
www.elsevier.nl/locate/ica

Inorganica Chimica Acta 303 (2000) 175–180

An unexpected dinuclear Mn(II,III) complex of an asymmetric
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Abstract

The template reaction of sodium 2,6-diformyl-4-methylphenolate (sdmp) and [N,N-bis(2-aminoethyl)]aminoacetic acid (baaa)
subsequently transmetalled with Mn(II)(ClO4)2·6H2O has resulted in the generation of a dinuclear mixed-valence Mn(II)Mn(III)
complex of a tetraimine macrocyclic Schiff base with a single carboxylic arm, in which unusual group elimination of a baaa moiety
happened at one side chain in the process of the cyclocondensation and transmetallation. The X-ray structure of the complex
shows that the macrocyclic ligand is asymmetric, where the coordination polyhedron of one Mn atom, six-coordinate, is
distortedly octahedral and that of the other Mn atom, seven-coordinate, is distortedly pentagonal-bipyramidal. The complex has
been investigated on its variable temperature magnetic behavior together with ESR spectral and electrochemical properties.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

A multinuclear manganese center is known to play an
integral role in the water-oxidizing complex of photosys-
tem II(PS(II)) [1], which involves manganese ions in
various combinations of oxidation states, including
Mn(II), Mn(III) and Mn(IV), and ligation is provided by
O and N atoms from amino acid residues [2]. Because
high-resolution structural data on the Mn site in PS(II)
and other manganese-containing proteins are absent,
effort has been focused on preparing and characterizing
low-molecular weight inorganic analogues [3–7] that
mimic the spectral properties of the various oxidation
states of manganese atoms. Therefore, polymanganese
complexes containing biologically relevant ligands such
as imidazole, phenolates and acetates that exhibit numer-
ous manganese hyperfine EPR lines are of interest.

Recently we have carried out the reaction of sodium
2,6-diformyl-4-substitutedphenolates with diamino

derivatives, and some macrocyclic Schiff bases of [2+2]
and [2+3] modes have been obtained by this method [8].
To further take the advantage of this template reaction,
we have designed and undertaken the cyclocondensation
of sodium 2,6-diformyl-4-substitutedphenolates with
some diethylenetriamine derivatives, in which some inter-
esting pendant-arm macrocycles have been obtained,
respectively [9]. We herein report the synthesis and
crystal structure of a dinuclear mixed-valence manganese
(II, III) complex of an asymmetric macrocyclic ligand
(H3L) together with its physico-chemical properties.
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2. Experimental

2.1. Measurements

Elemental analyses were performed with a Perkin–
Elmer Elemental Analyser model 240C. Infrared spec-
tra (4000–400 cm−1) were recorded on a Nicolet
FT-IR 170X spectrophotometer. Electrospray ioniza-
tion mass spectra (ESI-MS) were obtained on a Finni-
gan MAT SSQ710 spectrometer in a scan range
200–1200 amu. The ESR spectrum in DMF solution
(1×10−2 mol dm−3) was measured using a Bruker
200D-SRC spectrometer. The variable temperature
magnetic measurements were undertaken in a supercon-
ducting quantum interference device (SQUID). The
sample was first loaded from room temperature directly
to the 6 K sample chamber in the SQUID magnetome-
ter, and the measurement was scanned in a range
6�300 K by a warming mode. Cyclic voltammogram
was recorded on CHI-660(USA), and measurement was
carried out under N2 atmosphere in DMF solution (ca.
1×10−3 mol dm−3) containing tetrabutylammonium
perchlorate (TBAP, 1×10−1 mol dm−3) as the sup-
porting electrolyte (caution: this perchlorate is explosive
and should be handled with care). A three-electrode cell
equipped with a glassy carbon working electrode, a
platinum wire as the auxiliary electrode, and a satu-
rated calomel electrode (SCE) as the reference was
used.

