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The extensive chemistry of oxido-bridged multinuclear man-
ganese complexes arises to a large extent from their rele-
vance to redox-active metalloenzymes such as manganese
catalases and the oxygen-evolving complex of photosystem II
containing, as active centres, oxido- and carboxylato-bridged
dinuclear and tetranuclear Mn complexes, respectively. Dur-
ing the enzymatic catalytic cycles the oxidation state changes
of the Mn ions induce some structural changes of these active
centres such as the formation of oxido bridges. In this area,
this review is focused on examples from the literature of the
formation and transformation of oxido-bridged multinuclear
manganese complexes that are induced by electrochemical

or photochemical means. Representative examples of such
transformations are provided by polypyridyl Mn complexes,
with interconversion between mononuclear, dinuclear and
tetranuclear cores accompanied by the concomitant forma-
tion or breaking of p-oxido bridges. Other important exam-
ples are furnished by dinuclear Mn complexes having
multipodal amino-pyridyl ligands, some of which contain
phenolic units, for which a clean interconversion between p-
oxido and p-acetato bridges are observed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The research interest in the chemistry of oxido-bridged
multinuclear manganese complexes arises to a large extent
from their relevance to biological systems such as manga-
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nese catalases (MnCat) and the oxygen-evolving complex
(OEC) of photosystem I (PSII). (Note: Whereas in the
cited articles “oxo” was used according to the former no-
menclature rules, in this Microreview the new “oxido” no-
menclature rules are applied.) These enzymes catalyze im-
portant biological redox reactions via oxido and carboxyl-
ato multinuclear manganese complexes as active centres. A
dinuclear Mn complex is responsible for the disproportion-
ation of H,O, in MnCat, while the OEC of PSII, a cluster
of four manganese and one Ca ions, catalyzes the light-
driven water-oxidation reaction to generate dioxygen during
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photosynthesis. The oxidation state changes of the Mn ions
during the enzymatic catalytic cycles (between II and IV)
induce some structural changes of the active centres such
as the formation of oxido bridges.

Since about 1980, hundreds of oxido-, alkoxido- and/or
carboxylato-bridged manganese complexes comprising two
to four metal ions have been synthesised that have provided
models or at least some insight into the role of manganese
in photosynthesis and several enzyme systems. Some of the
core types that we will discuss in this review are shown in
Figure 1. The ancillary ligands are N and/or O donors of
various types (aliphatic, cyclic, polypyridyl and Schiff
bases). These complexes have been obtained in the II-1V
oxidation states with both homo and mixed valencies.
Bridging oxido (O?") groups, which stabilise the high-valent
oxidation state of Mn ions, are only present in complexes
at the +III (d*) and/or +IV (d3) oxidation states. The ma-
jority of mixed valent complexes form crystallographically
valence-trapped species with distinct sites for each oxi-
dation level. The electronic (EPR), magnetic and electro-
chemical properties of these compounds have been exten-
sively investigated and in some cases the catalytic properties
for H,O, disproportionation, H,O oxidation or for reac-
tions of other substrates have been evaluated. This extensive
chemistry, covered in several recent reviews and special is-
sues,' 111 is not detailed here.
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Figure 1. Examples of various types of manganese oxido, alkoxido,
and/or carboxylato core structures.

Since the main objectives of this manganese chemistry
is to mimic redox-active manganese metalloenzymes, a full
understanding of the redox behaviour of these complexes is
required, especially in order to design efficient functional
models.

In this area, the aim of our review is focused on an aspect
not developed in previous reviews and concerns the electro-
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and photoinduced formation or transformation of oxido-
bridged multinuclear Mn complexes. Electrochemistry,
commonly used to determine the redox potentials of transi-
tion metal complexes, is more rarely used to oxidize or re-
duce complexes in bulk in order to evaluate the stability
of the electrogenerated species formed or to prepare new
complexes. The review is therefore based on examples from
the literature of manganese complexes for which an electron
transfer is coupled to a chemical reaction inducing the for-
mation of a new stable complex. The electrochemical oxi-
dation or reduction can induce a change of the initial nu-
clearity of the complex (interconversion between mononu-
clear and dinuclear cores or between dinuclear and tetranu-
clear cores with the concomitant formation or breaking of
oxido bridges). Another important type of electroinduced
transformation observed is the interconversion of bridges in
dinuclear manganese complexes between p-acetato and p-
oxido, while the nuclearity of the complexes is not affected.
In some of these studies the electron transfer is initiated
photochemically, with the aim of modelling the photoin-
duced electron transfer in PSILI!31 The formation and
transformation of oxido-bridged multinuclear Mn com-
plexes are usually evidenced by coupling electrolysis and
photolysis with analytical techniques such as UV/Vis and
EPR spectroscopy.

Before presenting some representative examples of such
electrochemistry and photochemistry, a short summary of
the main information available relative to the MnCat and
OEC systems is given.

1. Manganese Catalases and Photosystem II

It is now well established that the dinuclear manganese
site present in MnCat can exist in at least four oxidation
states, a reduced Mn,'! form, a mixed-valent Mn,"™ ! form,
an oxidized Mn,'"' form and a superoxidized Mn,""-1V
form. However, there is no evidence to date for a Mn,"
state. This enzyme switches between the Mn,"" and Mn,™
forms during the catalysis, and only these two oxidation
states are able to catalyze the disproportionation of H,O,
at extremely high rates; see Equations (1), (2), and (3).[]

anll + HzOz + 2H* —» anlll + 2H20 (1)
Mn,'! + H,0, — Mn,"! + O, + 2H* 2)
H202 i 1/202 + H20 (3)

Structural characterizations!!*!'3! of the oxidized Mn,"!
form reveal that the two metal centres are triply bridged by
a W 3-bridging glutamate carboxylato and two oxygen
atoms, (oxido and hydroxido). EXAFS studies suggest that
the Mn—Mn separation is significantly longer in the reduced
Mn,"" form of the enzyme, so that both bridging oxygen
atoms come from water and/or hydroxide.[!]

The oxidation of water is an energetically demanding re-
action that requires the loss of four electrons and four pro-
tons and the formation of an O-O bond; see Equation (4).
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2H,0 — O, + 4H* + 4e~ E° = 1.23 V vs. ENH (pH = 0) @)

During photosynthesis dioxygen is evolved from the oxi-
dation of water after the sequential absorption of four pho-
tons by the Pgg, chlorophylls in PSIL.[>12131 At each step
the excited state generated Pggo* becomes strongly reducing
(the operating potential of Pegy*/Pggo* has recently been es-
timated to be close to —0.54 V vs. NHE)!' and transfers
one electron to a series of electron acceptors (a pheophytin
D1 and two quinones, Qo and Qpg). The resulting cation
radical Pggy*, a powerful oxidant (Pggy*/Pego: E = 1.25 V)€
oxidizes the manganese cluster via a tyrosine residue (Tyry).
The redox-active tyrosine is thought to also mediate the
proton transfer coupled to the electron transfer. Oxygen
evolution takes place after four consecutive oxidation steps
of this type. These four steps are well summarized in the
Kok cycle (Figure 2) where the five increasingly oxidized
states of the Mn are denoted as S, to S,.['71 It has been
estimated that in all S-state transitions, the Tyr, */Tyr, po-
tential for oxidation of the Mn complex is not significantly
higher than 1.1 V.8

Figure 2. Kok cycle.

The exact structure of the OEC in PSII, an oxido-
bridged Mn4O,Ca cluster, as well as the detailed mecha-
nism of water oxidation, remains unclear. On the basis of
XAS and EPR spectroscopic data, it is generally accepted
that the oxidation states in S; and S, are Mn,'""Mn,!Y and
Mn™Mn;V, respectively.>!°1 XAS studies have also pro-
vided evidence for the existence of Mn-(1-O),-Mn (Mn-Mn
distance of 2.7 A) and Mn-(u-O)-Mn (Mn-Mn distance of
3.3 A) moieties in the cluster,2”) while the recent crystal
structures of PSII?!-231 and subsequent polarized EXAFS
measurements?*23 have localised the Ca cation and suggest
that the four Mn ions of the OEC are organized in a “3 +
1” fashion. From these structural data, it also appears that
five or six carboxylato ligands from amino acid residues
(aspartate, glutamate and alanine) are in positions such that
they could act as bidentate ligands bridging different cat-
ions. Numerous mechanisms have been proposed for water
oxidation.[>18:26-281 For the formation of the O-O bond
more recent mechanisms suggest a nucleophilic attack by
water or hydroxide coordinated to either manganese or cal-
cium, on an electrophilic MnY-oxido or Mn™-oxyl to form
the O-O bond.

In both MnCat and PSII enzymes the oxidation state
changes are accompanied by structural changes involving
the groups bridging the Mn atoms. For example, in PSII it
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has been suggested that significant structural changes are
coupled to the Sy — S, and the S, — S5 transitions! 182423
such as deprotonation of a p-hydroxido bridge and the for-
mation of an additional di-p-oxido motif (oxidation of a
five coordinate Mn'" to a six coordinate Mn'Y coupled to
the formation of an additional p-oxido bridge),!'8] respec-
tively. In addition, as suggested recently, the combination
of bidentate carboxylato ligands and mono- or di-oxido
bridges could enhance the stability of the cation arrange-
ment and facilitate the rearrangement of the p-oxido brid-
ges during the S-state cycle.*?!

2. Polypyridyl Complexes (Bipyridine,
Phenanthroline and Terpyridine)

The polypyridyl manganese derivatives are certainly the
oldest studied manganese complexes in relation to the topic
of this review. The pioneering work was performed by Saw-
yer and coworkersi?®! using the bidentate 2,2’-bipyridine
(bpy) and 1,10-phenanthroline (phen) L ligands. They dem-
onstrated that it is possible to electrochemically form oxido-
bridged high-valent manganese complexes of the type
[Mn,O5(L),**#*, from low-valent mononuclear [Mn(L);]**
complexes in CH;CN.

