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The X-ray structure of a new dinuclear phenolato-bridged
Mn,!" complex abbreviated as [(L)MnMn(L)]?>* (1), where LH
is the [N4O] phenol containing ligand N,N-bis(2-pyr-
idylmethyl)-N’'-salicylidene-ethane-1,2-diamine ligand, is re-
ported. A J value of -3.3cm™ (H = —JSl-Sz) was determined
from the magnetic measurements and the 9.4 GHz EPR spec-
tra of both powder and frozen acetonitrile solution samples
were analyzed with temperature. The cyclic voltammetry of
1 displays a reversible anodic wave at EY? = 0.46 V vs. SCE
associated with the two-electron oxidation of 1 yielding the
dinuclear Mn,™ complex [(L)MnMn(L)]** (2). The easy air
oxidation of 1 gives the mono-p-oxido Mn,™ complex [(L)-
Mn(p-O)Mn(L)]?* (3). A rational route to the formation of the
mixed-valence Mn,"™V complex [(L)Mn(p-O)Mn(L)]** (4)
starting from 1 by bulk electrolysis at E® = 0.75 V vs. SCE in
the presence of one equiv. of base per manganese ion is also
briefly reported. Addition of chloride ions to 1 led to the

cleavage of the phenolato bridges to give the mononuclear
Mn! complex [(L)MnC]] (5). Cyclic voltammetry of 5 displays
two reversible anodic waves at E¥2 = 0.21 and EV2 = 1.15V
vs. SCE, assigned to the two successive one-electron abstrac-
tions giving the Mn! and Mn'V species [(L)MnCl]* (6) and
[(L)YMnCI]?* (7), respectively. The electronic signatures from
UV/Visible and EPR spectroscopy of the electrochemically
prepared samples of 6 and 7 confirmed the respective oxi-
dation states. For instance, 7 displays a broad and intense
absorption band characteristic of a phenolato to Mn!'VY
charge-transfer transition at 690 nm (2000 M~'cm™) and its
9.4 GHz EPR spectrum shows a strong transition at g = 5.2
consistent with a rhombically distorted S = 3/2 system with a
zero-field splitting dominating the Zeeman effect.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Manganese ions are involved in the structure and activity
of numerous metalloenzymes.['"?! Their nuclearities may
vary from 1 to 4 metal ions and they often carry out multi-
electron redox reactions. A mononuclear Mn core is encoun-
tered in superoxide dismutasel®>! and in oxalate oxidasel®7]
and oxalate decarboxylase,[®®] while dinuclear centres are
the most common!®! and are found in catalase,>*'% argin-
ase,l'12] and ribonucleotide reductase.['3! A tetranuclear
Mn core is the heart of the oxygen-evolving complex of
photosystem IL['*!51 The fact that these manganese con-
taining enzymes perform crucial reactions in different pro-
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cesses for the maintenance of terrestrial life has encouraged
the chemists to pay particular attention to their functioning
mode together with their intimate structures and spectro-
scopic characterizations. Furthermore, bioinorganic chem-
ists have set the challenge to devise synthetic low molecular
weight modelst!® 181 to either reproduce the coordination
spheres of these Mn containing active sites or even more
challenging, to mimic the activity of the target enzyme (see
for examples ref.'%-23),

Results on both bases have until now been encouraging
but a great effort is still needed to reach our objectives. Re-
search along this field is being pursued in our laboratory.
Recently, we have reported on the metalation of the ligand
LH, where LH is the [N40] phenol-containing ligand N,N-
bis(2-pyridylmethyl)-N’-salicylidene-ethane-1,2-diamine,
with Mn'! salt giving the [(LH)MnCl,] complex where the
phenol was still in a protonated state.*¥ We have shown
through various spectroscopic characterizations that upon
the first one-electron oxidation process a concerted chemi-
cal reaction took place with the concomitant expulsion of
one chloride ion from the manganese coordination sphere
together with the deprotonation of the phenol and the coor-
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dination of the phenolate group. The reversibility of this
process was also evidenced. We believe that such an electro-
chemical process is essential to delineate the highly intricate
manganese chemistry. Herein we report on the synthesis of
the dinuclear phenolato-bridged Mn,!' species [(L)Mn-
Mn(L)]** (1), which has been characterized by X-ray dif-
fraction studies, EPR spectroscopy, and cyclic voltammetry.
We show that complex 1 can withstand a two-electron oxi-
dation leading to complex [(L)MnMn(L)]** (2) keeping the
phenolate groups as bridging ligands. However, upon air
oxidation of 1, the mono-p-oxido-bridged Mn," complex
[(L)YMn(p-O)Mn(L)]** (3) is obtained while the correspond-
ing mixed-valence Mn,"""V  complex [(L)Mn(p-O)-
Mn(L)]** (4) is electrochemically generated. A more de-
tailed study on the reaction of complex 1 with the biolo-
gically ubiquitous chloride ions is described. After addition
of chloride ions the mononuclear Mn'! species [(L)MnClI]
(5) is formed. The electrochemical behaviour of 5 exhibits
two one-electron reversible-oxidation processes, changing
the initial Mn" to Mn"" and Mn'Y oxidation states, respec-
tively. Spectroscopic characterizations of the Mn"! [(L)-
MnCI]* (6) and Mn!V [(L)MnCI]** (7) complexes in the
[N4OCI] environment are reported.

Results

Characterization of Complex [(L)MnMn(L)]** (1)

The reaction of ligand LH with Mn(ClO,),-6H,O in eth-
anol, and in the presence of one equiv. of 2,6-dimethylpyri-
dine gives the complex 1(ClO4),-2H,0. In order to attenu-
ate the extremely fast air oxidation of 1 into the mono-
p-oxido-bridged Mn,™" complex [(L)Mn(p-O)Mn(L)]** (3)
(see Exp. Sect. for details), the preparation and handling
of complex 1, except for the magnetic measurements, were
performed under an argon flux. Nevertheless, unavoidable
contamination of solution and solid samples of complex 1
by complex 3 were observed by cyclic voltammetry and by
UV/Visible spectroscopy.

