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Manganese-based oxidation catalysis plays a central role
both in nature, in the oxidation of water in photosystem II
(PSII) and the control of reactive oxygen species, as well as
in chemical processes, in the oxidation of organic substrates
and bleaching applications. The focus of this review is on
efforts made to explore and elucidate the redox-dependent
coordination chemistry of these manganese-based systems in
solution and the mechanisms by which their catalytic redox

reactions proceed. We also examine the behaviour and
activity of complexes that have been developed and used as
models for the active sites of the corresponding enzymes, or
used as catalysts in the oxidation of organic substrates. Given
the current concern over the environmental and economic
impact of chemical processes, manganese catalysts that use
H,0, as oxidant are the primary focus of this review.
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1. Introduction

Oxidation catalysis, especially that involving oxygen,
plays a central role in both biochemicalll and industrial
processes.[>3 The oxidation of organic substrates to highly
functionalized organic compounds, for example, oxidation
of olefins to the corresponding diols or epoxides,! alcohols
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to aldehydes, ketones or carboxylic acids, the oxidation of
alkanes and the bleaching of stains and raw materials are
of enormous economic importance.’>¥! Among the many
oxidants available, H,O, and O, are preferred because they
are inexpensive, readily available, have a high oxygen con-
tent and are environmentally benign, with usually only
water formed as a waste product.[! Although these oxidants
are appealing for applications in synthetic chemistry and
bleaching, their intrinsic activity is kinetically limited under
ambient conditions. This is partly because the reaction of
dioxygen (*0,) with closed-shell organic compounds is spin-
forbidden, despite being a highly exergonic reaction, and
proceeds through the formation of free radical intermedi-
ates.[!%]

The chemistry of oxygen is dominated by its relatively
unreactive forms: water (H,O, the fully reduced state) and
dioxygen (*0,, the fully oxidised state),['!! whereas the inter-
mediate forms, i.e., the hydroxyl radical (OH"), hydrogen
peroxide (H,0,) and the superoxide radical (O,"), are
highly reactive. Nature has evolved numerous enzymes
based on a wide range of transition metals,!'l including iron,
copper and manganese, to harness the remarkably rich
redox chemistry of oxygen. The paramount examples are,
almost certainly, the oxidation of water to dioxygen by the
oxygen evolving complex (OEC) of photosystem II
(PSII),['> 181 and the disproportionation of H,O- and super-
oxide by catalases,'>2% and superoxide dismutases,?!~2?!
respectively, which mitigate the oxidative stress placed on
living cells by reactive oxygen species (ROS). Biological sys-
tems are able to activate dioxygen for controlled chemical
synthesis through electron- and proton-transfer at the tran-
sition-metal-based catalytic sites in enzymes. Achieving
such control in synthetic systems, however, requires an un-
derstanding of the redox-controlled coordination chemistry
of metal complexes.

The presence of manganese at the active sites of many
enzymes,'>* which are responsible for these key biochemical
processes, has stimulated the synthesis and characterization
of manganese complexest!?2%-26:27-2%1 {0 mimic the active
sites functionally and/or structurally. The coordination
chemistry of manganese is complex given the ready accessi-
bility of a wide range of oxidation states that are stable
under ambient conditions (Mn'' to MnV™), and is compli-
cated further by its propensity to form well-defined mono-
and multi-nuclear complexes. For dinuclear systems, de-
pending on the ligands present, all oxidation states from
Mn"™n" to Mn™VMn'Y have been observed in aqueous
media. p-Oxido and p-carboxylato bridged multinuclear
manganese complexes (especially in the Mn'', Mn'"' and
Mn'V oxidation states) are important classes in regard to
their redox chemistry and the occurrence of these structural
motifs in the active sites of various manganese-containing
redox enzymes. Furthermore, such complexes are ubiqui-
tous with respect to their application in oxidation catalysis.

Direct spectroscopic data on the structure of the reactive
intermediates formed by manganese complexes is, however,
often of limited availability and therefore our mechanistic
understanding is based largely on inferences drawn from
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catalytic activity; in particular, the analysis of reaction
products, reactivity with various terminal oxidants, and the
effect of additives on catalyst performance, etc.’! In ad-
dition, the lability of manganese complexes when in low
oxidation states, in particular Mn" increases the challenges
faced in speciation analysis, especially in aqueous solutions.

The paradigm in manganese oxidation catalysis is by-
and-large that Mn!v and MnVB%34 mononuclear com-
plexes are the reactive intermediates that engage in sub-
strate oxygenation.3>38] However, in cases where such spe-
cies have been observed, they usually reinforce Halpern’s
premise that if a species can be observed in a catalytic sys-
tem, then it is at most a resting state. Furthermore, the
widespread use and variety of, so-called, additives in man-
ganese oxidation catalysis reflects the complexity in the
roles they play, over and above their roles as potential li-
gands.

In this review, the solution chemistry of manganese-
based complexes of interest to oxidation catalysis in both
biological as well as chemical processes will be discussed.
The focus is on understanding the mechanisms by which
the manganese catalysts operate; in particular, those that
were developed and used as model compounds for the
active sites of the corresponding enzymes or used as cata-
lysts in the oxidation of organic substrates. The interplay
between changes in redox state and coordination chemistry
will be highlighted as well as how these processes are affec-
ted by the presence of oxygen in its various forms (i.e.,
water, hydroxyl radical, hydrogen peroxide, superoxide and/
or dioxygen) and other agents present in solution (e.g., co-
catalytic additives). The importance of a diverse range of
experimental parameters in controlling the reactivity and
selectivity observed in the preparation of fine chemicals
with manganese catalysed oxidations has been discussed in
depth elsewhere.>-®! In addition, with respect to increased
attention to the environmental and economic impact of
chemical processes, systems that use H,O, as an oxidant
will be the primary focus of this review, rather than those
in which oxidants such as peracids, hypochlorite, Oxone etc.
are employed.3-421

The goal of this review is to survey the approaches that
have been taken to understand, first and foremost, the coor-
dination chemistry of manganese-based catalysts in
solution and, secondly, to draw correlations with the be-
haviour and activity of complexes under reaction condi-
tions. First, the redox-dependent exchange of two ligands
that are ubiquitous in manganese complexes, i.e., carboxyl-
ato and oxido ligands, will be discussed. Model complexes
of three classes of manganese-containing metalloenzymes,
which are responsible for the catalytic oxidation of water,
the disproportionation of H,O, and the dismutation of
superoxide, respectively, are discussed. This is followed by
selected examples of reactions involving manganese-con-
taining catalysts employing H,O, for the oxidation of sub-
strates in organic and in aqueous media in which insight
into mechanisms has been gained.

The transient nature of the species that are directly
responsible for the oxidation of substrates makes their spec-
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troscopic observation highly challenging, if not, in many
cases impossible. Nevertheless, spectroscopic and electro-
chemical methods have been essential in elucidating overall
reaction mechanisms, especially where a multi-technique
approach is applied under catalytically relevant conditions.
Indeed, although UV/Vis absorption spectroscopy is per-
haps the most widely applied technique to study manganese
complexes, FTIR absorption,*3 Raman*¥ and, especially,
resonance Raman,[*#1 and electron spin resonance (ESR)
spectroscopy,*>!l have proven invaluable in probing the
structures of manganese complexes in solution. NMR spec-
troscopyl®? is, despite the paramagnetic nature of many
manganese complexes, also useful in their study because
many bi- and multi-nuclear complexes show strong antifer-
romagnetic interactions, in particular Mn™Mn™ and
MnVMn!V complexes.>?! In addition, X-ray based tech-
niques, over and above X-ray crystallography, although not
yet widely accessible, are having an increased impact in the
study of manganese complexes. Indeed, X-ray absorption
techniques (e.g., EXAFS, XANES etc.)l** provide key tools
in determining electron density, and thus oxidation state, at
the metal centres in both synthetic complexes and en-
zymes.[”]

In terms of developing our mechanistic understanding of
the chemistry of redox-active manganese complexes, cyclic
voltammetry (CV)P**8 and, to a lesser extent, spectroelec-
trochemistry,®®% in which a sample undergoing electroly-
sis is characterised in situ with a spectroscopic technique
(e.g., UV/Vis, FTIR, Raman or EPR spectroscopy), have
proven invaluable because they enable access to and charac-
terisation of often highly reactive species. Similarly, electro-
spray ionisation mass spectrometry (ESI-MS),[61-631 is per-
haps the most important of the mass spectrometric tech-
niques with regard to the characterisation of manganese
complexes, especially because reaction mixtures can be sam-
pled directly. Mass spectrometry has its own set of limita-
tions that are especially important in the present context.
Complexes in lower oxidation states, which are highly labile,
present problems because of the potential for ligand ex-
change and redox reactions to occur due to the (high) volt-
ages used and the difficulty in controlling pH and dilution,
and/or the high temperatures encountered within the mass
spectrometer. For example, in the case of more kinetically
stable complexes, i.e., in Mn"" and Mn'Y oxidation states,
facile reduction coupled with ligand exchange can easily
occur, giving rise to erroneous impressions of the distri-
bution of species present in solution. Hence, drawing firm
conclusions with regard to speciation from ESI-MS data is
highly challenging. Recent innovations in cryo-ESI-MS,[¢¢]
however, should go a considerable way to improving the
applicability of the technique in this field.

2. Exchange of Acetato and Oxido Ligands in
Multinuclear Manganese Complexes

Over recent decades, synthetic manganese complexes
bearing oxido and carboxylato ligands have been of
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particular interest in efforts to mimic the functional and
spectroscopic properties of bioinorganic complexes such as
the water oxidation complex (WOC) in photosystem II
(PSID)®” and manganese superoxide dismutases!®® and cat-
alases.®”) A key aspect of the functionality of these bio-
logical systems is that redox changes can affect the coordi-
nation mode, in particular binding and dissociation of
carboxylato and oxido ligands.

In this section, the focus will rest on ligand exchange
processes and the redox dependence of both the rate of li-
gand exchange and on changes in coordination that ac-
company changes in redox state. Several examples will be
discussed in which ligand exchange processes have been
studied and, in particular, how changes in redox state can
drive changes in coordination mode.

2.1. The Water Splitting Centre of Photosystem II

Water oxidation, which is a key reaction in nature, is per-
haps the paradigm example of the importance of coupling
changes in redox state with changes in coordination envi-
ronment. It is remarkable that such a complex process can
be carried out at low overpotential by the CaMn, cluster
that lies at the heart of the oxygen-evolving complex (OEC)
of photosystem IL7%71 In the OEC, the catalytic tetranu-
clear Mny core cycles through five oxidation states to ac-
cumulate sufficient redox potential and equivalents to oxi-
dise water (2 H,O— O, + 4 H* + 4 ¢). Despite being the
focus of intense study for decades, only recently was the
detailed structure of the OEC revealed by X-ray crystal-
lography.’?! It has been, however, the lack of crystallo-
graphic evidence for the structure of the OEC that has
stimulated the synthesis of a wide range of structural and,
more recently, functional models. Although the complete
cycle is still not clear in detail, the model for its function as
described by Kok et al.l”3l is widely accepted and involves
a cycle comprised of five flash-induced transitions between
the so-called S-states, denoted as Sy—S,4, with the S, state
being the most reduced and the S, state the most oxidised.
The S;—S, transition is considered as primarily an oxid-
ation step, i.e. without an accompanying change in the co-
ordination environment, whereas the other transitions be-
tween the S-states involve removal of an electron and pro-
ton from the OEC."" The S, state decays spontaneously to
recover the S, state with concomitant release of dioxygen.
It is clear that the structural changes, i.e. changes in the
coordination of the ligands bound to the manganese ions,
that accompany changes in redox state, are central to the
operation of the OEC.[”]

Spectroscopic, structural and electrochemical data
garnered over the last decades from synthetic manganese
complexest327%771 have provided an important basis to
understand the highly complex chemistry of the
OEC.I12:25.26.78] Generally, the primary focus has been on
structural mimicry, however, and several synthetic com-
plexes have indeed been shown to be also able to oxidise
water.l”7¢-77&.77.791 The first report on water oxidation by a

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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synthetic manganese complex, ie., [Mn™Mn"V(u-O),-
(terpy)»(H,0),]**, in aqueous solution by Crabtree, Brudvig
and co-workers has stimulated enormous interest in this
area.3?

