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Redox Reactions of a Dinuclear Manganese Complex — the Influence of Water
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The redox properties of the dinuclear manganese complex
[Mn™ LT (1-OAc),]* (1) (where L is the trianion of the hepta-
dentate ligand 2,6-bis{[(3,5-di-tert-butyl-2-hydroxybenzyl)-
(2-pyridylmethyl)amino]methyl}-4-methylphenol) were stu-
died in acetonitrile solutions containing different concentra-
tions of water. Electrochemical reactions as well as reactions
with different chemical and photochemical redox reagents
were monitored, using a variety of analytical techniques,
namely cyclic voltammetry, UV/Vis spectroelectrochemistry,
and EPR spectroscopy. We found that even small concentra-
tions of water influence the compound's redox behaviour sig-
nificantly, especially the oxidation reactions. As a conse-
quence, the presence of water reduces the overall potential
span needed to reach the highest oxidation state observed

for 1 Mn""V,) from its most reduced state (Mn'"!,) to about
1.1 V. Higher oxidation states of 1 are stabilized, most likely
by water coordination and the formation of p-oxido bridge(s)
between the two manganese atoms. For reducing conditions,
an unprecedented 25-line EPR signal was observed, which
might originate from reduced 1 in its Mn™, or Mn'"!, state
after considerable ligand rearrangement. As complexes like
1 have been designed to act as potential water oxidation cat-
alysts, the complicated redox- and ligand-exchange chemis-
try found for 1 in the presence of water, its intended sub-
strate, might be exemplary for many of the dinuclear manga-
nese compounds currently under investigation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The research interest in multinuclear manganese com-
pounds originates to a large extent from two long-term,
bio-inspired goals: firstly, it is necessary to design and study
model compounds to achieve a detailed understanding of
the manganese-containing oxygen-evolving complex
(OEC), the site of water oxidation in natural photosynthe-
sis;['=51 secondly, a better understanding of manganese re-
dox chemistry should assist in the design of artificial,
bio-mimetic water-oxidation catalysts to be used for solar
energy conversion.[®-11]

In the natural OEC, the catalytic CaMn, cluster cycles
through five oxidation states to accumulate enough oxi-
dation power to catalyze the water-oxidation reaction
(2 H,O — O, + 4 H" + 4 ¢"). The complete catalytic cycle
operates within a remarkable narrow potential range of
0.3 V.['2141 Even though the detailed mechanism remains
unclear, the deprotonation of water molecules coordinated
to the CaMny cluster during the catalytic cycle seems essen-
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tial to achieve such a compressed range for the cluster’s
redox reactions.[>1415]

Numerous synthetic manganese complexes have been de-
signed to mimic key features of the OEC. For this purpose,
they should at least contain two manganese centers to ac-
commodate the necessary oxidation states and show multi-
step redox stability. Above all, the ability to bind water, the
substrate molecule, is of most concern. The mechanism pro-
posed for the OEC suggests that water binding and O-O
bond formation take place when the enzyme advances
towards higher manganese oxidation states. Therefore, it is
our main interest to investigate how redox properties of the
synthetic manganese complexes intended to be OEC mimics
are affected in the presence of water.

A prominent class among these compounds are assem-
blies where two manganese ions are bridged by p-alkoxy
oxygen atoms part of heptadentate ligand frameworks.”]
Thus, four coordination sites of each manganese center are
occupied by chelating ligands. As the usual coordination
number for manganese is 6, with 5 or 7 found less fre-
quently as well,l'¢2%1 one to three possible water-binding
sites per manganese centre are available.