X-ray Crystal Structure of 1(Cl10,),2CH3CN

The X-ray structure of complex 1 is shown in Figure 1,
and principal bond lengths and angles are listed in Table 1.
The structure consists of a discrete cation [(L)Mn-
Mn(L)]** (1), two perchlorate anions, and two acetonitrile
solvent molecules. The two Mn'" centres are bridged by the
phenolato groups of the two L~ ligands. Therefore, a [N40O,]
donor set forms the distorted octahedral coordination envi-
ronment of each Mn ion. Bond lengths and angles listed in
Table 1 show the distortion from octahedral geometry due
to constraints imposed by the ligand.
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The Mn--Mn distance of 3.383 A is slightly longer than
those reported for phenolato-bridged Mn,'" complexes of
closely related mL-, Li/La ligands (see Scheme 1),12327]
but shorter than those obtained for phenolato-bridged
Mn,!" complexes obtained with the [N30,Cl] metal environ-
ment.”8! As a matter of fact, the Mn,O, diamond core
structure of 1 differs from those of complexes [(mL)Mn-
Mn(mL)>* and [(Li/La)MnMn(Li)]**.>°1 Values of the
average Mn-O-Mn angle and of the dihedral angle are
slightly greater than those observed in [(mL)Mn-
Mn(mL)]** and [(Li/La)MnMn(Li)]** systems: 103.7° vs.
100.0° and 101.4°, and 17.9° vs. 11.3° and 11.5°, respec-
tively.[>>-271 This can be tentatively attributed to the conjuga-
tion of the bridging phenolato group to an imine function
in the present case.

The wrapping of the Mn ion by the ligand L~ is identical
to that observed in the structures of related Mn*3% and
Fel*!l complexes, with the two pyridine functions in a trans
position to one another.

Magnetic Susceptibility Measurements

The molar magnetic susceptibility yy; of a powder sam-
ple of 1(ClOy4),2H,0 was measured between 300 and 2 K.
At 300 K the yyT value is equal to 6.8 cm*mol 'K and
decreases slowly down to 5.0 cm*mol 'K at 50 K. Below
50 K the yy T value decreases more rapidly and is equal to
0.3 cm®mol 'K at 2 K (Figure S1, open circles). This be-
haviour is indicative of a weak antiferromagnetic interac-
tion between two high-spin Mn'! ions (S = 5/2). The best
simulation performed on the yy; vs. 7' curve is obtained with
a fixed g value of 1.953% and J = -3.2cem™! (H = -JS,-S,)
(Figure S1, solid line).?3! The best simulation performed on
the ypmT vs. T curve is obtained with g = 1.958% and J =
3.4 cm™! (Figure S1, solid line).l** The two sets of param-
eters are in agreement and lead to a J value that is close
to —3.3(0.1) cm™!. This value is consistent with reported J
values for systems where the two Mn!' ions are bridged by
two phenolato groups,?>381 and is slightly higher than the
one published for the closely related [(mL)MnMn(mL)]**
complex.*”]

EPR Spectroscopy

The 9.4 GHz (X band) EPR spectra recorded at 5 and
30 K, and the 10 K 34 GHz (Q-band) EPR spectrum of a
powder sample of 1(ClO4),'2H,O are shown in Fig-
ure 2(a,b). The evolution of the 9.4 GHz EPR signatures as
a function of temperature was monitored between 5 and
50 K and is given in the Supporting Information (Fig-
ure S2). All spectra exhibit features extending from 0-
800 mT at 9.4 GHz and from 400-1500 mT at 34 GHz, the
intensities of which depend on the temperature. This behav-
iour is strongly indicative of dinuclear Mn,!! species.!3%-38 421
The observed features originate from the superimposition
of signatures from the five S = 1 to S = 5 paramagnetic
spin states.[*3] The 9.4 and 34 GHz EPR spectra that were
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Figure 1. Molecular view of the dication 1. Displacement ellipsoids are drawn at the 50% probability level. Molecular views of cations
3, 4, and 6 from ref.[?*30],

Table 1. Selected bond lengths [A] and angles [°] for 1.

Mnl1-O1 2.166(2) Mn2-O1 2.137(2)
Mnl1-0O2 2.154(2) Mn2-02 2.144(2)
Mnl-N1 2.406(2) Mn2-N21 2.373(3)
Mnl-N2 2.222(3) Mn2-N22 2.274(3)
Mnl-N3 2.204(3) Mn2-N23 2.196(3)
Mnl-N4 2.290(3) Mn2-N24 2.241(3)
O1-Mnl1-02  73.10(8) 01-Mn2-02 73.89(10)
Mnl1-O1-Mn2 103.68(10) Mnl1-0O2-Mn2 103.84(10)
O1-Mnl-N1 151.69(10) 02-Mn2-N21  156.94(10)
02-Mnl-N1 133.31(10) O1-Mn2-N21  128.61(10)
O1-Mnl-N2  94.95(10) 02-Mn2-N22 118.41(10)
02-Mnl-N2  99.90(12) O1-Mn2-N22  84.26(10)
O1-Mnl-N3  80.95(10) 02-Mn2-N23  82.13(10)
02-Mn1-N3 147.47(10) O1-Mn2-N23  149.03(10)
O1-Mnl1-N4 126.60(10) 02-Mn2-N24  100.16(10)
02-Mnl-N4  84.48(10) O1-Mn2-N24  101.97(10)
N1-Mnl-N2  72.90(10) N21-Mn2-N22 73.83(10)
N1-Mnl-N3  76.81(10) N21-Mn2-N23 78.15(10)
N1-Mnl-N4  73.47(10) N21-Mn2-N24 72.43(10)
N2-Mnl-N3  101.58(12) N22-Mn2-N23 90.39(12)
N2-Mnl-N4  137.04(10) N22-Mn2-N24 140.96(10)
N3-Mnl-N4  95.94(12) N23-Mn2-N24 101.29(12)
4326 www.eurjic.org
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obtained are slightly different from those previously re-
ported for the [(mL)MnMn(mL)]** complex.?”l More pre-
cisely, the 34 GHz EPR spectrum of the [(mL)Mn-
Mn(mL)]** complex shows several lines below 600 mT,
which are attributed to inter-S-spin transitions from the
competitive effect between the Zeeman and the Heisenberg
interactions (J = —1.8 cm™').?1 Here, the 34 GHz EPR
spectrum of 1 shows only one transition below 600 mT, in
agreement with the higher J value of 3.3 cm™!.
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400 600 800 1000
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Figure 2. (a) 9.4 GHz EPR spectra recorded on a powder sample
of 1(ClO4)»2H,O at 5K (solid line) and 30 K (dotted line).
(b) 34 GHz EPR spectra recorded on a powder sample of 1(ClO,),
2H,0 at 10 K. (¢) 9.4 GHz EPR spectra recorded on a millimolar
solution sample of 1 in acetonitrile containing 0.1 M tetrabutylam-
monium perchlorate at 5 K (solid line) and 30 K (dotted line). Note
that the product of the absorption by the temperature 7 is plotted
as a function of the magnetic field. 9.4 GHz EPR recording condi-
tions: 9.38 GHz microwave frequency, 2.0 mW microwave power,
0.5mT modulation amplitude, 100 kHz modulation frequency.
34 GHz EPR recording conditions: 34.18 GHz microwave fre-
quency, 2.3 mW microwave power, 1.0 mT modulation amplitude,
100 kHz modulation frequency.
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The 9.4 GHz EPR spectra recorded at 5 and 30 K of a
frozen acetonitrile solution sample of 1 in the presence of
0.1 M tetrabutylammonium perchlorate are shown in Fig-
ure 2 (c). Evolution of the 9.4 GHz EPR signatures as a
function of temperature is given in the Supporting Infor-
mation (Figure S3). The EPR signatures as well as the
modifications in the relative intensities of the observed EPR
features as a function of temperature conform to that of a
dinuclear Mn,!! species. The evolution of the EPR features
is similar to the one observed in the powder sample of com-
plex 1. More precisely, in both powder and solution sam-
ples, the features near 200 and 400 mT increase with the
temperature. Therefore, we can rationally propose that the
dinuclear phenolato-bridged Mn,'" core structure is main-
tained upon dissolution in acetonitrile. However, no charac-
teristic >>Mn hyperfine pattern is observed. This can be at-
tributed either to the superimposition in the same magnetic
field range of several lines originating from different transi-
tions that exhibit slightly distinct Mn hyperfine structures,
or to a structural heterogeneity that would induce a distri-
bution in the EPR parameters.