2.1. Bidentate Ligands

The di-p-oxido complexes [Mn,"""IVO,(L),** (L = bpy
and phen) have been investigated in great detail as model
compounds for the oxygen-evolving complex in photosys-
tem II. The [Mn,"""VO,(bpy),]** and [Mn,!'"VIVO,-
(phen)4]**** complexes, isolated in the sixties,?%-3!] were the
first manganese complexes with oxido bridges to be synthe-
sized. They were structurally characterized later®>34 and
their electrochemical, spectroscopic and magnetic proper-
ties were only published in 1977 by Cooper et al.3>3¢ and
Sawyer et al.l’”] Electrochemical investigations were com-
pleted by our group ten years later, notably in aqueous solu-
tion.3842 EPR spectroscopic measurements of the mixed-
valence complexes in CH;CN at low temperature give an
anisotropically broadened 16 line signal, centred at g = 2.0
with a hyperfine structure resulting from the two nonequiv-
alent >>Mn (I = 5/2) nuclei.?® This signal has a strong re-
semblance to that of the multiline S, state signal of the
PSII. Their electrochemical behaviour in CH;CN + 0.1 M
BuyNClIOy is characterised by a one-electron reversible oxi-
dation located at 0.8-1.0 V vs. Ag/Ag™* leading to the Mn,"Y
species, and a more or less reversible one-electron reduction
(Epe = —0.1-0.0 V), corresponding to the formation of the
Mn,'! species; see Equations (5) and (6). Table 1 summa-
rizes the potential data for L = bpy, dmbpy (4,4’-dimethyl-
bpy) and phen (see also ref.[*3] for conversion of the poten-
tial vs. different reference electrodes).

[Mn,"" VO, (L), 2 [MnVOu(L)yJ*t + e )
[Mn,"""VOL(L) P + e 2
[Mn,"MOL(L),** — [Mn™(L);]P* + “Mn'vO,” + L (6)

The Mn,'"! species for all complexes are not stable on
the time scale of bulk electrolysis. Subsequent chemically
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Table 1. Cyclic voltammetry (CV) potentials of Mn polypyridyl complexes in CH;CN at a scan rate of 100 mVs™!' vs. Ag/Ag® (0.01 M
AgNOj; in CH;CN + 0.1 M BuyNCIO,). Potentials referred to in this system can be converted into the ferrocene/ferrocenium couple by
substracting 87 mV, or to SCE or NHE by adding 298 or 548 mV, respectively.

Complexes E5 [V] (AEp [mV])l Ref.
MHZIH’IV/MHZIH MHZIV/anIH‘IV RuIII/RuII
[Mn, VO ,(phen),** 0.10 (65) 1.03 (65) (37
[Mn, VO,(bpy).J** 0.04iev 1.02 (90) 39
[Mn, YO, (dmbpy),** ~0.107eY 0.86 (80) 39
[Mn,E1YO, {Rul (bpy)»(LO)} ]!+ ~0.121ev 0.82 0.90 (60) [61]
[Mn,"VO,(terpy)s(CF;CO,),]* —0.08'rev 0.74 (60) [75]
Mn!'/Mn!! Ru!'l/Rut
M 11 h 2+ ] 102 [29]
[ nH(p en)gzl+ 0 (150) >
[Mn''(bpy)s] 0.97 (180)
[Mn''(dmbpy)]** 0.84 (470) [29]
[Ru"(bpy)s]** . 0.98 (80) [39)
[Mn"{Ru(bpy),(L%)}3]** 0.80irrev 0.90 (70) [62]
MnIII/MnII MnIV/MnIII
[Mn"(terpy)-]** 0.96 (80) 1.77 (100) [69)
[Mn"(pTol-terpy),]** 0.91 (80) 1.63 (100) (68]
[Mn"(1Bus-terpy),]** 0.85 (480) 1.56 (80) (691
[Mn"(terpy)(N3);] ~0.170 (100) 0.675 (70) (77)

[a] E\» = (Epa + Epe)2; AEp = Ep, — Ep. (Ep, = anodic peak potential; Ep, = cathodic peak potential). Irrev: irreversible process, the

potential given corresponds to the Ep value.

coupled reactions afford the mononuclear complexes
[Mn'(L);]?* associated with the formation of an undefined
Mn'V oxide species “MnQ,” and the release of L [Equa-
tion (6)].383%41 In contrast, the [Mn,VO,(L)4** species
generated by oxidative electrolyses are perfectly stable for
the dmbpy and phen derivatives, while some decomposition
is observed for the bpy complex (the complex is formed in
75% yield).[33-37-39

Cyclic voltammograms (CVs) of the corresponding mo-
nonuclear complex, [Mn'(L);]**, in CH;CN display three
successive reversible ligand-centred reduction processes and
a poorly reversible metal-based oxidation process, Mn'"/
Mn", close to the oxidation potential of the corresponding
di-p-oxido dinuclear complex (Table 1).?°! However, the
shape of the corresponding wave depends on the scan rate
because of the chemical reaction coupled to the electron

transfer.>*) A controlled potential oxidation of [Mn'(L);]**
leads to the quasi-quantitative formation of the correspond-
ing di-p-oxido dinuclear complexes in their Mn,"™"V or
Mn,™V forms, depending on the potential applied; see
Equation (7); Scheme 1, steps (a) and (b).

2Mn'{(L);]>* + 2H,0 2 [Mn,"MVO,(L),J* + 4H* + 2L + 3¢
@)

The dimerization process is believed to be a result of the
great instability of the [Mn'"(L);]** species that dispropor-
tionates by reacting with residual water present in the sol-
vent to form p-oxido bridges via the release of one L li-
gand.’! The formation of the oxido-bridged complexes in
good yield from the deprotonation of water molecules is
possible, owing to the concomitant release of free ligand
L, which can act as a base to capture the proton that was

SN P gela N N
+
) N\“‘nn“/ + 2,0, ~ 4H N\I\|lln"' o\l\lnnN,N
PR NAT N
N ‘ N (a) N o N
N NG N/
(b) \-e‘ NN ION A
N
— — )4 N\\ K/N \N{nlv’N
W, (N NTN -L (/Mn\o o
N N\| |v/0\| |v'N +H0, - 21" N \ \ 0 / 0
/N _ bpy /Mn\ /Mn\ "2 O\NInIV ~
N 0T e (@ A AN
IR 20 T LD
\ N/ }q / stable in CH3CN
phen instable in water

Scheme 1. Electrochemical interconversion for mono-, bi- and tetranuclear bpy and phen complexes in CH;CN [steps (a) and (b)] and in
an aqueous L/LH* buffered solution at pH 4.5 [for bpy: steps (a), (b) and (c), and for phen: steps (b) and (¢)].
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released.??-38-3% The conversion of Mn! into Mn,"MV

[Equation (7)] is a fully reversible process; the initial Mn!!
complexes are entirely reformed by a controlled-potential
reduction of the electrogenerated Mn,"""1V species at £ =
-0.2V.

Similar electrochemical behaviour has been observed in
aqueous solution for the bpy complex in a buffer of ligand
(bpy/bpyH*, pH range 4.3-5.4 + 0.1 m NaBF,). Indeed, the
[Mn,"""VO,(L)4** (L = bpy and phen) complexes are only
stable in ligand buffered media.**! The use of pure aqueous
solutions or other buffers like acetate or phosphate causes
very rapid decomposition of the complexes.[#0-#2-44-43] Pre-
vious electrochemical measurements have been performed
in the absence of ligand buffers.[*¢471 The Mn"/Mn'" oxi-
dation process of [Mn(bpy)s]** appears fully irreversible in
water containing a buffer of ligand and is located at a lower
potential than in CH;CN [Ep, = 0.86V vs. Ag/AgCl
(0.56 V vs. Ag/Ag"), Table 2] because the coupled chemical
reaction rate is faster in water. Carefully controlled poten-
tial oxidations of a solution of the complex at £ = 0.7V
lead to the quantitative formation of [Mn,""VO,(bpy),]**
as in CH3CN [Scheme 1, step (a)] [Equation (7)]. The shape
of the CV of this Mn,™V complex closely corresponds to
that obtained in CH;CN, with a quasi-reversible oxidation
wave at Ej» = 1.16 V vs. Ag/AgCl and an irreversible re-
duction wave at Ep, = 0.4 V (Figure 3, A).[*>#1] The main
difference in behaviour compared with that in the CH;CN
medium arises from the poor stability of the electrogener-
ated Mn,'Y species, which dimerizes after an exhaustive oxi-
dation at E = 1.25V to form the linear tetranuclear com-
plex, [Mn,VO4(bpy)e]**, quantitatively [Figure 1 core (II)]
by the release of one bidentate ligand and the formation of
two new oxido bridges; see Scheme 1, steps (b,c); Equa-
tion (8).

2[Mn,""VO,(bpy)s]** + 2H,0 =
[Mn VO4(bpy)]** + 4H" + 2L + 2¢ ®)

The CV of [MngVO4(bpy)g]** shows only an irreversible
reduction peak close to that of Mn,'"™™V (Ep, = 0.40 V)
(Figure 3, B). These two electroinduced transformations
[steps (a) and (b,c)] are quantitative. The whole transforma-
tion is also chemically reversible by reduction processes, al-
though the two steps (b,c) and (a) are not clearly separated.
Indeed, [Mn,"""VO,(bpy)4]** cannot be generated quantita-
tively and selectively by reduction of [Mn,™VOg(bpy)e**
without any formation of [Mn"(bpy);]>*, since the re-
duction potentials of [Mn,™VO,(bpy),]** and [Mn,"™VO,-
(bpy)s]®* are too close.

In addition, it has been shown that the same electroind-
uced transformations can be achieved starting with the sim-
ple addition of Mn?" cations to the bpy/bpyH" solution;
the mononuclear [Mn(bpy);]** complex is formed in-situ.

The tetranuclear complex [Mn,'VO4(bpy)e]** can be elec-
trochemically prepared on a large scale and precipitated by
addition of an excess of NaBF, to the oxidized solution.[*!]
After filtration the resulting brown powder exhibits the
same characteristics as a previous sample prepared chemi-
cally by the disproportionation of [Mn'"(bpy)Cl;(H,0)] in

Eur. J. Inorg. Chem. 2009, 2025-2046
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Table 2. Cyclic voltammetry potentials of Mn polypyridyl com-
plexes in aqueous solutions at a scan rate of 20 mVs™! vs. Ag/AgCl
(3 M KCl in H,0). Potentials referred to in this system can be con-
verted to SCE by adding 20 mV.