2.2. Rate of Exchange of Acetato, Aquo and Oxido
Ligands in Multinuclear Manganese Complexes

A highly accessible method to assess the lability of li-
gands is to use '®O-labelled water to monitor exchange by
ESI-MS. Tagore et al.?* have employed ESI-MS to deter-
mine the rates of p-oxido exchange in acetonitrile, in the
presence of trace water, for several bis-p-oxido dimanganese
complexes (Figure 1).

9

N

\ N

N bpy

7z

X

(T
N phen
/\NH
HN )

\_,

H

terpy tacn

| X N | X
bpea

Figure 1. Ligands used in complexes 1-6. [(mes-terpy),Mn!!-
Mn"Y(u-0)>(H,0),](NO3); (1, mes-terpy = 4'-mesityl-2,2":6",2"'-
terpyridine), [(bpy),Mn'"Mn'Y(u-0),](ClO,4); (2, bpy = 2,2"-bipyr-
idine), [(phen);Mn""Mn'V(u-0),](ClO,); (3, phen = 1,10-phen-
anthroline), [(bpea),Mn'"Mn!V(u-0),(n-OAc)](ClO,), (4, bpea =
bis(2-pyridyl)ethylamine), [(bpea), Mn'YMn'Y(u-O),(u-OAc)]-
(ClO4)5 (4), [(terpy)aMn,"VVIVV(1-0)5(H,0),](ClO0,)s (5, terpy
= 22":6',2"-terpyridine), and [(tacn),Mn,"Y™VVIV(1-0)]Brs s-
(OH).5r6H,0 (6, tacn = 1,4,7-triazacyclononane).

The exchange of the p-oxido ligands in 2 and 3 with
H,'80 was originally reported by Cooper and Calvin to oc-
cur only at high temperatures in aqueous solutions.[®! In
acetonitrile with trace water, however, Tagore et al.** noted
that exchange was as rapid as for the other complexes,
albeit with an uncertainty due to the inability to observe
the intact complexes by ESI-MS. The rate of the exchange
of u-OAc bridges with CD3;CO,D for complexes 4 and 4ox,
which is of relevance to the reported inhibition of PSII by
acetate,®1-8 is much higher than that of p-O exchange.
Comparison of the rate constants for ligand exchange
indicates that p-O exchange for Mn!Y complexes is slower
than for Mn"! complexes and also slower than for a manga-
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nese centre that can switch between the Mn!V and Mn'!
oxidation states more rapidly than the rate of exchange.
This difference in exchange rate was rationalised by the
Jahn-Teller distortion present in a high-spin octahedral
Mn'"! (d%) ion that is absent in an octahedral Mn'Y (d?) ion.
The availability of a labile coordination site also serves to
enhance the rate of exchange of p-oxido ligands. Notably,
tetranuclear Mn'"Y complexes 5 and 6 showed no evidence
of exchange even over extended periods.

The mechanism of p-O exchange in 1 and 3, i.e., with
and without terminal water-binding sites, respectively, was
explored in further detail by Tagore et al.[®® The order in
respect to complex is 1 in both cases, excluding bimolecular
reactions, however, the order in H,'30 for the u-O exchange
was 1 and <I for 1 and 3, respectively. Addition of a
Brensted acid, such as HNO3; or HCIO, to 1 and 3, respec-
tively, increased the rate of p-O exchange in acetonitrile for
1 and decreased it for 3, indicating a difference in the
mechanisms for exchange.

Addition of excess phen ligand decreased exchange rates
and indicated that phen dissociation is important in the
case of 3, whereas dissociation of the mes—terpy in 1, if it
is necessary, has no effect on the exchange rate. DFTE7]
calculations indicated that the bis-hydroxido form was less
stable than the p-oxido bridged form. The proposed mecha-
nism of exchange in 1 (Scheme 1) involves protonation of
the pu-O bridge by the water coordinated to the Mn!Y ion,
which is more acidic. Based on the pK, of the complex,
reported oxido-exchange in aluminium-oxido clusters,®
and bridge opening in manganese dimers due to proton-
ation, 8989991 protonation followed by bridge opening is
likely to be energetically favourable for 1. In the case of 3,
dissociation of phen, which is followed by coordination of
water, occurs prior to exchange of the p-O bridge. Depro-
tonation of the water trans to the p-oxido bridge was pro-
posed to increase the sigma donor strength of the hydroxido
ligand.

The absolute '*'80 isotope exchange rates determined
for 1 may provide insight into empirical data for the KIEs
observed in various steps and states of the OEC.°!l The
exchange rates measured for the S,, S,, and S; states of
the OEC are ca. 800-4000 times greater than for 1 and are
considered to be due to p-O exchange. However, the p-O
exchange rate for 1 approaches (ca. 8 times slower) the slow
exchange rate in the S; state of the OEC. The absence of
terminal water-binding sites inhibits p-O exchange in the S;
state,*¥ and dissociation of chelating ligands is therefore
necessary for p-O exchange when terminal water-binding
sites are unavailable.

In the case of carboxylato bridged complexes based on
the tmtacn ligand (1,4,7-trimethyl-1,4,7-triazacyclononane),
e.g., [Mn"Mn™(u-'0)(u-CH;CO,),(tmtacn),]** (7), de
Boer et al.,’?l have shown by ESI-MS that the rate of ex-
change of the p-O bridge is dependent on the substituent
on the carboxylato ligands. For example, whereas for 7 in
CH;CN/H,'®0 (9:1), p-O equilibration was complete
within 8 min, for [Mn™Mn"(p-'°0)(p-2,6-dichloro-
benzoate),(tmtacn),]** (8) equilibration was complete

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Proposed mechanism of p-O exchange in 1, involving sequential oxido-bridge opening and coordination of labelled water.[86]
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Figure 2. Structure of complexes 7, 8 and 9a based on the ligand tmtacn.

within 4 min and within 1 min for [Mn™Mn™(u-'O)(u-
CCl5CO,),(tmtacn),]** (9a) (Figure 2).

The likely pathway for exchange of the p-oxido bridges
is associative, with opening of the p-oxido bridge followed
by coordination by H,'®0 and subsequent closing of the
p-oxido bridge. Hence, the increase in the rate of p-oxido
exchange is likely to be due to the increase in the tendency
for the p-oxido bridge to open, which allows H,'%0 to co-
ordinate and facilitates exchange of other ligands through
associative mechanisms.

2.3. Redox-State Dependent Exchange of Acetato, Aquo
and Oxido Ligands in Multinuclear Manganese Complexes

The relation between manganese oxidation state and
carboxylato stretching bands of monodentate coordinated
carboxylates was studied by Berggren et al.3 in the di-
nuclear manganese complexes 10 [Mn"™VMn"Y(u-0),(L1),]**
{HL1 = 2-[({2-[bis(pyridin-2-ylmethyl)]Jamino }ethyl)(meth-
yl)aminoJacetic acid} and 11 [Mn™Mn!Y(u-0),(L2),]*
{HL2 = N,N-bis(2-pyridylmethyl)glycine} (Figure 3). Both

Eur. J. Inorg. Chem. 2015, 3432-3456
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complexes showed similar cyclic voltammetry in acetonitrile
with quasi-reversible reduction waves assigned to
Mn"™VMn'V/Mn™Mn"V and Mn™Mn"™V/Mn™Mn™ redox
couples, respectively.*4

2+ +

Figure 3. Complexes 10 and 11.

Comparison of the FTIR spectra of complexes 10 and
11 in CD;CN in different oxidation states showed that all
of the carboxylato bands were affected by the reduction
and/or the overall change in charge of the complexes, with
the A value [A = v,(COO) — v{(COO)] changing for the
Mn"VMn!Y to Mn"™™Mn!V reduction by 70-125 cm™! and to

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a lesser extent (60-80 cm™) for the Mn™Mn'Y to Mn!-
Mn™! reduction. In contrast to that observed for mono-
dentate carboxylates, for the complex [Mn,(pt-O)(n-OAc),-
(tacn),]"* (12, Figure 1), the A value increased upon re-
duction from the Mn™Mn'"V (n = 3) to the Mn""Mn'"! state
(n = 2) for the bridging p-carboxylato ligands in the latter
complexes.”>¢ The data indicated that significant changes
in the IR active carboxylato stretching modes can be ex-
pected for monodentate carboxylato ligand upon a change
in the oxidation state of the manganese ions.

As part of an effort to understand the effect of water on
the redox properties of synthetic OEC mimics, Kurz et
al.®7l studied the redox behaviour of the dinuclear complex
Mn™"Mn"L(u-OAc),]* (13) (where L is the trianion of
2,6-bis{[(3,5-di-tert-butyl-2-hydroxybenzyl)(2-pyridylmeth-
yl)amino]methyl}-4-methylphenol) (Figure 4). The presence
of up to 0.5 M water in acetonitrile did not affect the coordi-
nation of acetato ligands to the complex significantly, based
on ESI-MS data. Cyclic voltammetry of 13 showed that its
oxidation occurred at less positive potentials in the presence
of water, however.

A N o) N A
Piaravallp

N /Mn\” Mna
| X N o \?y%/ N| \
- ' -
14

Figure 4. Structure of 13 and 14.

With 5 M water, part of 13 re-reduced at 0.2 V, indicating
the occurrence of a prior rapid equilibrium. Bulk electroly-
sis in the presence of water followed by UV/Vis absorption
spectroscopy showed that one-electron reduction to the
Mn"™™Mn™" state resulted in a hypochromic shift and de-
crease in absorbance; the appearance of a ca. 2000 G wide
multiline signal centred at g = 2 with ca. 150 G line spacing
was assigned to a Mn""Mn'"! species. A further one-electron
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reduction resulted in only a broad absorption remaining at
greater than 350 nm and a change to a 25-line signal at g =
2, ascribed to a Mn'"Mn"" or to a Mn"Mn'! species that
had undergone significant structural changes compared
with the one-electron reduced species 13.°%-1901 The
changes were reversed fully upon reoxidation to the
Mn™"Mn'™ state.

