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A mononuclear [LaMnIIIOAc](ClO4)·0.5H2O [2(ClO4)·0.5H2O]
complex with a new amino-containing pentadentate ligand
LaH with a [N4O] coordination sphere has been obtained.
Magnetic susceptibility measurements of 2(ClO4)·0.5H2O in-
dicated a high spin electronic configuration for the MnIII ion.
In cyclic voltammetry the reversible wave observed at E1/2 =
0.15 V vs. SCE was attributed to the reduction of MnIII into
MnII. In acetonitrile solution complex 2 spontaneously
evolved into phenolato-bridged MnIIMnII dimeric complexes
with the concomitant oxidation of the ligand. X-ray diffrac-
tion structures revealed that there is indeed a 1:1 mixture of
two closely related complexes: in one case both ligands La

−

have been oxidised to the imine form leading to the
[LiMnIIMnIILi]2+ cation (1a), whereas in the other, only one
ligand has been oxidised, leading to the [LaMnIIMnIILi]2+ cat-
ion (1b). In both 1a and 1b, MnII ions are in a distorted octa-
hedral environment. Crystallographic data indicated that the
Mn2O2 core is similar for 1a and 1b. The complete spectro-
scopic and electrochemical studies performed on powder

Introduction

Manganese is involved in several essential processes of
life.[1] One famous example is the oxidation, under light,
of water into dioxygen that is catalysed by the tetranuclear
(oxo)Mn cluster of the Oxygen Evolving Complex (OEC)
located in the photosystem II of green plants.[2,3] Dinuclear
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samples and on acetonitrile solutions did not allow one to
distinguish between the two cations. The magnetic suscept-
ibility measurements performed on a powder sample of
1(BPh4)2·2CH3COCH3 was characteristic of a weak antiferro-
magnetic coupling interaction between the two high-spin
MnII ions (g = 1.95 and J = −1.5 cm−1). Similar behaviour was
observed for the powder sample of 1(ClO4)2·H2O (g = 1.96
and J = −2.9 cm−1). Powder samples of 1(BPh4)2·2CH3COCH3

and 1(ClO4)2·H2O showed EPR intensity variations with tem-
perature indicating that the signal was mainly due to the S =
2 spin state. EPR spectra run on the acetonitrile solutions in-
dicated that the dinuclear structure of 1 is maintained. In cyc-
lic voltammetry, complex 1(ClO4)2·H2O exhibited a quasi-re-
versible wave in oxidation at Ep = 0.71 V vs. SCE, attributed
to the slow electron transfer of the MnIIMnII/MnIIMnIII redox
process (ks

app = 1.10−4 cm2·s−1).

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

manganese clusters are present in several metalloprote-
ins.[4,5] Among them, one can quote the manganese cata-
lases, arginase and manganese ribonucleotide reductase.

In the last decade, X-ray diffraction studies were per-
formed on an increasing number of metalloproteins, al-
lowing new insight into the active sites. Resolution may,
however, not be sufficient to predict either, the nature of the
ligands[6] or the spatial arrangement of the metal ions.[7,8]

The determination of the nature of the active sites still relies
on the analysis of spectroscopic data. For instance, different
hypotheses are formulated for the Mn4 cluster of the OEC
based on X-ray absorption investigations in conjunction
with electronic spin resonance techniques (EPR, ENDOR,
ESEEM).[3,9�11] Another example is the magnetisation
studies run on catalases.[12]

Synthesising new complexes is still a challenge for the
chemists along with the investigation of spectroscopic char-
acteristics of such molecules and the perspective of elabor-
ating new catalysts.
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In relation to the OEC, we are interested in the EPR

signatures of mixed-valent dinuclear MnIIIMnIV systems for
which the chemical nature of the bridge appears to have a
great influence on the EPR signature. At the X-band, both
the [MnIII�(µ-O)2�MnIV]3� [13,14] and [MnIII�(µ-O)2(µ-
OAc)�MnIV]2� [15,16] core systems present 16-line spectra
that differ in their relative line intensities while the only
mono(µ-oxo) complex reported in the literature,
[L�iMnIII�(µ-O)�MnIVL�i]3� (see Scheme 1), exhibits a pe-
culiar 18-line spectrum.[17] In order to synthesise a new
MnIII�(µ-O)�MnIV system, we designed a ligand very sim-
ilar to the one (L�iH) used by Horner et al. In the laborat-
ory, we previously used these ligands in the amine form
(noted LaH and L�aH in Scheme 1) to synthesise FeIII�
(µ-O)�FeIII systems and found that both ligands behave the
same.[18,19] We will show here that this is not the case when
the trivalent metal used is manganese. Following the same
synthetic route reported for the formation of [L�iMnIII�
(µ-O)�MnIIIL�i]2�, a mononuclear MnIII complex is isol-
ated when ligand LaH is used instead of L�aH. We found
that this complex evolves into a bis(µ-phenolato)bis(MnII)
complex with the concomitant dehydrogenation of the
amine function of the ligand. Only three out of four ligands
are indeed oxidised and we will designate LH to the mixture
of LaH and LiH present in the isolated dinuclear MnII com-
plex.