Complexes Ep, [V] Ref.
Mn"/Mn!!
[Mnll(bpy)3]2+ 0.86[a] [40.41]
[Mn'!(terpy),** 0.87% 1871
Ep. [V] Eyp [V]
M, Y/Mn, Mn,"Y/Min, 1Y
[Mn,""IVO,(phen),J** 0.35 1.15 [42]
[Mn,"-VO,(bpy)4 P+ 0.40 1.16 [4041]
[Mn, "M VO,(terpy)s(H,0)P" - 0.53-0.641) 1.05 17
Ep. [V]
MgV — Mn,THV
[Mn,VOg(phen)e]®* 0.48 [42]
[Mn,"VOg(bpy)el™* 0.40 ro4n
Mn,"VOs(terpy)s(H0)°"  0.82-0.9101 7

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Shoulder. [b] The Ep. value depends on the supporting electro-
lyte.

aqueous nitric acid solution*®*1 or by addition of K,CrO,
to a solution of dinuclear [Mn,"™VO,(bpy)4**.0Y It should
be noted that [Mn,O4(bpy)s]** is EPR inactive at helium
temperature owing to the S = 0 ground spin state while the
one-electron reduced, mixed-valent Mn;"VMn™! form pro-
duced (transiently) by cryogenic radiolytic reduction of
[Mn,VO4(bpy)e]** exhibits a multiline EPR signal with a
spectral width and intensity pattern comparable to that of
the PSII S, state signal.’!1 On the basis of our electrochemi-
cal investigations in water, a new synthesis of [Mn4VOs-
(bpy)s](BF4)4 has been reported using KMnOy, as the chem-
ical oxidant.*!

For the phenanthroline derivatives,*?! while the tetranu-
clear complex can also be synthesized by such an electro-
chemical procedure, the poor solubility of mononuclear
[Mn(phen);]** in a phen/phenH™* buffer prevents the elec-
trosynthesis of the dinuclear complex; see Scheme 1, step
(a).

This original electrochemical method for the selective
preparation of high-valent polynuclear oxido-manganese
complexes illustrates the great versability of electrochemis-
try for inorganic synthesis.

The electrochemical behaviours of the trinuclear [Mn;"-
04(L)4(H,0),]** (L = bpy and phen)3233 complexes having
a triangular core [Figure 1, core (I)] have also been investi-
gated.™!*?l In an aqueous L/LH™ buffered solution these
complexes present a reductive process as observed for
[Mn,VO4(L)e]°*. Their reductions are slightly easier than
[Mn,""- VO, (L), J3* and [Mn,'VO4(L)6]°*. As a consequence,
by exhaustive reduction, [Mn,"VO,(L),]** is formed with
a maximum yield of 40%.

In some studies the mixed-valent dinuclear complexes
[Mn,"""VOL(L),** (L = bpy and phen) were associated
with the generation of O, from water.[->* 3% However, such
complexes seem to be catalytically active only in hetero-
geneous systems; the dinuclear complex being electrochemi-
cally (immobilised on an electrode surface) or chemically
2029
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Figure 3. Cyclic voltammograms at a scan rate of 20 mVs™! in aqueous solutions of: (A) a 2 mm solution of [Mn,'""IVO,(bpy),]** at a
vitreous carbon electrode (5 mm in diameter) in 0.05 M bpy/bpyH™" buffer + 0.1 M NaBF, at pH 4.5 and (B) after exhaustive oxidation
at 1.25 V {formation of [Mn,"VOg(bpy)s]**}. (C) A 2.6 mMm solution of [Mn,""VO,(terpy),(H-0),]** at a vitreous carbon electrode (3 mm
in diameter) in H,O + 0.1 M KCF3SO5 at pH 4 and (D) after exhaustive electrolysis at 1.20 V {formation of [Mn,!VOs(terpy)s(H>0),]*};

(--) electrolytic solutions. (E) A carbon-poly[Mn,"""VO,(L),]**-modified electrode in H,O + 0.1 M LiClO,.

(with Ce'V) oxidized. The assumed active species were
[Mn,"VO5(L)4J**. However, these results have never been
corroborated.l’”! The instability of [Mn,"VO,(L),]** in an
aqueous solution, except in a L/LH* buffer, as well as the
evolution of its one-electron oxidized form into a stable tet-
ranuclear species makes the involvement of [Mn,"VO,-
(L)4]** as an active catalyst for water oxidation question-
able.[**#2 Further evidence of the poor catalytic efficiency
of these di-p-oxido complexes even in heterogeneous media
has been obtained from our studies conducted with thin
films of polypyrroles functionalized by those compounds
deposited on carbon electrode surfaces.[33:3831 Such films
have been elaborated following an indirect strategy implying
the in-situ dimerization of the mononuclear complex pre-
viously immobilised in the film. The electroactivity of the
resulting modified electrodes of [Mn,""TVO,(L),]** is char-
acterized by the regular Mn,"""V/Mn,"V system of waves
indicative of a perfectly reversible process (Figure 3, E) and
no catalytic current is observed in aqueous solution.

In order to mimic the primary reaction steps on the do-
nor side of PSII, we have evaluated the ability to photoin-
duce similar redox transformations of these polypyridyl
manganese complexes. It has been demonstrated that di-p-
oxido complexes [Mn,"""VO,(L),** (L = bpy and dmbpy)
can be generated with high efficiency by photoinduced oxi-
dation in CH3;CN of the corresponding mononuclear
[Mn™(L);]?>* complexes using [Ru'!(bpy);]** as a photosen-
sitizer in the presence of an aryl diazonium salt, ArN,*,
which acts as an irreversible electron acceptor.*”! The sub-
sequent photooxidation leading to [Mn,'VO,(L),]** is ef-
ficient only in the case of the dmbpy complex, in agreement
with the thermodynamic features of the reaction deter-
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mined from electrochemical data. These oxidation processes
involve the initial photoinduced generation of [Ru'l-
(bpy)s]** by reaction of the excited state of Ru'' with
ArN,", the latter being rapidly reversibly reduced in
CH;CN into ArH and N, thus preventing the back-elec-
tron transfer.®®l The following intermolecular electron
transfer between [Ru'(bpy);]** and the Mn species is al-
lowed only for [Mn'(L),]** and [Mn,""VO,(dmbpy),]**
because their oxidation potentials are lower than that of the
Ru"/Ru™ couple. It is noteworthy that the efficiency of the
second photoinduced oxidation is also quite high in spite of
the strong quenching, presumably by an electronic energy
transfer mechanism, of the MLCT excited state of [Ru''-
(bpy)s]** by [Mn,"VO,(dmbpy),**.

Extension of this work using a unimolecular polymetallic
complex combining the properties of [Ru'(bpy);]** and
[Mn''(L);]** moieties has also been achieved.l®:%%1 A better
efficiency in terms of the kinetics of the electron transfer
between the ground state [Ru'(bpy);]** and [Mn'(L);]**
through an intramolecular process should be expected.
Three heterotetranuclear complexes, [{Ru'(bpy),(L")}s-
Mn'"]¥* have been synthesized and characterized, in which
one Mn!'!tris(bipyridine) core is covalently linked to three
Ru'"tris(bipyridine)-like moieties via bridging bis(bipyr-
idine) L” ligands (Scheme 2).

In these compounds it appears that the irreversible oxi-
dation of the Mn'" species into Mn™" (Ep, = 0.80 V) associ-
ated with the formation of the Mn,"™"VO, core, as well as
the oxidation of Mn,"VO, into Mn,™"IVO, (E;,, = 0.80 V)
(Table 1), occurs at a less positive potential than that of the
reversible oxidation of Ru!! moieties (£, = 0.90 V). As a
consequence, the three stable oxidized forms of the com-
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irreversible electron
acceptor

12+

Scheme 2. Schematic representation of the photoinduced electron transfers in tetra- and hexanuclear Ru-Mn complexes.

plexes, [Mn,"VO,{Ru"(bpy),(L")}4]'"*, [Mn,"VO,{Ru'-
(bpy)>(L")}4]"** and [Mn,'VO,{Ru"(bpy),(L")}4]'°* have
been sequentially obtained by electrochemical or photoin-
duced oxidation in fairly good yields. The efficiency of these
transformations in CH3;CN is nearly quantitative in the
presence of an extra base-like 2,6-dimethyl-pyridine (B).
These experiments demonstrate that the electro- and photo-
induced transformations of a tris(bipyridyl) Mn'" unit into
the corresponding di-p-oxido derivatives Mn,™!V can eas-
ily be accomplished even in a supermolecular structure in
which the Mn moiety is surrounded by several Ru"'tris(bi-
pyridyl) units. The quantitative in-situ electrochemical for-
mation of the di-p-oxido complexes can also be achieved
without the concomitant release of [Ru''(bpy)»(L")]** in
solution, starting from a simple mixture of Mn(ClOy),*
6H,0, [Ru(bpy)»(L")]** and B in the respective ratio
1:2:2.167

The highly-charged hexanuclear complexes [Mn,
O, {Ru'!(bpy),(L™)}4]''* have been equally successfully pre-
pared and isolated using tBuOOH!®3! as the chemical oxi-
dant in CH;CN.[61]

LIV
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2.1. Tridentate Ligands

Terpyridyl manganese complexes have been previously
neglected in comparison with the bipyridyl and phenan-
throlyl series. However, since it was reported in 1999164 that
the di-p-oxido complex [Mn,""VO,(terpy),(H,0),]** is a
water oxidation catalyst, this class of manganese complexes
has attracted very strong interest.

The electrochemical behaviour of mononuclear bis(terpy-
ridine) complexes [Mn'(L),]** {L = terpyridine (terpy) or
substituted derivatives} remained unclear until very re-
cently. A more or less reversible Mn'/Mn!!! system was ob-
served in the CV[?%9-¢71 in CH5CN (see Table 1 for poten-
tial values) but attempts at the characterization of the oxid-
ized species formed by bulk electrolysis was unsuccessful.*"]
We recently demonstrated that, in anhydrous CH;CN, the
Mn! species resulting from oxidation of [Mn™(L),]*" are
markedly more stable than those using bipyridyl and phen-
anthrolyl derivatives.[®8%l Indeed, we succeeded in generat-
ing the [Mn(L),]** species with L = terpy, pTol-terpy and
tBus-terpy quantitatively by exhaustive electrolysis at £ =
2031
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R"=R?=H (terpy)

R1=H R2 ="-QCH3 (pTol-terpy)

R!=R2= <

(tBus-terpy)

stable only for tBus-terpy

Scheme 3. Redox processes observed in Mn''“bis(terpyridyl) complexes in anhydrous CH;CN.

