [L1 � 1-(benzimidazol-2-yl-
methyl)-1,4,7-tacn, L2 � 1,4-bis(benzimidazol-2-yl-methyl)-
1,4,7-tacn] have been synthesized and characterized by
stndard physical methods. Interestingly, the two complexes
exhibit SOD activities, catalytically dismutating ·O2

�, and
possess the combined functions of SOD and catase.

Results and Discussion

Characterization

Both complexes possess similar spectroscopic features. In
the IR spectra the strong bands at 3415 and 3384 cm�1 are
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due to the N�H stretching vibration of complexes 1 and 2,
respectively. The medium-strong bands at about 750 cm�1

are designated as skeleton stretching of the aromatic ring.
Complex 2 exhibits a strong band at 1107 cm�1, showing
the presence of ClO4

�.
In the electronic spectra, the absorptions of the two com-

plexes in the range of 279�272 nm and at 244 nm are
characteristic of the B band and E2(K) band of o-phenyl-
ene, respectively. The values of the molar conductivities
indicate that both complexes are 1:1 electrolytes in MeCN
solution.

The magnetic susceptibilities of the two complexes show
that the manganese in each complex has a high-spin, d5

configuration.
The EPR spectra of complex 2 in MeOH solution at

room temperature and 110 K are shown in Figure 1. Fig-
ure 1 (see a) exhibits a six-line spectrum, typical of mono-
nuclear MnII, centered at 3496 G, with g � 1.999 and a
hyperfine coupling constant, A, of 88 � 10�4 cm�1 associ-
ated with the I � 5/2 nuclear spin of 55Mn. This signal
results from allowed transitions (∆ms � �1, ∆ml � 0). In
the spectrum at 110 K (see b in Figure 1) it is possible to
see the weak, forbidden transition signals between the six
intense signals.

Figure 1. EPR spectra of the complex [MnL2Cl]ClO4·MeOH in
methanol (1.0 � 10�2 mol·dm�3): (a) at room temperature; (b) at
110 K; microwave frequency: 948 GHz; microwave power: 20 mW;
gain: 1.0 � 105; scan range: 2000 G; time constant: 100 s; scan
time: 100 s
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The positive-ion electrospray (ES) mass spectra of
[MnL1Cl2] 1 and [MnL2Cl]ClO4·MeOH 2 in MeOH solu-
tion were also recorded. The results are listed in Table 1.
These peaks are due to loss of one or two chloride anions,
formation of dinuclear MnII species with two chloride
anions as bridging ligands, or binding of solvent molecules.
The loss of chloride anions shows the weak interaction be-
tween the Cl� ion and manganese(), which would favor
the attack of species with low molecular weight, such as
superoxide anion. No peaks of ligands or their fragments
were found in the mass spectra of the two complexes, and
their simplicity is attributed to the thermodynamic stability
and kinetic inertness of the two complexes.[22] No peaks
were found due to the loss of Mn2� ion or the pendant
arm. This indicates that both complexes are stable under
the experimental conditions.

Electrochemical Properties

The redox behavior of 1 and 2 was studied by cyclic vol-
tammetry in aqueous solution and in MeOH solution for 1
and 2, respectively. During scanning from �0.3 V to �0.8
V the CV diagram of 1 in aqueous solution displays one
pair of anodic and cathodic peaks with peak potentials of
Epa � 0.411 V and Epc � �0.109 V (vs. SCE) respectively.
The value of the half-wave potential, E1/2, was calculated to
be 0.151 V. The anodic peak current (ip) is almost equal to
the cathodic one. In the same range of potential scan rate
(v), the ip/v1/2 ratio is kept constant. The peak separation
between the anodic and cathodic peaks at a scan rate 50
mV·s�1 is 520 mV. These features are indicative of a quasi-
reversible MII/MnIII redox process. Other redox peaks were
not found at a more negative potential, implying that the
macrocycle effect stabilizes the MnIII oxidation state. Com-
plex 2 shows two pairs of quasi-reversible anodic and ca-
thodic peaks with E1

1/2 � 0.527 V for first pair of peaks
and E2

1/2 � 0.697 V for the second pair of peaks (Figure 2);
they are assigned to the MnIII/MnII and MnIV/MnIII co-
uples, respectively.