Scheme 1

Results and Discussion

Starting from Mn(OAc)3·nH2O and the ligand LaH, a
mononuclear MnIII complex 2 was isolated as a perchlorate
salt. No X-ray structure could be obtained, but the entire
characterisation allows us to propose the formula
[LaMnOAc]� for 2, which is in good agreement with all the
measurements that were taken. Complex 2 evolves spontan-
eously in solution and leads to the formation of the dinuc-
lear MnII complex 1 that was isolated using BPh4

� or
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ClO4
�. The two powdered samples [1](BPh4)2·2CH3COCH3

and [1](ClO4)2·H2O were characterised. Crystals were only
obtained with tetraphenylborate as a counterion. Based on
the whole characterisation of [1](BPh4)2·2CH3COCH3 and
[1](ClO4)2·H2O discussed below, it is shown that the cation
is the same in the two complexes. The dehydrogenation of
the secondary amine which goes with the conversion of 2
into 1 is corroborated by the IR spectra. The vibration de-
tected at 1665 cm�1 for [1](BPh4)2·2CH3COCH3 or 1661
cm�1 for [1](ClO4)2·H2O may be assigned to a coordinated
imine function. No such vibration is detected for 2 indicat-
ing that the ligand remains as introduced.

X-ray Crystal Structure of
[L2Mn2](BPh4)2·2CH3COCH3

The structure consists of one [LMnIIMnIIL]2� complex
cation, two tetraphenylborate anions and two acetone mole-
cules. The structure reveals that the complex is indeed a
mixture of two closely related complexes in a 1:1 ratio. In
complex 1a, both ligands have been oxidised and exhibit an
imine function conjugated to one pyridine group in place
of the secondary amine function present in La

�. In complex
1b, only one ligand has been oxidised while the second is
the unchanged amine. A view of the cations is presented
in Figure 1 and selected bond lengths and angles are listed
in Table 1.

In both cations 1a and 1b, the two manganese ions are
coordinated by the four nitrogen atoms of one ligand and
by two oxygen atoms from phenolato groups, one belonging
to the same ligand, and the other to the ligand coordinating
the other metallic site. The metallic ions in 1a and 1b are
in a distorted octahedral environment as shown by the
angle values listed in Table 1. Such angle values are com-
monly observed in hexacoordinated MnII complexes.

The imine function is identified by the short C24�N6
and C3A�N2A bond lengths [1.310 (8) Å and 1.32 (2) Å]
in the ligand coordinated to the Mn2 and Mn1 sites respect-
ively. Moreover, the sum of the angles around the nitrogen
atoms N6 or N2A approaches 360° (351° around N6, 343°
around N2A), clearly demonstrating the sp2 hybridisation
of the nitrogen atoms.

The MnII�N bond lengths in 1a and 1b are close to the
values commonly observed for MnII complexes[20�26] except
for the Mn1�N2A distance (2.375 Å) in 1a. This distance
is longer than the observed MnII�N bond lengths
(2.20�2.32 Å) where the nitrogen atom belongs to a
phenolate conjugated imine function.[27�29]

The Mn2 moiety is common to the cations 1a and 1b. A
comparison of the Mn1 moieties is shown in Figure 2. The
folding of the ligand Li

� around the metal centre is the same
for Mn1 and Mn2 in complex 1a, but the folding of the
ligand La

� is not the same, leading to a different environ-
ment around the Mn1 atom in 1b: (i) the phenolate ring
planes are almost orthogonal (81°), (ii) the tertiary amine
nitrogen atom to which this phenolate group is linked (N1A
in 1a and N1B in 1b) is cis to the bridging phenolate O2
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Fiugre 1. Views of the cations 1a (top) and 1b (bottom)

Table 1. Selected bond lengths [Å] and angles [°] for 1a and 1b;
values are common to 1a and 1b unless specified

2.144(4) Mn2�O1 2.129(4)Mn1�O1
Mn1�O2 2.104(4) Mn2�O2 2.103(4)
Mn1�N1A 2.278(6) Mn2�N5 2.336(5)
Mn1�N2A (1a) 2.375(14) Mn2�N6 2.279(6)
Mn1�N1B (1b) 2.327(10)
Mn1�N3 2.266(7) Mn2�N7 2.256(5)
Mn1�N4 2.284(5) Mn2�N8 2.232(5)

O1�Mn1�N4 160.4(2) O2�Mn2�N8 156.2(2)
N1A�Mn1�N3 144.5(2) N5�Mn2�N7 145.7(2)
N2A�Mn1�O2 (1a) 164.9(3) N6�Mn2�O1 166.9(2)
N1B�Mn1�O2 (1b) 156.7(3)
Mn1�O1�Mn2 100.3(2) Mn1�O2�Mn2 102.5(2)
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Figure 2. Comparison of the cations 1a and 1b, showing the differ-
ences in the Mn1 moieties; N1A of 1a and N2B of 1b are superim-
posed

atom in 1a [N1A�Mn1�O2 113.8(2)°] while it is in the
trans position in 1b [N1B�Mn1�O2 156.7(3)°], (iii) the
pyridine ring, slightly different in its orientation in the two
Mn1 moieties, which contains the N3 atom, is linked to the
imine nitrogen atom N2A atom in 1a but to the tertiary
amine N1B atom in 1b, (iv) consequently, the two aromatic
group substituents of the tertiary amine are cis to each
other in 1b [O1�Mn1�N3 102.7(2)°] while they are trans
to each other in 1a [O1�Mn1�N4 160.4(2)°] as it is around
the Mn2 site [O2�Mn2�N8 156.2(2)°].