1.30 V and isolating and structurally characterizing the
Mn'"" pTol-terpy derivative (Scheme 3), which is the first
example of a mononuclear Mn"™" polypyridyl complex.[®®]
The +III oxidation state of this complex was unambigu-
ously established by a comparison with the X-ray data of
the [Mn''(L),]** species.[0”7%-71] We also showed that, in
these strictly anhydrous conditions, in addition to the Mn'Y/
Mn!!"! process, a reversible redox process attributed to
Mn"/Mn'V oxidation is observed in the CV at a higher
positive potential (1.56-1.77 V, Table 1). Exhaustive electro-
lyses at £ = 1.7-1.8 V have shown that the [Mn"V(L),]**
species is only stable for L = rBus-terpy because of the pres-
ence of the three strong electron-donating tert-butyl groups
on the ligand. This complex has been fully characterized in
solution.[®”]

Since [Mn'"'(L),]** species are more stable than the cor-
responding bidentate [Mn'"(L);]** derivatives, the forma-
tion of multinuclear complexes with p-oxido bridges re-
quires a larger amount of H,O in CH3CN (=2%). However,
except for L = rBus-terpy, the corresponding mixed-valent
dinuclear di-p-oxido complexes cannot be obtained solely
by electrochemical oxidation in this medium. A concurrent
oxidation occurs producing a tetranuclear complex (see be-
low) that is the final species resulting from the oxidative
process.[?]

We recently synthesized a Mn-bis(terpyridyl) complex
connected to two Ru(bpy);>*-like units (Figure 4). Its CV
in CH;CN shows that the reversible Mn"/Mn™! couple lies
at an identical potential to those of the two Ru'/Ru' cou-
ples (Ej, = 0.92V; AEp = 60 mV). Studies of its electro-

chemical and photoinduced oxidation are currently un-
derway.”l A previous example of a similar Ru-Mn mole-
cule in which two moieties were covalently linked by an
amide group has been reported; however, besides the revers-
ible peak of the Ru"/Ru'™ couple, no electroactivity of the
Mn moieties was detected.[

Another interesting electroinduced p-oxido-bridge for-
mation has been observed in CH;CN containing a coordi-
nating anion such as CF;CO, as the supporting electrolyte
(0.1 m). In this medium the oxidation of [Mn"(terpy),]>* is
fully irreversible (E,, = 0.60 V) and an exhaustive oxidation
at this potential furnishes [Mn,"""VO,(terpy),(CF5CO,),]*
in nearly quantitative yield; see Equation (9).[!

2[Mn'!(terpy),]** + 2H,0 + 2CF;CO, =2
[Mn,""MIVO,(terpy)»(CF5CO,),] " + 2terpy + 2H™ + 3e 9)

This p-oxido Mn,""V complex, also chemically pre-
pared and crystallographically characterized, is reversibly
oxidized to the stable Mn," species at a more positive po-
tential (E;» = 0.74 V, Table 1). In the same study the mono-
p-oxido compound [Mn,MO(terpy),»(CF;CO,),] was ob-
tained during an attempt to crystallize the Mn,""" VO, de-
rivative. Unfortunately its redox properties were not evalu-
ated since its dissolution in CH5;CN results in the formation
of the corresponding Mn,""!V di-p-oxido complex and a
mononuclear Mn!! species. Electrochemical generation of
[Mn,"VO,(terpy),(CF5CO»),]>* has also been achieved
starting from the azido [Mn™(terpy)(N3);] complex.[76:77]
This compound exhibits a quasi-reversible oxidation wave
at 0.675V (Table 1). However, an exhaustive electrolysis

Figure 4. Schematic representation of the trinuclear Ru-Mn complex.
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carried out in CH3CN in the presence of 0.1Mm
Et,NCF;CO, at E = 0.8V affords [Mn,'VO,(terpy),-
(CF5CO,),]** quantitatively. The one-electron oxidized
[Mn!V(terpy)(N5);]* species reacts with residual water to
give the di-p-oxido complex while the N3 anions released
during the oxidation are irreversibly oxidized to N,; Equa-
tion (10).

[Mn"(terpy)(N3);] + H,O + CF;CO, —

1/2[Mn21V02(terpy)2(CF3C02)2]2+ + 2H* + 3N37 + e (10)

When BuyNCIO, is used instead of Et;NCF;CO, the
oxidation of [Mn"(terpy)(N3);] leads to an unidentified
mononuclear Mn"V complex.

The synthesis of another di-p-oxido complex with a ter-
pyridyl ligand, namely [Mn,"VO,(terpy),»(H,0),]*", has
been reported independently by us(’®l and the group of
Brudvig and Crabtree.l®¥ In this complex each metal centre
contains a terminal water molecule as in the dinuclear ru-
thenium complex, [Ru,O(bpy).(H,0),]**, which is known
to act as an efficient molecular catalyst for water oxidation
through the formation of the highly oxidized [Ru¥=0], spe-
cies.””! Brudvig and Crabtree also reported that [Mn,"™-1V-
O(terpy)>(H>0),]** can catalyze water oxidation when
oxone (2KHSO5-KHSO4K,SO,4) or sodium hypochlorite
(NaOCl) is used as a primary oxidant.[*39-82] This was the
first di-p-oxido complex considered as a structural model
for the manganese complex in the OEC that could carry
out catalytic O-O bond formation. However, the real source
of oxygen atoms for O, evolution has been debated, since
KHSOs and NaOCI are also oxygen-atom-transfer rea-
gents.[>371 Some attempts have also been reported using a
pure electron-transfer oxidizing agent like Ce'Y. The obser-
vation of O, evolution in a homogeneous solution is still
being discussed,>”-83-841 while when the complex is adsorbed
into Kaolin clay the addition of a large excess of Ce!V pro-
duces a significant amount of O,.[>7-:85:86]

In order to have a better understanding of the real capa-
bility of this dinuclear complex to act as a catalyst for water
oxidation we have investigated its electrochemical behaviour
in aqueous solution as well as that of the corresponding
mononuclear complex, [Mn'!(terpy),]**, in detail.®”! Since
the electrode exchanges only electrons, if some O, evolution
occurs, the source of oxygen atoms will undoubtedly be
water. [Mn,'""VO,(terpy)>(H,0),]** is soluble and stable
for several hours in aqueous solutions in the presence of
terpyridyl buffer at pH 4 but also in unbuffered pure water
at a pH of between 3 and 4.5. The electrochemical proper-
ties of [Mn'(terpy),]** and [Mn,""VO,(terpy)-(H,0),]**
have been investigated in these buffered and unbuffered
aqueous solutions containing 0.1 M of different supporting
electrolytes.’®37] We found that the electrochemical behav-
iour of the terpy complexes in aqueous solution (Scheme 4)
are basically the same as those of the bpy and phen com-
plexes (Scheme 1). Indeed, electrochemical oxidation of
[Mn'!(terpy),]** at £ = 0.85V (Ep, = 0.87 V, Table 2) al-
lows the quantitative formation of [Mn,"""VO,(terpy),-
(H,0),]** and, more importantly, the electrochemical oxi-
dation of this latter complex at £ = 1.20 V allows the quan-
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titative build up of the stable tetranuclear Mn'V complex,
[Mn,VOs(terpy)4(H,0),]®*, having a linear mono-p-
oxido{Mn,(p-oxido),}, core [Figurel core (III)]
(Scheme 4), which is stable for several hours in aqueous
solution. The formation of this complex induces a decrease
in pH of the solution from 4 to about 2.6, because of the
release of protons involved in the formation of the new
mono-p-oxido bridge. The complex [Mn,VOs(terpy)s-
(H,0),]°" was previously prepared chemically using oxone
as the chemical oxidant and crystallographically charac-
terized.%8!

If we compare the CV of [Mn,""VO,(L),J** (L = bpy
and phen) and [Mn,™"VO,(terpy),(H,0),]** (Figure 3, A
and C) the main difference arises from the markedly lower
stability of the corresponding Mn,'VO, species due to a
more rapid evolution into a tetranuclear species. At the
same scan rate the redox system Mn,"""V/Mn,"V appears
much less reversible for the terpy complex than those of the
bpy and phen congeners and lies at a less positive potential
[Eip = 1.05V (terpy), 1.16 V (bpy) and 1.15V (phen)]
(Table 2).[40-42871 These differences can be explained by a
faster dimerization process following the one-electron oxi-
dation process for the terpy complex.

Dimerization of [Mn,"™VO,(L)4]** (Scheme 1) requires the
decoordination of one L ligand per dinuclear unit and the
formation of two oxido bridges. In the case of the terpyridyl
complex [Scheme 4, (c)] the aggregation of [Mn,'VO,(terpy)-
(H,0),]** to form [Mn,"VOs(terpy)4(H,0),]®* does not re-
quire decoordination of a terpy ligand and involves the for-
mation of only one oxido bridge between two dinuclear
entities. In addition, the formation of this oxido bridge is
facilitated because the [Mn,'VO,(terpy).(H,O),]** species
already contains aqua groups in its coordination sphere.
Moreover, the easy reduction of [Mn,"VOs(terpy)s(H,0),]°*
(Ep. = 0.82-0.91 V) compared to [Mn,VO4(L)e]** {Ep. =
0.40 V (bpy) and 0.48 V (phen)} (Table 2; Figure 3, B and
D) is due, as well as in the case of their formation, to the
difference in terms of kinetics of the coupled-electron-trans-
fer chemical reactions. In contrast to the di-p-oxido bpy
and phen complexes, [Mn,™ VO, (terpy),(H,0),]** is selec-
tively and fully restored by an exhaustive reduction at E =
0.85V as a consequence of the net separation of the re-
duction potentials of the di- (0.64 V) and tetranuclear
(091 V) species. A further exhaustive reduction of
[Mn,"TM VO, (terpy)»(H,0),]?* at E = 0.45V reformed
[Mn'(terpy),]** quantitatively.

The great tendency of the Mn'Y species to aggregate by
the formation of oxido bridges is confirmed by the follow-
ing experiment. Dissolution of the chemically prepared
[Mn,'VO,(terpy)»(SOy4),] complex,® in which SO,> re-
places the aqua ligands, in aqueous solutions leads to the
quantitative formation of [Mn,"VOs(terpy)4(H,0),]®" after
standing for a few hours. Moreover, [Mn, VO, (terpy)--
(H>0),]>* cannot act as an efficient homogeneous electroca-
talyst for water oxidation since its one-electron oxidised
product, [Mn,"VOs(terpy),(H>0),]%*, is stable in water. Al-
though [Mn,VOs(terpy).(H,0),]°* does not oxidize water,
it is a remarkably powerful oxidant with a reduction poten-
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Scheme 4. Electrochemical interconversion of mono-, bi-, and tetranuclear terpy complexes in an aqueous solution at pH 4.

tial of about 0.9 V vs. Ag/AgCl (0.92 vs. SCE). This poten-
tial is markedly higher than those of the other reported tet-
ranuclear complexes for which the reduction potentials have
been determined in aqueous solution: [Mn,"VO4(L)e]** {Ep.
= 0.42V (bpy) and 0.50 V (phen) vs. SCE, pH 4.5}40-42]
and [Mn,"VOg(bpea) ]** (Ep. = 0.18 V vs. SCE, pH 4).8%
Some preliminary experiments conducted in our group have
shown that this tetranuclear species electrochemically cata-
lyzes other oxidation reactions implying more simple pro-
cesses, as for example the oxidation of alcohols.[®]

3. Multipodal Amino-Pyridyl Ligands

The chemistry of manganese with multipodal amino-pyr-
idyl ligands is abundant and rich.’l Most of the ligands
utilized (tri- to hexadentate) are sufficiently flexible to allow
coordination of all nitrogen atoms to one Mn centre, giving
rise, in combination with oxido and carboxylato bridges, to
a large variety of manganese complexes. Many of these have
been tested as functional mimics of MnCat.[!!