The coordination sphere of the CaMny cluster of Pho-
tosystem II is dominated by carboxylato ligands and histi-
dine groups provided by the protein scaffold.?!*>?l These
features are incorporated in a series of our synthetic dinu-
clear manganese complexes, where we have used bridging
acetato groups together with pyridine rings as ligands for
the manganese centers.!>’!
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We present here the detailed study of the redox behavior
of a dimeric manganese compound, [Mn"1LL(u-OAc),]*
(1) in the presence of water (where L is the trianion of 2,6-
bis{[(3,5-di-tert-butyl-2-hydroxybenzyl)(2-pyridylmethyl)-
amino|methyl}-4-methylphenol; Scheme 1). In this com-
plex, each of the two manganese atoms is coordinated by a
pyridine ring, a phenolato group and a tertiary amino func-
tion of the heptadentate ligand. Additionally, the metal cen-
ters are bridged by a central phenolato and two bidentate
acetato ligands. These acetato ligands are expected to be
accessible for substitution by aquo ligands in a manner sim-
ilar to that shown in previous studies of related com-
plexes.?4231 As compounds like 1 have been designed to act
as water-oxidation catalysts, the influence of H>,O on the
redox processes of 1 was the focus of this study.
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Scheme 1.

So far, the reactivity of 1 has been investigated in organic
solvents, mostly acetonitrile (MeCN).[?! In this work, we
examined the redox properties of 1 in MeCN solutions in
the presence of H,O in order to gain new insights into the
water influence on the redox properties of 1.

Results and Discussion

Mass Spectrometry

Mass spectra were recorded for solutions of 1 in dry ace-
tonitrile as well as MeCN containing 0.5 M H,O (see Sup-
porting Information, Figure S1). In both cases, the parent
peak of cation 1" is the species dominating the mass spec-
trum with only very little fragmentation observed. In dry
solution, single acetate loss resulting in a mass correspond-
ing to [1 — AcO]* is detected for about 5% of 1. For a
solution containing 0.5 M H,0O, a fraction of less than 5%
of 1 exchanges acetato ligands for water at room tempera-
ture within 30 min, indicating that no significant acetato
ligand loss occurs for the Mn™1, compound at this water
concentration.

Electrochemistry

Cyclic voltammograms of complex 1, in the absence and
presence of water, are shown in Figure 1. As reported ear-
lier,!*®! complex 1 is oxidized irreversibly in dry MeCN at
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potentials above +0.60 V, with a potential at the half height
of the oxidation wave of +0.73 V (Figure 1, Table 1). In the
presence of water, the oxidation becomes slightly more fac-
ile as the peaks shift towards lower potentials. In the pres-
ence of 0.5 M H,O, an oxidation potential reduced by nearly
40 mV is observed. Additionally, a small back-wave is found
when the water concentration is increased to 5M (Fig-
ure la), indicating that at least a fraction of the compound
can be re-reduced after oxidation in the presence of water
in contrast to reactions under dry conditions. However, the
reduction occurs at a potential 0.2 V lower than the oxi-
dation peak, indicating the involvement of a chemical modi-
fication in addition to the one-electron redox event.
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Figure 1. Cyclic voltammograms (0.1 Vs') of the oxidation (top)
and reduction (bottom) of 1 in MeCN (I mm 1, 0.1 m TBA-ClO,)
at room temperature containing increasing concentrations of water.

Table 1. Electrochemical data.

Redox process Eyjp [V] (AE, [mV])

MeCN 05MH,0  5MH,0
MLV /Mn LI, 0.73[2.b] 0.6912 0.69141
Mn"L /MBI, 0,35 (100)0] —0.24 (230) —0.15 (150)
Mn'MIL/Mn!L T 0,69 (140)%)  —0.65 (180)  —0.43 (190)
[a] Irreversible oxidation. [b] See also ref.[%]
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At reducing potentials, two reversible waves, assigned to
the Mn™WIL/ MBI, (E, = ~0.35V) and the Mn!bL,/
Mn'ML, (E, = -0.69 V) redox couples are observed in dry
MeCN.?%l Both processes show large peak splits (100 and
140 mV, respectively; Figure 1b). For the Mn""-1L,/Mn!LITL,
redox couple, the re-oxidation signal seems to consist of at
least two peaks, positioned at —0.29 and —0.15 V. This has
been attributed to ligand rearrangement processes.”®! In the
presence of water, both reduction potentials shift to signifi-
cantly higher potentials, and the re-oxidation at —-0.29 V is
not found any longer (Figure 1b, Table 1). For a water con-
centration of 5 M, the first reduction is shifted by as much
as +200 mV, the second by +260 mV.