Such foldings can be compared to the ones of the same or
closely related pentadentate ligands around MnIII or FeIII

dinuclear complexes. The complexes [L�iMn�(µ-
O)�MnL�i]n� (n � 2, 3) have been characterised by X-ray
crystallography.[17] The folding of the isomeric ligand L�i

�

presents the same characteristics as that of the ligand Li
�,

that is (i) the two aromatic groups anchored to the tertiary
amine nitrogen atom are trans to each other, (ii) the tertiary
amine nitrogen atom is trans to the group linked to the im-
ine nitrogen atom (the phenolate ring in L�i

�) and (iii) the
imine nitrogen atom is trans to the exogeneous ligand. The
same folding is observed for the ligand L�a

� around the FeIII

ion in the complex [L�aFe�(µ-O)�FeL�a]2�,[18,19] and the
secondary amine nitrogen atom in L�a

� and the imine nitro-
gen atom in L�i

� behave the same. In contrast, the ligand
La

� adopts another folding in the complex [LaFe�(µ-
O)�FeLa]2�.[18,19] The common features observed with the
coordination around the Mn1 site just described in 1b are
(i) the two aromatic rings linked to the tertiary amine nitro-
gen atom are cis to each other and (ii) the tertiary amine
nitrogen atom is trans to the extra ligand. The main differ-
ence lies in the ligation of the secondary amine nitrogen
atom that is trans to the phenolate group. The variety of
foldings observed when the ligand is in the reduced form
(La

� and L�a
�) compared to the unique ligating mode ob-



Phenolato-Bridged Manganese Complexes FULL PAPER
served when the ligand is oxidised (Li

� and L�i
�) is a signa-

ture of the greater flexibility when the conjugated imine
function is absent.

Both Mn2O2 diamond core structures in 1a and 1b
formed by the two metallic sites and the two oxygen atoms
of the phenolate rings present features characteristic of such
a motif. The MnII�O distances (average 2.110 Å), and the
MnII�O�MnII bridging angles (average 101.4°) with a
Mn···Mn separation of 3.280 Å, lie in the range observed
for similar complexes.[20,21,25,27�34] One can note that the
Mn2O2 diamond core structure is not planar and has a di-
hedral angle of 11.5°. Owing to the similarities in the
Mn2O2 core in 1a and 1b, the two cations were considered
identical in the following solid state studies.

Solution studies of 1 are prepared from powder samples
[1(ClO4)2·H2O or 1(BPh4)2·2CH3COCH3]. One expects the
same mixture of complex 1a and 1b observed in the crystals
to exist in the powder samples and in solution.

Magnetic Susceptibility Measurements

The molar magnetic susceptibility χM of a powder sample
of 1(BPh4)2·2CH3COCH3 was measured as a function of
temperature. The χMT value as a function of T is reported
in Figure S1 in the Supporting Information (see also foot-
note on the first page of this article), together with the
values obtained for 1(ClO4)2·H2O. For 1(BPh4)2·
2CH3COCH3, χMT decreases very slowly from 8.13
cm3·mol�1·K at 300 K to 7.91 cm3·mol�1·K at 100 K. Be-
low 100 K, χMT decreases more rapidly to 0.9 cm3·mol�1·K
at 2 K. This behaviour suggests a weak antiferromagnetic
coupling interaction between the two high-spin MnII ions
(S1 � S2 � 5/2). The best fit was obtained assuming ident-
ical parameters for the cations 1a and 1b: g � 1.95 and J �
�1.5 cm�1. These values are in agreement with those re-
ported in the literature for complexes where two MnII ions
are bridged by two phenolate ligands.[27,29,31,34]

Comparable results are obtained for 1(ClO4)2·H2O: g �
1.96 and J � �2.9 cm�1. Small deformations of the
[Mn2O2] diamond core unit could lead to the slight differ-
ences in the g and J values determined for compound 1,
depending on the counterion.

The product of the molar magnetic susceptibility χM and
the temperature T for a powder sample of 2(ClO4)·0.5H2O
has a constant value of 3 cm3·mol�1·K from room temper-
ature down to 30 K (see Figure S1 in the Supporting In-
formation; see also footnote on the first page of this article).
This indicates a �III oxidation state and a high-spin elec-
tronic configuration for the manganese ion (SMnIII � 2).
χMT decreases below 30 K to reach 1.8 cm3·mol�1·K at
2 K. This behaviour is the signature of the zero-field split-
ting on the high-spin MnIII ion. The best fits were obtained
with a g factor close to 2 with either a positive or a negative
D parameter: g � 2.008 and D � �4.3 cm�1 or g � 2.006
and D � �4.5 cm�1. A weak intermolecular antiferromag-
netic coupling between high-spin MnIII ions can also con-
tribute to the drop of χMT below 30 K. MnIII complexes
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usually present an elongated octahedral geometry which
corresponds to a negative D parameter.[35] The g and D
values deduced here are in agreement with those deter-
mined by high-frequency EPR spectroscopy on other
MnIII complexes.[36�39]

EPR Spectroscopy

X-band EPR spectra of a powder sample of
1(BPh4)2·2CH3COCH3 were recorded at several temper-
atures between 4.2 and 50 K using the perpendicular detec-
tion mode. The series is shown in Figure S2 in the Sup-
porting Information (see also footnote on the first page of
this article). All spectra exhibit features extending from 0
to 800 mT. Increasing temperature from 4.2 to 50 K does
not affect the line positions but only their relative intensit-
ies. In addition, the signal intensity calculated as the double
integral of the recorded spectrum does not follow a Curie
law and reaches a maximum at 10 K.

The overall shape of the detected signals in conjunction
with the deviation from the Curie law of the temperature
dependence of the intensity is typical of dinuclear MnII

complexes.[23,24,27,40�43] As previously reported in the liter-
ature, the complexity of the EPR spectra originating from
weakly coupled dinuclear MnII complexes comes from the
superposition of the signatures of the various paramagnetic
spin states (S � 1�5) weighted by the Boltzmann distribu-
tion. Deconvolution procedures have been performed on
systems presenting a relatively large antiferromagnetic ex-
change interaction.[44,45] In such systems, only the S � 1
and S � 2 excited spin states are sufficiently populated at
low temperature to contribute to the EPR signal. In the
present study, the exchange interaction is too small to allow
for such an analysis.