2.2. Starting materials

The sodium salt of 2,6-diformyl-4-methylphenolate
(sdmp) was prepared as reported previously [8a]. All
other solvents and chemicals were of analytical grade
and used as received.

Baaa·3HCl was synthesized by the following proce-
dure. A mixture of diethylenetriamine (13.11 g, 127
mmol) and salicylaldehyde (31.00 g, 254 mmol) in
ethanol (400 cm3) was refluxed for 30 min. The yellow
solution was cooled to room temperature, and
ClCH2COOEt (15.59 g, 127 mmol) and dry Na2CO3

(13.50 g, 127 mmol) were added, then the resulting
solution was refluxed for 36 h. Upon cooling to room
temperature, the excess Na2CO3 was filtrated off and
the resulting filtrate was distilled to dryness to give a
red oil which was extracted with THF (50 cm3). THF
was removed by distillation, and then 5 M HCl-EtOH
(prepared from aqueous concentrated HCl and EtOH,
400 cm3) was added to the residue. The mixture was
refluxed overnight, and the product was obtained.
Purification was done by recrystallization from a mini-
mum of water and ethanol. Yield 73%. Anal. Found: C,
26.48; H, 6.78; N, 15.42. Calc. for C6H18N3O2Cl3: C,
26.62; H, 6.65; N, 15.53%.

2.3. Synthesis of the complex

Baaa·3HCl (0.27 g, 1 mmol) was dissolved in a small
amount of water and treated with equimolar NaOH,
then absolute ethanol (40 cm3) was added. After filtra-
tion, the filtrate was added into a suspension of sdmp
(0.19 g, 1 mmol) in absolute ethanol (20 m cm3). The
mixture was kept stirring on an ice-water bath for 5 h,
then Mn(II)(ClO4)2·6H2O (0.72 g, 2 mmol) in ethanol (7
cm3) was added. The resulting solution was heated to
reflux for 1 h. During the reaction, yellow solids ap-
peared at the beginning and gradually disappeared,
accompanied by the colour change of the solution from
yellow to red. After concentration, the products de-
posited, which were obtained and dried, yield 81%.
Anal. Found: C, 37.20; H, 4.14; N, 8.63. Calc. for
C26H34Cl2Mn2N5O15 {[Mn(II)Mn(III)L(H2O)3](ClO4)2}:
C, 37.28; H, 4.06; N, 8.36%. IR (KBr disc) (cm−1):
n(C�N) 1645(s), nasymm(COO−) 1559(m), nsymm(COO−)
1311(m). Mass spectrum (ESI-MS): m/z 320
[Mn2L(H2O)3+2H+]2+/2, C26H34Mn2N5O7 requires
638; m/z 292 [Mn2L]2+/2, C26H28Mn2N5O4 requires
584.

2.4. X-ray structural determination

Purple–red crystals of the complex, suitable for X-
ray measurements, were grown from a mixed solvent of
acetonitrile and ethanol by evaporation in air. The
determination of the X-ray crystal structure has been
carried out employing a Siemens P4 four-circle diffrac-
tometer with monochromated Mo Ka (l=0.71073 A, )
radiation using u/2u scan mode with a variable scan
speed 5.0�50.0° min−1 in v. The relevant crystal data
and structural parameters are summarized in Table 1.
The intensities for the complex were collected at room
temperature, and the data were corrected for Lorentz
and polarization effects during data reduction using
XSCANS [10].

The structure was solved by the direct method and
refined on F2 by full-matrix least-squares methods us-
ing SHELXTL version 5.0 [11]. All the non-hydrogen
atoms were refined anisotropically. Hydrogen atoms
were inserted in calculated positions (C�H, 0.96; N�H,
0.90 and O�H, 0.85 A, ) assigned fixed isotropic thermal
parameters at 1.2 times the equivalent isotropic U of
the atoms to which they are attached (1.5 times for the
O�H and methyl groups) and allowed to ride on their
respective parent atoms. The contributions of these
hydrogen atoms were included in the structure-factor
calculations. The s.o.f. of the disordered solvent
molecules were refined as free variable with fixed Ueq

(0.08 A, −2) first, then the final s.o.f. were determined by
combining the element analysis data and the refined
s.o.f. To illustrate the position of the solvent molecules,
partial site occupancies are exhibited.
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All computations were carried out on PC-586 com-
puter using the SHELXTL-PC Program Package [11].
Analytical expressions of neutral-atom scattering fac-
tors employed and anomalous dispersion corrections
were incorporated [12].