We thus find a pronounced effect of water on the redox
potentials of 1. Overall, the presence of water enhances the
redox reversibility slightly and compresses the separation in
the potentials between the reduction to the Mn!M, state
and the onset of oxidation of the Mn'"M, state by over
300 mV to about 1.1 V. In order to obtain a better insight
into the electrochemical redox products in the presence of
water, bulk electrolyses were carried out at selected poten-
tials, and solutions were further examined using different
spectroscopic techniques after electrolysis as described be-
low.

UVIVis Spectroelectrochemistry

When dissolved in MeCN containing 0.5 M H>O, 1 forms
a dark red solution with strong UV absorption bands below
350 nm. In the visible region, an absorption peak at 410 nm
is observed with a shoulder at wavelengths above 500 nm
(Figure 2). After one-electron reduction to the Mn'bIL,
state, these bands become considerably weaker and shift to
slightly lower wavelengths with a peak at 400 nm. Further
reduction results in a nearly colourless solution with weak,
unstructured absorption detected above 350 nm. It is
known that structurally related complexes are usually
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Figure 2. Absorption spectrum of 1 (I mm in MeCN/0.5m H,O,
—) in an OTTLE cell. Spectra recorded after stepwise reduction at
-0.51 V (---), -1.01 V (- - +), and subsequent re-oxidation at —0.51 V
(---) and +0.14 V (-=).
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colourless in their Mn'™!, redox states.?6281 The gradual

colour loss under reducing conditions is in agreement with
the conversion of Mn'! to Mn!!in 1.

The intermediate spectrum after one-electron re-oxi-
dation shows only small changes compared to the Mn'b!1,|
spectrum and the original absorption spectrum is obtained
again upon re-oxidation. It is, however, reduced in intensity,
indicating that about 10% of the colourless species formed
after two-electron reduction is not re-oxidized, while most
of the molecules cycle reversibly between the Mn''""1, and
Mn'11, states.

EPR Spectroscopy

Electrochemical Redox Reactions

It has been established that the two Mn™! ions in 1 are
weakly antiferromagnetically coupled, and 1 is thus ex-
pected to be EPR-silent.[??] Indeed, no EPR signals, neither
in perpendicular nor parallel mode, were found for 1 mm
solutions of 1 in MeCN.[?*]

If 1 is oxidized electrochemically in the presence of 0.5 M
H,O at an applied potential of +0.64 V, the solution after
electrolysis gives rise to a characteristic Mn™1V, 16-line
EPR spectrum (Figure 3b). The multiline signal is about
1110 G wide and centred at g = 2 with lines split between
65 and 70 G. Such spectral features have been reported for
a mono(p-oxido)-bridged Mn""1V, core and in good agree-
ment with other mono(p-oxido)-bridged Mn™1V, com-
plexes.[3%-321 The mono(u-oxido)-bridged Mn™1V, core spe-
cies exhibits a ca. 1110 G wide signal, distinguishable from
the signal of a bis(u-oxido)-bridged Mn'™V, core that is
typically 140 G wider.??! The relative peak intensities of the
Mn'"LVY, spectrum detected here, however, differ from those
reported for compounds where the two manganese centers
are only bridged by a single oxido ligand. We attribute this
to the distinction in magnetic coupling pattern based on
the fact that the compound reported here has an additional
bridging phenolato oxygen atom also contributing to the
magnetic communication.

Coulometric measurements show that 40% of 1 is con-
verted at this potential to the Mn"">!V, species. In dry solu-
tions, the same experimental conditions result in a similar
Mn""MV, signal, but this is superimposed by a six-line sig-
nal, resulting in a 19-line spectrum as described in our pre-
vious study (see Supporting Information, Figure S2).[26
The development of a 6-line signal indicates the formation
of monomeric Mn species as a result of further oxidation
(vide infra). The presence of water therefore seems to stabi-
lize the Mn'"'lV, state to some degree, preventing further
oxidation to monomeric species. At high H,O concentra-
tion (> 5 M), six-line EPR signal appear (not shown), sug-
gesting that hydrolysis and redox-disproportionation reac-
tions of 1 occur at high water concentrations.3!