A powder sample of the compound 1(ClO4)2·H2O was
also tested in X-band EPR at 4.2 K and the observed spec-
trum is almost superimposable with the one of
1(BPh4)2·2CH3COCH3.

The EPR was also run on frozen acetonitrile solutions of
both compounds, either in the absence or in the presence
of 0.1  tetrabutylammonium perchlorate. The spectra re-
corded at 4.2 K present the same features as the ones de-
tected on powder samples using the perpendicular or the
parallel detection mode. This proves that the dinuclear
structure of complex 1 is maintained in solution.

No X-band EPR signal was detected using the perpendic-
ular detection mode on a powder sample of compound
[2](ClO4)·0.5H2O. This is expected for integer spin states
presenting a zero-field splitting much larger than the micro-
wave quantum as is usually the case for monomeric MnIII

systems.
The EPR spectrum recorded on a freshly prepared ace-

tonitrile solution of 2 displays a characteristic signature of
1, together with signatures of free MnII ions (6 lines) and
mixed valent MnIIIMnIV species as impurities. These obser-
vations are the first indications that complex
2(ClO4)·0.5H2O is not stable in acetonitrile solution (vide
infra).



C. Hureau, E. Anxolabéhère-Mallart, M. Nierlich, F. Gonnet, E. Rivere, G. BlondinFULL PAPER

Electrochemical Properties

The cyclic voltammogram of [1](ClO4)·H2O at 4 � 10�3

 in acetonitrile containing 0.1  tetrabutylammonium per-
chlorate under argon is shown in Figure 3a.
1(BPh4)2·2CH3COCH3 was also investigated under reduc-
tion and showed similar results. The counterion BPh4

� be-
ing easily oxidised, this sample was not investigated in the
high potential ranges.

Figure 3. Cyclic voltammograms of 1(ClO4)2·H2O (a) and
2(ClO4)2·0.5H2O (b) in acetonitrile containing 0.1  of tetrabu-
tylammonium perchlorate, T � 20 °C and scan rate � 100 mV·s�1

The cyclic voltammetry trace of [1](ClO4)·H2O shows a
well-defined anodic wave (labelled wave 1 in Figure 3a) at
Ep � 0.710 V vs. SCE, accompanied on the reverse scan by
a well-defined cathodic wave (labelled 1�, Ep � 0.450 V vs.
SCE). This oxidation process is attributed to the oxidation
of the MnII ion being complexed by the imine form of the
ligand in both 1a and 1b. This MnII oxidation potential is
fairly high. MnIIMnII/MnIIMnIII oxidation potentials have
been reported in the literature at about 0.35 V vs. SCE for
the [LMn2Cl2][30] or [L�Mn2(OAc)]2� [46] cation where LH2

and L�H are related to LaH.[47] In complex 1, the higher
potential value is related to the lower number of the
charged ligand around the MnII ion. A value of 0.598 V vs.
SCE is reported in the literature for the MnIIMnII/MnIIM-
nIII oxidation potential in the case of the neutral bis(pheno-
lato)-bridged [MnII

2 (SALPS)2] dinuclear complex.[27,48] The
MnII ion complexed by the amine ligand is expected to be
oxidised at a higher potential. Indeed other oxidation waves
are detected when scanning the potential up to 1.7 V vs.
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SCE. Those irreversible, ill defined cyclic voltammetry
traces are attributed to oxidation of the ligand (phenolic
part) and overlay with the oxidation trace of the MnII ion
complexed by the amine ligand.

The cyclic voltammogram displayed in Figure 3a shows
a large difference in peak potential (∆Ep � 260 mV) for
wave 1/1�. This indicates that the associated electron trans-
fer is slow. In the case of slow electron transfer, determina-
tion of n, the number of electrons involved in the redox
process, is not easy. For a system undergoing irreversible
charge transfer kinetics (i.e. slow electron transfer), it has
been shown that |Ep � Ep/2|[49] is related to αn through
Equation (1), where α is the charge transfer coefficient.[50]

(1)

In the present case, considering the symmetrical shape of
the entire wave, a value of 0.5 can be taken for α. At this
point one must be concerned with the influence of solution
resistance since it can affect the position of the peak poten-
tial. Therefore particular care was taken to insure that the
present ohmic drop was correctly compensated. From |Ep

� Ep/2| values listed in Table 2, one can establish that n �
1. This value was confirmed by chronocoulometry measure-
ments. A step potential (E � �1 V vs. SCE, t � 500 ms or
250 ms) was applied to the working electrode of known
surface area.[51] The chronocoulometry response gives the
total charge passed Q vs. time t from the initial step. From
the linear relationship[52] between Q and √t, a value of 1.2
was found for n. Thus, at the time scale of cyclic voltamme-
try (v range 50�500 mV·s�1), or for chronocoulometry with
time steps shorter than 1 s, the first oxidation step corre-
sponds to Equation (2).