3. Results and discussion

3.1. Synthesis and spectral characterization

The synthetic reaction is schemed below.

The preparation of the mixed-valence dinuclear man-
ganese(II,III) complex involves the sodium template
reaction of sdmp with baaa followed by in situ
transmetallation of the resulting multinuclear sodium
ion macrocyclic compound as usual. In the infrared
spectrum of the complex, a band at 1645 cm−1 indi-
cated the formation of imine, while no peaks attributed
to secondary amines were observed, hinting as if the
expected macrocycle (H4L%) had been generated. In
addition, the IR spectrum also showed two peaks at
1559 and 1311 cm−1, indicating the presence of car-
boxylato groups, which is compatible with the antici-
pated macrocycle as well. The Dn value
[nasymm(COO−)−nsymm(COO−)] is useful for the diag-
nosis of the coordination mode of carboxylato group,
i.e. a monodentate carboxylato group gives Dn value
larger than 200, whereas a bidentate one smaller Dn

value [13]. Thus, the larger Dn (248 cm−1) of the
complex is assigned to that of a monodentate carboxy-
lato group. However, the electrospray ionization mass
spectrum presented two double-charged peaks that are
attributed to [Mn2L(H2O)3]2+/2 and [Mn2L]2+/2,
respectively.

3.2. Structural description of
[Mn(II)Mn(III)L(H2O)3](ClO4)2

An ORTEP view of the complex cation is shown in
Fig. 1 along with the selected bond lengths and angles.
The unit-cell packing diagram is presented in Fig. 2, in
which the solvated ethanol and water molecules are of
disorder. The X-ray structural data reveals that it con-
tains dinuclear cations, [Mn(II)Mn(III)L(H2O)3]2+,
countered by perchlorate anions which are disordered

in the molecule. It is of interest to note that both
�CH2COOH and �CH2CH2NH2 species of the amine
precursor have been missing during the reaction, while
one molecule of baaa and an ethylenediamine group
derived from the elimination of baaa have carried out
the cyclocondensation with sdmp, resulting in an asym-
metric macrocyclic ligand with a single arm. In the
complex cation, [Mn(II)Mn(III)L(H2O)3]2+, two man-
ganese ions are bridged by two phenoxy oxygen atoms.
Mn(1) has a six-coordinate (N2O4) unit composed of
two imine N atoms and two phenolic O atoms as well
as two water molecules, whereas Mn(2) has a seven-co-
ordinate (N3O4) unit composed of two imine N atoms,
one adjacent secondary amine N atom, two phenolic O
atoms and one water molecule as well as one O atom of
the carboxylato group. As confirmed by the infrared
data, the carboxylato group from the side-arm is
monodentate. The geometric dimensions around the
Mn(1) and Mn(2) atoms are significantly different from
each other. The bond lengths of Mn(1)�O and
Mn(1)�N are in the ranges of 1.905(4)–2.232(5) A, and
1.958(5)–1.962(5) A, , respectively, while those of
Mn(2)�O and Mn(2)�N are 2.125(4)–2.435(4) A, and
2.272(6)–2.434(5) A, , respectively. Mn(1)�O and
Mn(1)�N distances are compatible to those reported for
trivalent Mn(III) complexes [14,15], while Mn(2)�O and
Mn(2)�N ones to those reported for divalent Mn(II)