According to the redox potential of ·O2
� in neutral solu-

tion

O2 � e� � ·O2
�; Eo

pH7 � �0.16 V (vs. NHE)
·O2

� � 2 H� � e� � H2O2; Eo
pH7 � �0.89 V (vs. NHE)

in order to act as a catalyst of ·O2
� disproportionation,

the complexes must have a half-wave potential falling be-
tween two values. The half-wave potentials for complex 1
[E1/2 � 0.392 V (vs. NHE)] and complex 2 [E1

1/2 � 0.769 V
(vs. NHE)] both fall between �0.16 V and �0.89 V (see
Equation 3 and 4[23]), therefore both complexes can be oxid-
ized by ·O2

� and their oxidized form can be re-reduced by
·O2

� to finish the catalytic cycles, as follows:

MnII � ·O2
� � 2H� � MnIII � H2O2

MnIII � ·O2
� � MnII � O2

For the second pair of peaks of complex 2, the half-wave
potential is higher than �0.89 V [E2

1/2 � 0.939 V (NHE)],
indicating that ·O2

� cannot oxidize MnIII to MnIV in this
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Table 1. Peak assignments of complexes 1 and 2

[MnL1Cl2] (1) [MnL2Cl]ClO4·MeOH (2)

349.2 (100)[a] [MnL1Cl]� 479.2 (100) [MnL2Cl]�

172.9 (22) [MnL1 � MeOH]2� 222.2 (24) [MnL2]2�

732.9 (13) [Mn2L1
2Cl2 � 0.5MeOH � OH�]� 609.2 (13) [MnL2 � 4MeOH]�

237.7 (9) [MnL2 � MeOH]2�

[a] The relative abundance is given in parentheses.

Figure 2. Cyclic voltammogram of complex 2 in MeOH solution;
concentration: 1.0 � 10�3 mol·dm3 (scan rate 100 mV·s�1)

complex. Therefore the catalytic cycle occurs only between
MnII and MnIII; this is similar to MnSOD.

pH Titration

The coordinating ability of the ligands towards Mn2�

was studied by means of pH titration of a solution contain-
ing L1·3HCl (or L2·3HCl) and Mn(NO3)2 in equimolar
amounts. To avoid precipitation of manganese() complexes
of L2 in aqueous solution during titration by NaOH, the
experiments were carried out in dioxane/water (7:3, v/v).
The titration curves of ligand L1·3HCl (1) and L1·3HCl plus
Mn2� ion (2) in aqueous solution are shown in Figure 3.
The first inflexions of the two curves are at about a � 1 (a
denotes the number of mols of NaOH added per mol of
ligand), showing that one mol of the acid was titrated by
base. For curve (2) in Figure 3 a very long buffer region at
about a � 1�3, indicates the formation of the dominant
species [Mn(L1)]2�, after which a slow inflexion occurs cor-
responding to the coexistence of [MnL1(OH)]� and
[MnL1(OH)2] species, implying that the hydroxyl ions are
bound to the unoccupied coordination sites. Assuming
the coexistence of [Mn(L1)]2�, [MnL1(OH)]� and
[MnL1(OH)2], the equilibrium constants (Table 2) were ob-
tained by a curve fitting procedure. Comparing the equilib-
rium constants of complexes 1 and 2 with those of their
parent complexes, which have no benzimidazole groups on
the tacn backbone, we can see that the species [MnL]2� for
1 and 2 have better stability than the parent complex. The
species-distribution curves of curve (2) are shown in Fig-
ure 4. The distribution curves of complexes 1 and 2 show
that, at physiological pH (7.4), an [MnL1(OH)]� species still
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predominates for both L1 and L2, implying that the vacant
site at MnII atom is suitable for the coordination of hy-
droxyl ion. The percentage of free Mn2� is less than 0.07%
and 0.08% for L1 and L2, respectively. This means that the
ligands have a relatively strong coordinating ability to
manganese().

Figure 3. pH Titration curves in aqueous solutions: (1) [L1·3HCl] �
0.002496 mol·dm�3; (2) [L1·3HCl] � [Mn2�] � 0.002504
mol·dm�3; I � 0.1 mol·dm�3 (KNO3), 25 °C

Crystal Structures of the Complexes

[MnL1Cl2]

The crystal data of complexes 1 and 2 are listed in the
Exp. Sect. The structure of the [MnL1Cl2] is shown in Fig-
ure 5 (a), and selected bond lengths and angles are given in
Table 3. In complex 1, each MnII atom is coordinated by
four nitrogen atoms of the triazacycle [N(1), N(2), N(3)],
with average bond lengths of 2.292 Å, one benzimidazole
nitrogen atom N(4), and two chloride ions. The Mn�N(4)
bond length is 2.214 Å, and is the shortest of the Mn�N
bonds. This indicates that the nitrogen atom of the benzimi-
dazole group has a stronger coordination ability to MnII

than the nitrogens of the triazacycle and plays an important
role in increasing the stability of the complex. The two
Mn�Cl bond lengths [2.5298(11) Å for Cl (1) and 2.4067
Å for Cl (2)] are longer than the Mn�N bond lengths,
therefore these Cl� anions are able to be detached from the
MnII atom in solution, as proved by the ES-MS experiment.
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Table 2. Equilibrium constants at 25 °C; I � 0.20 mol·dm�3 (KNO3)