UV/Visible Spectroscopy

The UV/Visible spectrum of complex 1 is shown in Fig-
ure 3 (a, dashed line) and the UV/Visible data are reported
in Table 2. As expected for Mn!' species no transition is
observed in the visible region. An intense band is detected
at 348 nm, which can be tentatively attributed to the phe-
nolato to Mn!! charge-transfer transition by comparison
with data obtained from the related [(L")Mn]  complex,
where L'Hj is a triphenol containing ligand with a [N,Oj3]
donor set.[>># The band detected at 300 nm and indicated
by an asterisk in Figure 3 (a) is assigned to the contaminant
species 3 (see Table 2).

Cyclic Voltammetry

The cyclic voltammogram of complex 1 is shown in Fig-
ure 4 (a) and its redox data are reported in Table 3. Anodic
and cathodic processes assigned to the soil species 3 are
indicated by a star in Figure 4 (a). The cyclic voltammetry
trace of 1 exhibits a reversible anodic process at EY? =
0.46 V vs. SCE (AE? = 133 mV),* and an irreversible an-
odic peak at E¥ = 1.44 V vs. SCE. The square wave voltam-
metry shows that two and one electrons are involved in the
first and the second anodic process, respectively. These data
indicate that the first anodic process is associated with the
formation of the dinuclear phenolato-bridged Mn,"" com-
plex [(L)YMnMn(L)]** (2), while the second anodic process
is associated with the formation of a Mn'V containing spe-
cies. Irreversibility of the second anodic process is probably
due to the generation of a Mn'" ion, which would sponta-
neously engender the opening of the dinuclear structure.
For comparison purposes redox data of complex 1 together
with other related dinuclear phenolato-bridged Mn,!' com-
plexes are given in Table 3. The potential value of the first
4327
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Figure 3. (a) UV/Visible spectrum of complex 1 in acetonitrile con-
taining 0.1 M tetrabutylammonium perchlorate (dashed line) and of
complex 2, generated by exhaustive electrolysis of 1 at £ = 0.8 V
vs. SCE (solid line); (b) UV/Visible spectrum of 1 mm solution of
1 in acetonitrile containing 0.1 M tetrabutylammonium perchlorate,
upon addition of chloride ions. No chloride ion added (solid line),
0.5 equiv. of chloride ion per Mn (dashed line) and 1.0 equiv. of
chloride ion per Mn ion (dotted line); (c) UV/Visible spectrum of
complex 5, (dotted line); of complex 6, generated by exhaustive
electrolysis of complex 5 at £ = 0.85 V vs. SCE (dashed line), and
of complex 7, generated by exhaustive electrolysis of complex 5 at
E =1.45V vs. SCE (solid line). (1 = I mm, 7 = 20 °C). Note that
unless specified the total conversions of 1 were assumed to draw
the absorption spectrum. The asterisks * in (a) and (b) indicate the
presence of the contaminant species 3.

anodic process of 1 is lower than those of related phe-
nolato-bridged dinuclear Mn,!" complexes, and the peak-
to-peak separation AEF is distinctly smaller. The possible
origins of these differences will be discussed below.

An irreversible cathodic peak is detected at E¥ = -1.91 V
vs. SCE, while in the related [(Li/La)MnMn(Li)]** com-
plex? reduction of the imine function of the Li~ ligand
(see Scheme 1) was observed at E' = —1.38 V vs. SCE.?%
The conjugation of the imine function to a phenolato group
in the L is anticipated to render the reduction more diffi-
cult, and therefore explain the lower potential value de-
tected here.
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Electrochemical Oxidation of Species 1 into Complex [(L)
MnMn(L)[** (2)

The square wave and the cyclic voltammetry experiments
recorded on complex 1 indicate that oxidation of 1 will
lead to the dinuclear phenolato-bridged Mn,™" species
[(LYMnMn(L)]** (2). Exhaustive electrolysis was performed
at £ = 0.8V vs. SCE. The cyclic voltammetry trace re-
corded after consumption of one electron per Mn ion dis-
plays one reversible cathodic process at E'? = 0.46 V vs.
SCE and one irreversible anodic peak E¥ = 1.44 V vs. SCE
(Figure S4). These data are consistent with the formation
of complex 2 in solution. An insignificant amount of the
dinuclear mono-p-oxido-bridged complexes was generated
during the electrolysis.

The UV/Visible spectrum recorded after completion of
the electrolysis is shown in Figure 3 (a, solid line), and the
UV/Visible data reported in Table 2, together with those of
related phenolato Mn!! complexes. Upon comparison, it is
possible to attribute the broad transition detected near
600 nm to Mn"! d-d transitions and the shoulder observed
at 480 nm to the superimposition of Mn'"" d—d transitions
and phenolato to Mn'"" charge-transfer transitions. Both
the position and the intensity of the two absorption bands
detected near 405 nm agree with values reported in the lit-
erature for bridging phenolato to Mn'™ charge-transfer
transitions.*+4-4%1 The shift of the phenolato to Mn"! elec-
tronic transition detected in 1 at 348 nm to a lower energy
upon oxidation of the Mn ion is reminiscent of what was
observed for the successive oxidations of the dinuclear
Mn," complex [Mn,(2-OHsalpn),]>~.[2>3% The UV/Visible
signature of complex 2 is very close to that of complex 3,
except for the strong absorption band at 300 nm only de-
tected in 3.

9.4 GHz EPR spectra were recorded on the electrolyzed
solution using the perpendicular and the parallel detection
modes (data not shown). No signal was detected.