3.1. Bis- and Tris(pyridyl)amine

One important feature of the series of complexes con-
taining tri- and tetradentate N-donor ligands [two or three
(2-pyridyl)alkyl arms attached to an aliphatic N atom, Fig-
ure 5] is that they allow the observation of a clean electro-
chemical interconversion of p-acetato and p-oxido bridges
in dinuclear complexes.
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Figure 5. Schematic representation of the bis- and tris(pyridyl)-
amine ligands.

3.1.1. Bis(pyridyl)amine

The synthesis and the basic electrochemical behaviour
(CV) of the triply-bridged [Mn,"O(O,CCHjs),(L),J*",
[Mn,""VO,(0,CCH3)(L),]**  and  [Mn,"VO,(0,CCH3)-
(L),]** complexes was reported by Armstrong et al. for L
= bpeal® 2l and Mukherjee et al.®>% for L = pepmma.
These authors also showed the ability of these compounds
to interconvert chemically by disproportionation reactions.
For pepmma complexes it has also been demonstrated that
this conversion can be accomplished by an electrochemical
route.”>! Table 3 gives the potential of the different redox
systems observed for these complexes, which depends on
the scan rate used for the [Mn,™O(O,CCH3),(L),]>* com-
plexes. While [Mn,"""VO,(O,CCH3)(pepmma),]>* is revers-
ibly oxidised into [Mn,"VO,(O,CCHj;)(pepmma),]** in
CH;CN (Ej» = 0.70 V vs. Ag/Agh), [Mn,'"O(0,CCH3),-
(pepmma),]*>* is irreversibly oxidised (Ep, = 0.94 V) into
[Mn,'VO,(O,CCHj;)(pepmma),]** (Table 3). This latter
complex has been generated by electrolysis. The oxidation
process involves an electrochemical chemical electrochemi-
cal mechanism because of the instability of the one-elec-
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in CH;CN + 0.1 m BuyNClO,). Potentials referred to in this system can be converted to SCE by adding 298 mV.

Complexes Ep, [V] Ref.

M, M1/ M,
[Mn,"(O,CCH3)5(bpea),]** 0.44 7
[Mn,™(O,CCHa)s(tpa)* 0.70 B8l

Eys [V]

M, /M, 1T M"Y/ M, Mn,!V/Mn, TV
[Mn,"O(O,CCHj3),(pepmma),J>* [ 4).30fmv 0.94?““, 0.90 at 1000 mVs ™! - - [94.93]
[Mn,"O(O,CCHj;),(bpea), >4 —0.32r¥, (.35 at 500 mVs ! 0.83r¥ (.76 at 500 mVs! 1.37 at 500 mVs! 7
[Mn,"O(O,CCH;)(tpa),]** -0.07 0.95 1.45 98]

M"Y/ M, Mn,!V/Mn, 1V

[Mn,'"-1VO,(0,CCH3;)(pepmma),]** —0.40irev 0.70 [93.95]
[Mn,"™VO,(O,CCH3;)(bpea),** -0.29 0.61 o7
[Mn,"™VOL(tpa), P+ -0.05 0.77 [98.104]
[Mn,"™VO,(bpg)-]*, -0.34 043 [104]
[Mn,"™-VO,(pda),] in (CH;CN/H,0, 4:1) —0.36rev 0.37 [104]

[a] The shape of the CV of the [Mn,"O(O,CCH3),(L),]** complexes depends on the scan rate, and at a higher scan rate the waves appear
more reversible. For [Mn,"O(0O,CCHj;),(bpea),]** at 500 mVs!, in addition to the Mn,'"/Mn,"! reduction and the Mn,""//Mn,""1V
oxidation waves, the second oxidation process corresponding to Mn,"""V/Mn,'V has also been detected (E;» = 1.37 V). Irrev: irreversible

process, the potential given corresponds to the Ep value.

tron-oxidized form of the Mn," complex, [Mn,"VO-
(O,CCHj;),(pepmma),]**, which reacts with residual water
in the solvent to form [Mn,"VO,(O,CCH;)(pepmma),]**
by the substitution of an acetato bridge with an oxido
bridge. Since [Mn,"""VO,(0O,CCHj;)(pepmma),]** is more
easily oxidizable than [Mn,"O(O,CCHj;),(pepmma),]**, it
is oxidized to [Mn,"VO,(O,CCHj;)(pepmma),]** during the
oxidation process.

These kinds of transformations were further developed
by our group using bpea derivatives, including the corre-
sponding tris(p-acetato)dimanganese(I1,1T) complex.[®-°71 Tt
has been shown that the mono-p-oxido [Mn,"'O(O,CCHj;),-
(bpea),]** and bis(p-oxido) [Mn,'VO,(O,CCHj;)(bpea),]**
complexes are selectively and nearly quantitatively gener-
ated by the successive exhaustive electrochemical oxidation
of [Mn,"(O,CCHj)s(bpea),]" in CH3CN carried out at E
= 0.6V and 0.9V (Scheme 5A). Indeed, the oxidation of
[Mn,'[(O,CCHj3)s(bpea),]™ is fully irreversible (Ep, =
0.44V) and leads to [Mn,"O(O,CCHs),(bpea),]**
{Scheme 5, step (a)}. This latter complex, as observed for
the pepmma derivatives, is also irreversibly oxidized (Ep, =
0.83 V) to [Mn,"VO,(O,CCH;)(bpea),]>* {Scheme 5, steps
(b—c)}, which can be reversibly reduced to [Mn,'™VO,-
(O,CCHj;)(bpea),)** (E,, = 0.61 V) (Table 3). It appears
that each substitution of an acetato group by an oxido
group is induced by a two-electron oxidation of the corre-
sponding dimanganese complexes associated with depro-
tonation of water in the solvent. The protons released are
probably in part trapped by the CH3CO, released. Similar
transformations have been observed if [Mn,"(O,CCHj3);-
(bpea),]” is formed in situ either by the direct mixing of
Mn>* cations, the bpea ligand and CH;COO™ anions with
a 1:1:3 stoichiometry, or by mixing of the mononuclear
complex [Mn'(bpea),]** and CH;COO  with a 1:1.5 stoi-
chiometry.®’] Associated electrochemical back transforma-
tions were also investigated. It has been shown that these
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Scheme 5. Electrochemical core interconversion of dinuclear bpea
(A) and tpa (B) manganese complexes in CH3CN. Electrolysis po-
tentials vs. Ag/Ag* are indicated for the respective transitions.
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transformations are chemically reversible by reduction pro-
cesses, although the two steps are not separated. As a mat-
ter of fact, [Mn,""(O>,CCHj)s(bpea),]” is directly and fully
regenerated by the reduction of [Mn,"VO,-
(O,CCHj;)(bpea),]** preventing the selective regeneration
of [Mn,™O(0,CCH3;),(bpea),]** since the reduction poten-
tials of these complexes (Ep, Mn,™V/Mn,™ = —0.4 V and
Ep. Mn,"/Mn,"TMT = (.32 V, respectively) are too close
(Table 3).

All these core interconversions under oxidative and re-
ductive conditions are obviously concomitant with proton-
ation/deprotonation reactions at the bridging oxido groups.
It demonstrates that it is possible to chemically or electro-
chemically obtain dimanganese complexes containing the
tridentate ligand bpea at various oxidation levels, (ILII),
(IILIIT), (IV,IV) and its reduced (IIL,IV) form without dra-
matically modifying the overall structure of these dimers.
The number of bridging oxido/acetato groups is directly
correlated with the oxidation states of the manganese ion;
increasing the number of oxido groups from zero to one
and from one to two stabilizes the oxidation states of the
manganese from (ILII) to (IILIII) and (IILIII) to (IV,IV)
or (IILIV), respectively. A comparison of the catalase-like
activity of all these bpea manganese complexes indicates
than the Mn," compound is far more active than the
others.””! The difference in activity vs. H,O, disproportion-
ation between the complexes has been attributed to differ-
ences in producing the active catalyst, which is thought to
be a dihydroxidodimanganese(IIT) complex with the release
of an acetato bridge.

3.1.2. Tris(pyridyl) amine

The same basic electrochemical behaviour is obtained
with the bis(p-acetato) complex [Mn,((O,CCHj;),(tpa),]**,
which contains the tetradentate amino ligand tpa
(Scheme 5, B), and only two acetato-bridging ligands in-
stead of three.®®! The oxidation of [Mn,"(O,CCHj;),-
(tpa),]** in CH5CN is also irreversible but occurs at a much
more positive potential (Ep, = 0.70 V) than for [Mn,"-
(O,CCHj3)s(bpea),]*. Two successive controlled potential
oxidations at £ = 0.7V and 1.1 V of a solution of [Mn,''-
(O,CCHj;)s(tpa),)** allow the selective and nearly quantita-
tive formation of the mono-p-oxido mono-p-acetato com-
plex, [Mn,™O(0O,CCHj;)(tpa),]** and the bis(u-oxido) com-
plex [Mn,"™VO,(tpa),]**, respectively. As for the bpea com-
plexes, [Mn,"(O,CCHj;),(tpa),]** is directly and entirely re-
generated by the reduction of [Mn,™VO,(tpa),]** or
[Mn,"VO,(tpa),]**. In contrast to [Mn,"(O,CCHjs),-
(tpa)2]2+ and [MHZIII/III,IVOz(tpa)z]3+/4+’[99—102] [anlllo_
(O,CCHj;)(tpa),]** has never been isolated using a conven-
tional chemical method. This study allowed the electro-
chemical preparation and crystallographic characterization
of this new dinuclear manganese complex in the tpa series.
In addition, it has been shown that with the tpa ligand, the
(IILIIT) oxidation state is stable with two types of cores,
namely bis(p-oxido) and mono-p-oxido mono-p-acetato. It
should be mentioned that the three redox processes, Mn, !/
Mn, "M Mn, ™M/ Mn, "™V and Mn,™V/Mn,"V observed in

2036

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the CV of [Mn,""O(O,CCHj;)(tpa),]>* appear to be more
reversible than those observed for [Mn,™O(O,CCHj;),-
(bpea),]>" at the same scan rate (Table 3). This shows that
the rate of the chemical reaction leading to the formation
of the bis(pn-oxido) complexes is slower in the case of the
tpa complex.