L1 L2 [a] [9]aneN3
[21c]Reaction

L � H� �
� [HL]� 11.01� 0.02 9.16 � 0.01 10.42

[HL]� � H� �
� [H2L]2� 5.74 � 0.01 3.39 � 0.02 6.82

[H2L]2�� H� �
� [H3L]3� 3.50 � 0.02 1.02 � 0.01 very small

Mn2� � L �
� [MnL]2� 9.95 � 0.01 6.52 � 0.01 5.8

Mn2� � L �OH� �
� [MnL(OH)]� 3.50 � 0.02 2.69 � 0.02 3.6

Mn2� � L �2OH� �
� [MnL(OH)2] �5.52 � 0.03 �6.73 � 0.02

[a] Experiments for L2 were carried out in dioxane/water solution (7:3, v/v).

Figure 4. Species distribution curves for curve (2) of Figure 3: (1)
Mn2�; (2) [Mn(L1)]2�; (3) [MnL1(OH)]�; (4) [MnL1(OH)2]

The MnII is located at the center of a distorted octahedron,
with the Cl(1) and N(2) atoms located in the axial direction
and Cl(2), N(1), N(3) and N(4) located in the equatorial
plane. The Cl(1)�Mn�N(2) angle is 164.45(7)°. The least-
squares plane is composed of Cl(2), N(1), N(3), and N(4),

Figure 5. Crystal structure of [MnL1Cl2] (a) and the [MnL2Cl]� cation (b)
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with the MnII atom lying 0.6973 Å out of this plane. The
dihedral angle between the benzimidazole plane and the
equatorial plane is 11.5°.

Table 3. Selected bond lengths (Å) and angles (°) of complex 1

2.5298(11) Mn(1)�N(1) 2.389(2)Mn(1)�Cl(1)
Mn(1)�N(2) 2.304(2) Mn(1)�N(3) 2.261(3)
Mn(1)�N(4) 2.214(3) Mn(1)�Cl(2) 2.4067(11)
Cl(1)�Mn(1)�N(1) 91.25(6) Cl(1)�Mn(1)�N(2) 164.45(7)
Cl(1)�Mn(1)�N(3) 94.57(9) Cl(1)�Mn(1)�N(4) 89.70(7)
Cl(1)�Mn(1)�Cl(2) 99.95(4) Cl(2)�Mn(1)�N(1) 167.53(7)
Cl(2)�Mn(1)�N(2) 93.73(7) Cl(2)�Mn(1)�N(3) 98.18(7)
Cl(2)�Mn(1)�N(4) 111.34(8) N(1)�Mn(1)�N(2) 74.49(9)
N(1)�Mn(1)�N(3) 75.30(9) N(1)�Mn(1)�N(4) 73.88(10)
N(2)�Mn(1)�N(3) 76.07(10) N(2)�Mn(1)�N(4) 92.18(10)
N(3)�Mn(1)�N(4) 148.96(10)

[MnL2Cl]ClO4·MeOH
The structure of the complex cation [MnL2Cl]� is shown

in Figure 5 (b); selected bond lengths and angles are given
in Table 4. The coordination environment of 2 is very simi-
lar to that of 1, except that one chloride anion has been
replaced by a nitrogen atom of another benzimidazol-2-yl-
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Table 4. Selected bond lengths (Å) and angles (°) of complex 2

Mn(1)�Cl(2) 2.4668(7) Mn(1)�N(1) 2.407(2)
Mn(1)�N(2) 2.228(2) Mn(1)�N(3) 2.376(2)
Mn(1)�N(4) 2.202(2) Mn(1)�N(6) 2.1723(19)
Cl(2)�Mn(1)�N(1) 116.20(7) Cl(2)�Mn(1)�N(2) 88.04(7)
Cl(2)�Mn(1)�N(3) 158.13(6) Cl(2)�Mn(1)�N(4) 92.82(6)
Cl(2)�Mn(1)�N(6) 101.17(6) N(1)�Mn(1)�N(2) 75.00(8)
N(1)�Mn(1)�N(3) 74.15(8) N(1)�Mn(1)�N(4) 72.38(8)
N(1)�Mn(1)�N(6) 141.65(8) N(2)�Mn(1)�N(3) 75.80(8)
N(2)�Mn(1)�N(4) 143.96(8) N(2)�Mn(1)�N(6) 116.55(8)
N(3)�Mn(1)�N(4) 108.94(8) N(3)�Mn(1)�N(6) 74.00(7)
N(4)�Mn(1)�N(6) 98.64(8)