As expected, 13 is EPR silent in acetonitrile at 5 K;P%
however, after oxidation in the presence of 0.5 M water, a
16-line spectrum centred at g = 2, typical for a Mn'"Mn'Y
species with a single (p-oxido)-bridge, was observed. Com-
parison of the EPR spectrum of 13 in anhydrous aceto-
nitrile with that of 13 with water present (at ca. 0.5 M) indi-
cated that water stabilised the Mn"'Mn'V state. At higher
concentrations of water (> 5 M), monomeric Mn'! species
were observed, manifested by the presence of a 6-line signal
superimposed on the 16-line signal. It was concluded that
reduction of 13 in CH3CN/H,O did not result in a change
in coordination mode, with only a fraction of the Mn''Mn!!
species undergoing ligand rearrangement to yield the spe-
cies responsible for the 25-line EPR signal. Oxidation of 13
led to formation of Mn™Mn'Y complexes, which, in the
presence of water, underwent replacement of one or both
of the acetato ligands to form p-oxido bridge(s) between
the manganese centres and thereby stabilise the higher oxid-
ation states. These changes in coordination mode could also
be induced by chemical oxidation and reduction.

Eilers et al.l'%U have studied the structural rearrange-
ments that the complex [Mn"Mn"(bpmp)(p-OAc),]*" {14,
bpmp = 2,6-bis[bis(2-pyridylmethyl)amino]methyl-4-meth-
ylphenol anion} undergoes in the presence of water. In an-
hydrous acetonitrile, 14 undergoes two quasi-reversible
oxidations (Figure 5). Addition of water (10% v/v) resulted
in a broadening of the second oxidation wave, together with
a loss of reversibility and the appearance of an additional
reduction wave at 0.2 V (vs. Fc*/%) on the return cycle. The
irreversibility was assigned to a charge compensating li-
gand-exchange reaction in which one of the p-OAc was re-
placed by a p-O bridge and the new reduction wave was
assigned to the reduction of one of the products formed.
The additional reduction wave was irreversible, which also
indicated that the initial product converts into the original
complex rapidly and quantitatively. It should be noted that
the first oxidation wave was essentially unperturbed by ad-
dition of water, indicating that the Mn"Mn'™ state is stable
with regard to changes in ligand coordination.

From FTIR spectroscopic analysis, in CH;CN with D,O,
it was apparent that the Mn"Mn!! and MnMn™! com-
plexes show less tendency to undergo exchange of the acet-
ato ligands with water than does 14 in its Mn""Mn"" oxid-
ation state. Furthermore, the absence of IR absorption from
acetic acid indicated that water binds as aquo rather than
in the hydroxido or oxido form.['%]

Anderlund et al.l'%! reported a di-p-acetato bridged di-
nuclear manganese complex, {[Mn"Mn"L(u-OAc),]*}
(15), with a non-symmetric ligand, L = 2-{[bis(pyrid-2-yl-
methyl)amino]methyl}-6-{[(3,5-di-zert-butyl-2-hydroxybenz-
yl)(pyrid-2- ylmethyl)amino]methyl}-4-methylphenol, that
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Figure 5. Cyclic voltammograms (0.100 Vs™') of 14 (2mwm) in
CH;CN with (a) 10% (v/v) of water and (b) neat CH;CN with
0.1 M [(n-C4Ho)N][CIO,] as supporting electrolyte. Inset: Second cy-
cle. Reproduced with permission from ref.l'°!l Copyright RSC
(2005).

provided N3;O; and N,O, coordination at the Mn"* and
Mn""*D* centres, respectively (Figure 6).
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Figure 6. Complexes 15.

The crystal structure of the complex showed that
the terminal phenoxyl ligand coordinated to the Mn!!!
centre rather than to the Mn"' centre. The assignment of
Mn"™™Mn™ redox state was confirmed by its magnetic mo-
ment of 7.20 BM at room temperature, which is slightly
lower than the expected value of 7.6 BM, and at low tem-
perature of 1.79 BM, which was close to the expected
1.73 BM. FTIR spectroscopy showed absorption bands at
1590 cm™ (s, v,C-O, carboxylato); 1441 cm!(s, v,C-O,
carboxylato) in the solid state and the similarity with the
spectrum of the complex in anhydrous CD3;CN confirmed
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that the di-p-acetato bridging remained intact upon dissol-
ution.

One-electron reduction, by electrolysis at -0.93V,
resulted in the appearance of an EPR spectrum (at 12 K)
that was typical of a weakly coupled [Mn"Mn"L(u-
OAc),] complex together with a loss of visible absorbance.
The Mn"™Mn'" complex was recovered after reoxidation at
0.08 V. Bulk electrolysis at 0.57 V yielded an EPR silent
product, which was assigned to a {Mn™Mn™(u-OAc),}>*
core. The product of the electrolysis at 0.82 V was not iden-
tified because of the instability of the oxidised complex, as-
cribed to oxidative degradation of the ligand and liberation
of Mn", as observed by EPR spectroscopy.

The redox properties of 15 were compared to those of
the symmetric analogues [Mn"™Mn'(bpmp)(u-OAc),]* (14)
and [Mn™Mn™(bhpp)(u-OAc),]* {17, where bhpp is 1,4-
bis[(2-hydroxybenzaldehyde)propyl]piperazine}, which
present (N303), and (N,O,4), donor sets, respectively.*$-104]
Higher oxidation states were found to be stabilised by the
increase in the number of oxygen donors; however, metal
oxidation states higher than Mn™Mn'" could not be ob-
tained by bulk electrolysis in non-aqueous solvents.

The presence of bridging acetato ligands in all three oxid-
ation states Mn"™™n", Mn™n™ and Mn™Mn™ was con-
firmed by FTIR spectoelectrochemistry with Av = v, — v
for the acetato ligand of 120, 170 and 220 cm™!, respec-
tively.['! Ligand exchange reactions for 15 and the oxid-
ation states higher than Mn"Mn"" were also investigated
in aqueous acetonitrile. An increase in water concentration
resulted in depletion and replacement of the bands of the
bridging acetato ligands (v,, 1590 cm™!, ¢ = 4170 M ' cm™})
by the broader and weaker v, band of unbound acetate
ions at lower frequency (1574 cm™, ¢ = 840 m! cm™). It
was concluded that one of the acetate bridges was replaced
readily by two terminal aqua ligands, whereas the second
acetate remained coordinated even at the highest concentra-
tions of water (up to 30 M) employed. In contrast, for the
bpmp analogues, both of the acetato ligands were replaced
under these conditions together with formation of both ace-
tic acid and acetate. Oxidation of 15 in acetonitrile/water
at 0.47V (vs. Fc™?) to form the Mn'"Mn'"! complex and
subsequent oxidation at 0.72V vs. Fc*Y to generate the
Mn""Mn'V state led to the appearance of acetic acid (1725,
1380 and 1300 cm™!), which confirmed that the water-
derived ligands are at least partly deprotonated upon oxid-
ation of the Mn centres. Hence, in higher oxidation states,
the water-derived ligands are present as oxido- or
hydroxido-bridges.

Complex 15 undergoes photooxidation to a Mn'""Mn'Y
complex in the presence of [Ru'(bpy);]** and the electron
acceptor [Co™(NH3)sCI]**, in aqueous organic solution.”!
It was proposed that the product bears a di-p-oxido or di-
p-oxido/hydroxido bridging motif in place of the p-acetato
ligands. Further photoinduced oxidation of this complex
might result in the formation of a Mn™VMn!Y or Mn!-
Mn!VL* product with a ligand-based radical. The estimated
redox potential of the Mn™"Mn!Y/Mn""Mn'"! couple of the
Mn""Mn'Y complex obtained was within a desirable poten-
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tial range with respect to the average potential of 0.81 V vs.
NHE (at pH 7) required for water oxidation.

The key attraction of multinuclear manganese complexes
based on the 1,4,7-triazacyclononane (tacn) family of li-
gands is their thermodynamic stability and extensive redox
and coordination chemistry. In the mid-1980s, complexes
based on this ligand and its analogues were studied spectro-
scopically and electrochemically by Wieghardt et al.,[°>-%
with a focus on mimicking the structure and function of
manganese-based enzymes.['’l  Application to laundry
cleaning was reported in the mid-1990s.'1 Hage et al.[>3
described the pH dependence of the physical and electronic
properties of [Mn'YMn'V(u-O);(tmtacn),]** (18) in CH;CN
and water. Complex 18 undergoes protonation only with
concentrated strong acids (e.g., H,SO4, HCIO,4). The v,
(670 cm ™) and vs. (701 cm™!, /oy = 488 nm) Mn—O—Mn vi-
brational modes in the IR and Raman spectra of 18, respec-
tively, were identified by '80-labelling. Protonation resulted
in a shift in both bands to 683 cm™!' with an increase in the
Mn—O-Mn angle (78° to 81°).l'7] The reduction potential
of 18 is surprisingly negative, given that the complex is in
the Mn"™VMn'V oxidation state and was attributed to the
strong o-donor properties of the three p-oxido ligands.['%®]
The EPR spectrum of the Mn"™Mn'V species generated by
using the one-electron reductant Co(Cp), showed the char-
acteristic 16-line spectrum with a hyperfine coupling con-
stant (ap,) of ca. 69 G at 77 K111 [n acetonitrile, it
was proposed that the reduced species contained either a
Mn""Mn"V(u-0); core or a Mn"™Mn!"V(u-0),(u-OH) core

with similar Mn—O-Mn angles to those of the parent com-
pound on the basis of FTIR and UV/Vis spectroelectro-
chemistry. The band at 668 cm ™! [v,(Mn—'°O-Mn)] reflects
the Mn—-O-Mn bond angle and does not change upon re-
duction. The bands at 791, 990 and 1007 cm ™! decreased in
intensity and a new band at 1016 cm™' appeared. Similarly,
in aqueous solution, reduction of 18 also leads to a complex
with a Mn™Mn"™V(u-O),(u-OH) core; however, in citrate
buffer a positive shift in reduction potential is observed be-
low pH 4, consistent with a le/1H* coupled reduction. As
would be expected, in the one-electron reduced state (i.e.,
Mn!'""Mn'V), the pK, (protonation of one of the p-oxido
ligands) increased to ca. 4. Notably, however, reductive bulk
electrolysis of 18 in aqueous citrate buffer at pH 3.5 resulted
in the appearance of two absorption bands at 485 and
515 nm and a weak band at 725 nm, which are characteris-
tic of a [Mn"Mn"(u-O)(u-RCO,),(tmtacn),]** species®
rather than to 18 in the Mn"Mn!Y oxidation state.
Although Mn-tmtacn complexes were shown to be cata-
lytically active in oxidations with H,O, (see below), already
in the mid-1990s,199 it was discovered that certain
additivest!'>-116] can play a role in enhancing their catalytic
performance, which prompted renewed interest in the
redox- and solvent-dependent coordination chemistry of
the complexes. One such class of additives were carboxylic
acids. As will be discussed below, the conversion of the tris-
p-oxido bridged complex 18 into bis-p-carboxylato com-
plexes such as 7-9 was found to be central to the catalytic
activity observed in several cases.I'!”-!18] This reaction re-

/O\ To+
18 | MO =mnL
o]
b+t
g 13+
Mn'VL40>Mn'VL
7
+ 4e\2 CCl3CO,H
CCly * .
H H H H
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Scheme 2. Summary of redox chemistry of 18 and 9a-d in 0.1 M TBAPF¢/CH;CN in the presence of CCl;CO,H (L = tmtacn).*?!
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quires reduction of 18 from a Mn'VMn!Y oxidation state to
a Mn"Mn"" state, together with exchange of two p-oxido
ligands with two p-carboxylato ligands. In an effort to
understand this process in detail, de Boer et al.l®>!%] inves-
tigated the redox-dependent coordination chemistry of both
18 and bis-p-carboxylato species, such as 9a, under condi-
tions employed in the catalytic oxidation of alkenes. A rela-
tively complex, but nevertheless well defined, interplay was
noted between redox state, pH, carboxylic acid and water
in determining both the initial conversion of 18 and the
species present under catalytic conditions (Scheme 2).