From these electrochemical data it appears that the re-
placement of a CH3CO, bridge by an oxido bridge induces
a dramatic decrease (by more than 700 mV) of the potential
of the Mn,™/Mn,"V and Mn,™!V/Mn," redox couples
(see Table 3 for bpea and tpa complexes).

The [Mn,"™"VO,(tpa),]** complex has quite good cata-
lase-like activity.l'®3] However, in order to design more reli-
able manganese catalase models we decided to use the tri-
podal ligands in which carboxylate donors could easily be
introduced and to investigate the reactivities of the corre-
sponding complexes.['% The ligands used in this study are
depicted in Figure 6. These ligands involve successive re-
placements of pyridyl groups by carboxylate groups (see
Table 3 for potential data). We found that the introduction
of carboxylate groups leads to a large increase in the reac-
tion rate of hydrogen peroxide disproportionation.

O

o] )]

Hng Ho—g Ho—é
/—N N— /—N OH N OH
= N o
H(bpg)

Ha(pda) Ha(nta)

Figure 6. Schematic representation of the tripodal ligands with car-
boxylate donors.

This effect may probably be assigned to the ability of the
carboxylate group to act as an internal base, since during
the catalytic process hydrogen peroxide must be deproton-
ated and the protons transferred to oxido ligands to elimin-
ate water molecules.

3.2. Substituted Ethane or Propanediamine Ligands

In a similar manner as found for polypyridyl derivatives,
electrochemical formation of bridged-p-oxido Mn,T-V
complexes in CH3CN can also be achieved by oxidation of
mononuclear Mn" species with these kinds of amine li-
gands. For instance, for Mn™ chlorido complexes contain-
ing the tetraamine ligands shown in Figure 7 (L! and L?)
the process requires the initial in-situ removal of the
chlorido ligands by addition of Ag* [Scheme 6 (a)].l'%3]

In both cases exhaustive electrolysis carried out at E =
1.2V and 1.4 V vs. SCE and in the presence of a base-like
2,6-lutidine (B), leads quantitatively to the di-p-oxido
[Mn,""M VO, (L),]** complexes (see Table 4 for potential
data). Remarkably, the dinuclear compound with L? has
never been isolated using a conventional chemical method,
in contrast to the L! complex. In this work the authors
isolated crystals of the L? compound, and the X-ray struc-
ture reveals the cis-a conformation of L?, in contrast to the
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Figure 7. Schematic representation of substituted ethane or pro-
panediamino-pyridyl ligands.

I 1
M'LCT e
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4Mn'(L2)(Cl)(H0)]*
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LoHg** + {Mn'] + CI" + 3H,0
6e”
2[(LH)cIMn" (u-0yMnVCI(L2)3*
(b)

Scheme 6. Electrochemical formation of p-oxido complexes from
mononuclear chlorido complexes with L' and L? ligands, adapted
from ref.[193]

more unusual cis-B conformation in the [Mn(L?)CI(H,O)]*
precursor. In the absence of base and without elimination
of the exogeneous chloride ions the formation of the di-p-
oxido complex is prevented for the L' compound, the elec-
trochemical oxidation leading quantitatively to [Mn'-
(LY(CI),]*. For the L? compound the main oxidized species
appears as the corresponding dinuclear mono-p-oxido
mixed-valent  complex  [Mn,""VO(L?),(Cl),]**;  see
Scheme 6 (b). This difference of behaviour between the L'
and L? complex is attributed to the more basic character of
the ligand L.

By using L!-like ligands in which one nitrogen is func-
tionalized by a carboxylate group (Figure7, ligands
mgbpen and bzgbpen) the formation of dinuclear oxido-
bridged complexes has also been reported.l'%? The chemical
oxidation of [Mn,"(L)>(H,0),]*", in which two carboxylato
ligands act as bridges between the two metal centres, by
tBuOOH in CH;CN leads to the di-p-oxido Mn,"Y com-
plexes via the transient generation of mono-p-oxido Mn,!!!
species. Although these transformations have not been in-
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Table 4. Cyclic voltammetry potentials vs. SCE in CH3;CN for com-
plexes with heptadentate L' and L? ligands.

European Journal
of Inorganic Chemistry

Complex Ey [V] (AEp [mV]) Ref
MI]IH /MnII Mnlv /MI’II 11
Mn"(L(CI),] 0.74 (70) 1.46 (75) [105]
Mn"(L?)(CHH0)"  0.81 (90) 1.65irevlal [105]
Mn,Y/Mp, ! MinyV/Mn, TV
[Mn,™MVOL(LY), P 0.26 (100) 1.12 (105) [105]
Mn, VO, 0.32(70) 125 (95) [105)

[a] Irrev: irreversible process, the potential given corresponds to the
Ep value.

duced by electrochemical means, this system appears inter-
esting as some oxygen evolution has been observed by oxi-
dation of [Mn,'(L),(H,O),]** in water with Ce'V or
tBuOOH. However, experiments conducted with H,'30 are
not sufficiently conclusive to indicate that the complex is a
real catalyst for water oxidation.[1%7]

Another example of the preparation of di-p-oxido
Mn,"™ IV complexes by bulk electrolysis has been reported,
which involves the oxidation of two heptacoordinated Mn!!
complexes of the tpen ligand (Figure 7), [Mn"(tpen)-
(H,O)?* and [(tpen)Mn"(p-OAc)Mn'(tpen)?+.[1%81  In
[(tpen)Mn™(u-O),Mn'V(tpen)]**, the tpen ligand acts as a
tetradentate ligand with two uncoordinated pyridylmethyl
arms per ligand. With [(tpen)Mn'(u-OAc)Mn"(tpen)]**
another high-valent dinuclear complex is also obtained,
[(tpen)Mn"V (u-0),(u-OAc)Mn'V]**, and the ratio of the
compounds is accurately controlled by the amount of added
base.

4. Complexes with Amino Ligands Containing
One or More Phenolic Units

Because of the bridging abilities of the phenolate oxygen
atom towards metal ions, these kinds of ligands have been
designed to coordinate two metal centres in close proximity
to mimic the active site of metalloenzymes.['%! For Mn de-
rivatives the initial objective was the elaboration of syn-
thetic dinuclear complexes able to model the MnCat cata-
lytic activity. It was subsequently found that the same com-
plexes can also constitute good models for the PSII donor
side. Most of these complexes also display interesting re-
dox-induced transformations. However, because of the ten-
dency of the phenolato ligands to be easily oxidized at the
same time as the metal, these processes are often difficult
to clearly identify.

4.1. Phenolic Ligands Bearing Two Side Arms

A large variety of these multidentate ligands (from penta-
to heptadentate) have been successfully complexed by two
manganese atoms, usually at the low oxidation states Mn, ',
Mn,™M or Mn,' associated with two bridging carboxyl-
ato ligands.
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4.1.1. Pentadentate Ligands

Most of the corresponding di-p-carboxylato dinuclear
manganese(Il) complexes using symmetrical ligands of this
type have been synthesised by Okawa et al. and studied as
models of the active-site of MnCat.['!1%-114] Figure 8a shows
the chemical structure of a typical complex of this series.

CHj3
CH3
NCS ] 3 ‘
No /ﬂl (CHCN ’ NQH’
NN (m v
e P
A ‘
H.c-N 00,00 N<cq
?‘|3C/ 7/\( \CH33
Ph  Ph
CHs
a (Lm,n)2— (m,n) = (2,3), (2,4), (3,3)
b

Figure 8. Schematic representation of (a) a di-p-carboxylato dinu-
clear Mn,"" complex with a pentadentate ligand and (b) macro-
cyclic hexadentate ligands containing two phenolate entities.

Cyclic voltammograms of these complexes at a scan rate
of 400 mVs~! in CH,Cl, exhibit two or three quasi-revers-
ible processes assigned to Mn,'/Mn,'1T Mn, =1/ Mn, !
and Mn,"""/Mn," 1V redox couples. However, by decreasing
the scan rate the last process disappears, indicating the low
stability of the Mn,'"! species. Although the formation of
terminal oxido manganese(IV) species in catalase-like reac-
tions using H,O, in DMF solvent were reported, no electro-
induced formation of p-oxido manganese(IV) complexes
has been confirmed.

4.1.2. Hexadentate Ligands

Di-p-carboxylato-dimanganese complexes of such li-
gands are rare. One example involves a series of dinucleat-
ing macrocycles containing two phenolate entities (Figure 8,
b). An electrochemical study of their Mn,'" complexes indi-
cated that for most of them the corresponding stable mixed-
valent species Mn,'"'"' could be obtained by electroly-
sis.l'1>1161 A more detailed electrochemical behaviour has
been reported for complexes formed with the unsymmetri-
cal hexadentate phenol-based ligand described in Figure 9
(a)'[117]

The corresponding Mn,! and Mn,™! di-p-dicarboxyl-
ato complexes have been synthesised and characterized.
While the Mn,"/Mn,""T systems are fully reversible in
CH;CN and the two complexes can be quantitatively in-
terconverted by electrolysis, the Mn,""""'/Mn,"! couple is
only partially reversible. The instability of the Mn,"! spe-
cies has been confirmed by exhaustive electrolysis experi-
ment, which consumes more than three electrons per mole-
cule. The electrogenerated Mn,™! species reacts, probably
with residual water, leading to the formation of a p-oxido
Mn,!"! species that can further be oxidized to a higher val-
ent di-p-oxido species; the oxidation involves the removal
of one carboxylate group as previously reported for other
2038
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Figure 9. Schematic representation of (a) a di-p-carboxylato dinu-
clear Mn,"! complex and (b) the corresponding di-p-oxido dinu-
clear M,V complex with a hexadentate ligand.

carboxylato Mn complexes (see above). This hypothesis has
been confirmed by the preparation of the di-p-oxido mono-
p-carboxylato Mn,"™V complex (Figure 9, b) by oxidation
of the initial Mn,™" complex with terz-butyl hydroperoxide
(tBuOOH) in CH;CN.[''81 It should be noted that struc-
tural (X-ray absorption spectroscopy) and spectroscopic
characterization have shown that in order to accommodate
the formation of the Mn,O, core the phenolic ligand
changes its usual coordination mode. This complex, which
is stable only at low temperature (-20 °C), exhibits the ex-
pected fully reversible Mn,™V/Mn,"V redox couple in
CH;CN. Moreover, it has been demonstrated that, in con-
trast to the case of complexes involving pentadentate li-
gands,['10- 114 oxidation by H,O, in catalase-like reactions
changes the initial structure of the complex by forming the
mono and di-p-oxido derivatives, which are the active spe-
cies in the catalysis.[!!8:119]

4.1.3. Heptadentate Ligands

In contrast to the above cases, numerous di-pi-carboxyl-
ato-dimanganese complexes containing heptadentate phe-
nolate ligands have been prepared and described. De-
pending on the structure of the ligand, especially the pres-
ence of one or more phenolic units, the corresponding
Mn,T, Mn,™ or Mn,™ complexes are obtained.