methyl ligand. The Mn�Cl bond length is 2.4668(7) Å. The
MnII atom is also located at the center of a distorted octa5-
hedron as in 1. The atoms N(1), N(2) and N(3) of the aza-
macrocycle constitute a face of the octahedron, and two
nitrogen atoms [N(4), N(6)] of the two benzimidazol-2-yl-
methyls and the Cl� anion compose the opposite face. Cl(2)
and N(3) are located in the axial direction with a
Cl(2)�Mn�N(3) angle of 158.13(6)°. The equatorial plane
is composed of N(1), N(2), N(4) and N(6), and the MnII

atom is 0.3893 Å out of this plane. The dihedral angle be-
tween the equatorial plane and one of the benzimidazole
planes [N(4), N(5), C(8)�C(14)] is 164.2°, and that between
the equatorial plane and the other benzimidazole plane
[N(6), N(7), C(16)�C(22)] is 89.3°. The dihedral angle be-
tween the two benzimidazole planes is 76.1°. The two benzi-
midazole groups encapsulate MnII to form a hydrophobic
packet with a channel.

SOD Activities of the Complexes

The SOD activities of the complexes were studied in
aqueous solutions of phosphate buffer (pH 7.4) by the ribo-
flavin photoreduction method.[24] Both complexes inhibit
the reduction of nitroblue tetrazolium chloride, depending
on their concentrations. The activity was obtained by plot-
ting the percentage of inhibiting NBT reduction, f (%),
against the concentration of the complex, C. The plot for
complex 2 is shown in Figure 6. The activities of complexes
1 and 2, together with those for Mn(ClO4)2 and
Cu2Zn2SOD determined under the same conditions, are
listed in Table 5. The activities of 1 and 2 are of the same
order of magnitude as that of Mn2� ion, but these high
activities are not due to free Mn2� ion produced by dis-
sociation of the complexes. The free Mn2� ion can be ig-
nored in solution, as proved by the pH titration. The activi-
ties of the complexes are about 1% of that of Cu2Zn2SOD.

Table 5. The activities of complexes 1 and 2

1 2 Mn(ClO4)2·6H2O Cu2Zn2SODCompounds

IC50 (µmol·dm�3) 8.33 (8.41)[a] 5.36 (5.88)[a] 3.56 0.06
Relative activity (%) 0.7 1.1 1.7 100

[a] The numbers in parentheses are the activities assayed upon addition of a further 0.2 mg/L of BSA.
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Figure 6. A plot of inhibition percentage (f%) vs. concentration for
complex 2

The complexes were also studied by the addition of vari-
ous concentrations of bovine serum albumin (BSA) to the
tested solutions in order to further prove the stability of the
complexes under protein conditions. It was found that the
concentration of BSA has no effect on the activities of the
two complexes until it reached a value of 0.2 mg/mL. The
ES mass spectra and X-ray structural analyses of the two
complexes show that the binding of chloride anions to the
MnII center is rather weak, and therefore it is likely that the
Cl� could become partially detached in solution. As the
concentration of ·O2

� in the solution much higher than that
of OH� at pH 7.4, the vacant coordination sites are open
to attack by ·O2

�. The benzimidazole groups are similar to
the hydrophobic residues of MnSOD. In complex 2, with
two benzimidazole groups, the benzimidazole groups sur-
round the metal ion to form a hydrophobic channel which
favors the attack of ·O2

�; complex 2 therefore displays
higher SOD activity.

Reactivity with Hydrogen Peroxide

The catalytic activity of complexes 1 and 2 towards hy-
drogen peroxide was investigated in methanol/water solu-
tions (1:5, v/v) and in aqueous solutions, respectively. The
evolution of dioxygen was followed manometrically as a
function of time at room temperature. The O2-evolution
curve for complex 1 is shown in Figure 7. In the absence of
NaOH, the complex decomposes hydrogen peroxide very
slowly (Figure 7, curve 1) corresponding to the self-de-
composition of H2O2. After 15 min only 7.0% of the total
H2O2 had been decomposed. Previous authors have re-
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Table 6. The kinetic data of H2O2 decomposition by the complexes at 25 °C

Solvent Ccomplex CH2O2 CNaOH υ0 υ� Turnover H2O2 (%)Complex
(�104 mol·dm�3) (mol·dm�3) (�103 mol·dm�3) (�104 mol·min�1) (s�1) (t � 15 min) (t � 15 min)