Table 1
Crystallographic and refinement data for the complex

[Mn(II)Mn(III)L(H2O)3](ClO4)2·Compound
1/2CH3CH2OH·1/4H2O

Formula C27H37.5Cl2Mn2N5O15.75

864.90Formula weight
Crystal system P1(
Space group triclinic
a (A, ) 8.077(6)
b (A, ) 14.174(5)
c (A, ) 17.170(4)
a (°) 79.99(2)

76.774(14)b (°)
g (°) 84.06(2)
V (A, 3) 1880(2)
Crystal size (mm3) 0.40×0.40×0.30
Z 2
dcalc (g cm−3) 1.528
m (mm−1) 0.887
F(000) 889
T (K) 295(2)
u/2u (°) range 4°52u550°
Range of h,k,l 0 to 9, −16 to 16, −19 to 20
Reflections collected 7133
Independent reflections 6622(Rint=0.0284)

6607/62/461Data/restraints/parameters
1.058Goodness-of-fit on F2

R1=0.0675; wR2=0.1759Final R indices [I\2s(I)]
R indices (all data) R1=0.1170; wR2=0.2048

0.805, −0.677Final Dr (e A, −3) max; min.
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Fig. 1. ORTEP view of the complex cation, [Mn(II)Mn(III)L(H2O)3]2+,
with the atom labeling scheme. Selected interatomic distances (A, ) and
angles (°): Mn(1)�O(1) 1.905(4), Mn(1)�O(2) 1.911(4), Mn(1)�O(3W)
2.231(5), Mn(1)�O(2W) 2.232(5), Mn(1)�N(3) 1.958(5), Mn(1)�N(4)
1.962(5), Mn(2)�O(3) 2.125(4), Mn(2)�O(1W) 2.164(5), Mn(2)�O(1)
2.435(4), Mn(2)�O(2) 2.355(4), Mn(2)�N(2) 2.279(6), Mn(2)�N(5)
2.272(6), Mn(2)�N(1) 2.427(2), Mn(1)···Mn(2) 3.290(2),
O(1)�Mn(1)�O(2) 91.3(2), O(1)�Mn(1)�N(4) 174.3(2), O(2)�
Mn(1)�N(4) 93.4(2), O(1)�Mn(1)�N(3) 93.9(2), O(2)�Mn(1)�N(3)
173.2(2), N(3)�Mn(1)�N(4) 81.6(2), O(1)�Mn(1)�O(3W) 88.6(2),
O(2)�Mn(1)�O(3W) 89.4(2), N(4)�Mn(1)�O(3W) 94.8(2), N(3)�
Mn(1)�O(3W) 86.5(2), O(1)�Mn(1)�O(2W) 86.8(2), O(2)�
Mn(1)�O(2W) 93.7(2), N(4)�Mn(1)�O(2W) 89.6(2), N(3)�Mn(1)�
O(2W) 90.8(2), O(3W)�Mn(1)�O(2W) 174.5(2), O(3)�Mn(2)�O(1W)
175.2(2), O(3)�Mn(2)�N(2) 104.3(2), O(1W)�Mn(2)�N(2) 80.5(2),
O(3)�Mn(2)�N(5) 95.1(2), O(1W)�Mn(2)�N(5) 81.3(2), N(2)�Mn(2)�
N(5) 136.6(2), O(3)�Mn(2)�O(2) 88.1(2), O(1W)�Mn(2)�O(2) 88.0(2),
N(2)�Mn(2)�O(2) 140.1(2), N(5)�Mn(2)�O(2) 77.8(2), O(3)�Mn(2)�
N(1) 74.3(2), O(1W)�Mn(2)�N(1) 107.6(2), N(2)�Mn(2)�N(1) 74.2(2),
N(5)�Mn(2)�N(1) 74.3(2), O(2)�Mn(2)�N(1) 145.3(2), O(3)�Mn(2)�
O(1) 84.0(2), O(1W)�Mn(2)�O(1) 97.2(2), N(2)�Mn(2)�O(1) 74.2(2),
N(5)�Mn(2)�O(1) 147.3(2), O(2)�Mn(2)�O(1) 69.48(14), N(1)�Mn(2)�
O(1) 135.5(2), Mn(1)�O(1)�Mn(2) 97.8(2), Mn(1)�O(2)�Mn(2)
100.4(2).