If the applied oxidising potential is increased by merely
60 mV to +0.70 V, coulometry indicates that the oxidation
process yields a total of 2 equiv. of electrons per 1 equiv. of
1. An unknown fraction of 1 seems to be degraded under
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Figure 3. EPR spectra of solutions of 1 (1 mm) in MeCN/0.5 M
H,O after bulk electrolysis at (a) +0.70 V (b) +0.64 V, (c) -0.51 V
and (d) —1.01 V. EPR parameters for all measurements: tempera-
ture: 5 K, microwave frequency: 9.58 GHz; modulation amplitude:
10 G; microwave power: 2 mW.
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these conditions to form manganese oxides, as the working
electrode is coated by an insoluble brown precipitate during
electrolysis. The EPR spectrum of the resulting solution af-
ter electrolysis is dominated by a six-line EPR signal, while
the 16-line spectrum is not observable (Figure 3a), which
suggests that oxidations at higher potentials result in the
loss (probably due to oxidation) of the bridging phenolato
ligand.

The EPR spectrum of samples after single-electron re-
duction at —0.51 V (coulombic yield 95%) in the presence
of 0.5 M H,O shows a ca. 2000 G wide multiline signal cen-
tered at g = 2 with ca. 150 G line spacings (Figure 3c). The
presence of water does not significantly influence the ap-
pearance of this spectrum, which was also found in dry
MeCN.?® The wide spectral width and large line-splitting
features have been observed for other Mnt!L, species with
similar core structures and were explained as a consequence
of large anisotropies of the g factor, hyperfine coupling con-
stant and line-width parameters.[34-33]

After further reduction of 1 at a potential of —1.01 V
(coulombic yield 90% of one electron), an EPR spectrum
is obtained which is a superposition of different spectral
components (Figure 3d). A small fraction of the spectrum
of residual Mn™™!, complex is observed in the wings of the
spectrum. Most interestingly, a well-resolved, unprece-
dented 25-line signal, centred at g = 2 is found. The unusual
25-line signal is much narrower (ca. 1040 G) than Mn'L111,
and Mn""tV, multiline signals, particularly in hyperfine
splittings, with average line spacings of ca. 42 G. Narrow
line widths and nearly half of the intrinsic hyperfine coup-
ling constants of Mn'" (ca. 90 G) are usually interpreted as
indications for an Mn complex with two equivalent spin
centres.[36:37)

To the best of our knowledge, a similar signal has not
been reported before for a dimeric manganese compound.
Broad multi-line spectra with line spacing of ca. 40 G, sim-
ilar at first sight to our 25-line spectrum, have been ob-
served for many Mn™!, systems like arginase,*® Sox BB
or Mn™!, model compounds.™®l However, for these species
line shapes are very temperature-dependent due to the in-
volvement of higher spin states.*®! In addition, the spectral
features of these known complexes are spread out over a
region several thousand Gauss wide.

This is very different for the 25-line signal reported here,
as this shows spectral features only in the g = 2 region with-
out contributions at other parts of the spectrum (see Sup-
porting Information, Figure S3). The 25 lines retain their
relative signal amplitude for a temperature range from 4 up
to 50 K (not shown). No new signals were found for higher
temperatures as observed for the other Mn'!l, systems
mentioned above. Importantly, the 25-line signal gradually
decreased in signal amplitude in the entire spectral region
with increasing temperature from 4 to 50 K, showing a non-
linear Curie behavior (see Supporting Information, Fig-
ure S4).

As the species is formed under strongly reducing condi-
tions and only little UV/Vis absorbance is observed after a
double-electron reduction found by coulometry, we suggest
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that this signal stems from an unusual Mn™!, or Mn'"T,
species that underwent a major structural change from 1.
No observable spectral changes in the presence of 0.5M
H,O indicate that this Mn'"!%, species does not strongly in-
teract with water. We also note that these spectral features
were not observed in our earlier study®® under similar ex-
perimental conditions. This is attributed to the improved
quality of 1 in this study.