Electrochemical Conversion of Species 1 into Complex
[(L)Mn(p-O)Mn(L)P* (4)

The electrochemical conversion of mono- and dinuclear
Mn"! complexes into mixed-valence oxido-bridged Mn,"-TV
systems has been recently described.?”-31->21 An exhaustive
electrolysis of the Mn'! species is performed in acetonitrile,
where the presence of residual water together with an exter-
nal base leads to the formation of the oxido-bridged species.
This method was applied here to obtain the mixed-valence
complex [(L)Mn(p-O)Mn(L)** (4).

The cyclic voltammetry trace of species 1 upon addition
of one equiv. of base per Mn ion is shown in Figure 4 (b).
When scanning towards anodic potentials, the first oxi-
dation process of species 1 is still partially detected, but
at a slightly lower potential value. Furthermore, two new
reversible processes are seen at £/ = 0.55and E'">=1.0V
vs. SCE, which correspond to the two sequential one-elec-
tron oxidations of the dinuclear Mn,"' complex [(L)Mn-
(u-O)Mn(L)]** (3). Both the detection of the oxidation
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Table 2. Electronic absorption data of complexes 1 to 7 and of the related complexes [(Ls)MnCl,]*, [(Ly)MnCl,)**, [[BBPEN)Mn]*, and

[(BBPEN)Mn]?*.125]

Species S &n (nm, 103 M Tem ) Ref.

Mn!!

1 348, 3.9 this work
367, 5.0 this work

Mn!!!

2 370, 3.4 405, 2.7 480, 0.88 600, 0.47 this work

6 298, 7.5 392, 2.1 479, 0.98 494, 1.01 this work

[(Ly)MnCl,]* 291, 7.1 394, 1.1 500, 0.30 536, 0.36 (521

[(BBPEN)Mn]* 258, 29 369, 4.2 506, 2.1 [54]

3 300, 10.5 400, 2.4 500, 0.5 (30]

MnIV

7 325,7.2 390, 4.2 523,22 690, 2.0 this work

[(Ly)MnCLJ2* 314, 8.5 409, 2.2 [52]

[(BBPEN)Mn]>* 506, 2.7 790, 3.7 (54

4 344, 6.2 408, 3.5 570, 1.5 (30]

peak of 1 at a lower potential value and of the cyclic vol-
tammetry signature of a new species are symptomatic of an
EC (Electrochemical Chemical) mechanism. Oxidation of
species 1 leading to the corresponding dinuclear Mn,™! spe-
cies 2 is followed by the formation of complex 3 at the elec-
trode, because of the presence of residual water and of base
in the medium.P¥ This EC mechanism is illustrated in
Scheme 2.

The cyclic voltammogram, the UV/Visible spectrum, and
the 100 K 9.4 GHz EPR spectrum recorded after bulk elec-
trolysis at 0.75 V vs. SCE (Figure 4(c), Figures S5, and S6,
respectively, in the Supporting Information) are identical to
those reported for the mixed-valence complex 4 obtained
by the one-electron oxidation of the chemically prepared
species 3.9 Both the number of consumed electrons during
the electrolysis (3 e per complex 1) and the extinction coef-
ficient values are consistent with the total conversion of
species 1 into 4. This is confirmed by quantification of the
EPR trace recorded after the electrolysis of 1 (Figure S6),
which shows the formation of 4 with a 95% (£5%) yield
(see Exp. Sect. for details).

Transformation of Complex 1 upon Addition of Chloride
Ions

Evolution of the cyclic voltammetry trace of complex 1
upon addition of 0.5 and 1.0 equiv. of chloride ion per Mn
ion is shown in Figure 4 (d dashed and solid lines, respec-
tively). The anodic process corresponding to the oxidation
of free chloride ions is not observed. Concomitantly with
the loss of the anodic processes related to complex 1, two
new reversible anodic processes were detected at EY? =
0.21 (AE® = 95mV) and EY? = 1.15V vs. SCE (AE® =
94 mV). By comparing the potential values with those of
related complexes with [N4CL,]%?! and [N4O,]% Mn envi-
ronments (see Table 3) we propose that the coordination
sphere of the Mn ion is [N4OCI] provided by the L~ ligand
and one exogenous chloride anion, leading to the neutral
Mn" species [(L)YMnCI] (5). In this hypothesis, the two an-
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odic processes are attributed to the successive one-electron
oxidation of species 5 into the mononuclear Mn™
[(L)YMnCI]* (6) complex and then into the mononuclear
Mn"Y [(L)MnCI]** (7) complex.

The spectral changes of the UV/Visible spectrum of com-
plex 1 upon addition of 0.5 and 1.0 equiv. of chloride ion
per Mn ion are shown in Figure 3 (b, dashed and dotted
lines, respectively). The phenolato to Mn'! charge transfer
transition detected at 348 nm for complex 1 is shifted to
lower energies (Anax = 367 nm) in species 5. This spectral
modification can be related to the change in the coordina-
tion mode of the phenolato arm from bridging to mono-
dendate.

By contrast to the modifications observed by cyclic vol-
tammetry and UV/Visible spectroscopy at room tempera-
ture, the EPR signature of complex 1 recorded at 100 K
is virtually unmodified upon the addition of one equiv. of
chloride ion per Mn ion (Figure 5, a,b). It totally vanishes
upon the addition of five equiv. of chloride ions per Mn ion
(Figure 5, d). The new spectral features consist of an intense
transition at 330 mT (g = 2) and three other transitions of
lower intensity at 50 mT, 130 mT, and 225 mT. This signa-
ture is consistent with a mononuclear Mn'! species, where
the Zeeman effect dominates the zero-field splitting interac-
tion.’331 The EPR study gives a first insight into the pres-
ence of an equilibrium between species 1, 5, and the chlo-
ride ions, which should be modified by the temperature. The
detection of this equilibrium at room temperature was mon-
itored by cyclic voltammetry. Upon addition of two and
five equiv. of chloride ions per Mn ion, the cyclic voltamme-
try trace shows that the potential of the anodic peak is
slightly shifted to lower values, whereas the position of the
associated cathodic peak observed on the reverse scan re-
mains virtually identical (Figure S7). This behaviour is rem-
iniscent of a CE (Chemical-Electrochemical) mechanism,
which is illustrated in Scheme 3. As a working hypothesis,
we propose that the chemical reaction, which precedes the
electrochemical oxidation of species 5 into 6, is an equilib-
rium between species 1 and 5.
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Figure 4. (a) Cyclic voltammograms of 1 mm solution of 1 in aceto-
nitrile containing 0.1 M tetrabutylammonium perchlorate. (b) Cy-
clic voltammograms of 1 mm solution of 1 in acetonitrile in pres-
ence of one equiv. of 2,6-dimethylpyridine per Mn ion. (c) Cyclic
voltammograms of 1 mM solution of 1 in acetonitrile in the pres-
ence of one equiv. of 2,6-dimethylpyridine per Mn ion, and after
bulk electrolysis at £ = 0.7V vs. SCE. (T = 20 °C, scan rate =
100 mV). (d) Cyclic voltammograms of 1 mm solution of 1 in aceto-
nitrile in the presence of 0.5 equiv. of chloride ion per Mn ion
(dashed line), and in the presence of 1.0 equiv. of chloride ion per
Mn ion (solid line). The stars in (a) indicate the presence of the
contaminant species 3.