1 MeOH/H2O 8.45 0.535 4.84 4.24 5.58 606 95.7%
2 MeOH/H2O 8.50 0.535 5.69 1.55 2.03 609 96.8%
1 H2O 9.89 0.487 5.43 6.63 6.70 483 98.2%

ported that the addition of an organic base accelerates sig-
nificantly the catalytic decomposition of hydrogen peroxide
by manganese complexes.[25] However, in this experiment
organic bases such as pyridine, imidazole and acetate anion
did not increase the rate of O2 evolution. Interestingly, the
rate of O2 evolution increased with an increase of the con-
centration of NaOH, and at a molar ratio of NaOH to com-
plex 1 of 1.68 (pH 7.38), the percentage of decomposed
H2O2 reached 90% after 15 min. When the molar ratio of
NaOH to complex 1 was equal to 5.73 (pH 11.03), we ob-
tained an initial turnover rate, υ� of 5.58 mol H2O2/mol
catalyst·s�1 and a turnover number (number of mols of
H2O2 decomposed per mol catalyst) of 606 (after the reac-
tion stopped). The kinetic data for H2O2 decomposition by
the complexes are listed in Table 6, where it can be seen that
the value of υ� of complex 1 is higher than that of complex
2 in MeOH/water solvent, although its turnover is lower,
because the formation of a dinuclear manganese complex
as the active species (see below) is difficult for complex 2
due to the steric hindrance of the two benzimidazole
groups, however, the turnover of complex 2 is higher be-
cause the active species of 2 does not easily decompose. In
aqueous solution, complex 1 has a higher value of υ� and
a lower turnover number than in mixed solvent, probably
because both H2O2 and the active species of complex 1 have
a low stability in aqueous solution, resulting in a high cata-
lytic activity and a low turnover. The υ� values of complex
1 in aqueous solution and mixed solvent are close to that
of the dinuclear manganese complex with the N,N�,N��-tri-
methyl-1,4,7-triazacyclononane ligand[26] (ν� � 5.55 s�1),
although the turnover is lower. To date, the dinuclear

Figure 7. Curves of oxygen evolution for the catalytic dispro-
portionation of H2O2 by [MnL1Cl2] (1) in methanol/water solution
(1:5, v/v); Ccomplex: 8.45 � 10�4 mol·dm�3; CNaOH: (1) 0 (pH 4.71);
(2) 5.12 � 10�4 (pH 5.06); (3) 7.11 � 10�4 (pH 6.02); (4) 1.42 �
10�3 (pH 7.38); (5) 1.99 � 10�3 (pH 8.31); (6) 3.42 � 10�3 (pH
9.44); (7) 4.27 � 10�3 (pH 10.57); (8) 4.84 � 10�3 (pH 11.03)
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manganese complexes reported[4] have rate values that
range from 0.013[28] to 50 s�1.[27] The values of ν� for com-
plexes 1 and 2 therefore fall at the high end of the range of
those reported previously.

Active Intermediates
A number of the dinuclear manganese complexes with

oxygen or hydroxyl bridges reported previously exhibit sig-
nificant rate enhancement for the disproportionation of hy-
drogen peroxide in the presence of an exogenous base. It
has been proposed that this effect is due to the base-facili-
tated deprotonation of H2O2 in the course of the coordi-
nation of hydrogen peroxide to the manganese center. In
our experiment, however, this is not the case as the concen-
tration of H2O2 is very much higher (several hundred times)
than those of complex and NaOH. Therefore, the main
function of the added NaOH is not capturing a proton
from H2O2.

The active intermediates in the catalytic decomposition
reactions of hydrogen peroxide by the manganese com-
plexes could not be isolated from the solutions. Therefore,
in order to trap the active species, the ES mass spectrum of
complex 1 plus H2O2 and NaOH in MeOH solution was
recorded (Figure 8). The peak assignments are shown in
Table 7, in which all species derived from complex 1 are
oxygen-bridged or hydroxyl-bridged binuclear complex cat-
ions and the oxidation state of manganese is �2 or �3.
According to these results, a possible mechanism of hydro-
gen peroxide dismutation is suggested in Scheme 1.

In step 1 the Cl� ligand in complex 1 is substituted by
water molecules, and in step 2 complexes containing one or
two hydroxyl-bridged units are formed in basic solution. In
step 3 the water molecules are replaced by H2O2, followed
by an intramolecular electron transfer (step 4). Finally, the
intermediate reacts further with H2O2 and the catalytic cy-
cle is completed (step 5).

For complex 2, the ES mass spectrum obtained under the
same conditions as 1 is different (Table 8) as only a few
molecules of complex 2 are changed into hydroxyl-bridged
or oxygen-bridged binuclear manganese units due to the
steric hindrance of the two benzimidazole groups; the
manganese therefore exists in the MnII, MnIII and MnIV

oxidation states. The variation of oxidation state for com-
plexes 1 and 2 during the disproportionation of hydrogen
peroxide is in agreement with the results obtained by cyc-
lic voltammetry.