As noted by Hage et al.,[>3 the one-electron reduction of
18 at —-600 mV (vs. SCE) undergoes a shift and becomes
an irreversible four-electron reduction at ca. -0.2 'V in the
presence of carboxylic acids in water. de Boer et al.’?! ob-
served a similar effect of carboxylic acid in acetonitrile. The
species formed initially upon reduction is the colourless
Mn"™™n!" complex 9¢, which can undergo subsequent oxid-
ation to form initially the Mn', complexes 9d followed by
a loss of H,O to form 9a (Figure 7 and Figure 8). In con-
trast to trichloroacetic acid, when acetic acid is present, the
p-oxido bridged dinuclear complex 18 is formed immedi-
ately upon oxidation, which is consistent with ESI-MS data
for the effect of the carboxylato ligand on '80 exchange
(see above).
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Figure 7. Cyclic voltammogram of 18 in CH3CN (0.1 m KPF)
(a) with 10 equiv. CCI;CO,H 0.1 Vs~! in CH3CN/0.1 m KPFg, be-
fore (i) and after (ii) bulk reduction at —0.2 V. Reproduced with
permission from ref.®?! Copyright ACS (2007).

The redox chemistry of 9a highlights the interplay of re-
dox state, H,O and pH in controlling the coordination
chemistry of manganese complexes. The p-hydroxido
bridged Mn""Mn'" complex 9b undergoes reversible one-
electron oxidation to [Mn"Mn"(u-OH)(u-CCl;CO,),-
(tmtacn),]>* at 0.53 V in acetonitrile (Figure 9). Addition of
carboxylic acid, however, results in the immediate opening
of the p-oxido bridge to form the {Mn"™n'(u-O,H3)}
complex 9c. In the presence of CCl3CO,H, 9¢ undergoes a
two-electron oxidation at E,, = 1.03 V (vs. SCE) to a
{Mn""Mn"(u-O,H3)}, which is more acidic and undergoes
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Figure 8. UV/Vis spectroscopy of 18 (1 mm) with CCl3;CO,H
(10 mm) in CH3;CN/0.1 M KPFg4. Before (thick line) and after
(dotted line) bulk reduction at —0.2 'V, and after bulk reoxidation
at 1.1 V (thin line). Reproduced with permission from ref.’?! Copy-
right ACS (2007).

deprotonation to form the {Mn™Mn"(u-OH),} species 9d
(Scheme 2).

The Mn""Mn'"! complex 9a, which is the primary species
observed under catalytic conditions, undergoes a reversible
oxidation to the Mn™Mn!V state and reversible one-elec-
tron reduction to the Mn™n'"" oxidation state (Figure 8).
Addition of 1 equiv. or more of a carboxylic acid resulted
in the reduction changing to an irreversible two-electron
process. Thin-layer voltammetry demonstrated that the
product of the reduction was 9c.

Overall it can be concluded that the rates of exchange of
bridging oxido and carboxylato ligands, which are of par-
ticular relevance to biological systems, are heavily affected
by both oxidation state and the electron-donating ability of
the ligands. Lower oxidation states, in addition to higher
exchange rates, also tend to favour the less strong sigma-
donor carboxylato over oxido and hydroxido ligands. The
mechanism of exchange appears to follow a general trend
of protonation of the oxido bridging ligands followed by
exchange with water or carboxylates. Understanding the in-
timate relationship between changes in redox state and
changes in the coordination environment of multinuclear
manganese complexes is essential for elucidating the mech-
anistic pathways through which such complexes engage.

2.4. Manganese-Catalysed Disproportionation of H,O,

Catalase enzymes protect cells from oxidative stress by
disproportionation of H,O, into O, and H,O, through se-
quential oxidation and reduction of H,O,. Many catalase
enzymes are based on iron, however, several enzymes utilise
manganese including those isolated from Lactobacillus
plantarum,'?°V Thermus thermophilust'>'' and Thermoleophi-
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Figure 9. (left) Cyclic voltammetry of 9b (1 mm) in CH3;CN/0.1 M (TBA)PF; in (a) the absence and (b) the presence of 10 mm CCl;CO,H.
Initial scan direction from the open circuit potential is cathodic in each case. Scan rate: 0.1 Vs!. (right) Cyclic voltammetry of 9a (1 mm)
in CH3CN/0.1 M (TBA)PF; (i) in the absence and (ii) in the presence of 10 mm CCl;CO>H. Reproduced with permission from ref.’?!

Copyright ACS (2007).

lum album '?>123] Catalases containing a binuclear manga-
nese active site have been proposed to employ a {Mn(u-
RCO,)(u1-O/OH)Mn} structural unit with coordination by
histidine and glutamate side chains and a range of Mn!l-
Mn!l, Mn"™n™, Mn™Mn™ and Mn™Mn'V oxidation
states.'>1241 H,0, disproportionation is achieved by such
catalases through cyclical changes in the bridging ligands
that accompany the changes in redox state; that is, in 7
thermophiles catalase, a p-carboxylate ligand (Glu), a p-OH,
and a u-OH, are present in the Mn"Mn!' oxidation state,
whereas a p-oxido bridge is present in the Mn™Mn™ oxid-
ation state.'>>] The design of manganese complexes that en-
gage in catalase activity has received considerable attention
over the last decades, focusing on the effect of redox state,
redox potential, nuclearity, coordination asymmetry and
inner-sphere ligand rearrangements.['10-126-127-128] However,
elucidating the mechanisms by which catalysts dispropor-
tionate H,O» is highly challenging because of the high turn-
over frequencies encountered; hence, typically only the rest-
ing state of the catalyst is observable.

A series of six-coordinate Mn"Mn'"" and Mn'"Mn™
complexes with binucleating salen type ligands and alkoxide
bridges were reported as functional models for cata-
lases,[110-129-130.1311 a]heit with catalytic efficiencies approxi-
mately 575 and 3160 times lower than those of L.
plantarumt321331 and T. thermophiles enzymes,['3* respec-
tively. [Mn'Vsalpn(u-O)], {salpn = 1,3-bis(salicylidene-
amino)propane} is one of the more efficient functional
mimics, however, in contrast to enzymatic systems, it
cycles between Mn'VMn!'Y and Mn"Mn' oxidation
states.[!3313¢] Indeed, only a few of the reported synthetic
catalase mimics operate through a Mn'"Mn"/Mn'"""Mn"" re-
dox cycle.110:126.130.131.134,137.138] Tt wag also demonstrated
by reactions with deuterium peroxide that proton transfer
plays an important role both in complex formation and in
the rate-limiting step.[!3°]

Dismukes et al.l'4% studied the effect of the bridging -
hydroxide on p-carboxylato coordination of manganese
complexes in detail as a functional model of dimanganese
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catalases. Two Mn"Mn!' complexes and their correspond-
ing Mn™Mn"" complexes, based on ligands containing N-
alkylated benzimidazoles (Figure 10), were studied in solu-
tion in the presence of O, under basic conditions to eluci-
date the mechanism by which they disproportionate H,O».
Given that the structural changes that these complexes un-
dergo are highly typical of dinuclear manganese complexes
and give valuable insight into the driving force behind cata-
lase activity, in the following section their chemistry will be
discussed in more detail. Furthermore, this series of reports
highlight the benefits of a multi-technique approach (i.e.,
UV/Vis absorption, EPR, 'H NMR and FTIR spec-
troscopy and mass spectrometry) in speciation analysis.
The complexes 19-22 remain in the Mn™n!! oxidation
state under anaerobic conditions, in methanol and acetone,
but nevertheless undergo reversible pH dependent changes
in the coordination of the alkyoxy bridge, hydroxido and
carboxylato ligands. The EPR spectrum of 19 in acetone is
similar to that of manganese catalase from 7. thermophiles
in its Mn"™™n'" oxidation state.['38] In the presence of
5 vol.-% water, however, a characteristic six-line signal of a
mononuclear Mn'! species at ¢ = 2 and a broad low-field
signal at 1100-1600 G were observed for 19, attributed to
a spin-uncoupled dinuclear Mn"Mn'! species. The six-line
signal disappeared upon the addition of NaOH, whereas
the intensity of the signals of the spin-coupled species in-
creased. The addition of NaOD to a solution of 27 in
MeOD resulted in a decrease in the '"H NMR signal at &
= 22.8 ppm assigned to the methyl group of the bridging
acetate!!*!l and to the appearance of a new signal at § =
1.90 ppm, consistent with the conversion of the p-bridging
acetato ligand into a labile monodentate coordination
mode. This monodentate ligand is in equilibrium with the
unbound acetate, which appeared at 6 = 1.89 ppm, hence
the signal at 6 = 1.90 ppm showed a large coupling constant
(J = 24 Hz). The conversion of 21 from the Mn"Mn'! into
the Mn™Mn!'!" oxidation state in methanol is reversed upon
addition of DCI. The same behaviour was observed with
22, in which a p, 3-chloroacetato bridging ligand is present
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Figure 10. Structure of manganese complexes 19-28.

instead of a p-acetato bridge. In the case of 19 only six
broad signals were observed by 'H NMR spectroscopy
upon addition of NaOD, which are assigned to the D,O
exchangeable protons on the benzimidazole moieties.

The coordination mode of the carboxylato group of the
complexes was determined by FTIR spectroscopic analy-
sis.14l Complex 19 showed two modes at 1564 and
1427 cm™! assigned to the asymmetric and symmetric
stretching mode of a symmetrical p-bridging acetato ligand
(Av = 137cm™!). The FTIR spectrum of the Mn"Mn!!!
form of 19 showed absorptions at 1564 cm™! that disap-
peared while a new strong absorption at 1627 cm™' ap-
peared, which was assigned to the monodentate coordi-
nated acetate (the absorption from noncoordinated carb-
oxylate appears at 1578 cm™'). Furthermore, a new absorp-
tion band appeared between 583-590 cm™!' that was as-
signed to a (Mn—-O-Mn) stretch.

The reversible protonation of the alkoxide moiety of
the ligand, and its dissociation from one of the Mn!!
centres, in the presence of water was proposed based on
these data.

The UV/Vis absorption spectra in methanol of com-
plexes 19-22, in the Mn'"Mn!! oxidation state, are unaffec-
ted by addition of hydroxide in the absence of oxygen. In
the presence of oxygen however, three absorption bands ap-
peared at 425, 472 and 760 nm, which were assigned to li-
gand field transitions of Mn™™" or Mn™Mn'"" complexes in
low symmetry environments (or possibly LMCT transi-
tions) based on earlier studies of the reaction between 19
and H,O,. The observation that 21, which is based on N-
alkylated benzamidazoyls, shows the same changes as those
of 19 and 20 confirms that the changes are not due to
simple deprotonation of the benzimidazole groups. Further-
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more, under basic conditions in the presence of oxygen, the
EPR signals related to the Mn!"Mn'!' species diminished,
which is consistent with the formation of dinuclear
Mn""Mn'"" species. These data indicate the ease with which
the Mn""Mn!! complex can undergo oxidation when stabi-
lised by anionic ligands.