It is worth noting that upon the addition of chloride ions,
the intensity of anodic and cathodic processes correspond-
ing to the contaminant species 3 fades significantly, as well
as the UV band detected at 300 nm and assigned to species
3. The dissipation of species 3 upon addition of chloride
ions will be considered below.

Electrochemical Oxidations of Complex 5 into Species
[(L)YMnCI]* (6) and [(L)MnCI]** (7)

The cyclic voltammetry signature of complex 5,1°1 which
is shown in Figure 4(d), suggests that complex 5 can be oxid-
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ized twice electrochemically to generate the corresponding
Mn'"" [(L)MnCI]* (6) and Mn'Y [(L)MnCI]** (7) species.
Two successive bulk electrolysis of species 5 were performed
at £=0.85(20 °C) and E = 1.45V vs. SCE (-30 °C), respec-
tively, and were monitored by UV/Visible and EPR spec-
troscopy.

The cyclic voltammetry trace recorded after the first con-
sumption of one electron per Mn ion displays one reversible
anodic process at £/ = 1.15 V vs. SCE and one reversible
cathodic process at EY?> = 021V vs. SCE (Figure S8,
dashed line). These data are consistent with the one-elec-
tron oxidation of species 5 leading to the mononuclear
Mn"" complex 6.

The UV/Visible spectrum recorded after the first bulk
electrolysis is shown in Figure 3 (c, dashed line). Three new
transitions are detected in the region from 390 to 495 nm.
The UV/Visible data of complex 6 are reported in Table 2,
together with other related phenolato and chlorido Mn'!
complexes. Upon comparison, it is possible to attribute the
390 nm absorption band to the superimposition of chlorido
and phenolato to Mn"! charge-transfer transitions, and the
two transitions detected at 479 and 494 nm to both Mn'!!
d-d transitions and phenolato to Mn!! charge-transfer
transitions.

No EPR signal was detected using the conventional per-
pendicular detection mode. However, the 5 K 9.4 GHz EPR
spectrum of the electrolyzed solution, recorded in the paral-
lel detection mode displays six ill-resolved hyperfine lines
centred at 79 mT (g = 8.5) and spaced by 5.4 mT (Figure 6,
a). As previously described in the literature, 9.4 GHz paral-
lel mode EPR spectra are expected for an S = 2 quasi-axial
system with a strong zero-field splitting.[®!-¢2) More specifi-
cally, the spectroscopic signatures detected here are charac-
teristic of a high-spin Mn"! species, where the Jahn—Teller
distortion is an elongation.[>>-63-6%]

The cyclic voltammetry trace recorded after the second
one-electron electrolysis of 5 displays two reversible cath-
odic processes at EY?> = 1.15 and E?> = 0.21 V vs. SCE
(Figure S8, solid line), underlying that the one-electron oxi-
dation of species 6 into the mononuclear Mn!Y complex 7
was successful. However, a slightly weaker intensity is ob-
served for the two electrochemical processes, indicating a
partial evolution of the Mn'Y species, even at —30 °C. It is
worth noting that the possibility of a ligand-centred oxi-
dation of species 6 leading to the mononuclear Mn"™-phen-
oxyl complex was given some thought. However, it was con-
sidered to be an unlikely hypothesisl’” on the basis of the
reported oxidation of the Mn'! centre at a potential that
was 1 V lower than the phenolate ligand in the Mn!™ spe-
cies with a phenolate-containing ligand.[!]

The electronic absorption spectrum recorded after the
second bulk electrolysis is shown in Figure 3 (c, solid line).
Three new intense absorption bands appear at 390, 523, and
690 nm, respectively. The UV/Visible data of complex 7 are
reported in Table 3,72 and compared with related phe-
nolato and chlorido Mn!'Y complexes. The intense absorp-
tion band observed near 400 nm can be attributed to phe-
nolato and chlorido to Mn'Y charge-transfer transi-
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Table 3. E'? and EP (when the anodic process is irreversible) potential values (V vs. SCE) of complexes 1 and the related complexes
[(mML)MnMn(mL)]*>* and [(Li/La)MnMn(Li)]**, of complex 5 and the related complexes [(L4;)MnCl,] and [(BBPEN)Mn]*, and of complex

3.3 (T =20 °C).

Species E (V vs. SCE), [AEP (mV)] Ref.
Mn,!/Mn,!"! M, /M, LIV
1 0.46 (133) 1.42 (irr.)il this work
[(mL)MnMn(mL)]2* 0.89, 1.02001 27)
[(Li/La)MnMn(Li)2* 0.58 (260) 6]
MnII/MnIII MnIII/MnIV
5 0.21 (96) 1.15 (93) this work
[(L)MnCl,] 0.74 (70) 1.46 (irr.)! (521
[((BBPEN)Mn]" -0.06 (90) 0.80 (90) (541
M, /M, 1Y M, HV/ M, 1Y
3 0.55 (92) 1.0 91) this work[3]

[a] irr. = irreversible. [b] The two potential values correspond to the sequential one-electron oxidation of the Mn,"' complex leading to

the Mn,'""' complex.

2e
(LM ™n'(L)]2 1 [(L)Mn""MnT(L )
1 E 2

H,0 +2B

2 BH*

(LM -O)Mn" (L)1
3

Scheme 2. Proposed Electrochemical Chemical (EC) mechanism to
explain the evolution of the cyclic voltammetry trace of 1 upon
addition of base.

tions,[’1-731 while the shoulder detected at 530 nm may be
assigned to Mn'Y d—d transitions.”"! However, both the in-
tensity and the position of the broad absorption band ob-
served near 690 nm are reminiscent of absorption features
reported  for  phenolato-containing ~ Mn'V  com-
plexes, 2730547175791 and is therefore attributed to a phe-
nolato to Mn'V charge-transfer transition. Therefore, the
UV/Vis signature of species 7 also strongly supports the for-
mation of a Mn'Y complex instead of a Mn'""-phenoxyl one.
Indeed, in the latter case, the two observed bands at 400
and 690 nm are expected with stronger and much weaker
intensities, respectively.l’!]