Table 2. Potential peak values and electron transfer rate constants
for the MnIIMnII/MnIIMnIII oxidation in 1(ClO4)2·H2O

v Epa
[a] Epa/2

(a) Epc
[a] ∆Ep

[b] ks
app [c]

[mV·s�1] [V vs. SCE] [V vs. SCE] [V vs. SCE] [mV] [cm·s�1]

50 0.705 0.595 0.460 245 7.7 � 10�4

75 0.705 0.600 0.465 240 9.9 � 10�4

100 0.710 0.610 0.450 260 9.4 � 10�4

200 0.730 0.625 0.435 295 9.4 � 10�4

300 0.730 0.625 0.445 285 1.3 � 10�3

400 0.725 0.625 0.435 290 1.4 � 10�3

500 0.730 0.630 0.440 290 1.5 � 10�3

1000 0.750 0.650 0.410 340 1.4 � 10�3

[a] Epa and Epc are the values of the anodic and of the cathodic peak
potential, respectively, of the wave of interest. [b] ∆Ep is defined as
the difference between the anodic and the cathodic peak potentials.
[c] ks

app is calculated according to Equation (3) given in the text with
α � 0.5, D � 15 � 10�6 cm2 · s�1 and T � 298 K.

MnIIMnII � MnIIMnIII � e� (2)

It was not possible to confirm this stoichiometry by con-
trolled potential electrolysis at E � �1 V vs. SCE, due to
the instability of the MnIIMnIII state on the electrolysis time
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scale, even when lowering the temperature down to �30 °C.
The quasi-reversibility of this oxidation step was studied by
cyclic voltammetry, which showed that the peak separation,
∆Ep, for the redox couple MnIIMnII/MnIIMnIII varied be-
tween ca. 240 and 340 mV as the scan rate was increased
from v � 50 to 2000 mV·s�1. Table 2 gives the measured
∆Ep values for a series of voltammograms at different scan
rates. Values of the apparent charge transfer rate constant
(ks

app) can be obtained using the procedure of Nicholson[50]

for peak separations smaller than 210 mV. When ∆Ep ex-
ceeds this value, ks

app [cm�1] can be calculated using
Equation (3), where D is the diffusion coefficient of the spe-
cies of interest [cm2·s�1] and v the scan rate [m�1].

(3)

Values of ks
app obtained for different values of v are listed

in Table 2 and a mean value of 1.2 � 10�3 cm·s�1 is found.
This is in agreement with what is found in the literature for
slow electron transfer in inorganic compounds. For ex-
ample, a value of 10�3 cm·s�1 is found for the electron
transfer constant of the reduction of a (porphyrin)MnIII

compound in dimethyl sulfoxide.[53]

This low value of the electron transfer can mainly be at-
tributed to the fact that the oxidation process requires
structural reorganisation of the original MnIIMnII cation.
Indeed the geometry around the MnIII ion should become
axially distorted, due to the Jahn�Teller effect. The con-
straint of the structure imposed by the phenolato bridges
makes this reorganisation difficult. Moreover, it was never
possible to generate an MnIIMnIII species that is stable in
solution when running exhaustive electrolysis at E � �1 V
vs. SCE. EPR spectra recorded on such an electrolysed so-
lution did not show the expected MnIIMnIII signature. In-
deed, the observed signal is characteristic of monomeric
MnII species, suggesting that most of the complexes re-
maining in solution are monomeric EPR-silent MnIII entit-
ies. These observations sustain the fact that the phenolato
bridges cannot support the dimeric structure in a mixed-
valent state.

When scanning towards low potentials, two cathodic
waves (noted as 2� and 3�, see a in Figure 3) are observed.
The first appears at Ep � �1.380 V vs. SCE and the second
at �1.910 V vs. SCE. When scanning back to the oxidative
potential, a first anodic wave is observed at Ep � �1.300 V
vs. SCE (wave 2) and is related to the cathodic wave 2�.
Scanning back towards higher potentials generates two new
anodic waves (denoted 4 and 5) at Ep � 0.005 V and Ep �
0.190 V, respectively. The waves 2� and 3� are attributed to
the [2e�,1H�] reductive process of the imine function of the
ligand. Indeed the addition of perchloric acid to the solu-
tion results in the shift of the peak potentials towards posit-
ive values (not shown). Increasing the scan rate results in
the increase of reversibility of wave 2�/2, thus showing that
the reduction process associated with wave 2 generates a
very reactive species. We propose this first reduced species
to be an anion radical, the unpaired electron being located
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on the nitrogen atom of the imine part of the ligand. This
very reactive anion radical is immediately protonated and
further reduced at �1.910 V (wave 3�). Waves 4 and 5 are
tentatively attributed to monomeric MnII species, most
likely generated consecutively by the reduction process 2�
and 3�. Indeed, the monomeric 2(ClO4)2 species exhibits an
MnII/MnIII redox process in the potential range of waves 4
and 5.

The cyclic voltammogram of 2(ClO4)2·H2O in acetonitr-
ile containing 0.1  tetrabutylammonium perchlorate under
Ar is shown in Figure 3b. The most intense wave at E1/2 �
0.150 V vs. SCE [E1/2 � (Epa � Epc)/2, ∆Ep � 180 mV] is
attributed to the reduction of the MnIII into MnII species.
This value lies between the ones measured on acetonitrile
solutions of {[py2(NMe)2]MnIICl2} (E1/2 � 0.55 V vs. SCE)
and {[py2(NMe)2]MnIIIF2}� (E1/2 � �0.07 V vs. SCE)
where py2(NMe)2 stands for N,N�-dimethyl-2,11-diaza[3,3]-
(2,6)pyridinophane.[38] The fairly low value for the reduc-
tion potential of 2 agrees with the coordination of two
negatively charged ligands, the phenolate and the acetate,
to the MnIII site. In the anodic part of the voltammogram,
a second and less intense wave is observed at E1/2 � 0.770
V and is related to the conversion of 2 into 1 (vide infra).