It is remarkable that irrespective of whether they are dis-
solved in MeOH/water or only in water at about pH 7.3,
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Figure 8. ES-MS of complex 1 in the presence of NaOH and H2O2 in methanol; [MnL1Cl2]/NaOH/H2O2 � 1:2:8

Table 7. Peak assignment of complex 1 in the presence of NaOH
and H2O2 in MeOH; [MnL1Cl2]/NaOH/H2O2 � 1:2:8

Speciesm/z (%)

258.9 (100) [L1
2MnII

2(µ-OH)2 � H2O � MeOH � H�]3�

329.5 (95) [L1
2MnIII

2(µ-O)2]2�

344.5 (78) [L1
2MnII

2(µ-OH)2 � 1.5H2O]2�

272.1 (72) [L1
2MnIII

2(µ-OH)2 � 3Cl� � 2.5H2O � 2H�]3�

215.1 (45) [L1
2MnII

2(µ-OH)]3�

693.7 (18) [L1
2MnII

2(µ-OH)(µ-O) � MeOH]�

723.9 (17) [[L1
2MnIIMnIII(µ-O)2 � 2MeOH]�

Scheme 1. The mechanism of hydrogen peroxide dismutation by
complex 1

which is close to physiological conditions, complexes 1 and
2 decompose 90% of H2O2 during the first 15 min (Fig-
ure 7). Therefore, we consider that at physiological pH val-
ues the complexes are able to dismutase ·O2

� and are also
able to decompose H2O2, depending on the concentration
of ·O2

�. The SOD activities of the complexes are not high,
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Table 8. Peak assignments for complex 2 in the presence of NaOH
and H2O2 in MeOH; [MnL2Cl]ClO4·MeOH/NaOH/H2O2 � 1:2:8

Speciesm/z (%)

177.1 (100) [L2MnII � 3H2O � MeOH � H�]3�

418.0 (76) [L2
2MnIII

2(µ-OH) � 2ClO4
� � 3MeOH � 3H2O]3�

287.3 (65) [L2MnIV(OH)2 � 3MeOH]2�

404.3 (32) [L2
2MnIII

2(µ-OH)2 � 2ClO4
� � 5H2O � H�]3�

319.1(24) [L2
2MnIIIMnIV(µ-OH) (µ-O) � Cl�]3�

215.1 (24) [L2MnIII � 2ClO4
� � 2H�]3�

386.1 (19) [L2
2MnIIIMnIV(µ-O) � 2ClO4

� � 3H2O]3�

and this is probably due to the fact that some of the species
are hydroxylated or bridged. The mechanism for this and
its biological relevance need to be studied further.

Conclusion

Two manganese() complexes of 1,4,7-tacn with benzimi-
dazole groups, [MnL1Cl2] and [MnL2Cl]ClO4·MeOH, were
synthesized and characterized. pH titration was used to in-
vestigate their stabilities in solution. The introduction of
benzimidazole groups on the backbone of tacn increases
the stability of the new complexes relative to the parent,
unsubstituted complex. The redox potentials of the com-
plexes obtained from cyclic voltammetry show that they are
able to dismutase ·O2

�. The oxidation state for manganese
of the two complexes changes from �2 to �3, and then
from �3 to �2, implying that the catalytic mechanism is
just a ‘‘ping-pong’’ reaction. ES mass spectrometric and X-
ray structure analyses indicated that the binding of Cl� with
MnII in the complexes is relatively weak, therefore Cl� can
be attacked by ·O2

�. The complexes can also be converted
into OH- or O-bridged dinuclear manganese() or manga-
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nese() complexes, which act as active species to decom-
pose H2O2 catalytically.

Experimental Section

Materials: L1 [1-(benzimidazol-2-ylmethyl)-1,4,7-triazacyclono-
nane] and L2 [1,4-bis(benzimidazol-2-ylmethyl)-1,4,7-triazacy-
clonone] were prepared by the reported method.[29] Carbonate-free
NaOH for pH titration was obtained by Powell’s method.[30]

Mn(NO3)2·6H2O (Analytic Reagent) was recrystallized from dou-
bly distilled water and the stock solutions were standardized by
titration with EDTA. In SOD activity experiments, nitroblue tetra-
zolium nitrate (NBT) (Biochemical Reagent) and -methionine
(Biochemical Reagent) were used and the solutions were prepared
using doubly distilled water. The purity of riboflavin was determind
by the literature method.[31] The concentration of stock solution
of hydrogen peroxide for catalysis activity assay was measured by
titration with standardized KMnO4 solution.