The 5 K 9.4 GHz EPR spectrum of the electrolyzed solu-
tion recorded using the perpendicular detection mode is
shown in Figure 6 (b). The EPR spectrum exhibits a
multiline signal centred at g = 2 due to the presence of
traces of uncoordinated Mn" ions. Quantification of this
signal (see Exp. Sect.) indicates that uncoordinated Mn!!
ions account for approximately 5% of the total Mn-based
species. Three other broad transitions are detected at
130 mT (g = 5.2), 220 mT (g = 3.0), and 580 mT (g = 1.2),
showing no evidence of Mn hyperfine coupling (Figure 6,
b). This EPR signature is indicative of an S = 3/2 Mn'Y
ion, where the zero-field splitting interaction dominates the
Zeeman effect.3+79-80] For an axial Mn'V system (E/D = 0)
the low-field transition is expected at g.;r = 4. The diver-
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Figure 5. Evolution of the 100 K, 9.4 GHz EPR spectrum of 1 mm
solution of 1 in acetonitrile containing 0.1 M tetrabutylammonium
perchlorate, upon addition of chloride ions. Recording conditions:
9.38 GHz microwave frequency, 2.0 mW microwave power, 0.5 mT
modulation amplitude, 100 kHz modulation frequency.
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Scheme 3. Proposed Chemical Electrochemical (CE) mechanism to
explain the evolution of the cyclic voltammetry trace of 1 upon
addition of chloride ions.
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Figure 6. 5 K 9.4 GHz EPR spectra recorded on a 2 mM solution
sample of 5, in acetonitrile containing 0.1 M tetrabutylammo-
nium perchlorate, after bulk electrolysis at £ = 0.85 V vs. SCE (a),
and after bulk electrolysis at £ = 1.45V vs. SCE (b). Recording
conditions: (a) parallel detection mode, 9.42 GHz microwave fre-
quency, 0.8 mW microwave power, 0.5 mT modulation amplitude,
100 kHz modulation frequency, 10 scans. (b) 9.38 GHz microwave
frequency, 0.12 mW microwave power, 0.5 mT modulation ampli-
tude, 100 kHz modulation frequency.

gence from this value is characteristic of the rhombicity of
the system. In the present case, according to the diagram
showing the evolution of the g.¢ values for the Kramer dou-
blets as a function of E/D,[®71 the g = 5.2 and gor = 3.0
values lead to an E/D ratio of 0.20(0.04).

Discussion

In the first part of this discussion, we will demonstrate
the unique physicochemical properties of the dinuclear phe-
nolato-bridged Mn,'" complex (1). As it is not our intention
here to make an exhaustive comparison among all dinuclear
phenolato-bridged Mn,'" complexes,?*28 we will limit the
comparative study to the recently published [(mL)Mn-
Mn(mL)]*>* system where the Mn ions have almost the same
first coordination spheres as in 1.[>]

Two main structural differences are observed between
complex 1 and complex [(mL)MnMn(mL)]**. In the pres-
ent case, the two pyridine rings are in a trans position, and
the nitrogen atoms holding the bridging phenolato groups
belong to the plane of the Mn,O, core.

These structural peculiarities may support the distinct
behaviour found for 1 in solution. More precisely, the en-
4332
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hanced reversibility of the anodic process detected for 1 is
assigned to both an easier and nondestructive structural re-
arrangement from the dinuclear Mn,'! to the dinuclear
Mn,'"! systems. In the case of complex [(mL)Mn-
Mn(mL)J?*, it has been proposed that the two successive
one-electron oxidations of the dinuclear Mn,!' complex led
to the formation of the mononuclear Mn™! species.?”! Here,
we have shown that the dinuclear structure of complex 1 is
maintained upon oxidation. Therefore, we can postulate
that the Jahn-Teller distortion axis of the Mn," species is
along the Py-Mn-Py axis, a direction that is not involved
in the bridging motif. Furthermore, oxidation of 1 into 2 is
detected at lower potential values than those of the related
dinuclear Mn,"" phenolato-bridged complexes (see Table 3).
The main difference in the [N4O] donor set of the ligand L~
compared to the one of ligand mL~ (see Scheme 1) is the
conjugation of the phenolate group to an imine function.
This is in good agreement with the fact that the imine-phe-
nolate fragment stabilizes the high oxidation states of the
metal centres.

A two-electron oxidation process was detected for 1
whereas two successive one-electron oxidations were re-
ported for the [(mL)MnMn(mL)]** complex. The detection
of a two-electron oxidation process is in line with what was
observed and analyzed by Romero et al.[*?l for the Mn,"
complex [Mn,(pu-Cl),(bpea),Cl,] where bpea is a tetraden-
tate ligand with a [N4] donor set.*>! It was interpreted as
arising from the independency of the two Mn ions because
of a strong insulating effect of the bridging chloride ions.
Indeed the two metal centres in the [Mn,(p-Cl),(bpea),Cl,]
complex must be electronically uncoupled in order not to
bring about any stabilization of the mixed-valence state. In
the present case, we favour the hypothesis of an inversion
of the potentials of the first- and second-electron transfers
during the oxidation of 1, i.e. the oxidation of the mixed-
valence Mn,™"T complex occurs at a lower potential value
than that of complex 1. Hapiot et al. have illustrated the
inversion potential phenomenon in polyconjugated systems.
Oxidation of the polyconjugated system leads to the dicat-
ion, which is stabilized by interaction with the solvent,
whereas the radical cation, which is delocalized over the
molecular framework and thus less stabilized by interac-
tions with the solvent, is not isolated.®® We thus propose
that in our case the easier oxidation of the mixed-valence
Mn,'"T state than that of the Mn,"! state arises from the
better stabilization by the solvent of the Mn,!!! state than
that of the mixed-valence Mn,'"! system.

Another clear cut difference is the cyclic voltammetry re-
sponse upon addition of base to a solution of 1 or a solu-
tion of the [(mL)MnMn(mL)]**. In the former case, the di-
nuclear oxido-bridged species 3 is formed on the time scale
of the cyclic voltammetry, whereas the intermediate mono-
nuclear Mn™ [(mL)Mn(OH)]* species was proposed in the
latter case.?” This result clearly indicates that the formation
of species 3 is faster than that formed in the corresponding
Mn'! complex [(mL)Mn(p-O)Mn(mL)J>*.