UV/Vis Spectroscopy

The UV/Vis spectrum of complex 2 was recorded on a
freshly prepared acetonitrile solution and is reproduced in
Figure 4 [curve (a)]. Three bands are found at 373 (ε �
1770 �1·cm�1), 502 (940) with a shoulder at 475 (1050),

Figure 4. Time evolution of the UV/Vis spectrum of
2(ClO4)2·0.5H2O, 10�3  in acetonitrile; spectrum (a) corresponds
to the freshly prepared solution (t � 0); spectra (b) to (i) are re-
corded every 15 min (t � 15�120 min) and spectra (j) to (r) every
hour (t � 180�660 min); spectrum (s) was recorded 46 h after
spectrum (a)
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and 670 nm (330). The more intense band detected in the
near UV region is also observed in MnIII-based complexes
containing phenolato ligands and may be assigned to a
phenolato-to-MnIII charge transfer (LMCT) trans-
ition.[46,54,55] The last two transitions may be attributed to
d-d transitions of the MnIII ion according to the literat-
ure.[56,57] The low extinction coefficient measured at 670 nm
enforces such an attribution. The greater absorption de-
tected around 500 nm suggests that this band does not arise
only from a d-d transition and may overlap with other
LMCT bands. Resonance Raman experiments performed
on dinuclear MnIII complexes presenting the bis(µ-acet-
ato)(µ-oxo) core unit suggest that the acetato-to-MnIII

charge transfer transition occurs in the range 450 to 500 nm
rather than around 400 nm.[58] We thus propose that the
absorption observed in 2 could originate from the
AcO� � MnIII LMCT transition but we cannot reject a
contribution from a phenolato � MnIII LMCT trans-
ition.[59]

Complex 1 presents features only in the UV region [282
(ε � 2850 cm�1·�1), 262 (3960), 238 (6000) and 210 nm
(15400)] associated with π-π* transitions of the ligand, in
agreement with the �II oxidation state of the manganese
ions.

Evolution of 2 into 1

All the attempts to obtain crystals of complex 2 ineluct-
ably led to the formation of crystals of complex 1. Thus, we
decided to investigate the transformation of 2 into 1, using
different techniques.

A freshly prepared acetonitrile solution of 2 was allowed
to evolve at room temperature and the UV/Vis spectra were
recorded every 15 min. The evolution is presented in Fig-
ure 4. 36% of the initial absorption is lost in 1 h. It was
not possible to interpret the series of spectra assuming the
existence in solution of only two chromophores. Indeed, the
band at 502 nm and the shoulder at 475 nm do not obey
the same kinetic law. This implies the formation of at least
one intermediate species (not identified).

The transformation was also monitored by EPR spectro-
scopy. As mentioned above, a signal attributed to 1 was
detected on the freshly prepared acetonitrile solution of 2,
which significantly increased with time. Cyclic voltammetry
and mass measurements confirmed the fast generation of 1
from 2.

Electrospray mass spectra were recorded on freshly pre-
pared acetonitrile solutions of complexes 1 and 2. For com-
plex 1, peaks at m/z values of 901 and 903 are detected and
attributed to the {[LiMnIIMnIILi](ClO4)}� and
{[LiMnIIMnIILa](ClO4)}� entities, respectively. For com-
plex 2, no peak was detected at the expected m/z value of
461 for the monocationic [LaMnIII(OAc)]� species. On the
other hand, the above-mentioned peaks at m/z values of 901
and 903 were well observed, clearly indicating the conver-
sion of 2 into 1 in acetonitrile solution.
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Conclusion

MnIII coordination chemistry has been investigated with
a new pentadentate ligand LaH with an [N4O] coordination
sphere. It was expected to form a new dimeric MnIII�(µ-
O)�MnIV system, as has previously been obtained with an
isomeric [N4O] ligand[17] (Li

�), but a mononuclear
[LaMnIII]2� complex 2 was obtained. It was found that this
monomeric complex spontaneously evolves in acetonitrile
solution into phenolato-bridged MnIIMnII dimeric com-
plexes with the concomitant oxidation of the ligand. The
formation of this bridge is made possible owing to the fairly
flexible phenolate arm, when the conjugated imine function
is absent in contrast to what has been observed in
[Li�Mn�(µ-O)�MnLi�]n� (n � 2, 3). X-ray crystal structure
analyses revealed that there is indeed a mixture of two
closely related complexes: in one case both ligands La have
been oxidised to the imine form leading to the
[LiMnIIMnIILi]2� cation 1a, whereas in the other only one
ligand has been oxidised leading to the [LaMnIIMnIILi]2�

cation 1b. One can note that the oxidation of the ligand
LaH into LiH is a (2e�,2H�) process, while the concomitant
reduction of MnIII into MnII implies only one electron. We
thus propose that the mononuclear complex 2 evolves in
solution according to Equation (4).

6 [LaMn(OAc)]� � [LiMnMnLi]2� � [LiMnMnLa]2� �
(4)

[LaMnMnLa]2� � 6 OAc� � 6 H�

The three complexes would present the same bis(µ-
phenolato)-bridged core unit and would be indistinguish-
able by EPR spectroscopy for instance. Complex
[LaMnIIMnIILa]2� would remain in solution during the
crystallisation process. Further investigation on the mech-
anism of this evolution was not pursued. A complete study
would require controlling the pH value and the amount of
acetate ions during the synthesis and crystallisation pro-
cesses. In order to avoid the oxidation of the secondary
amine of the LaH ligand, methylation of the nitrogen atom
has been performed. Manganese coordination chemistry of
both the MnII and MnIII oxidation states with this pentad-
entate ligand is under investigation.