NgO Ligands

A series of NgO ligands have been synthesised; most are
symmetrical and their structures differ in the type of ter-
minal amino arms (pyridyl, methylimidazolyl or tri-
azanonyl; see Figure 10) attached to the aliphatic N
atoms,[120-127]

For the bpmp ligand series both Mn,'" and Mn,'"" di-p-
carboxylato-dimanganese complexes have been isolated and
characterized while for HL-Im and bemp only the Mn,'-1!!
complex, and for LOH the Mn,!" complex have been iso-
lated. For all these compounds the CV displays the two
expected Mn,"/Mn,™" and Mn,™™"/Mn,"™ quasi-revers-
ible systems with a large potential separation (>500 mV)
in CH;CN, indicating that the mixed-valent complexes are
strongly stabilized (Table 5). However, electrolysis demon-
strates that the Mn,"! species are only partially stable.[!*#
In addition, studies of the series of bpmp complexes in
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bcmp CHs 1 1 1,4,7-triazanon-1-yl

Figure 10. Schematic representation of the N4O ligands.['20-127]

which the length of the chelate arms have been changed
indicates that the increase of the length renders the
Mn, 1/ Mn,'™ redox system more irreversible.[!26-127]

Recently the stabilities of the oxidized forms of the bpmp
complex, [Mn,"(bpmp)(OCCHj;),]*, have been investigated
in detail by coupling electrolysis with a number of spectro-
scopic techniques (EPR, X-ray absorption, FT-IR and ESI-
MS).[128:129] Scheme 7 (a) shows the suggested oxidation
and accompanying structural changes occurring during the
processes.

The observation of the different oxidized species as well
as the mechanism of formation of the Mn,™V species
strongly depends on the water content of the CH;CN solu-
tion. At 1% water content the first one-electron transfer
proceeds without a bridge change while the second is cou-
pled to the formation of an oxido bridge!!'*! accompanied
by the loss of a carboxylato bridge, the final oxidation com-
pound being the corresponding di-p-oxido complex
Mn,™MIVI28] The ligand exchange reactions for the three
one-electron steps occur in a potential range of 0.5 V.

This bpmp Mn,! complex has been used for modelling
the primary reaction steps on the donor side of
PSIL.[2130-1331 T this approach the oxidation of the diman-
ganese complex is photoinduced by a redox photosensitizer
such as the Ru(bpy);>" complex, which plays the role of
Pgso chlorophyll pigments. Two different systems have been
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Scheme 7. Scheme of suggested structural and oxidation state
changes in di-p-carboxylato dinuclear Mn complexes (a) with the
bpmp ligand and (b) with the L> ligand. The approximative redox
potentials of the respective transitions are indicated vs. SCE.

evaluated: a bimolecular one in which both complexes are
simply mixed in solution and a monomolecular one where
the dimanganese bpmp core is linked to Ru(bpy);>*-like
moieties. In this latter molecule, the phenolate group of the
bpmp ligand plays the role of Tyr; in PSII (Scheme 8, a).
It has been reported that in both cases (inter- and intra-
molecular designs) and in the presence of an external elec-

Table 5. Cyclic voltammetry potentials vs. SCE in CH3CN for dinuclear complexes containing a Mn,(p-phenoxido)(u-OCCHj3), core with

a heptadentate ligand.

Ligand  Complex E\» [V]
M, M1/ M, ! M,/ Mn, 11 Mn, 1Y/ M, Ref.
NsO [Mn,"(bpmp)(OCCH3),]* 0.47 1.02 1.75irevial [120.129]
[Mn,"(LOH)(OCCH3),]* 0.79 1.30rev (23]
[Mn, "M L-Im)(OCCHj;),)** 0.455 1.03 (124]
[Mn, " (bemp)(OCCH ), 1>+ 0.27 0.75 (124]
Mn, 1/ Mn,!! Mn,"/Mn, 11! M, ™Y/ M,
N;sO0, [Mn,"MY(L3)(OCCH;),]* -0.23 +0.74 - (1371
[Mn, "M Y(L4)(OCCH;),]* -0.21 +0.60 +0.97 (138]
N,4O; [Mn,"(L3)(OCCHj3),]* -0.32 0.04 0.96-1.13irrev [139.140]

[a] Irrev: irreversible process, the potential given corresponds to the Ep value.
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Scheme 8. Schematic representation of a proposed pathway for the electron transfer following irradiation of some Ru-Mn, complexes in

the presence of Co''' or MV?*,

tron acceptor {methyl viologen (MV?*) or [Co'(NHj5)s-
CI?* (Co'™M)} the manganese complex is photo-oxidised in a
similar fashion through the transient photogenerated Ru'
species in three subsequent steps to give the Mn,"™"V spe-
cies (Scheme 8, a). The primary electron transfer between
the generated Ru' species and the Mn," centre to form the
Mn,™ T species occurs following an intramolecular process
(kgr > 107 s7!) in the monomolecular system. This behav-
iour has been essentially evidenced by repeated flash pho-
tolysis coupled with EPR spectroscopic experiments,!130-133]
Although no water oxidation was detected with this sys-
tem, 341321 it was the first reported example of a light-driven
multiple oxidation of a manganese complex.

Finally, it should be noted that the bpmp dimanganese
di-p-carboxylato core can also act as an efficient electron
donor in a donor-chromophore-acceptor triad architecture

K

Figure 11. Schematic representation of the structure of the Mn,-
containing triad. (Figure reproduced from ref.'3¥, with permission
from AAAS).
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in which Ru(bpy);** is the photosensitizer and two naph-
thalene diimine moieties are acceptors (Figure 11).113% An
unusually long-lived photoinduced charge separation of
600 pus at room temperature has been observed, reaching
0.1-1 s at 140 K. This slow charge recombination can be
explained by an unusually large reorganization energy re-
sulting from the inner reorganization of the dimanganese
complex.

NsO> and N,O; Ligands

In order to try to improve the capabilities of these kinds
of dimanganese complexes to reach higher valent manga-
nese species, similar ligands to that of bpmp but containing
a larger O/N ratio have been synthesised by replacing one
or two amino groups with phenols (NsO, and N4O3 li-
gands). These ligands were synthesised following a similar
synthetic approach previously described for Fe,” com-
plexes,[133:136] and their respective corresponding Mn,'-
and Mn,"" dimanganese di-p-carboxylato complexes have
been prepared.l'3713 Figure 12 gives an example of both
kinds of complexes.

For the N,O; complex, [Mn,"(L%)(OCCH;),]*, the
higher number of oxygen donors greatly stabilizes the
Mn,™ form, so the potentials of the Mn,™"/Mn,"™" and
Mn,"/Mn,™ redox couples are dramatically lowered
compared to the similar couples for the bpmp complex, as
determined by cyclic voltammetry (see Table 5 for a com-
parison of the potentials data).l'3) This complex is oxidized
in two very close poorly reversible one-electron steps indi-
cating that the oxidation process is complicated in CH5CN.
However, it has been shown by EPR and absorption spec-
troscopic analysis that if a large amount of a Mn,""V ox-
ido species is formed, further oxidations probably involve
the phenolate moiety. The formation of one or two p-oxido
bridges associated with the release of one or two carboxyl-
ato bridges occurs only when the complex is oxidized at
the Mn,'"V level (Scheme 7, b). The presence of water in
CH;CN s also required to efficiently perform this electro-
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Figure 12. Schematic representation of bis(carboxylato)-dimanga-
nese complexes with (a) N5O, and (b) N4O; ligands.!'3"]

or photoinduced [by Ru(bpy);>*] transformation. In con-
trast, the electrogenerated Mn,'" species is less stable and
moves partly into an unidentified paramagnetic species re-
sulting presumably from a large ligand environmental
change rather than loss or exchange of ligands.[!39-140]

A similar behaviour is observed for the di-p-carboxylato
Mn, ' complexes containing NsO» ligands (Figure 12, a).
As expected this NsO, core also stabilizes the higher oxid-
ized states but to a lower extent. These complexes exhibit
the quasi-reversible one-electron oxidation and reduction
waves of the Mn,"/Mn,™! and Mn,'"""/Mn,"! redox sys-
tems in their CV, while a second oxidation wave is also seen,
which becomes quasi-reversible at high scan rates
(100 Vs1). In anhydrous CH;CN the final oxidized species
have not been clearly identified while, as for other phe-
nolato-bridged complexes, addition of water favours the
formation of p-oxido species. However, it has been shown
that at high water concentrations ligand exchange occurs
in the Mn,!'"! and also in the Mn,'"!"! species,!'*?! where a
carboxylato bridge is replaced by two terminal aqua li-
gands. Moreover, a complex containing the N4O3 ligand
without the di-zerz-butyl substituents, connected to a
Ru(bpy);**centre (Scheme 8, b) has also been prepared and
studied.'*!1 A slightly higher intramolecular electron-trans-
fer rate constant (kgr > 5X 107 s7!) has been observed for
the reaction between the photogenerated Ru''!(bpy);3* site
and the dimanganese centre than that for the bimolecular
complex containing the bpmp core in Scheme 8 (a).
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N,Os Ligands

Examples of complexes with this kind of ligand are very
rare. The most representative is a bpmp-like ligand in which
the four pyridyl arms are replaced by four methoxyl arms.
The resulting Mn,'" di-p-carboxylato derivatives are much
more difficult to oxidize than the other bpmp related com-
plexes by around 0.5 V. Moreover, the oxidation process be-
comes irreversible, with the one-electron oxidation Mn, ™!
species undergoing a fast unidentified subsequent chemical
reaction.['42!

4.2. Phenolic Ligands Bearing One Side Arm

Mn complexes containing pentadentate phenolate li-
gands will be considered here. Metallation of these ligands
by manganese(Il) preferentially gives dinuclear complexes
in which two phenolate ligands act as bridges between the
two metal centres. In some cases mononuclear manganese
complexes have also been isolated.