In the second part of the discussion we will examine the
various chemical and electrochemical reactions involved be-
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Scheme 4. Scheme of the various chemical or electrochemical reactions involved between species 1 to 7. Solid arrows correspond to the
reactions evidenced in the present work. Dashed arrows correspond to electrochemical processes described in a previous paper.[3)

tween the various Mn species obtained with the ligand L,
which are depicted in Scheme 4. The X-ray structures of
complexes 1, 3, 4, and 6 are available in the present study
and in the literature.>*3

The presence of the contaminant complex 3 in solution
and powder samples of complex 1 has been evidenced by
various techniques and comes from the air oxidation of 1.
Since all the experiments are not run in a glove box this
impurity is hardly avoidable. The mechanism of this air oxi-
dation is still unknown. The fast air oxidation of 1 may be
related to the fast electrochemical oxidation of 1 into 3 in
the presence of base as evidenced by the cyclic voltammetry
study. We have also shown that the phenolato-bridged dinu-
clear Mn,'" complex 2 is accessible after a two-electron oxi-
dation of 1 and that it does not evolve directly to the forma-
tion of the mono-p-oxido complex 3 under an argon flux.
Such an intermediate will certainly provide hints for the
mechanistic pathway of the formation of the mono-p-oxido
species.

We have also checked that the mixed-valence mono-p-
oxido complex 4 can be generated by the exhaustive elec-
trolysis of complex 1 in the presence of residual water and
one equiv. of base per Mn ion, following a recently de-
scribed procedure.?”]

The addition of chloride ions to complex 1 leads to the
formation of the mononuclear chlorido Mn"! species 5. One
more intriguing result is that upon addition of chloride ions
to a solution sample of 1 containing species 3 as an impu-
rity (indicated by an asterisk in parts a,b of Figure 3 and
part a of Figure 4) leads to the fading of the absorption
transition and of the redox waves characteristic of the
mono-p-oxido species. Furthermore, no other signal except
that of species 3 was detected. For now, we can only specu-
late that species 5 is able to reduce species 3, leading to the
breaking of the oxido bridge by a mechanism that has still
to be determined.
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More importantly, we have shown that complex S can
be oxidized twice electrochemically into the corresponding
Mn'"" (6) and Mn'Y (7) complexes. To the best of our
knowledge no other (X-ray characterized) mononuclear
complexes with a [N4OCI] coordination sphere are reported
in the literature. The spectroscopic data for a Mn'V ion in
an unusual coordination sphere with four nitrogen atoms,
one oxygen, and a chloride ion are reported.’”! Hence, com-
plex 5 is an interesting example of manganese mononuclear
systems where three distinct oxidation states are observed
and characterized.

Conclusion

We have shown in this paper the chemical and electro-
chemical reactivities of a dinuclear phenolato-bridged
Mn,"! complex. We have shown that the dinuclear Mn,"!
compound could be oxidized in the +III states without al-
teration of the dinuclear structure of the starting com-
pound. However, addition of chloride ions led to the forma-
tion of mononuclear species, which were oxidized and char-
acterized in the +III and the rare +1V oxidation states. Fu-
ture work will consist of the elucidation of the mechanistic
pathways involving the formation of the mono-p-oxido
Mn,"! dinuclear complex.

Experimental Section

General Remarks: Reagents and solvents were purchased commer-
cially and used as received except for the electrochemical experi-
ments for which acetonitrile was distilled under argon over granular
CaCl,. Argon U was used in the various experiments.

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.
4333
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Synthesis

N,N-Bis(2-pyridylmethyl)-/V'-salicylidene-ethane-1,2-diamine: ~ Sal-
icyladehyde (210 pL, 2 mmol) was added to a solution of N,N-
bis(2-pyridylmethyl)ethane-1,2-diamine®”! (484 mg, 2 mmol) in
methanol (20 mL). The solution was stirred at room temp for 3 h,
evaporated, and dried under vacuum to give a pale brown oil (98%
yield). '"H NMR (250 MHz, CDCl;): 6 = 8.48 (d, 2 H, J = 5Hz,
H-C¢H3N), 8.24 (s, 1 H, Ar—CH=N), 7.60-6.80 (m, 10 H, H-Ar),
3.88 [s, 4 H, N-(CH,Py),], 3.70 (t, 2 H, J = 6 Hz, CH=N-CH,-
CH,), 3.46 (s, | H, OH), 2.90 (t, 2 H, J = 6 Hz, CH,~N-CH -
CH,) ppm; '"H NMR details are given in the Supporting Infor-
mation. IR: ¥ = 3360 (broad), 2944 (strong), 2832 (s), 1634 (me-
dium), 1596 (weak), 1450 (m), 1280 (w), 1028 (s), 762 (w), 660
(br) cm!. ESI-MS: m/z (%) = 347.2 (100) [M + H]*.

[(L)YMnMn(L)](ClO4),-2(H,0): Ligand LH (173 mg, 0.5 mmol) and
2,6-dimethylpyridine (58 pL, 0.5 mmol) were mixed in air-free ab-
solute ethanol (10 mL) and placed under an argon atmosphere.
Mn(ClO,)»6H-0 (181 mg, 0.5 mmol) was dissolved in air-free ab-
solute ethanol (10 mL) and placed under an argon atmosphere.
This was then added to the previous mixture. A white precipitate
appeared rapidly. It was then filtered under an argon atmosphere,
and washed with air-free ether (15 mL). A white powder (105 mg,
yield = 42%) was then obtained and kept in a glove box until use.
Crystallization of complex 1 was performed in the glove box by
slow diffusion of diethyl ether in an acetonitrile solution of 1, and
crystals of 1(ClO,4),'2CH;CN suitable for X-ray crystallography
study were obtained. It is worth noting that solution and powder
samples of 1 are highly sensitive to air oxidation. When not han-
dled under inert atmosphere, complex 1 spontaneously converts
into a dark purple species. An X-ray diffraction study revealed that
this species is the previously studied mono-p-oxido dinuclear
Mn,"! complex [(L)Mn(p-O)Mn(L)]** (3).13% 1(Cl0O4),-2H,0 (pow-
der) (C4oHy6Cl,Mn,NgOy5): caled. C 48.7, H 4.5, Mn 10.6, N 10.8;
found C 49.1, H 4.4, Mn 10.3, N 10.6. Note that in the case of the
elemental analysis the contamination by species 3 is unapparent.
IR: ¥V = 3421 (s, strong), 2918 (w, weak), 1634 (s), 1602 (s), 1570
(w), 1552 (w), 1541 (w), 1471 (m, medium), 1442 (m), 1400 (w),
1342 (w), 1295 (m), 1144 (m), 1115 (m), 1089 (s), 1048 (w), 1016
(w), 907 (w), 766 (m), 637 (m), 625 (w), 594 (w) cm~!. ESI-MS: A
major peak was detected at m/z = 400 corresponding to [(L)Mn]*.

Infrared Spectroscopy: Spectra were recorded on KBr pellets in the
range 4000-400 cm™! with a Perkin-Elmer Spectrum 1000 spectro-
photometer.