Experimental Section

General Remarks: Reagents and solvents were purchased commer-
cially and used as received. Elemental analysis: Analyses were per-
formed by the Service Central d’Analyse du CNRS (Vernaison-
France) for C, H, B, Cl, Mn, N. Infrared spectroscopy: Spectra
were recorded on KBr pellets in the range of 4000 to 200 cm�1

with a Perkin�Elmer Spectrum 1000 spectrophotometer. The syn-
thesis of LaH has been described previously.[18]

Caution: Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small quantities of these compounds
should be prepared and handled behind suitable protective shields.
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Syntheses

[1](BPh4)2·2CH3COCH3: An ethanol solution (5 mL) of LaH
(348 mg, 1.0 mmol) and triethylamine (0.2 mL, 2.0 mmol) was ad-
ded to an ethanol solution (5 mL) of Mn(OAc)3·2H2O (268 mg,
1.0 mmol) while stirring. The resulting brown solution was stirred
for an extra hour and filtered at least twice in order to eliminate
the remaining Mn(OAc)3·2H2O. To the filtrate sodium tetra-
phenylborate (342 mg, 1.0 mmol) was added. The brownish powder
thus obtained, was then washed with ethanol, dried on a frit, and
redissolved in acetone. Crystals suitable for X-ray crystallography
were obtained by slow evaporation of acetone. 170 mg (ρ � 11%)
of crystallised complex was collected by filtration. IR (KBr): ν̃ �

3461 (w), 3254 (w), 3053 (m), 1710 (m), 1665 (s), 1597 (w), 1580
(m), 1569 (m), 1479 (w), 1453 (m), 1443 (m), 1360 (s), 1265 (w),
1220 (m), 1156 (s), 1101 (s), 1031 (s), 1015 (s), 974 (s), 882 (s), 841
(s), 751 (m), 733 (w), 706 (w), 643 (s), 624 (s), 611 (m), 581 (s), 528
(s), 470 (s), 412 (s) cm�1. C96H95B2Mn2N8O4 (1556.3): calcd. C
74.09, H 6.15, B 1.36, Mn 7.06, N 7.20; found C 73.68, H 6.11, B
2.06, Mn 7.00, N 6.97.

[1](ClO4)2·H2O: An ethanol solution (5 mL) of LaH (348 mg,
1.0 mmol) and triethylamine (0.2 L, 2 mmol) was added to an eth-
anol solution (5 mL) of Mn(OAc)3·2H2O (268 mg, 1.0 mmol) while
stirring. The resulting brown solution was stirred for several hours
and filtered at least twice in order to eliminate the remaining
Mn(OAc)3·2H2O. To the filtrate sodium perchlorate (122 mg,
1.0 mmol) was added. The pale brownish powder thus obtained,
was then washed with ethanol, and dried on a frit. IR (KBr): ν̃ �

3440 (s), 3278 (m), 3059 (w), 2912 (m), 1661 (w), 1595 (s), 1570
(m), 1479 (s), 1453 (m), 1442 (m), 1294 (m), 1265 (s), 1152 (m),
1094 (s), 1017 (m), 884 (w), 838 (w), 769 (m), 762 (m), 725 (w), 636
(w), 624 (w), 611 (m), 579 (w), 472 (w), 412 (w) cm�1.
C42H45Cl2Mn2N8O11 (1018.6): calcd. C 49.52, H 4.45, Cl 6.96, N
11.00; found C 49.61, H 4.63, Cl 7.33, N 10.82.

[2](ClO4)·0.5H2O: An ethanol solution (5 mL) of LaH (348 mg,
1.0 mmol) was added to an ethanol solution (5 mL) of
Mn(OAc)3·2H2O (268 mg, 1.0 mmol) while stirring. The resulting
dark purple solution was stirred for 5 min and filtered at least twice
in order to eliminate the remaining Mn(OAc)3·2H2O. To the filtrate
sodium perchlorate (122 mg, 1.0 mmol) was added. The solution
was stirred for an extra hour and the purple powder thus obtained,
was then washed with ethanol, and dried on a frit. IR (KBr): ν̃ �

3416 (s), 3148 (m), 2970 (w), 2926 (w), 1607 (w), 1568 (m), 1479
(s), 1450 (s), 1445 (s), 1428(m), 1375(s), 1327 (s), 1283 (m), 1263
(s), 1160 (w), 1088 (s), 1017 (m), 974(w), 944 (w), 930 (w), 887 (w),
852 (w), 783 (s), 765 (s) 56 (s), 724 (w), 658 (w), 640 (m), 623 (s),
584 (w), 579 (w), 415 (w) cm�1. C23H27ClMnN4O7.5 (569.9): calcd
C 48.48, H 4.78, Cl 6.22, N 9.83; found C 48.35, H 4.72, Cl 6.65,
N 9.58.

Crystallographic Data Collection and Refinement of the Structure of
[1](BPh4)2·2CH3COCH3: The crystal data of [1](BPh4)2·
2CH3COCH3 and the parameters of data collection are summar-
ized in Table 3. A honey-colored crystal of approximate dimensions
0.30 � 0.20 � 0.15 mm was selected. The diffraction collection was
carried out with a Nonius diffractometer, equipped with a CCD
detector. The lattice parameters were determined from ten images
recorded with 2° Φ-scans and later refined on all data. The data
were recorded at 123 K. A 180° Φ-range was scanned with 2° steps
with a crystal-to-detector distance fixed at 30 mm. Data were cor-
rected for Lorentz polarisation. The structure was solved by direct
methods and refined by full-matrix least squares on F2 with aniso-
tropic thermal parameters for all non-H atoms. One ligand was
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found disordered on two positions with a 0.5 occupation factor. H
atoms were introduced at calculated positions (except for atoms of
the disordered ligands) and constrained to ride on their parent C
atom. All calculations were performed with an O2 Silicon Graphics
Station with the SHELXTL package.[60] Crystal data are summar-
ized in Table 3. CCDC-178266 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.uk/conts/retrieving.html or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) � 44-1223/336-033; E-mail:
deposit@ccdc.ac.uk].