The samples prepared by two-electron reduction at a po-
tential of —1.01 V were re-oxidized at a potential of +0.14 V.
The coulombic yield for this two-electron re-oxidation
reaches 90%. The EPR spectrum of the resulting solution
shows the narrow 25-line signal, retaining its signal ampli-
tude whereas the rest of the EPR signal disappears (Fig-
ure 4). For a re-oxidation reaction carried out at an inter-
mediate potential of —0.51 V, a mixture of the 25-line and
the MnM!L, signal is found (see Supporting Information,
Figure S5).
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Field [G]
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Figure 4. The 25-line EPR spectrum recorded for a solution of 1
(1 mm) in MeCN/0.5 M H,O after bulk electrolysis at —1.01 V and
consecutive re-oxidation at +0.14 V. Compare Figure 3 for EPR pa-
rameters.

These results from bulk-electrolysis experiments support
the findings from the cyclic voltammetry and UV/Vis spec-
troelectrochemistry experiments described above. It is pos-
sible to reduce compound 1 in two steps from the EPR-
silent Mn'™, state via an Mn™, species to the Mn'IL,
state. Most of the doubly reduced 1 (ca. 90%) can be suc-
cessfully re-oxidized via the Mn'™, intermediate to an
EPR-silent Mn""M1, species, while a small fraction, trans-
formed into the species responsible for the 25-line signal,
cannot not be re-oxidized.

Chemical Redox Reactions

The assignments of EPR signals to manganese redox
states presented so far was examined further by experiments
probing the reactivity of 1 towards chemical redox agents.
Reactions of 1 with the very strong oxidizing agents S,Og>",
Ce** or H,0, seem to mainly result in the decomposition
of the manganese dimer into monomeric compounds, as re-
vealed by strong six-line EPR signals, similar to that shown
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in Figure 3a. If the milder oxidation agents Pb*" and OCI
are used, the oxidation reaction leads to the formation of
the Mn!""V, oxidation state, indicated by 16-line spectra
similar to Figure 3b. In the case of oxidation by Pb**, a
radical signal, probably originating from the oxidation of
one of the phenolato moieties of the ligand, is observed
together with the 16-line signal from Mn"MV, (Figure 5a).
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Figure 5. EPR spectra of solutions of 1 (1 mmM) in MeCN/5 M H,O
after the addition of 10 equiv. of (a) Pb(AcO), and (b) NaBH, (—),
respectively. In (b) the spectrum of a sample from bulk electrolysis
at —1.01 V (----, Figure 3d) is superimposed for comparison. Com-
pare Figure 3 for EPR parameters.

Concerning reactions with chemical reductants, reactions
with either S,04> or BH,™ resulted in complete decolouri-
sation of the solution, indicating reduction to the Mn'"!1,
state. In the case of S,0,>, the EPR of the reaction mixture
showed only a structureless, wide wave (not shown) with an
overall line width and envelope line shape similar to the one
underlying the multiline signal shown in Figure 3d, which
could be assigned to a broadened Mn'", signal. When 1
is reduced by BH,, the EPR spectrum showed an overall
line width similar to the 25-line signal described above, even
though with significantly broadened lines (Figure 5b). As
the signal was much narrower than that for Mn'm!L, | this
oxidation state could be excluded.

Eur. J. Inorg. Chem. 2008, 762-770
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It thus seems that all redox states of 1 accessible by elec-
trochemical reactions can also be reached by reactions with
chemical reagents. In the case of mild chemical oxidations,
well-structured Mn""1V, 16-line signals were obtained. This
agrees well with the observation that water presence en-
hances the formation of the Mn!"MV, state. Oxidations un-
der harsh conditions, i.e. using strong oxidants or acidic
conditions, cause the dimer to decompose into monomeric
species of Mn!Y or Mn!l. Although the 6-line signal re-
sembles a monomeric Mn!! 6-line EPR signal very well, sev-
eral monomeric Mn'Y species have been reported to exhibit
similar 6-line EPR signals at g = 2 with similar coupling
constants (ca. 95 G) as found for Mn' #1421 It is more likely
that under our experimental conditions, where an excess of
oxidant was used, the 6-line signal originates from Mn'.
However, it can not be excluded that decomposition of the
complex might lead to the formation of Mn'.,

When 1 is chemically reduced, the EPR spectra from
both Mn'"™"', and Mn'"!, states were formed but in both
cases significantly broadened. This is due to the presence of
product mixtures as a result of the influence of water, as
the reactions were carried out by exposing 1 to a tenfold
excess of the respective redox agent in the presence of 5™
water.

