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A novel dinuclear manganese(�) complex [(NTB)Mn(�-O)]2(ClO4)4 � 2H2O (1) (NTB¼ tris(2-
benzimidazolylmethyl) amine) has been synthesized and characterized. The crystal structure is
determined by single crystal X-ray diffraction. The compound crystallizes in the monoclinic
system, space group C2/c with a¼ 18.3461(1), b¼ 15.4170(1), c¼ 21.0141(1) Å, �¼ 90.5290(1)�,
V¼ 5943.4(8) Å3, Z¼ 4 and R1¼ 0.0789 for 5729 observed reflections. Two manganese atoms
are bridged by two oxygen atoms forming a dinuclear complex. The results of interaction
between 1 and H2O2 indicated that hydrogen peroxide destroyed the Mn2O2 unit of 1.

Keywords: Dinuclear manganese; Synthesis; Crystal structure; Model complex

1. Introduction

A by-product of aerobic respiration hydrogen peroxide in the presence of reducing
metals Fe(�) or Cu(�) can be converted to hydroxyl radicals whose deleterious effects
on cell components is well documented [1, 2]. Catalase enzymes are able to
disproportionate H2O2 into dioxygen and water [3] and play a vital role in the
protection of living cells against oxidative stress by eliminating hydrogen peroxide
before its reduction gives rise to hydroxyl radical [4]. Some catalases contain dinuclear
manganese activity sites to catalyze the dismutation of H2O2 [3a, 5]. Several crystal
structures are available for manganese catalase (MnCat), including two at atomic
resolution [6]; a number of structural model complexes have been synthesized and
studied [7].

EPR, UV-visible spectroscopy, and X-ray absorption spectroscopy have shown that
MnCat can exist in at least four states of these: a reduced Mn�2 state, a mixed-valence
Mn�Mn� state, an oxidized Mn�2 state, and a superoxidized Mn�Mn� state [8].
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But, there is a lack of the reactivity of a Mn�Mn�$Mn�Mn� catalytic cycle.
Spectroscopic studies have indicated that H2O2 can both oxidize the reduced

enzyme and reduce the oxidized enzyme. The mixed-valance Mn�Mn� oxidation state
is the least well characterized, and the L. plantarum enzyme has not been shown to
form a stable mixed-valence Mn�Mn� form. On the basis of model studies [9],

the Mn�Mn� derivative is formed by one-electron reduction of the oxidized enzyme
by NH2OH and is then oxidized by H2O2 to form the inactive, superoxidized Mn�Mn�

enzyme.
Model complexes of manganese catalase including bis-m-oxo dimanganese complexes

have been studied [7(d), 10]. Higher valent Mn�2 (m-O)2 complexes have been prepared

with a multitude of supporting ligands [11]. Despite variation in ligands, these
complexes show a typical Mn–Mn separation of 2.7� 0.1 Å [12]. UV-Vis spectroscopy
is a particularly good technique for understanding electronic structure of Mn� and Mn�

complexes which usually exhibit d–d and charge transfer absorption bands in visible
and high energy bands [13].

In this article, as parts of our synthetic explorations of [(NTB)Mn
(�-O)]2(ClO4)4 � 2H2O (1), the synthesis, spectra and crystal structure of it have been

studied. The ligand was prepared according to an improved method with ethylene
glycol solvent [14, 15].

2. Experimental

2.1. Preparation of [(NTB)Mn(l-O)]2(ClO4)4 . 2H2O (1)

To solution of NTB (0.815 g, 2mmol) in absolute ethanol (25mL) was added
Mn(ClO4)2 � 6H2O (0.730 g, 2mmol) dissolved in water (3mL). The mixture was stirred

15min at 50�C, then malonic acid (0.104 g, 1mmol) was added. The color of the
solution changes from colorless to black-green with a little black-green precipitate.
After 4 h, the resulting precipitate was filtered off, washed with absolute ethanol and

dried under IR light. The powder was dissolved in acetonitrile and some unexpected
crystals were grown at room temperature by the diffusion of acetonitrile to diethyl ether
in one day with yield: 1.1 g (77%).

2.2. Physical measurements

IR spectra were recorded on an AVATAR 360 FT-IR spectrophotometer. UV-Vis

spectra were recorded on a Shimadzu-UV-2501 spectrophotometer. Elemental analyses
were performed on a Perkin-Elmer 2400 CHN elemental analytical instrument for C, H,
N and Perkin-Elmer OPTIMA 2000 DV optical emission spectrometer for Mn. Anal.

Calcd for C48H50Cl4Mn2N14O22 (1426.70): C 40.41, H 3.53, N 13.75, Mn 7.70%.
Found: C 40.66, H 3.48, N 13.83, Mn 7.75%. IR (KBr, cm�1): 3357 br (�NH), 3300–
3200 br (�OH), 1624 (�–C–H), 1450 (�–CH2–), 1326 (�C–N), 748 (� arC–H), 626 (�Mn–

O), 526 (�Mn–N). UV-Vis (acetonitrile, nm) [�max("), Lmol�1 cm�1]: 288 (1.80� 104),
390 (3.62� 103), 558 (1.23� 103), 655 (1.16� 103).