Table 3. Crystallographic data for [1](BPh4)2·2CH3COCH3

Empirical formula C96H95B2Mn2N8O4

Formula mass 1556.3
Temperature [K] 123
Wavelength [Å] 0.71073
a [Å] 24.502(5)
b [Å] 14.805(3)
c [Å] 25.626(5)
β [°] 115.86(3)
Volume [Å3] 8365(3)
Z 4
Density [g·cm�3] 1.236
µ [mm�1] 0.359
θmax [°] 24.69
hkl ranges 0 � h � 28

0 � k � 17
�30 � l � 27

Reflections measured 51714
Reflections independent 14126
Reflections with I � 2σ(I) 7772
Parameters 962
R1 � Σ||Fo| � |Fc||/Σ|Fo| 0.1004
wR2 � {Σ[w(Fo

2 � Fc
2)2]2/Σw(Fo

2)2]}1/2 0.2120
w � 1/[σ2(Fo

2) � (0.1000P)2]
where P � (Fo

2 � 2Fc
2)/3

(∆/σ)max 0.016
∆ρmax [e·Å�3] 0.566
∆ρmin. [e·Å�3] �0.475

Magnetic Susceptibility Measurements: Magnetic susceptibility data
were recorded with an MPMS5 magnetometer (Quantum Design,
Inc.). The calibration was made at 298 K using a palladium refer-
ence sample furnished by Quantum Design, Inc. The data were
collected over a temperature range of 2�300 K at a magnetic field
of 0.5 or 1 T and were corrected for diamagnetism. In the case of
1, the χMT vs. T curves were fitted using the van Vleck formula
and assuming the same g factor for each spin state S. The energies
appearing in the exponential arguments are derived from the
Heisenberg�Dirac-van Vleck Hamiltonian �JS1·S2. The total spin
S runs from |S1 � S2| to S1 � S2 by unit steps. The fitting procedure
used for complex 2 is derived from magnetisation calculations de-
scribed previously.[61]

EPR Spectroscopy: EPR Spectra were recorded with a Bruker 200D
spectrometer at the X-band. For low-temperature studies, an Ox-
ford Instrument continuous-flow liquid helium cryostat and a tem-
perature control system were used.

Cyclic Voltammetry and Chronocoulometry: Cyclic voltammetry
and chronocoulometry measurements were recorded with an EGG
PAR potentiostat (M273 model). The counter electrode was an Au
wire, the working electrode, a glassy carbon disk, was carefully pol-
ished before each voltammogram with a 1 µm diamond paste,
sonicated in an ethanol bath and then washed carefully with eth-



C. Hureau, E. Anxolabéhère-Mallart, M. Nierlich, F. Gonnet, E. Rivere, G. BlondinFULL PAPER
anol. It is worth noting that in the absence of such treatment of
the working electrode surface, the successive cyclic voltammograms
were not reproducible. The reference electrode was an Ag/AgClO4

electrode (0.530 V vs. NHE electrode), isolated in a fritted bridge.
The solvent used was distilled acetonitrile where tetrabutylammo-
nium perchlorate was added to obtain a 0.1  supporting electro-
lyte, when the experiments were carried out at room temperature,
or 0.2 , when the experiments were carried out at low temperature
(below 10 °C). Low-temperature regulation was insured by a Julabo
circulation cryostat.

UV/Vis Spectroscopy: UV/Vis spectra were recorded with a Cary
300 Bio spectrophotometer at 20 °C with 1-cm quartz cuvettes.

Electrospray Ionisation Ion Trap Mass Spectrometry: All experi-
ments were performed with an ESQUIRE ion trap (Bruker-
Franzen Analytic GmbH, Bremen, Germany). The used instrument
has a fundamental RF frequency of 781 kHz and was used here in
the standard mode with a mass-to-charge ratio up to 2000 Th, using
a 260.3 kHz frequency as axial modulation. The ion trap operated
at an uncorrected partial He buffer gas pressure of 3.4 � 10�5 Torr
(4.5 10�3 Pa). A differentially pumped interface transferred the ions
from the electrospray source (Analytica of Brandford, Inc., Brand-
ford, CT) to the mass spectrometer. No Ion Current Control (ICC)
was used, allowing the adjustment of the ion accumulation time.
Some applied parameters were unchanged for all experiments, such
as the RF frequency amplitude of the hexapole (700 V), and the
voltage applied on the electron multiplier (�1500 V). The dynode
voltage of the electron multiplier was �5 kV, the delay before scan-
ning 10 ms and the exit lens voltage �50 V, with the low m/z cut-
off value at 50 Th.

Infused Solutions: The complexes were analysed in the positive-ion
mode. Diluted samples (ca. 10�4 ) in pure acetonitrile were in-
fused into the ESI source using a Cole�Parmer Instrument Com-
pany (74900 series) syringe pump at a flow rate of 120 µL/h. The
capillary entry voltage was about �3500 V. The N2 drying gas tem-
perature was 150 °C with a flow rate of 200 L/h.
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France, 1999.

[19] S. Poussereau, G. Blondin, E. Anxolabéhère-Mallart, T. A.
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