is a distorted pentagonal–bipyramid with structural
parameters typical of a Mn(II) ion. The N(1), N(2),
N(5), O(1) and O(2) atoms form a plane in which
Mn(2) is located, while O(3) and O(1W) occupy two
axial positions. The Mn�Mn distance is 3.290(2) A, .
Thus, the molecular structure also proves that the
present complex consists of two manganese atoms
whose oxidation states are apparently different.

3.3. Discussion about group elimination

Mabad et al. [17] and others [18] ever reported that a
Mn(II)Mn(III) complex can be generated by O2 oxida-
tion of a Mn(II)2 Schiff base complex. It has been
observed that manganese (II) complexes in aqueous
solutions can be oxidized by air in a pH range of
8.0–9.0 [19]. Thus, it is assumed that the generation of
the mixed-valence manganese ions in this macrocyclic
complex also comes from the O2 oxidation from the air
in the presence of a Mn(II) complex of a macrocyclic
Schiff base ligand. But the group elimination occurred
here has led to a production of ethylenediamine rather
than diethylenetriamine, considerably different from
those reported [20]. In our experiments, the purity of
commercial diethylenetriamine has been confirmed to
be greater than 95%, and the starting material baaa has
been analysed to exclude the other possibility of bring-
ing ethylenediamine in the reaction. In addition, a
mononuclear Fe(III) complex [9b] and a mononuclear
Mn(III) complex [21] have been prepared by the similar
method using N,N-bis(2-aminoethyl)-2-hydroxyethy-
lamine and N,N-bis(2-aminoethyl)-2-hydroxybenzyl-
amine, respectively. X-ray structures of both the iron
and manganese complex show that two pending groups
are also eliminated with a contracted macrocycle. It is
interesting to note that the group elimination may take
place in this kind of reactions when hydroxyl groups
are included in the amine used and metals in high
oxidation states are present. However, the detail is still
unknown. It is expected that more experiments will be
done to explicit the reaction mechanism and the differ-
ence in future.

3.4. Magnetic beha6ior

The magnetic molar susceptibilities xmol and calcu-
lated effective moment meff of the complex in the range
of 6 to 300 K are shown in Fig. 3, in which a model
with a spin-spin interaction Hamiltonian H= −2JS1S2

(S1=2 and S2=5/2) has been used to the simulation of
experimental susceptibilities by the following equation
in a range 25 to 300 K.

xmol=
Nb2g2

4kT
x24+10x21+35x16+84x9+165

x24+2x21+3x16+4x9+5

where N is the Avogadro constant, b the Bohr moment
and k the Boltzmann constant; x=exp(−J/kT), here J

Fig. 2. The packing view of molecules in a unit cell.

complexes [16]. In the Mn(1) moiety, both
Mn(1)�O(2W) and Mn(1)�O(3W) are much longer than
Mn(1)�O(1) and Mn(1)�O(2). The O(1), O(2), N(3) and
N(4) atoms form an equatorial plane where Mn(1) is
situated as its center, whilst O(2W) and O(3W) occupy
two apical positions. The coordination geometry
around Mn(1) is best described as an elongated octahe-
dron, which is attributable to the Jahn–Teller effect of
a high spin d4 Mn(III) ion. The configuration of Mn(2)
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is the exchange coupling parameter between S1 and S2.
With the equation, g factor and J were defined in the
value of 2.16 and 1.47 cm−1, respectively. The J value
is relatively small in comparison to that of other
Mn(II)Mn(III) systems [22,23], however, the value of g
factor is larger than that of them. The effective moment
8.2 mB at room temperature has not varied much until
120 K, indicating that our system is a binuclear com-
plex in mixed valences of Mn(II) and Mn(III). Not like
other Mn(II)Mn(III) systems, an abnormal behavior
has been observed below 70 K. That is, meff increases to