A study of dinuclear manganese(�) complex 385

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



2.3. Crystallographic data

A small black-green crystal was mounted on a thin glass fiber for X-ray diffraction data
collection. Intensity data were collected with graphite monochromatic Mo-Ka radiation
(�¼ 0.71073 Å) at 292(3)K on a Bruker Smart APEX diffractometer. From a total of
17594 reflections corrected by SADABS [16, 17] in the 1.94� �� 27.50� range, 6776
were independent with Rint¼ 0.0613, of which 3610 observed reflections with I42�(I)
were used in the structural analysis. The structures were solved by direct methods and
all non-hydrogen atoms were refined with anisotropic thermal parameters. All
hydrogen atoms were located in calculated positions and/or in the positions from
difference Fourier map. The positions and anisotropic differences of non-hydrogen
atoms were refined on F2 by full-matrix least-squares techniques with SHELXTL
program package [17, 18]. The crystallographic data are given in table 1. Difference
electron density maps revealed the presence of disordered lattice solvate water and
perchlorate ions, and among them atom C12 were constrained with special positions of
x¼ 0.5000, z¼ 0.2500, U23¼ 0, U12¼ 0, sof¼ 0.5; atom O6 with x¼ 0.5000,
z¼ 0.2500, U23¼ 0.7500, sof¼ 0.5; and atom O9 with sof¼ 0.4.

3. Results and discussion

3.1. Synthesis of (1)

Due to the half-full d orbit in Mn(�) ions, it is difficult to oxide the manganese(�) salts
to high valence manganese compounds in normal reactive condition. However, in the

Table 1. Crystal data of [(NTB)Mn(m-O)]2(ClO4)4 � 2H2O.

Empirical formula C48H42Mn2N14O2 � (ClO4)4 � (H2O)4
Formula weight 1426.70
Temperature (K) 293(2)
Wavelength (nm) 0.071073
Crystal system Monoclinic
Space group C2/c
a (Å) 18.3461(1)
b (Å) 15.4170(1)
c (Å) 21.0141(1)
	 (�) 90
� (�) 90.5290(1)

 (�) 90
V (Å3) 5943.4(8)
Z 4
Calculated density (g cm�3) 1.594
Linear absorption coefficient (mm�1) 0.695
F(000) 2920
Crystal size (mm�3) 0.24� 0.20� 0.10
� range for data collection (�) 1.94, 27.50
Reflections collected 17594
Independent reflections 6776
Refinement method Full-matrix least-squares on F2

Goodness-of-fit on F2 1.018
Final R indices [I42�(I)] R1¼ 0.0789, wR2¼ 0.2205
R indices R1¼ 0.1153, wR2¼ 0.2548
Largest diff. peak and hole (e Å�3) 0.702 and �0.762
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preparation of 1, aerial dioxygen acts as oxidant (equation 1). Maybe malonic acid in
the synthesis of 1 acts as a pH regulator or catalyst.

2NTB + 2Mn(ClO4)2·6H2O + O2

Compound (1)

[(NTB)Mn(m-O)]2(ClO4)4·2H2O

Ethanol

Malonic acid

3.2. IR and UV-Vis spectra

In the infrared spectrum of 1, three new strong peaks at 1090, 697 and 626 cm�1 are
observed compared to the NTB ligand. The peak at 697 cm�1 is a vibrational mode
associated with the Mn�2O2 core; similar peaks are observed in other di-m-oxo bridging
group complexes [19]. The peak at 1090 cm�1 is assigned to perchlorate uncoordinated
with metal. The band at 626 cm�1 is attributed to Mn–O linkages, and the band at
560 cm�1 is assigned to M–N linkages [20].

UV-Vis spectroscopy of the title complex in acetonitrile is characteristic of
[Mn(m-O)]2

4þ unit. The complex exhibits absorptions at high-energy 390 nm, and
low energy 558 and 655 nm. Peaks and intensities are about equal to corresponding
peaks in other Mn�2 dinuclear compounds (411 nm, "¼ 3956 Lmol�1 cm�1; 544 nm,
843; 632nm, 657) [21]. The absorptions at 390 and 655 nm were attributed to m-oxo
to Mn(�) d� charge-transfer transitions [22]. The absorptions at 558 nm may be
assigned to d–d transition of Mn(�) cations, similar bands were reported for tpen
and phen dimers and assigned to d–d transitions [22, 23]. The extinction coefficient
" of these peaks in the title compound is larger than for Mn�Mn� and Mn�2
complexes, attributed to empty d orbitals of the manganese(�) ions that are prone
to accept the p electrons from ligands.