Although signals were not observed for 19 or 20 by ESI-
MS, signals were observed for 21 and 22 with a base signal
at m/z 989 for 21 assigned to {[L’Mn""Mn"(u-OAc)]-
(ClOy)}*. Its intensity decreased upon addition of NaOH
and two new signals appeared at m/z 1048 and 949 assigned
to {[LMn"Mn"(u-0)](ClO4),}* and {[L>Mn™Mn"(p-
0)](Cl04)}*. Notably, no evidence for an acetato ligand
bound to the Mn™Mn"(u-O) complex was obtained in the
presence of more than 2 equiv. of NaOH, whereas for the
Mn"™™Mn"" complexes of 19 and 21, a bound acetate was
observed (Scheme 3). It was suggested that there is an un-
bound or weakly bound acetate that dissociated under the
conditions of the ESI-MS for the oxidised complex
Mn"™Mn!!, because a bound monodentate acetate was ob-
served by '"H NMR spectroscopic analysis (see above).

In summary, carboxylato and hydroxido ligands undergo
relatively facile exchange when the complex is in the
Mn""Mn!' oxidation state, with both monodentate and
bridging coordination modes being observed for both li-
gands (Scheme 4). These changes in coordination mode of
the carboxylato ligand, from bidentate to monodentate, are
central to allowing other small molecules to bind to the
manganese ions, in a process referred to as a carboxylate
shift, to provide a free site on the manganese centre for
coordination. Importantly, as the oxidation state is in-
creased, the exchange of carboxylato ligands for oxido li-
gands and especially bridging oxido ligands becomes in-
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Scheme 3. Structural changes occurring upon addition of NaOH to 19 in acetone.
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Scheme 4. Activation and catalytic cycling between Mn"Mn'! and Mn™Mn'!! redox states.

creasingly pronounced, and is driven, in part, by the stabili-
sation that these more electron-rich ligands provide.

The redox state and hydroxide dependence of the coordi-
nation chemistry of 19 provided a basis for understanding
the detailed mechanism involved in the disproportionation
of H,O, catalysed by these complexes.['3”) The decomposi-
tion of H,O, in methanol by 19 is characterised by a lag
phase, which is decreased by pre-equilibration of the com-
plex with ca. 2 vol.-% water. In addition, the reaction rate
was increased 5-6 fold by addition of water. A Michaelis—
Menton model for the reaction, i.e., binding of peroxide to

Eur. J. Inorg. Chem. 2015, 3432-3456
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the catalyst followed by release of water and oxygen, was
assumed, and the k., and K, values for 19 showed a cata-
Iytic efficiency (kea/Kni) 10°—10° times lower than those of
catalase enzymes from 7. thermophilus!>* and from T
album 132 Further reductions in lag time or increase in re-
action rate were not observed upon further increases in the
water content. The effect of water was proposed to be due
to dissociation of the p-acetato ligand and, indeed, addition
of excess acetate resulted in an increase in the lag phase and
reduction in reaction rate. Notably, addition of 1 equiv. of
NaOH removed the lag phase completely and resulted in
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an increase in reaction rate with the observed rate constant
(kops) of 1 M 's7! increasing to 92 M !'s™! (with 5 equiv. of
NaOH) and to 100 M 's™! (with 8 equiv. of NaOH). The
increase in reaction rate was ascribed to the deprotonation
of the H,O,. Similar behaviour was observed with 21, indi-
cating again that deprotonation of the benzimidazoles in 19
was not involved, and is consistent with the formation of
the complex [LMn"™n"(u-OH)(u-OAc)]*.11401 It was pro-
posed that, upon the addition of water, [LMn"™™Mn'(u-
OH)(u-OAc¢)]** is formed, which deprotonates spontane-
ously to form the catalytically active species [LMn"Mn!!(u-
OH)(u-OAc)]* (25) and the (inactive) [LHMn"Mn"(p-
OAC)** (29), which was observed by EPR spectroscopy as
a spin-uncoupled Mn" species and shows lower activity
towards H,O, disproportionation. Hence, only a partial eli-
mination of the lag phase was observed in the presence of
water. In contrast to the decrease in the reaction rate upon
the addition of more than 2% water without hydroxide, in-
creasing the amount of water from 98:2 v/v methanol/water
to 11:89 v/v methanol/water for 29 and the presence of
5 equiv. NaOH resulted in an increase in the k., from 9.2
to 24.8 M 's™!, which was attributed to an enhancement of
the rate of proton exchange. In the presence of the nonco-
ordinating base 2,6-di(tertbutyl)pyridine, no change in the
lag phase nor in O, evolution rate was observed for com-
plexes 19-22, confirming that ligand deprotonation is not
involved.

The 'H NMR spectrum of 23 (which was generated by
addition of 4-5 equiv. of NaOH to 21) in CD;OD was sim-
ilar to that of 27 (which was obtained by addition of

||/ ~

1 equiv. of NaOH to 21) after addition of 10 or 20 equiv.
H»0,. The dependence of reaction rate on the concentra-
tion of 23 indicated that it is the resting state in the catalytic
cycle. '"H NMR spectra obtained under catalytic conditions
showed only one Mn™Mn'" complex with two pairs of
nonequivalent N-H protons and a monodentate acetato li-
gand on one of the manganese ions. It was also suggested
that 27 and 23 are in equilibrium in aqueous solvents, and
that the substitution of the hydroxido ligand by H,O, is
facilitated by protonation. The rate-limiting step in the
H,O0, disproportionation was proposed to be the oxidation
of the Mn"Mn" to a Mn™Mn!"! species. Hence, for 25,
which is oxidised at lower potentials than 19-22, the 6.5-
fold increase in k., was rationalised as being due to a low-
ering of the activation energy in the oxidation step.

Based on kinetic studies of the catalysed decomposition
of H,0O, and also on previous speciation analysis of these
complexes, the mechanism shown in Scheme5S was
proposed for the disproportionation of H,O, catalysed by
the hydroxide-containing derivatives of complexes 21 and
22.

Complex 25, which bears three p-bridging anions, is in
equilibrium with species 25a, which bears a terminal acetate
and aqua ligand. The increase in the rate of the reaction
with complex 25 and 28a’ was proposed to be due to the
lower activation barrier to oxidation compared with that of
19, which does not bear an OH group. This hypothesis re-
quires that the rate-limiting step is oxidation of 25 or 25a
to a Mn'""Mn'"" species such as 23. The thermodynamically
favourable displacement of H,O by H,O, (25a to 25b to

Mn
\ ~
| 8 |
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Scheme 5. Catalytic cycle for disproportionation of H,O, by 19-22.
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25¢) is facilitated by the presence of the hydroxide
bridge,['*% and the propensity for the acetato ligand to
switch between bridging and monodentate coordination. In
the next steps (25¢ and 23), cleavage of the p-hydroperoxide
ligand is coupled with oxidation of the Mn"Mn"! complex
to the Mn"Mn'" state. Binding of a second molecule of
H,0, occurs and transforms 23 into 31 with stabilisation of
31 through intramolecular H-bonding between the terminal
hydroperoxide and acetato ligand. The last step involves the
re-formation of complex 25/25a by protonation and re-
duction of 31 and formation of O,.

The effect of base (specifically hydroxide) on the coordi-
nation chemistry of manganese complexes, and, in particu-
lar, the reversible displacement of carboxylato ligands is a
general phenomenon and, as will be shown in the following
selected examples, is a key driving force in cycle redox reac-
tions in manganese catalysts.

Singorella et al.l'*3 reported a water-soluble Mn"'Mn'!!
mimic of the active site of manganese catalases: Na-
[Mn"IMn"(3-Me-5-SO5-salpentO)(u-OAc)(u-OMe)(H,O)]:
4H,0 (32), for which 3-Me-5-SOj3-salpentOH = 1,5-bis(3-
methyl-5-sulfonatosalicylideneamino)pentan-3-ol, and de-
scribed its catalase activity in protic and aprotic solvents.
The IR spectrum of 32 showed absorptions at 1558 and
1432 cm™!, characteristic for the asymmetric and symmetric
stretching vibrations of a pu-OAc ligand. The paramagnetic
'H NMR spectrum of 32 in CD;OD confirmed that this
complex retained its dinuclear structure in solution. Ad-
dition of NaOH (from 1 to 5equiv.) did not result in a
change in the aromatic hydrogen signals, but the intensity
of the hydrogen signals of the bridging acetato decreased
and eventually disappeared upon addition of 5 equiv. base.
These observations, together with ESI-MS, suggested that,
in basic solution, the bridging acetato is converted into a
monodentate terminal ligand.

The exchange of the carboxylato ligand with hydroxide
and hydroperoxide'* in five complexes [Mn™"Mn"(p-4-
RCcH4COO)1(p-0)(bpy)>(H>0):J(NO3), {R = Me (33), F
(34), CF; (35), MeO (36) and tBu (37)} was investigated by
Corbella et al. Complexes 33-37 showed activity towards
the catalytic disproportionation of H,O, in CH;CN at
25 °C, with the rate increasing with concentration. The effi-
ciency of the complexes was found to correlate with Ham-
mett parameters for the R groups of the carboxylato li-
gands: 36 (MeO) > 37 (tBu) > 33 (Me) > 34 (F) > 35
(CF3). The minor difference in the catalytic activity of 34
(F) and 35 (CF;) was attributed to the difference in the
structure of these complexes. UV/Vis absorption and EPR
spectroscopy before and after addition of H,O, indicated
that Mn'"Mn"" complexes were formed upon addition of
H,0,, with no evidence for mixed-valence species such as
Mn"™Mn™ or Mn'™Mn'. The integrity of the complexes
towards ligand dissociation was supported by their activity
over multiple cycles of addition of H,O, compared with
that of Mn(NO5),.

Latour and co-workers!'*! studied the reactivity of com-
plexes 38-41 to explore the influence of the number of car-
boxylato moieties in the tripodal ligands on electronic prop-

[145]
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erties and activity towards H,O, disproportionation, mim-
icking the carboxylato-rich active site of the manganese cat-
alase enzymes (see above) (Figure 11). The corresponding
Mn'""Mn"(u-O), complexes were generated by one-elec-
tron reduction. '80 labelling allowed for assignment of the
Mn—O,;4, stretching band at 660 cm™'. The results showed
a trend in the exchange interaction, which became less anti-
ferromagnetic in the order: 38 (-/ = 161=5cm™!) < 39
(-J =142+5cm™!) < 40 (-J = 1339 cm™'). This order
corresponds with the strengths of the Mn—O,;q, bonds, as
revealed by the structural and infrared studies, indicating
that the nature of the carboxylato ligands affect the strength
of the Mn—-O-Mn bonds.

|\ N I\ A N |\
N N A ]/N\N/
7\

tra \_ H(bpg)
HO,C” N" CO,H | NN coH
_N
COH CO,H
Hs(nta) Hy(pda)

Figure 11. Structure of ligands used in the complexes 38-41;
[Mn!Mn™ (1-0)y(tpa)sJ(ClO,);  (38),  [Mn!'Mn!¥(1-O)a(bpg)s]-
(C10,) (39), {[Mn;(pda)>(0),]Na(H,0)e} , (40) and [Mny(O)s(nta)s -
Nas; (41) {where tpa = tris-picolylamine, H(bpg) = bis-picolyl-
glycylamine, Hsz(nta) = nitrilotriacetic acid, H,(pda) = picolyl-
diglycylamine}.