N,4O Ligands

A series of ligands of this type has been synthesised
(structures given in Figure 13), which differ in the relative
position of the phenol group and the presence or absence
of an imine group. Reaction of L*'H with Mn"'(O,CCHs),:
2H,0 affords a dinuclear Mn,'"" complex bridged by a sin-
gle unsupported oxido group. However, during the complex
synthesis spontaneous dehydrogenation of the ligand occurs
and the final complex appears as the dinuclear complex
[Mn,"™O(L"),]?*.[1431 The CV of this complex shows two
successive reversible one-electron anodic waves in CH;CN
(Table 6). The stable one-electron oxidized form [Mn,"51V-
O(L"),]**, obtained by exhaustive electrolysis, has been
structurally characterized. This oxidation has also been ob-
served by reaction with a tyrosyl radical generated by elec-
tron transfer through a photogenerated Ru(bpy),** spe-
cies!"* in a similar fashion to that described above. The
second reversible one-electron process occurring at a 0.45 V
more positive potential than the first is attributed to the
formation of a [Mn,'VO(L""),]** species in which one phen-
olate group of the ligand is oxidized rather than the oxi-
dation of Mn,"™V to Mn,'"V. Indeed, the formation of a
phenoxyl radical was evidenced by low-temperature reso-
nance Raman spectroscopy experiments. A dinuclear Mn,"!
phenolato-bridged complex, [(L")Mn'"Mn'{(L")]>*, has
also been synthesised using the L ligand.['43] This complex
can withstand a two-electron electrochemical oxidation in
CH;CN leading to the Mn," forms, which maintain the
phenolate groups as bridging ligands (Scheme 9).

Upon air oxidation of the Mn," complex, the mono-p-
oxido [Mn,™MO(L"),]** is obtained, while the correspond-
ing mixed-valence Mn,"™"V complex is electrochemically
generated. This latter complex can also be generated by
electrolysis of the initial Mn,'! complex in the presence of
an external base, 2,6-lutidine (B).

2041

www.eurjic.org



MICROREVIEW

M.-N. Collomb, A. Deronzier

55

H\N/_\N/_@ H\N/_\N/_@
G ol G )
L2H L2H
N/—\N/—<Ni/> —N/—\N \N/
G ol G D)
B e

L'H , L"

N4O ligands
H VAR /@

TR,
Kanly Crond

5 S

L2IH L3IH
N30, ligands N2Og3 ligands

Figure 13. Schematic representation of pentadentate N4O, N;O,
and N,O; phenolic ligands.

The manganese coordination is markedly different with
L?*H; the other ligand contains an NH group (Figure 13).
A mononuclear complex [Mn"(L#)(O,CCHj3)]* has been

e

innlle Mgy ing2+ il v inga
[(LIMN T (u-O)Mn (L] -?[(L M7 (u-O)Mn™(L")] =<

Table 6. Cyclic voltammetry potentials vs. SCE in CH;CN for dinu-
clear complexes containing a Mn,"(u-phenoxido), core and a
Mn,"(u-O) core with pentadentate N4O ligands.

Complex Ey; [V] (AEp [mV])

Mn,"/Mn,1 Mn,"V/Mn,™  Ref,
[Li’.MHHMnHLi’]z'F 0.46 (133) 1.42i1~rev [145]
[(LYLHMn"™Mn(LHP2*  0.89, 1.028 146l
[(MDMn"™Mn"mL)P*  0.58 (260) [147]

Mn2IILIV/Mn2HI anlV/anlll,IV
Mn,"MO(L"), 2+ 0.55 (92) 1.0 91) (431
[Mn,"O(mL),P* 0.65 (135) 1.16 (100) (471

[a] The two potential values correspond to the sequential one-elec-
tron oxidation of the Mn,"! complex leading to the Mn,'! complex.
Irrev: irreversible process, the potential given corresponds to the
Ep value.

synthesised by reaction with Mn™(O,CCH3);-2H,0. How-
ever, in an CH;CN solution this complex spontaneously
evolves into a mixture of phenolato-bridged Mn,! dinu-
clear complexes, [(L)Mn"Mn'"(L)]>* and [(L*)Mn"Mn'-
(L))?*, with the concomitant oxidation of the ligand.[4¢]
The CVs of these dinuclear complexes exhibit a quasi-re-
versible one-electron oxidation system attributed to a slow-
electron transfer resulting from structural reorganisation.
However, the final product of evolution of the transient
Mn, species has not been identified.

A similar dinuclear complex, [(mL)Mn"Mn"(mL)]** (1),
has been synthesised with the mL ligand (Figure 13).[147]
This compound furnishes another important and signifi-
cant example of well-characterized, electroinduced forma-
tion of a p-oxido dinuclear manganese complex. The CV of
1 exhibits two close irreversible oxidation peaks in CH;CN
attributed to its two-step oxidation into an unstable [(mL)-
Mn"™Mn™(mL)]3>* species (Table 6). However, exhaustive
electrochemical oxidation in the presence of a base [2,6-luti-
dine (B)] allows the formation of the p-oxido mixed-valent
[(mML)Mn™(O)Mn"V(mL)]** (20x) derivative. The proposed
mechanism is shown in Scheme 10. The initial step consists
of a one-electron oxidation per Mn atom that leads to the
breaking of the phenolato bridges and the generation of a

[(L"YMn(u-O)Mn(L"]**

[(Lil)Mn|lan|“(Lil)]4+

Scheme 9. Scheme of the various chemical or electrochemical reactions involved between complexes with the LI’ ligand, adapted from

e
air 2B +H,0
oxidation 2 BH*
2e”
[(Lil Mn||Mn||(Li|)]2+ _L;
: — N
2e”
ref [143,145]
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hydroxido mononuclear Mn™! species. The condensation of

two Mn"" species in basic medium gives the p-oxido dinu-
clear [(mL)Mn"(O)Mn"'(mL)]** (2) complex, which is oxi-
dised into its mixed-valent state 20x at the potential of the
electrolysis. It should be noted that chemical oxidation by
tBuOOH transforms 1 into 2, which partially evolves into
the di-p-oxido species [(mL)Mn™(O),Mn™V(mL)]"* in
which one of the aromatic rings of the ligands is decoordi-
nated. Oxidation of 1 by iodosylbenzene (PhIO) in meth-
anol leads to the quantitative formation of the mononuclear
[Mn"(mL)(OCH3)]" complex, which can be further elec-
trochemically oxidized into [Mn"Y(mL)(OCHj5)]>*.[148]

2+ 2+ +
e} H,0+$8 .0 o)
NMn'"Z o> Mn"N, N,,Mr:"‘ + N.Mn\m
S OH
B BH' 2¢7
1
B
BH*
3+ S 2+

Ci (i
N.Mn‘"—o—AlAnWN,, ‘7— N.Mn'"-O—l\llln"'N,,
Q 1e” Q

20x 2

Scheme 10. Proposed mechanism for the electrochemical formation
of 20x (the figure was reproduced from ref.'*”], with permission
from Wiley).

N30, and N,Oj3 Ligands

There are few studies of complexes of these kinds of li-
gands. By using a diphenolate pentadentate L**H ligand
(N30,) (Figure 13), a trinuclear di-p-phenolato p-carboxyl-
ato [(L**)Mn"(OCCH;)Mn''((OCCH;)Mn™(L*)]** com-
plex has been synthesised. This compound is irreversibly
oxidized in CH;CN into an unidentified product while its
chemical oxidation in the same solvent by /BuOOH leads to
the formation of the mononuclear Mn!Y hydroxido species,
[Mn™v(L)(OH)]* (L = L** and L?%) identified by EPR spec-
troscopy and ESI-mass spectrometry.['4°] Reaction of a tris-
phenolato L**H ligand (N,O5) with Mn"(O,CCHj3);:2H,0
produces the mononuclear pentacoordinate [Mn''(L3)]
complex. Upon one-electron oxidation (the process is
irreversible in the CV) a Mn'V species is formed that is
partly converted to another species containing a loosely co-
ordinated phenoxy radical and further oxidation results in
an over-oxidation of the ligand. Attempts to observe an ox-
ido—Mn species by oxidation with PhIO were unsuccessful,
although epoxidation reactions occurred.[!>%

Concluding Remarks

This review gives an overview of literature studies dedi-
cated to electro- and photoinduced formation and transfor-
mation of oxido-bridged multinuclear manganese com-
plexes. If these kinds of studies were initiated as early as
the end of the seventies with polypyridyl complexes, a large

Eur. J. Inorg. Chem. 2009, 2025-2046
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expansion of this field has occurred over the last ten years
because of the motivation to mimic redox-active manganese
metalloenzymes. The majority of the studies have been per-
formed in an organic medium (CH3;CN) and are related to
dinuclear complexes. Oxido-bridged high-valent dinuclear
manganese complexes with core types {Mn!'(O)Mn"V/1V}
and {Mn'"""V(0),Mn'V} have been generated from the oxi-
dation of low valent complexes; mononuclear and dinuclear
p-acetato/p-phenolato-bridged. In contrast, only a few
studies are related to aqueous solutions and in this particu-
lar case the formation of oxido-bridged tetranuclear com-
plexes has been obtained. The strong electronegative donor
properties of the oxido bridge encourage the high-valent
manganese species to aggregate preventing the formation of
a terminal oxido ligand.

The formation of oxido bridges in response to Mn oxi-
dation likely involves (de)protonation events [of water mole-
cule(s)]. In pure CH3CN, to reach a high yield for the for-
mation of oxido-bridged species it appears that the presence
of an added base is required in order to capture the protons
released during the oxidation process. For acetato com-
plexes, the acetate anions released during the oxidation pro-
cess play the role of the base. In pure aqueous solution or
in CH;CN, containing a large amount of water, the pres-
ence of an additional base is not necessary.

The formation of oxido bridges also prevents a potential
increase, for example the typical Mn,"V/Mn,™V for a di-
p-oxido dinuclear complex does not exceed 1.3 V vs. SCE.

Finally, it appears as a general rule that the oxidation of
Mn leads to the formation of very stable oxido-bridged spe-
cies and to date, in contrast to ruthenium complexes, to
the best of our knowledge, no example of electrochemical
generation of Mn complexes with a terminal oxido ligand
has been published. Theses kinds of complexes are rare and
formation of such species will bring some insight into the
mechanism of oxygen—oxygen bond formation in PSII. The
design of such manganese complexes remains an important
challenge for finding an efficient water oxidation catalyst.
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