9.3 mB from 70 to 18 K and decreases again to 8.5 mB

from 18 to 6 K. Such a peak may be arisen from either
the ferromagnetism from the intermolecular interaction
or the zero field splitting. In order to distinguish the
ferromagnetism from the zero field splitting, the exter-
nal magnetic field dependence of susceptibility was
determined at 10 K. The data shows a good linear fit
for the relation of xmol�B, here B is an external mag-
netic field by step scanning in −1T and 1T, and
demonstrating that this magnetic behavior is due to
zero field splitting rather than the corresponding ferro-
magnetism. The existence of zero field splitting may
also agree to the larger g factor, since spin-orbit cou-
pling is the main reason for the zero field splitting.
Therefore the abnormal peak of effective moments may
be explained as (1) the decreasing of effective moments
below 50 K is owing to the zero field splitting, and (2)
the increasing of effective moments is due to the weak
ferromagnetic interaction between two manganese ions.

3.5. ESR spectral study

The ESR spectrum of the complex in DMF at room
temperature is depicted in Fig. 3, in which 55Mn-hy-
perfine is resolved (A=97 G, g=2.02). The ESR spec-
trum is typical of Mn(II) complexes [18,24] and shows
that the signal is of the certain intensity to account for
the Mn(II) ions in the amount of [Mn(II)Mn(III)-
L(H2O)3](ClO4)2 dissolved. Thus the signal is neither
from an impurity nor from a [Mn(II)Mn(II)L](ClO4)2

complex. In fact, the Mn(II) ion can give the same
spectrum as shown in Fig. 4, whereas the Mn(III) ion
can not readily give ESR signals at room temperature
[18]. It has been reported [17] that an antiferromagneti-
cally coupled dinuclear mixed-valence mangane-
se(II,III) complex presents a 16-hyperfine ESR
spectrum, however, the complex here only gives a 6-hy-
perfine structure.

3.6. Electrochemical in6estigation

Cyclic voltammogram of the complex was recorded
in DMF solution in the −0.8 to +0.8 V potential
range versus SCE under N2 atmosphere and is shown in
Fig. 5. Only one cyclic voltammogram wave is observed
for the complex at potential of E1/2= +0.149 V. The
wave corresponds to one successive one-electron quasi-
reversible process Mn(II)Mn(III)/Mn(II)2. However,
Suzuki [25] and others [26] has reported the electro-
chemical behavior for mixed-valence Mn(II)Mn(III)
complexes, which show two quasi-reversible redox cou-
ples at approximately 0.5 and 1.0 V (vs. SCE), assigned
to the redox reactions of Mn(II)Mn(III)/Mn(II)2 and
Mn(III)2/Mn(II)Mn(III), respectively. This may be due
to difference between ligands which of present complex

Fig. 3. Plots of molar susceptibility (xM) versus temperature (K) and
effective moment versus temperature for the complex. The solid line
is the best fit obtained by employing the parameters as described in
the text.

Fig. 4. ESR spectrum of the complex in DMF at room temperature.

Fig. 5. Cyclic voltammogram of the complex in DMF (ca. 1.0×10−3

mol dm−3). Supporting electrolyte: TEAP (0.1 mol dm−3).
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is an asymmetric macrocycle, whereas which of com-
plexes reported are open chains.

4. Supplementary material

Tables of anisotropic-thermal parameters, hydrogen
atom parameters, complete bond lengths and angles,
and observed and calculated structure factors have been
deposited to the Cambridge Crystallographic Data
Center (CCDC). Any request to the CCDC for this
material should quote the full literature citation and the
reference number CCDC 129252. Copies of this infor-
mation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: +44-1223-336-033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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