3.3. Crystal structure

Complex 1 crystallizes in the monoclinic system and space group C2/c. The structure is
dinuclear and figure 1 shows the cation [(NTB)Mn(m-O)]2

4þ; figure 2 is the packing
diagram. Selected bond lengths and angles are listed in table 2.

In the structure, each manganese is bonded by four nitrogen atoms from a
coordinated NTB ligand (three coming from benzimidazolyl groups and another
from alkylamine) and two m-bridge oxygens in a distorted octahedron. This
coordination produces geometric distortions from the ideal octahedron manifest
in N–Mn–N bond angles (N2–Mn1–N4, 84.62(1)�; N2–Mn1–N6, 85.71(1)�;
N4–Mn1–N6, 154.48(1)�; N6–Mn1–N1, 77.26(1)�) and also between two oxygen
atoms (O1–Mn1–O1A, 86.68(9)�). Two manganese atoms and two bridging oxygens
are in same plane. The Mn–Mn distance of 2.636 Å is consistent with value
observed in manganese complexes adopting the same core. Moreover, as observed
from figure 1, the Mn–N bond distances of the NTB ligand are different.
The largest corresponds to the Mn–N aliphatic bond (Mn1–N1, 2.185(3) Å), while
the three shorter correspond to the Mn–N aromatic bonds (Mn1–N2, 2.034(3) Å;
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Figure 2. Packing diagram of 1. All hydrogen atoms, solvent molecules and perchlorate ions have been
omitted for clarity.

Figure 1. The molecular structure of 1, showing 50% probability displacement ellipsoids. All hydrogen
atoms, solvent molecules and perchlorate ions have been omitted for clarity.
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Mn1–N4, 2.076(4) Å; Mn1–N6, 2.079(3) Å). The Mn–O distances of 1.827(2) Å and
1.798(2) Å are shorter than the Mn–N distances.

Intermolecular hydrogen bonds are between the O–H of the solvent water and
oxygen from perchlorate ions, and between the N–H of the ligand and the oxygen

atoms from perchlorate. The O–H � � �O hydrogen bond distances range from 2.38(2) to
3.208(9) Å and N–H � � �O from 2.755(4) to 2.933(13) Å.

3.4. Interaction between (1) and H2O2

Interaction between 1 and H2O2 has been studied using UV-Vis spectra. With increase
of the H2O2 concentration, the absorption at 558, 655 nm for 1 decreased (see figure 3)

and the color of the solution changes to light yellow from green; no oxygen was
observed, which may indicate the Mn–O bonds were destroyed and Mn� ions had been

reduced. A drop of triethylamine to the above mixture changed the color from colorless
to fawn over time. Comparing to figure 3, the peaks are shifted to 300, 360, 500 nm and

the absorptions increased with time (see figure 4). Absorptions at 300 and 360 nm can
be assigned to charge-transfer transitions from ligands to manganese ions oxidized by

Figure 3. The absorption spectra of the interaction between 1 and H2O2. (a) C1¼ 2.0� 10�5;
(b) C1¼ 2.0� 10�5, CH2O2

¼ 6.6� 10�6; (c) C1¼ 2.0� 10�5, CH2O2
¼ 1.3� 10�5; (d) C1¼ 2.0� 10�5,

CH2O2
¼ 1.96� 10�5; (e) C1¼ 2.0� 10�5, CH2O2

¼ 2.5� 10�5; (f) C1¼ 2.0� 10�5, CH2O2
¼ 3.2� 10�5.

Table 2. Selected bond lengths (Å) and angles (�) of [(NTB)Mn(�-O)]2(ClO4)4 � 2H2O.

Mn(1)–O(1) 1.798(2) Mn(1)–O(1)0 1.827(2)
Mn(1)–N(2) 2.034(3) Mn(1)–N(4) 2.076(4)
Mn(1)–N(6) 2.079(3) Mn(1)–N(1) 2.185(3)

O(1)–Mn(1)–O(1) 86.68(9) O(1)–Mn(1)–N(2) 100.44(10)
O(1)–Mn(1)–N(4) 104.65(12) N(2)–Mn(1)–N(4) 84.62(12)
O(1)–Mn(1)–N(6) 100.31(11) N(2)–Mn(1)–N(6) 85.71(11)
N(4)–Mn(1)–N(6) 154.48(12) O(1)–Mn(1)–N(1) 176.85(11)
N(2)–Mn(1)–N(1) 81.46(10) N(4)–Mn(1)–N(1) 77.97(12)
N(6)–Mn(1)–N(1) 77.26(11)
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H2O2, possibly indicating that H2O2 or H2O coordinate to manganese ions; it is difficult
to reduce the product by H2O2 again.

Supplementary material

Crystallographic data for the structure reported in this article have been deposited with
the Cambridge Crystallographic Data Centre, CCDC No. 282915. Copies of this
information may be obtained free of charge from the Director, CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: þ44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).
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