Complex 38 and 39 showed two reversible redox couples
[i.e., reduction to the Mn™Mn!(u-O), species and oxid-
ation to the Mn"VMn'V(u-O) species]. Replacement of pyr-
idine moieties by carboxylates lowered the oxidation poten-
tial of the Mn™"Mn"/Mn"™Mn!"V and Mn'"Mn!Y/
Mn"™VMn'V redox couples as expected due to stabilisation
of higher oxidation states by anionic carboxylato ligands.
The exchange of the p-oxido ligands was determined in
acetonitrile and acetonitrile/methanol (4:1) by ESI-MS and
showed that replacement of pyridine moieties by carboxyl-
ates accelerated the rate of exchange. A similar effect was
observed upon reduction of the {MnMn(u-O),} core from
the mixed-valent state {Mn™Mn'V} to {Mn"™Mn""}, for
which the exchange rate of p-oxido ligands was increased
by a factor of 84. Given that p-oxido exchange involves the
deprotonation of a molecule of water, it was suggested that
the basic character of the carboxylate moiety could play a
significant role in the observed rate enhancement.

Addition of HCIO, to 38 in acetonitrile inhibited the dis-
proportionation of H,O,, whereas addition of trimeth-
ylamine increased the reaction rate. These observations are
consistent with the increase in H,O, decomposition rate ob-
served upon substitution of pyridine moieties by carboxyl-
ato moieties. In the case of the Mn™"Mn!Y complexes, EPR
spectroscopy showed that the 16-line spectrum was lost at
the end of the reaction and was replaced by a poorly re-
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solved six-line EPR spectrum typical of Mn'". ESI-MS, to-
gether with H,'®0, (3% in H,'°0), showed that immedi-
ately after addition of H,O,, 39 incorporates oxido ligands
from H,O,, which are lost subsequently by exchange with
the H,'0; this suggested that the p-oxido bridged complex
is formed and broken in the catalytic cycle. The higher reac-
tion rates observed for the carboxylate-bearing complexes
was related to the ability of carboxylate ligands to act as
internal bases. This effect is important in the catalase reac-
tion because deprotonation of H,O, provides protons for
transfer to p-oxido ligands, which can dissociate as water.

Overall, it can be concluded that in the functional models
for dinuclear manganese based catalases, carboxylato shifts
as well as exchange of bridging aqua ligands, is key to un-
derstanding the observed activity. Importantly, the changes
in coordination mode as the redox state shuttles between
lower and higher oxidation states make reduction and then
oxidation of H,O, thermodynamically feasible.

4. Mechanistic Studies in Manganese-Catalysed
Alkene Oxidation in Organic Solvents

Catalytic activation of H,O, and O, has been a highly
active area of research over the last few decades, with cata-
lysts based on transition metals at the forefront of these
efforts; in particular those based on titanium,!'#®! vana-
dium,!71 rhenium#81 and tungsten,!'*°! primarily in their
oxide forms and on iron, copper and cobalt, with carboxyl-
ate, amine and pyridyl based ligands. Manganese, the focus
of the present review, and its complexes have seen wide-
spread application in both fine and bulk chemical processes
as catalysts for the activation of H,O, especially.[>74 In the
many oxidation reactions catalysed by manganese com-
plexes, the active species involved in oxygen transfer and in
C-H oxidation is frequently proposed to be a MnV=0 moi-
ety (e.g., LMnV=0).37:38150.151] Observing such active spe-
cies is, however, highly challenging and those MnY=0 com-
plexes that have been isolated from solution have been
found to be either incapable of converting olefins into
epoxides or relatively unreactive at most.['3>154 Isotope
labelling with '80 has therefore proven to be invaluable in
establishing MnY=0 species as active intermediates in
olefin epoxidation.[32:155.156]

H20,
+ OH
(Me,EBCMn''—C! (Me,EBC)Mn!
c -20r

Vadd

Manganese porphyrins and salen complexes have been
studied intensively in epoxidations with a wide range of oxi-
dants, primarily iodosylarenes, alkylhydroperoxides, meta-
chloroperbenzoic acid (mCPBA) and hypochlorite.[’3 Acti-
vation of H,O, is the primary focus of this review and a
few examples of porphyrin complexes, employing H,O, as
terminal oxidant, have also been reported.['>”] H,O, dis-
proportionation by manganese salen complexes usually
competes with epoxidation, reducing the efficiency of the
oxidant. However, additives with bulky groups, such as
imidazoles and carboxylates, which promote the formation
of the MnV=0 intermediates, as ascertained by ESI-MS as
the actual epoxidising species, improved the performance of
these catalytic systems. For a detailed discussion of manga-
nese porphyrin, Schiff base and salen!'>®! based systems, the
reader is referred to several reviews covering these catalyst
systems.[! In this section, several examples of manganese-
based catalytic systems will be discussed in regard to mech-
anistic insights gained.

Busch and co-workers have studied the complex [Mn'!-
(Me,EBC)](Cl),, based on the cross-bridged cyclam ligand
Me,EBC (4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hex-
adecane), as a catalyst for oxidation reactions.l'>1 UV/Vis
absorption spectroscopy of Mn'', Mn™ and Mn"Y com-
plexes of this ligand upon reaction with H,O, or fBuOOH,
in an aqueous solution, showed no evidence for the
formation of a MnV-oxido species but, rather,
[Mn"V(Me,EBC)(OH),]> was confirmed to be the dominant
species under neutral and acidic conditions. The absence of
a stable Mn" species is understandable considering that the
ligand lacks the stabilising m-systems present in porphyrins
and salen-based ligands. It was proposed!'®! that the domi-
nant mechanism for epoxidation by Mn-Me,EBC em-
ploying H,O, is a Lewis acid activation pathway rather than
a high-valent Mn-oxo pathway; that is, formation of
[Mn"Y(Me,EBC)(O)(OOH)]* from [Mn'Y(Me,EBC)-(O)-
(OH)]*. This peroxy complex is an inorganic peracid and
transfers an oxygen atom directly to alkenes in a manner
similar to that observed with organic peracids (Scheme 6).
This mechanism was supported by ESI-MS under catalytic
conditions by the detection of a signal assignable to
[Mn"V(Me,EBC)(O)(OOH)]". Subsequent DFT studies by
Haras and Ziegler, also support a mode of action of these
complexes that involves a Mn'V-OOH species.!'®!]

inorganic peracid

OH H,0. /
2 (MeEBC) MY =0
o ligand exchange Y O\

()

N

Scheme 6. Proposed Lewis acid activation mechanism for epoxidation of alkenes using Mn"(Me,EBC)Cl, and H,0,.['*]

Eur. J. Inorg. Chem. 2015, 3432-3456

3446

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

MICROREVIEW

European Journal

of Inorganic Chemistry
4.1. Manganese-Catalysed Oxidations Involving in situ
Generation of Catalysts from Well-Defined Manganese
Complexes

In manganese-based catalyst systems, especially for alk-
ene oxidation, the use of additives to suppress H,O, dis-
proportionation and to enhance catalytic activity has been
widespread. Although this approach has increased dramati-
cally the scope and activity of the catalysts, it has also
raised many questions regarding the mechanism and the
often complex roles the additives actually play. Further-
more, the initial form of the complex used as catalyst is not
necessarily retained during catalysis and, indeed, different
additives can lead to fundamentally different reaction path-
ways being followed by one catalyst, as will be highlighted
in the following examples.

4.1.1. Manganese Polypyridyl Based Oxidation Catalysts

A rather extreme example of the changes that a catalyst
undergoes to form the active catalytic species is found in a
class of manganese complexes based on polypyridyl based
ligands.['®?] In early studies with this class of complexes it
was concluded that high-valent manganese-oxido species
were involved; however, as discussed above, such ligands are
unlikely to stabilise such species. A key challenge presented
by these systems with regard to mechanistic studies lay in
the extensive disproportionation of H,O, that competed
with oxidation of substrates. The instability of this ligand
class was first raised as an issue by Groni et al.l'6% in the
identification of products arising from oxidation at the
benzylic positions of these ligands. Quel'®* and, more re-
cently, Britovsek!'®3 and co-workers have also noted these
pathways for iron complexes.

Isolation of ligand degradation products by Pijper et
al.l1% Jed to the realisation that under certain conditions,
i.e., conditions used in several of the earlier studies!!®?
dealing with the oxidation of alkenes and alcohols, oxidat-
ive ligand degradation to pyridine-2-carboxylic acid (PCA)
was occurring rapidly under the reaction conditions. Im-
portantly, Pijper et al. demonstrated that it was, in fact, the
thus formed PCA that was the ligand responsible for the
epoxidation activity observed and not the polypyridyl li-
gands used initially (Scheme 7).

The manganese pyridine-2-carboxylic acid system sub-
sequently developed by Saisahal'®”l and Dong et al.['%® for
the cis-dihydroxylation and epoxidation of alkenes, as well
as alcohol and alkane oxidation,['® presented a consider-
able challenge with regard to mechanistic studies because
of the turnover frequencies (30 s'') and turnover numbers

\ N

7\ 4 "ligand

=N N-()2 degradation”
WN — [ ——
N 7 MnlH0,

AN

(> 300,000) that could be achieved and the low catalyst
concentrations employed (as low as 10 um), which essen-
tially precludes direct spectroscopic detection of reactive
intermediates. This challenge, however, does not mean that
insight into the mechanism by which oxidation takes place
cannot be gained by using spectroscopy. A key feature of
the system is the formation of the catalyst in situ from PCA,
a manganese salt, a base (e.g., NaOH or NaOAc) and, most
importantly, a ketone.l'®® The role of the ketone in the reac-
tion was shown, by UV/Vis absorption and Raman spec-
troscopy, to be to form a hydroperoxide adduct. The hydro-
peroxide formed was found to be the active oxidant in the
reaction and its formation was found to be rate controlling.
The characteristic n—n* absorption of butanedione, for ex-
ample, was almost completely lost within several seconds of
addition of H,O, but recovered after the H,O, concentra-
tion decreased to below that of the butanedione. Formation
of acetic acid by competitive oxidative decomposition of
butanedione was confirmed by '*C NMR spectroscopy and
constituted an important side reaction. The formation of
peracetic acid was excluded under the reaction conditions
employed, because peracetic acid does not react directly
with electron-deficient alkenes.[!6®]

The formation of pyridine-2-carboxylic acid from poly-
pyridyl ligands in itself is of only secondary importance;
i.e., as a route to catalyst deactivation. However, although
it is a very unlikely combination of conditions (i.e., the pres-
ence of a ketone solvent with acetate), the catalytic system
obtained from the ligand degradation products is highly
active in the oxidation of alkenes. This is perhaps an
extreme example of a general challenge facing mechan-
istic studies — the identification of the catalyst, resting state
and active species, actually engaging in the catalysis ob-
served.

4.1.2. Manganese tmtacn Based Oxidation Catalysts

As discussed above, the discovery of the catalytic activity
of complexes based on the ligand 1,4,7-trimethyl-1,4,7-tri-
azacyclononane (tmtacn), by Hage et al.l' in the mid-
1990s, prompted interest in the capability of these com-
plexes to engage the productive use of H,O, in oxidation
and bleaching catalysis. The application of manganese com-
plexes of tacn ligands in oxidation catalysis was reviewed
recently by Saisaha et al.’] and by Watkinson et al.,[517%]
and hence only aspects with regard to the coordination and
redox chemistry of the complexes and mechanisms will be
discussed in this section.