Photooxidation Experiments

As the ultimate target reaction for the design of com-
pounds like 1 is catalytic, light-driven water oxidation, it is
of key importance to probe the possibility to oxidize such
compounds photochemically in the presence of water. A
widely used photosensitizer for oxidations is [Ru''-
(bipy)s]**, which has been used as light-absorbing entity for
photooxidations and as part of donor-acceptor diads to-
gether with manganese moieties by our group before.[’-33!
The MLCT excited state of [Ru(bipy)s]>*, generated by ab-
sorption of visible light photons, is a strong enough reduc-

T T T
3500 4000 4500

Field [G]

T T
2500 3000

Figure 6. EPR spectra of a photooxidized solution of 1 (1 mm) in
MeCN/0.5 M H,O, in the presence of [Ru''(bipy);](PFs), (4 mm)
and 4-NBB (8 mm). Spectra after 5 min (—) and 45 min (-+-) illumi-
nation with white light (1>400 nm). Compare Figure 3 for EPR
parameters.
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ing agent to be able to reduce a range of different acceptor
molecules. Reaction with an acceptor then generates the
strongly oxidizing [Ru"(bipy);]** with an oxidation poten-
tial of +1.54 V.43

In the dark, we prepared reaction mixtures of 1, [Ru'l-
(bipy);]*" and the irreversible electron acceptor 4-nitroben-
zyl bromide (4-NBB)“4 in MeCN containing 0.5 M H,O.
[llumination by white light (4>400 nm) results in one-elec-
tron oxidation of 1 within minutes from its original
Mn!MIL gtate to an Mn'™MY, species, clearly detectable by
EPR spectroscopy (Figure 6). If the solution is exposed to
light for extended time, further oxidation to monomeric
species is observed (Figure 6, dotted line). It is therefore
possible to reach the same oxidation states of 1 by use of
the photogenerated oxidant [Ru(bipy);]** similar to elec-
trochemical and chemical oxidations.

Conclusions

The redox chemistry of 1 in MeCN/H,O mixtures de-
scribed in this study might be depicted as shown in
Scheme 2. Starting from compound 1, synthesized in its
MnLIL state, two reversible reductions were detected to
yield 1 in its Mn™", and Mn'™!", oxidation states. The ef-
fect of water on these reductions is small, and regular EPR
signals, as expected for Mn'"", and Mn'™!, species, are
detected. We therefore conclude that the ligand framework
surrounding the manganese atoms is not changed upon re-
duction and that the only processes occurring are metal-
centered redox events.

However, a fraction of the doubly reduced 1, the Mn
species, undergoes ligand rearrangement into the species for
which we observe the unprecedented 25-line EPR signal.
The conversion seems irreversible, and the species cannot
be re-oxidized. Considering the conditions at which this
compound is formed, we suggest that the species is an
Mn'tL, or Mn!M, complex with a ligand environment
greatly changed from that of 1. Computational modelling
of the 25-line signal together with magnetic measurements
are currently being carried out to characterize this interest-
ing new species in more detail.

The influence of water on the oxidation reactions of 1 is
large. The presence of water seems to enhance the stability
of Mn"'1V, species and leads to oxidations to occur at
lower potentials. In the absence of water, a clean Mn™1V,
EPR signal of 1 could not be obtained, as oxidations are
always accompanied by the decomposition of a fraction of
the complex into monomeric Mn'" or Mn'V species
where coupling between the two manganese atoms is
lost.[?%] In contrast, we could prepare samples in the pres-
ence of water that show nothing but clean signals of
mono(p-oxido)-bridged Mn"™1V, species. It has been re-
ported that an oxido-bridged Mn'™V, species with a
similar heptadentate ligand dimerizes to form (Mn!:V,),
tetramers containing four p-oxido bridges.*! As such
compounds are even spin systems, they are expected to be
EPR-silent. The fact that we observe the characteristic
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Scheme 2.