Physical Measurements: Elemental analysis was performed using a
Perkin�Elmer 240c analytical instrument. IR spectra were meas-
ured as KBr discs using a Nicolet 5DX FT-IR spectrophotometer.
Electronic spectra were recorded on a UV-3100 spectrophotometer.
X-band EPR spectra were measured on an EMX spectrometer in
1.0 � 10�2 mol·dm�3 MeOH solution. The electrical conductivity
of solutions was measured with a BSD-A conductometer (Jiangsu,
P. R. China) with a solution concentration of about 1.0 � 10�3

mol·dm�3 in MeCN at 25 � 0.1 °C. The electrospray mass spectra
were determined on a Finnigan LCQ mass spectrograph. The
samples (about 0.1 mmol·dm�3 in MeOH) were electrosprayed at
a flow rate of 5 � 10�6 mol·min�1 with a needle voltage of
�4.5 kV. The temperature of the heated capillary at the interface
was 200 °C and a fused-silica sprayer was used. The mobile phase
was an aqueous solution of methanol (1:1, v/v). The samples were
run in the positive-ion mode.

Electrochemical Measurements: The cyclic voltammogram experi-
ments were carried out on a PAR Model 273 potentiostat coupled
to a PAR Model 175 universal programmer under highly pure ni-
trogen at 25 � 0.1 °C. A glassy-carbon electrode was employed as
working electrode, a saturated calomel electrode (SCE) as reference
electrode, and a platinum wire as auxiliary electrode. The concen-
tration of complex 1 was 1.0 � 10�3 mol·dm�3 in 0.1 mol·dm�3

NaClO4 aqueous solution and that of complex 2 was 1.0 � 10�3

mol·dm�3 in 0.1 mol·dm�3 TBAP (tetrabutylammonium perchlor-
ate) MeOH solution. The solutions were deaerated for about
15 min before applying the voltage. The half-wave potentials, E1/2,
were calculated approximately from (Epa � Epc)/2 and the meas-
ured errors were �2 mV. Unless otherwise stated, all potentials
reported are referenced to the saturated calomel electrode.

pH Titration: Protonation constants of the ligands and stability
constants of the complexes were determined by using a Corning
pH meter with a glass/silver/silver chloride combination electrode
with a precision of �0.001 pH units. The electrode was stand-
ardized against buffer solutions of potassium hydrogen phthalate
and sodium borate. The concentrations of ligands (L1·3HCl or
L2·3HCl) was about 0.0025 mol·dm�3, and the molar ratio of
L1·3HCl or L2·3HCl to Mn(NO3)2 was 1:1. The experimental solu-
tions were titrated with carbonate-free 0.0825 mol·dm�3 NaOH by
using a microsyringe with a precision of �2 µL under a nitrogen
atmosphere in a sealed jacketed vessel at 25 °C. The ionic strength
was kept at 0.1 mol·dm�3 by adding KNO3. For the L2 systems a
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dioxane/water mixture (7:3) was used as the solvent and 0.1
mol·dm�3 KNO3 as the support electrolyte as the formed product
was not soluble in water.
The equilibria in the systems can be represented by Equation (1)

qM � pH � rL �
� MqHpLr, where βpqr � (1)

[MqHpLr]/[M]q[H]p[L]r

where q, p, and r denote the number of metal ions (M), hydrogen
ions (H) and ligand molecules (L) bound in the complex, respec-
tively. A negative p value shows that hydrogen ion is released during
coordination. The protonation constants of the ligands were calcu-
lated with the PKAS program.[31] Applying the law of mass action
to each experimental point i (i � 1, 2, 3...n) gives Equations
(2)�(4):

(2)

(3)

(4)

where j denotes the ordinal number of complexes (j � 1, 2...m) and
CHi, CMi, and CLi denote the total concentrations of hydrogen ions,
metal ions and ligands in solution, respectively, at each experimen-
tal point i.
The equilibrium constants of the complexes were calculated by
using the program LEMIT,[32] which is based on the
Newton�Raphson and Gauss�Newton method for minimizing U
in Equation (5), where CHi

calc and CHi
expt denote the calculated and

experimental values of H� concentration at the ith point.

(5)

Crystal-Structure Determination: X-ray intensity data for the
manganese() complexes were collected on a SMART-CCD area-
detector diffractometer. Data reduction and cell refinement were
performed with the programs SMART and SAINT.[33] The absorp-
tion corrections were carried out by an empirical method. The
structures were solved by direct methods (Bruker Shelxtl) and re-
fined on F2 by full-matrix least-squares (Bruker Shelxtl) using all
unique data.[34] The non-H atoms in the structures were subjected
to anisotropic refinement. Hydrogen atoms were located geometri-
cally and treated with the riding mode. In [MnL2Cl]·ClO4·CH3OH,
the ClO4

� anion was disordered.
CCDC-233744 (1) and -233743 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: �44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Assay of Superoxide Dismutase Activity: The activities were assayed
by photoreduction of riboflavin.[24] The solutions contained ribo-
flavin (3.4 � 10�6 mol·dm�3), methionine (0.01 mol·dm�3), nitro-
blue tetrazolium nitrate (NBT; 4.66 � 10�5 mol·dm�3) and the
complexes of various concentrations were prepared with phosphate
buffer (pH 7.4). They were illuminated by a fluorescent lamp with
a constant light intensity at 25 °C. The optical absorbance (A) of
the solutions at 560 nm were measured with various illumination
periods (t). Each solution was measured in two parallel tests. Inhi-
bition percentage (f%) was calculated according to the reported
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method.[35] The activity (IC50) was defined as the necessary concen-
tration to inhibit 50% reduction of NBT.