Several studies in the late 1990s demonstrated that the
catalytic activity of 18 increased with respect to catalytic

CO,H

active
catalyst

Mn'/H,0, OH oy £

and/ or

Scheme 7. Oxidative decomposition of polypyridyl ligands to pyridine-2-carboxylic acid (PCA), which was found to be the ligand respon-
sible for the manganese-based oxidation catalysis observed with H,O, and alkenes.['%°]
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oxidative transformations (such as alkene epoxidation) in
the presence of certain additives, together with suppression
of the disproportionation of H,0,.l'">"17 de Vos et al.
demonstrated that efficient epoxidation of a wide range of
alkenes with decreased H-,O, decomposition could be
achieved by addition of carboxylic acids such as fumaric
acid or the use of an oxalate buffered solution.['”!] Shortly
after, Berkessel and Sklorz[!'¥ noted that addition of L-
ascorbic acid and sodium ascorbate was also effective in
both regards. Shul’pin and co-workers demonstrated that
the addition of a large excess of acetic acid (with respect to
substrate) was effective in promoting the C—H oxygenation
activity of 18.140-172]

More recently, attention has focused on understanding
the mechanism by which 18 catalyses reactions and, in par-
ticular, the role played by the various additives that were
reported to enhance catalytic efficiency.>%%!17:1191 de Boer
et al. showed that carboxylic acids served multiple roles in
facilitating the oxidation of alkenes by 18; that is, to
protonate 18 and thereby shift its reduction potential posi-
tively to allow reduction, to suppress disproportionation of
H,0,, to act as a ligand in, for example, 9a and to stabilise
the complex under the reaction conditions. Notably, a sub-
stantial lag period prior to the onset of substrate conversion
was observed in reactions with 18 in which H,O, was added
continuously.”? The results of UV/Vis absorption spectro-
scopic analysis confirmed that at the end of the lag period a
sudden conversion of 18 into the bis-p-carboxylato bridged
complex 9a occurred concomitant with the onset of alkene
oxidation. Although the precise pathway for conversion of
18 into 9a is still unclear,!'’3! cyclic voltammetry and spec-
troelectrochemistry confirmed that the reduction of 18 by
H,0, is required prior to protonation (by a carboxylic acid)
of the complex and that, upon reduction, a rapid cascade
of reactions led ultimately to near quantitative conversion
of 18 into 9a (see above). The assignment of 9a as a resting
state of the catalyst was confirmed by the absence of a lag
period when it was used as catalyst in place of 18.

o
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4.1.3. Role of Carboxylic Acids in Catalysis with 9a

Identifying the role the carboxylic acid plays as a ligand
was key to understanding the effect that variation in the
carboxylic acids had on both reactivity (increasing with an
increase in the electron deficiency of the carboxylato ligand)
and selectivity with respect to epoxidation/cis-dihydrox-
ylation (with preference for the cis-diol product increasing
with the steric bulk of the 2,6-position of benzoic acids).l'!”]

A key question remained, however, as to the nature of
the species that engages in oxygen transfer to the substrate.
Regardless of its specific structure, with the exception of
oxalic acid,!''”! the conversion of alkenes into both cis-diol
and epoxide products began simultaneously at the end of
the lag period, which suggested that a common active spe-
cies is responsible for both cis-dihydroxylation and epoxid-
ation.[”? Furthermore, the oxidation activity of 18 (with
CCICO,H) observed in solvents other than acetonitrile,
e.g., acetone, tBuOH/H,O and tetrahydrofuran (THF),
correlated to the stability of 9a in those solvents; that is, the
less stable 9a was found to be, the shorter the time for which
reactivity was observed. A further point is that complex 9a
was found to be relatively stable in the presence of H,O»,,
whereas the related complexes 9b—c underwent conversion
into 9a upon addition of H,O,. It is apparent therefore that
9a is either a resting state in the cycle, with its reaction with
H,O, being the rate-limiting step, or it is a reservoir for the
catalytically active species. Direct oxygen transfer from 9a
was also excluded. The later observation that moderate (up
to 54%) enantioselectivity in cis-dihydroxylation could be
achieved by using chiral carboxylic acids confirmed that the
form of the catalyst engaged in oxygen transfer bears at
least one carboxylato ligand.['74

Although, mononuclear high-valent species are fre-
quently proposed as the active species in regard to oxygen
transfer to substrate, the data available support the involve-
ment of dinuclear structures that are similar to 9a. The
model most consistent with the experimental data available

OH HO\ 2+
+Hy,0 LMn\III }Vln”'L
ﬁ (o) (0]
~H,0 \(
CCl /,
MM
9d

OOH OH 72+ H20;

LMnlll l\lllnlllL
/

\
OYO

CCly /,

Scheme 8. Proposed catalytic cycle for 9a in the oxidation of alkenes.?!
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is one in which a Mn™(O-OH)Mn™(OH) species is formed
by reaction of 9a or 9d with H>O» (Scheme 8). Such a first
step is consistent with an associative mechanism for the ex-
change of the p-oxido bridge with H,'%0 (see above) and is
consistent with the increased rate of H,'80 exchange and
catalytic activity observed with electron-deficient carboxyl-
ates such as p-CCl;CO, . The presence of Mn'"-OH proxi-
mal to the Mn™-O-OH bond would be expected to polar-
ise the O-O bond, allowing for hetereolytic rather than
homolytic cleavage. For the cis-diol product, one oxygen
originated from H,O, and one from H,O as shown by 20
labelling studies. In contrast, for the epoxide, oxygen incor-
poration from both H,O, as well as from H,O was ob-
served, the ratio being dependent upon the p-carboxylate
bridging ligand, with increased electron-withdrawing char-
acter favouring incorporation of oxygen from water.

4.1.4. Catalysis with 9a and Other Additives

In contrast, several mechanistic studies on Mn-tmtacn
catalysts have led to mono or dinuclear high-valent oxidis-
ing species being proposed.l'’’ Lindsay-Smith and co-
workers studied the oxidation of a range of phenolic sub-
strates and azo dyes by 18 in the presence and the absence
of H,O, in basic aqueous solution. A catalytically active
mononuclear manganese species was proposed based on ki-

netic and EPR studies.[!76-178]
CO,~
(0]

The oxidation of phenols and epoxidation of cinnamic
acid by a combination of tmtacn ligand and Mn!! salt was
studied by ESI-MS from which high-valent Mn'V=0 and
MnV=0 species were proposed.[!””l Of particular interest
was the effect of additives (and potential co-ligands) on the
rate of conversion observed by loss in UV/Vis absorption
of the cinnamic acid at 260 nm and by ESI-MS, by follow-
ing the disappearance of the signal at m/z 147 (cinnamate)
and formation of a new signal at m/z 163 (epoxide product)
in negative ion mode. In the absence of additives, two sig-
nals appeared at m/z 277 and 259 in positive ion mode,
which were assigned to the mononuclear Mn'v ions
[Mn"(tmtacn)(OH);]* (42) and [Mn"Y(tmtacn)(O)(OH),]*
(43), respectively (Figure 12).

Me 42 Me 43

Figure 12. Complexes 42 and 43 proposed to be the active catalysts
in the oxidation of phenolics and cinnamates.!'””!

+
/Me /Me
(\ ]|l/OH _ (\ J \
Me—N nTOH H,0,/HO, Me—N In\<—OH
OH : { OH
“Me 44 N
HO, or e Me 45
oxidised additive
H,0, or additive
H,0, or additive
HOQ_ or
+ oxidised additive
Me
7/ \
—‘ Me—N Mn\—OH
OH
H20, Me 43
Me
/
N

MnSO; + Me—N

\
Me

Scheme 9. Mechanisms proposed for the oxidation of cinnamates by Mn-tmtacn complexes proposed by Gilbert, Lyndsay-Smith and co-

workers.[176-178]
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ESI-MS studies did not yield evidence for the formation
of manganese complexes with various additives; that is,
such complexes are either not formed or decomposed
during MS analysis or were ESI-MS silent. The presence of
peracids or manganese hydroperoxide complexes, such as
those proposed by Busch and co-workers!!>*! for related
aza-ligand based complexes (see above), was excluded be-
cause a longer lag phase and a lower rate of epoxidation
was observed with peracetic acid. Analogy with Mn'!
salens and tetraarylporphyrins led to the proposal that
MnV=0 species was the epoxidising agent, and !%0-
labelling experiments confirmed H,O, as the source of
oxygen in the product. Compounds 42 and 43, which were
detected by ESI-MS,['"7! form from a mixture of Mn"'SO,,
tmtacn and H,0,, and undergo one-electron reduction by
either H,O, or an additive, to an ESI-MS-silent Mn™" com-
plex (44; Scheme 9). Subsequent oxidation with H,O, could
yield [MnY(tmtacn)(O)(OH),]* (45), which, in turn, was
proposed to be the species responsible for the epoxidation
of cinnamate.

Watkinson et al.l'’?! reported recently a study of the
initial rates of epoxidation of styrene derivatives by H,O,
with a number of Mn-tmtacn catalysts and chiral BINOL-
based additives. It was noted that the method used to pre-
pare the catalysts is likely to influence the mechanistic path-
way followed. Indeed, this point can possibly be made more
general, when one considers the earlier study by de Boer et
al.l'" in which oxalic acid and ascorbic acid with 18 were
compared with other carboxylic acids as additives. In that
study it was found that, for oxalic acid, a switch in the
active species (and product distribution) was observed after
several hours of reaction, concomitant with the appearance
of species similar to 9a.

4.1.5. Mn-Medtne Based Oxidation Catalysts

Although structurally analogous to the tridentate tmtacn
based manganese complexes discussed above, the complex

10.0u
8

—~ c
< ©
— 5.0p4 kel
5 e
5 <
O 0.04

-5.0u4

-10.0pL— T

0.'25 0.5‘0 0.'75 1.00
Potential in V vs. SCE

[Mn™Mn™V(u-0),(u-CH;COO)(Me,dtne)|(PFg),» {46,
where Meydtne = 1,2-bis(4,7-dimethyl-1,4,7-triazacyclonon-
1-yl)ethane} (Figure 13), reported first by Wieghardt and
co-workers, '8 behaves differently with respect to the rela-
tive propensity towards dissociation and exchange of the -
acetato and p-O ligand. The pH dependence of the coordi-
nation chemistry of this complex was reported recently by
Abdolahzadeh et al.l'8!1 in relation to its application in the
oxidation of flavones, as models for natural dyes, by H,O,
in water. The pH dependence of the structure of the com-
plex present in water between pH 6 and 11 and the dissoci-
ation and association of the carboxylato ligands that are
commonly used as additives under bleaching conditions
was investigated with UV/Vis absorption, Raman and EPR
spectroscopy, as well as with cyclic voltammetry.

o [ Yy N
LMrI1\ _MnL L j
OYO
Me,dtne (L L)
46: Mn,"V (X)), = (PFe),
47: Mn,V'V (X), = (ClOy4);

Figure 13. Structure of complexes 46 and 47 and the ligand
Me,dtne.