EPR signal for a dinuclear Mn"™!V, compound here indi-

cates that the formation of a tetranuclear compound does
not occur for 1, most probably because of the steric hin-
drance caused by the tert-butyl substituents of the ligand.

We therefore propose here that the oxidation of 1 in a
first step generates an intermediate Mn''V, species with
an unchanged ligand set coordinated to the manganese cen-
ters. In the absence of water, this species is prone to attack
by the MeCN solvent, and the ligand bridges between the
manganese centers are lost, thereby deactivating the mag-
netic interaction between the Mn centers. Water, however,
might replace one or both acetato ligands (Scheme 2) and
form p-oxido bridge(s) between the two manganese centers
that are known to stabilize dinuclear manganese complexes
in higher oxidation states.[>>?] Only the use of very strong
oxidants or acidic conditions causes the decomposition of
1 in the presence of water.

In conclusion, we find two major effects of even small
concentrations of water on the redox chemistry of com-
pound 1:

— the overall potential span needed to reach the highest oxi-
dation state of 1 (Mn"'V,) from its most reduced state
(Mn'"1,) becomes significantly smaller.

— higher oxidation states are stabilized, most likely by water
coordination and the formation of p-oxido bridge(s) be-
tween the two manganese atoms.

To reach the goal of catalytic water oxidation with com-
pounds like 1, it is necessary to reach high manganese oxi-
dation states. The mentioned effects seem to indicate that
the substrate, water itself, might help us on the way to reach
this goal.

Experimental Section

General: All chemicals were of reagent grade and used as received.
The ligand Hi;L was prepared according to a published pro-
cedure.”®! The dimanganese(I11) complex of the deprotonated form
of HsL, [Mn,L(pn-OAc),]* was prepared similarly as reported be-
fore,”°! but isolated as the crystalline perchlorate salt [Mn,L(p-
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0ACc),](ClO4) (1-ClOy,) for this study, which significantly improved
the purity of the product. IR spectra were recorded with a Perkin—
Elmer Spectrum 100 FTIR spectrometer; a Finnigan LCQ Deca
XP Max ESI-MS was used to obtain mass spectra.

CAUTION! Perchlorate salts of metal complexes are potentially
explosive.

[Mn,L(p-OAc),]CI0, (1:ClO4):  Mn(OAc);2H,O  (143.8 mg,
0.54 mmol) was added in one portion to an ethanol solution (3 mL)
of HsL (154.6 mg, 0.20 mmol). The dark red-brown solution was
heated to 50°C wunder argon for 20 min. A solution of
NaClO4H,O (93.4 mg, 0.66 mmol) in ethanol (1 mL) was then
added, the reaction mixture was slowly cooled to room temperature
and afterwards kept at —18 °C for 48 h. A dark red-brown solid
precipitated which was filtered off and washed with cold ethanol
and diethyl ether. Re-crystallisation from ethanol yielded 1 as dark
red-brown microcrystalline powder (180 mg, 80%). IR (ATR): ¥ =
2950, 2905 (w, C-H), 1573 (vs, —-COO), 1441 (m, arom. rings), 1089
(vs, ClOy), 758 (m) em™'. ESI-MS (MeCN): m/z = 1009.5 [M]*
(showing the isotope pattern calculated for CssH; Mn,N4O;).
Cs5sH7;CIMn,N4Oq; (1109.5): caled. C 59.54, H 6.45, N 5.05; found
C 59.38, H 6.53, N 4.91.