Electrospray Ionization Mass Spectrometry: Mass spectra were re-
corded with a Finnigan Mat95 in a BE configuration at low resolu-
tion on a micromolar acetonitrile solution.

Elemental Analysis: Analysis was performed by the Service de
Microanalyse of the CNRS (Gif-Sur-Yvette, France) for carbon,
nitrogen, and hydrogen and by the Service Central d’Analyse (Ver-
naison, France) for manganese.

X-ray Crystallography: Crystal data for [(L)MnMn(L)](CIOy),
2CH;CN [1(Cl04),2CH;CN] and the parameters of data collec-
tion are summarized in Table 4. Crystal data for 1(Cl104),-2CH3;CN
were collected with a Nonius Kappa-CCD area detector dif-
fractometer using graphite-monochromated Mo-K,, radiation. The
lattice parameters were determined from ten images recorded with
2 ¢-scans and later refined on all data. The data were recorded at
100°K with an Enraf-Nonius FR558NH nitrogen cryostat. A 180°
p-range was scanned with two steps with a crystal to detector dis-
tance fixed at 40 mm. Data was corrected for Lorentz polarization.
The structures were solved by the direct methods with SHELXS-
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97 and refined by full-matrix least-squares on /2 with anisotropic
thermal parameters for all non-H atoms with SHELXL-97. H
atoms were found in a difference Fourier map and were introduced
at calculated positions as riding atoms, with C-H bond lengths of
0.93 (aromatic CH), 0.98 (aliphatic CH), 0.97 (CH,), and 0.96 A
(CHj;), and with Ujo(H) values of 1.2 Ugq(C) for CH and CH, hy-
drogen atoms, and 1.5 Ug,(C) for CH; hydrogen atoms.

Table 4. Details of structure determination, refinement, and experi-
mental parameters for 1(ClO,),2CH;CN.

1(Cl04),2CH3CN
Empirical formula C46H43ClLMn,N ;0O
Formula mass [gmol '] 1081.72
TemperaturekK] 100 (2)
Wavelength [A] 0.71069
Crystal system monoclinic
Space group P21/n
a[A] 8.914(5)
b [A] 21.075(5)
c[A] 25.254(5)
a [°] 90.000
AN 92.724(5)
7 [°] ) 90.000
Volume [A?] 4739(3)
Z 4
dcalcd. [g Cm73] 1.516
Absorption coefficient [mm™!] 0.715
Crystal size [mm)] 0.30%0.22x0.03
Theta range for data collection [°] 2.09 to 30.64
Index ranges O0=h=12
0=k=29
-35=1=36
Reflections collected 112633
Independent reflections 13422

Data [I>20(1)]

[R(int) = 0.056]
10114
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Parameters 655

Goodness-of-fit on F? 1.049

Final R indices [/>2a(])] R, = 0.0371
wR, = 0.0963

R indices (all data) R; = 0.059%4
wR, = 0.1028

Largest diff. peak/hole [e A=) 0.489/-0.497

CCDC-279908 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

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 col-
lected over a temperature range of 2-300 K. Above 100K, a 1 T
magnetic field was applied, while below 100 K, the amplitude was
0.1 T. Data were further corrected for diamagnetism. The yy vs. T
and ym7 vs. T curves were fitted by the van Vleck formula as-
suming the same g factor for each S-spin state. The total spin S
runs from |S] — S| to (S; + S,) by unit steps. The exchange Hamil-
tonian used was H = —JS;-S,, where J stands for the exchange
coupling constant and S;, S, for the spin operators associated with
the electronic spin of the Mn!! sites (S| = S, = 5/2).

EPR Spectroscopy: 9.4 and 34 GHz EPR spectra were recorded
with a Bruker ELEXSYS 500 spectrometer. For low temperature
studies, an Oxford Instrument continuous-flow liquid helium cryo-
stat and a temperature-control system were used. Solutions spectra
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were recorded in acetonitrile containing 0.1 M tetrabutylammonium
perchlorate. Quantification of uncoordinated Mn!! was performed
by comparison of the intensities of the g = 2 signal with those
obtained using solutions of known concentrations of Mn(ClOy),*
6H,0 under the same recording conditions. Quantification of com-
plex 4 in situ generated by bulk electrolysis of complex 1 in the
presence of base was performed by a comparison of the intensities
of the signal with those obtained using solutions of known concen-
trations of 4 (electrochemically prepared from the one-electron oxi-
dation of 3, and first isolated as a powder) under the same re-
cording conditions.

UVlVisible Spectroscopy: UV/Visible spectra were recorded with a
Varian Cary 300 Bio spectrophotometer at 20 °C with 0.1-cm
quartz cuvettes.

Cyclic Voltammetry and Bulk Electrolysis: All electrochemical ex-
periments were run under an Ar atmosphere. Cyclic voltammetry
and coulometry measurements were recorded with an EGG PAR
potentiostat (M273 model). For the cyclic voltammetry, the counter
electrode was a Pt wire and the working electrode a glassy carbon
disk carefully polished before each voltammogram with diamond
paste (1 pm), sonicated in an ethanol bath and then washed care-
fully with ethanol. The reference electrode was a Ag/AgClO, elec-
trode (0.53 V vs. NHE electrode), isolated from the rest of the solu-
tion by a fritted bridge. For bulk electrolysis, the counter electrode
was a piece of Pt, separated from the rest of the solution with a
fritted bridge. The working electrode was a grid of Pt. The solvent
used was distilled acetonitrile and tetrabutylammonium perchlorate
was added to obtain a 0.1 M supporting electrolyte (20 °C) or a
0.2 m supporting electrolyte (30 °C). Low temperature regulation
was ensured by a Julabo circulation cryostat.

Supporting Information (see also the footnote on the first page of
this article): Figure S1: Magnetic susceptibility measurements re-
corded on complex 1(ClO,),-2H,0. Figure S2: EPR spectra of
complex 1(ClOy),2H,0 as a function of temperature. Figure S3:
EPR spectra of the acetonitrile solution of complex 1(Cl0,4),2H,O
as a function of temperature. Figure S4: Cyclic voltammograms of
the acetonitrile solution of 1 before and after bulk electrolysis at E
= 0.8 V vs. SCE. Figure S5: UV/Visible spectrum of 4, electrochem-
ically prepared. Figure S6: 9.4 GHz EPR spectrum of 4, electro-
chemically prepared. Figure S7: Evolution of the cyclic voltammog-
rams of the acetonitrile solution of 1 upon addition of chloride
ions. Figure S8: Cyclic voltammograms of a 2 mM acetonitrile solu-
tion of 5, after bulk electrolysis at £ = 0.85 and £ = 1.45V vs.
SCE. Details of the '"H NMR spectrum of ligand LH.
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