The changes observed (i.e., the shift in redox potential
and blueshift in absorbance) upon an increase in pH from 6
to 11, were assigned to dissociation of the p-acetato ligand
(Figure 14). This was confirmed by partial recovery of the
original spectral features and the return of the redox wave
of 46 at higher potential upon addition of excess acetate at
high pH. Notably, addition of carbonate resulted in similar
recovery in the absorption spectrum but not the redox
chemistry due to formation of 51 (Scheme 10).

The 16-line EPR spectrum of 46 (g = 2) showed a change
in the hyperfine coupling constants going from «Mn = 70 G

1
1000

T T T T T T N T
500 600 700 800 900
Wavelength (nm)

Figure 14. (left) Cyclic voltammetry of 46 (1 mm) in 0.1 M KNOj; (aq) at a GC electrode at pH 6 (black), pH 8 (grey) and pH 11 (dashed).
Sweep rate: 100 mVs . (right) UV/Vis absorption spectra of 46 (1 mMm) in water at, initially, pH 6.24, then pH 11.24 and finally pH 6.25.
Reproduced from ref.['8! with permission. Copyright the Royal Society of Chemistry (2014).
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Scheme 10. Equilibrium between 46 and the acetate dissociated forms 48 and 49 present at high pH and possible structure of hydroperoxy

intermediate 50 formed at high pH.['8"

at both pH 6 and pH 8 to 76 G at pH 11.['8!] This change
indicated that a minor change in coordination had oc-
curred, with either monodentate acetate (48) or complete
acetate dissociation (49) occurring. Notably, the Mn'VMn'
analogue 47 was found to be unstable above pH 7, i.e., in
the pH range relevant to catalytic oxidations, converting
quantitatively into 46 even in the presence of H,O,. The
thermodynamic stability of the p-oxido bridge and the key
role that the dissociation of the carboxylato ligand plays in
achieving activity in the Mn"™Mn!V oxidation state in
aqueous solution is consistent with observations by Cooper
et al. for manganese complexes with bipyridine and phen-
anthroline ligands.[%

These observations indicated that at high pH (>10), par-
tial dissociation of the acetato ligand provided complex 48
and/or 49 (Scheme 10). This behaviour, together with higher
activity of 46 above pH 10, suggested that the opening of
the p-carboxylate bridge provides exchangeable coordina-
tion sites in the complex that can interact with H,O, and
enables the complex to act as a catalyst in the bleaching
of substrates. Hence, the addition of carboxylates such as
carbonate (either added deliberately or present due to ab-
sorption of CO, from the atmosphere) or sequestrants such
as diethylene triamine pentaacetic acid (DTPA) can block
vacant coordination sites of 49 inhibiting the reaction with
H,0, and thus decreasing catalytic activity. Hence, the
optimisation of the concentrations of such additives should
be taken into consideration in bleaching processes to im-
prove the catalytic activity of 46.

The behaviour of 46 is in contrast to that observed by
de Boer et al. for the structurally analogous [Mn""Mn!(u-
0O)(u-RCO,),(tmtacn),]** complexes, for which loss of the
p-carboxylato ligand resulted in loss of catalytic activity
(see above).”?! Indeed, comparison of these two classes of
complexes, which have similar structures with both p-oxido
and p-carboxylato bridges, highlights the conclusion that
small changes in ligand structure can have a profound effect
on whether it is the oxido or carboxylato bridges that open
and provide the free coordination site necessary to react
with HzOz.

Eur. J. Inorg. Chem. 2015, 3432-3456

3451

4.2. Manganese-Catalysed Oxidation of Dyes in Aqueous
Media (Bleaching)

Beyond the selective oxidations of organic substrates, the
catalysed bleaching of bulk materials such as laundry, raw
cotton and wood pulp are key industrial processes.!'8>184]
Despite appearing diverse, the chromophores that need to
be bleached in these bulk processes tend to be similar, and
are predominantly polyphenolic substances. In contrast to
fine chemical processes, the goal is primarily bleaching
either by oxidation of the chromophores so that they lose
visible absorbance or by increasing their water solubility
sufficiently to allow their removal from the substrates.!!8?]
Primarily for economic reasons, the oxidants used in these
processes are either chlorine based, H,O,, ozone and/or
peracetic acid; however, environmental concerns have
favoured the increasing use of chlorine-free oxidants in
recent years. The relatively low reactivity of H,O, requires,
however, the use of either high temperatures and basic con-
ditions or the use of catalysts, including those based on
manganese. 18186

Eldik and co-workers!!®”] have studied the ability of
manganese catalysts to activate H,O, to oxidise various azo
and phenolic dyes in carbonate buffers (Scheme 11).

H202 (10 mM)

dye » degradation products
catalyst (0.02 mM),
carbonate buffer,
pH 8.5-9, 25 °C
Scheme 11. Conditions used in catalytic dye oxidation with

manganese catalysts by Eldik and co-workers.['87)

The dyes examined generally showed n—n* absorptions
between 375-490 nm, depending on the substituents
present, the pK, values of the dyes and pH.

The structure of the manganese complexes present at
pH 8.5 depends on the concentration of hydrogen carb-
onate. The broad absorption at 300 nm, which appears
upon addition of HCO5~ to Mn"(aq), which increased with
carbonate concentration. The formation of the Mnl!l-
HCO5; complex proceeded with first-order kinetics (kqps)
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prior to precipitation of Mn'COj; in the absence of oxidis-
able substrates.

Coordination of hydrogen carbonate to Mn!! resulted in
a shift in the oxidation potential from 0.52 to 0.48 V (vs.
Ag/AgCl). In the presence of the azo and polyphenolic dyes,
precipitation of manganese carbonate was not observed
even at high concentrations of carbonate due to complex-
ation between the dyes and manganese, which was mani-
fested in changes to the UV/Vis absorption spectrum of the
dye and a shift to less positive potentials of the first oxid-
ation. Complexation energies for a series of different Mn—
dye complexes, as calculated by DFT methods, indicated
stabilisation of the Mn'! ion by hydroxyl-containing ligands
compared with nitrogen-donor ligands. The activity
towards dye bleaching was increased by the presence of a
hydroxyl group in the dyes. The formation of high-valent
manganese oxido intermediates upon reaction of Mn!'" with
H,0, in hydrogen carbonate solution was confirmed by
UV/Vis absorption spectroscopy, which was manifested in
the appearance of a broad band at 460 nm. Furthermore,
the six-line ESR signal at g = 2, characteristic of Mn'! in
an octahedral environment, which was broadened upon
addition of hydrogen carbonate, was replaced by a broad
signal at g = 4, which is characteristic of a high-spin Mn!Y
species. In the absence of stabilising ligands, the catalytically
inactive species Mn'VO, is formed instead. The formation
of radicals was excluded by the use of a radical scavenger,
tBuOH, by EPR and UV/Vis spectroscopy, and the absence
of evidence for Mn"" ions is consistent with the assumption
that Mn!! and Mn'V are the main species present during
oxidation catalysis.

Kinetic analysis indicated that two equivalents of HCO3~
were required for catalysed oxidation, with one equivalent
needed for the formation of a complex with the Mn'! ion
and a second equivalent required for the formation of per-
oxocarbonate in situ. Peroxocarbonate is a more reactive
oxidising agent than H,O, itself, which was attributed to
carbonate being a better leaving group compared with
hydroxide. Maximum bleaching activity was observed be-
tween pH 8.2 and 8.5. At higher pH, a decrease in the rate
of the reaction was observed, which was ascribed to depro-
tonation of the HOOCO, ™ to form the less electrophilic oxi-
dant CO,”; at still higher pH, the spontaneous decomposi-
tion of H>O, and precipitation of the MnO, was observed.

The formation of peroxocarbonate in situ was assigned
as the rate-limiting step in the reaction, with the Mn'V=0
intermediate formed upon reaction of hydroperoxycarb-
onate reacting with the dye substrates rapidly to regenerate
the Mn'! species (Scheme 12).

O\
o}
M{w” +H* I
Mn' + HOOCO,” =—= "\ o Mn"V' + HCO;~
0

Scheme 12. Formation of a Mn"-oxido complex from the reaction
of Mn'! with percarbonate formed in situ.

The catalytic activity of Mn!! ions towards bleaching of
dyes was compared!'®3] with the catalytic activity of both
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[Mn"(bpy),CL] and [Mn"™™Mn"  (p-O)(bpy)s](ClO4)s:
2H,0. Both complexes showed maximum reactivity at ca.
pH 8.7. The effect of carbonate concentration on the ob-
served rate of oxidation was also similar for both catalysts,
indicating a common reactive intermediate. Indeed, in the
absence of carbonate, in CHES (N-cyclohexyl-2-amino-
ethanesulfonic acid) buffer, catalytic activity was negligible.
Moreover, it was shown that monocarboxylate ions such
as acetate, hydrogen carbonate and formate, enhanced the
activity of the catalyst towards olefin epoxidation with
H,0, whereas dicarboxylate ions, such as oxalate, resulted
in lower reactivity. EPR spectroscopy in aqueous hydrogen
carbonate showed that for both [Mn'(bpy),Cl,] and
[Mn™"Mn™ (u-0),(bpy)4](ClO4)5:2H50, a broad, weak sig-
nal at ¢ = 4-5 was observed, which was attributed to a
mononuclear Mn!V species, in addition to a six-line signal
at g = 2, characteristic of an octahedral mononuclear Mn"!
complex upon addition of H,O,. No evidence for the pres-
ence of mixed-valent oxido-bridged manganese complexes
or for radical species was obtained in the presence of either
catalyst.

The key step was proposed to be a two-electron oxidation
of a monomeric Mn!! precursor to a Mn™V=0 species, man-
ifested in the appearance of an absorption band at 450 nm,
assigned to a LMCT transition, upon addition of H,O, for
both catalysts. The authors concluded that ligand displace-
ment by hydrogen carbonate was not occurring in this
system.

5. Conclusion

The central role that manganese-based enzymes play in
the control of reactive oxygen species and, of course, in the
OEC of PSII has driven the design and synthesis of a wide
range of manganese complexes both as structural models
and as functional mimics. These efforts have been stimu-
lated further by the high activity that can be achieved with
manganese catalysts in the selective oxidation of organic
substrates. In contrast to iron complexes based on similar
ligands, manganese-based systems show a remarkable pro-
pensity to form well-defined multinuclear complexes with
oxido and carboxylato bridging ligands. The activity of
these catalysts, and the activity of the enzymes that have
inspired their preparation, is critically dependent on the re-
dox state and on redox-driven changes in coordination
mode. The clearest example being carboxylate shifts and
opening of oxido bridges. It is apparent, however, that al-
though general trends are observed, i.e., that an increase in
oxidation state favours oxido over carboxylato ligands and
hence drives ligand exchange, even with relatively similar
ligands, two complexes can show different propensities to
exchange oxido or carboxylato ligands to provide free coor-
dination sites for binding to reactive oxygen species such
as H,O,. From the perspective of oxidation catalysis, the
variation in coordination chemistry seen with multinuclear
manganese complexes poses considerable challenges to un-
derstanding both the nature of the species that engage in
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oxygenation of substrates and, especially, the key role
played by additives in overall reaction mechanisms. Of
course, such challenges are fertile ground for the discovery
of new reactivity and for pushing the limits of our ability to
develop highly active catalysts and to study highly complex
systems.
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