Electrochemistry: Cyclic voltammetry and controlled potential elec-
trolysis were carried out by using an Autolab potentiostat with a
GPES electrochemical interface (Eco Chemie). Sample solutions
(4 mL) were prepared from dry acetonitrile and de-ionized water
(MilliQ) containing 0.1 M tetrabutylammonium (TBA) perchlorate
(Fluka, electrochemical grade) as supporting electrolyte. For cyclic
voltammetry, the working electrode was a glassy carbon disc (dia-
meter 3 mm). All cyclic voltammograms shown were recorded at a
scan rate of 0.1 Vs'!. A glassy carbon rod served as counter elec-
trode, and the reference electrode was an Ag/Ag* electrode (a silver
wire immersed into 10 mm AgNO3 in MeCN) with a potential of
—0.07V vs. the ferrocene/ferrocenium (Fc/Fc*) couple in dry
MeCN. Counter and reference electrode were in compartments sep-
arated from the bulk solution by fritted disks and were the same
for all analytical, bulk and spectroelectrochemical experiments. All
potentials reported here are given relative to the Fc/Fc* couple in
MeCN solutions containing the respective concentrations of water,
as the potential of the Fc/Fc* couple vs. Ag/Ag™ was found to
change for MeCN containing increasing H,O concentrations (a
known phenomenon for aqueous/organic mixtures®47l). Before all
measurements, oxygen was removed by bubbling solvent-saturated
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argon through the stirred solutions. Samples were kept under argon
during measurements. To obtain EPR spectra of 1 in different oxi-
dation states, solutions prepared in the same way as described
above for analytical electrochemistry were subjected to bulk elec-
trolysis at controlled potentials. A cylindrical platinum grid (ca.
4 cm?) was used as working electrode for bulk electrolysis. Electro-
lyses were monitored by amperometry and coulometry and took
3-5min to completion. After electrolysis, samples of 200 uL. were
taken from the solution with an air-tight, argon-filled syringe,
transferred to argon-flushed EPR tubes, frozen and stored in liquid
nitrogen. For the preparation of samples showing only the unusual
25-line EPR signal (Figure 4), solutions of 1 (1 mm) in MeCN con-
taining 0.5 M H>O and 0.1 m TBA-ClO, were prepared. These were
subjected to bulk electrolysis applying a potential of —1.01 V for
3 min. The potential was then switched to +0.14 V to re-oxidise the
sample at this potential within another 3 min.

UVIVis Spectroelectrochemistry: Solutions of 1 were prepared in
the same way as described above for analytical electrochemistry
and filled into an argon-purged OTTLE quartz cell (path length
1 mm). A platinum grid (10 mm X 30 mm, 400 mesh) was used as
working electrode. Electrolyses in the OTTLE cell took 10-15 min
until completion during which time UV/Vis spectra were recorded
with a Hewlett-Packard 8453 diode-array spectrometer.

EPR Spectroscopy: EPR spectra were recorded with a Bruker
eleXsys ES00 spectrometer equipped with an ER 4116DM dual-
mode resonator. Samples were measured at 5 K using an Oxford
900 liquid helium cryostat and an ITC 503 temperature controller.
Data analysis was performed with the Bruker Xepr 2.4b software
package.

Chemical Redox Reactions: For chemical redox reactions, argon-
purged solutions of 1 in MeCN and the redox agent in H,O were
mixed at room temperature in argon-flushed EPR tubes to reach
the following final concentrations (total volume 200 pL): 1, 1 mm;
redox agent, 10 mm; H,O, 5 M. After a reaction time of 5 min, sam-
ples were frozen and stored in liquid nitrogen.

Photooxidation Experiments: A solution of 1 (1 mm), [Ru(bipy);]-
(PF¢)> (4 mMm) and 4-nitrobenzyl bromide (8 mm) in MeCN/0.5 m
H,O was prepared in the dark. 200 pL samples were filled into
EPR tubes and air was removed by purging solution and EPR tube
with argon. The samples were illuminated at 20 °C with visible light
from a slide projector (Zeiss Icon Voigtlinder S 250 equipped with
a 250-W Osram Xenophot HLX lamp). A cut-off filter (Schott GG
400) was placed between projector and sample to ensure that only
visible light (4>400 nm) reached the samples. After illumination,
samples were immediately frozen in liquid nitrogen and transferred
to the EPR spectrometer for measurements.

Supporting Information (see footnote on the first page of this arti-
cle): ESI-MS spectra, additional EPR spectra, temperature depen-
dence of the 25-line EPR signal.
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