Disproportionation of Hydrogen Peroxide:[25,26] An aqueous solu-
tion of H2O2 (0.5 mL, 3.08 mol·dm�3) was added to a flask con-
taining an aqueous solution of complex 1 or a solution of complex
2 (2.0 mL, 1.22 � 10�3 mol·dm�3) in a methanol/water mixture
(1:5). The mixture was stirred and thermostatted at 25 °C, and the
O2 evolved was followed manometrically. To investigate the effect
of basicity on the disproportionation of H2O2, NaOH solutions of
various concentration were added to the flask, the total volumes
of solutions were kept to be 2.88 mL for each experiment.

[MnL1Cl2] (1): Manganese() acetate (91 mg, 0.34 mmol) was ad-
ded to a methanol solution (20 mL) of L1·3HCl·MeOH (125 mg,
0.31 mmol) in 10 mL of methanol. The mixture was stirred for 5 h
at room temperature and then filtered. Slow evaporation of the
solution gave a pink crystalline compound. Crystals suitable for X-
ray diffraction were obtained by diffusion of diethyl ether into an
MeCN solution over one week. Yield: 72 mg (61%).
C14H21Cl2MnN5: calcd. C 43.65, H 5.50, N 18.18; found C 43.97,
H 5.97, N 18.45. IR (KBr): ν̃ � 3415 [s, ν(N�H)], 755 cm�1 [m,
δ(Ph�H)]. UV/Vis (MeOH): λmax � 279 nm (9469
dm3·mol�1·cm�1), 272 (9150), 268 (8654), 243 (6704). Ωm (MeCN,
298.2 K): 96.60 S·cm2·mol�1. µ (290.3 K): 5.63 µB.

[MnL2Cl]·ClO4·CH3OH (2): Manganese() perchlorate (83 mg,
0.23 mmol) was added to a methanol solution (20 mL) of
L2·3HCl·H2O·1.5EtOH (120 mg, 0.21 mmol) in 10 mL of meth-
anol. Under stirring, the mixture was adjusted to pH 5.0 by ad-
dition of a methanol solution of sodium hydroxide. After refluxing
for 2 h, the mixture was cooled and filtered. Yellow crystals were
isolated from the solution. Yield 69 mg (55%). C23H31Cl2MnN7O5:
calcd. C 43.13, H 4.93, N 15.17; found C 43.18, H 5.11, N 15.87.
IR (KBr): ν̃ � 3384 cm�1 [s, ν(N�H)]; 1108 [s, ν(ClO4

�)], 748
[m, δ(Ph�H)]. UV/Vis (CH3CN): λmax � 311 nm (416
dm3·mol�1·cm�1), 279 (12365), 272 (11654), 244 (9846). Ωm

(MeCN, 298.2 K): 100.45 S·cm2·mol�1. µ (290.3 K): 5.75 µB. Crys-

Table 9. Crystal data of complexes 1 and 2

Complexes [MnL1Cl2] [MnL2Cl]ClO4·MeOH

Empirical formula C14H21Cl2MnN5 C23H31Cl2MnN7O5

Mol. mass 385.20 611.39
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a (Å) 11.208(2) 12.3140(10)
b (Å) 7.6500(10) 14.6130(10)
c (Å) 20.817(3) 15.9340(10)
α (°) 90 90
β (°) 104.900(10) 99.07(2)
γ (°) 90 90
U (Å3), Z 1724.9(5), 4 2831.4(4), 4
Dc (g·cm�3) 1.483 1.434
2θ range (°) 4.0�50 4.4-50
T (K) 293 293
µ(Mo-Kα) (mm�1) 1.078 0.701
F(000) 796 1268
Reflections collected 8534 14224
Independent reflections 3020 4978
R indices 0.050 0.021
Observed data [I � 2σ(I)] 1824 3975
S 0.97 1.03
Final R1, wR2 [I � 2σ(I)] 0.0426, 0.0610 0.0527, 0.1481
(all data) 0.0729, 0.0633 0.0641, 0.1535
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tals suitable for X-ray diffraction analysis were obtained by dif-
fusion of diethyl ether into an MeCN solution over two weeks.
Crystallographic data are given in Table 9.
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