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”Even electrons, supposedly the paragons of
unpredictability, are tame and obsequious
little creatures that rush around at the speed
of light, going precisely where they are
supposed to go. They make faint whistling
sounds that when apprehended in varying
combinations are as pleasant as the wind
flying through a forest, and they do exactly as
they are told. Of this, one can be certain”
-Mark Helprin, Winter’s Tale
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1. Introduction

1.1 General introduction
About three billion years ago organisms that were able to extract electrons
from water by harnessing the energy of the sun emerged. This process,
known as oxygenic photosynthesis, allowed them to synthesise energy-rich
carbohydrates from H2O and CO2 (Eq. 1).

The evolution of oxygenic photosynthesis, which releases O2 as a byproduct, would forever change the atmosphere from being anaerobic and
reducing, to today’s oxidising, aerobic atmosphere. This landmark event
allowed the evolution of aerobic respiration and consequently led to the
development of all higher life forms. The reaction, which occurs in
cyanobacteria, green algae and higher plants, is initiated in a membranespanning protein known as Photosystem II (PS II) when the antenna system
around P680, a multimer of chlorophylls, absorbs a photon. This results in a
cascade of reactions, which involves the oxidation of water into molecular
oxygen and protons (Eq. 2), and will be discussed in more detail in chapter 1.2.

Understanding the fundamental aspects of photosynthesis is not only of
interest to biology, but it is also highly relevant for the current energy
situation. It is predicted that there will be an enormous increase in energy
demand, especially as the standard of living is raised in development
countries. At the same time, mankind is becoming increasingly aware of the
effect of anthropogenic greenhouse gases and the shortage of fossil fuels.
Consequently, there is need for new energy sources. Solving this issue is
undoubtedly one of the major scientific challenges of our time.1 One of the
few viable sources of the vast amount of energy needed would be to capture
and store the energy which reaches us daily from the sun. As discussed
above, photosynthetic organisms perform this reaction when they transform
enormous amounts of solar energy into chemical energy. And, importantly,
they perform the initial steps of this reaction with amazing efficiency. So in
a way, photosynthesis which at one point dramatically changed the
atmosphere of this planet, could now serve as a blue-print for how we can
avoid doing this once again.
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The main focus of this thesis is on model complexes which mimic a
tetranuclear manganese cluster that acts as the active site in PS II, situated at the
core of PS II this complex catalyses the key reaction of water oxidation. This
reaction, during which water is oxidised into molecular oxygen, provides the
system with electrons and protons. If we could develop efficient functional
mimics of this complex it would give us access to a practically endless source of
reducing equivalents needed to generate a chemical fuel of our choice.
This thesis summarises my work as a Ph. D. student within the Swedish
Consortium for Artificial Photosynthesis. The outline of the thesis is as
follows: the rest of this chapter presents various aspects of the natural system
in more detail as well as highlighting some of the earlier work conducted in
this field. The second chapter describes our work in screening the water
oxidising capacity of a number of manganese complexes, a study which was
performed in collaboration with the group of Professor Johannes Messinger
currently at Umeå University, Sweden (formerly MPI Mülheim, Germany).
In chapter three, one family of potential water oxidation catalysts is studied
in depth, and a mechanism for water oxidation that was recently reported in
the literature is revised. Chapter four discusses our attempts at developing
ligands featuring multiple binding pockets and the covalent attachment of
carboxylate groups to the ligand backbone. The fifth chapter presents work
performed in collaboration with the group of Professor Holger Dau at Freie
Universität Berlin, Germany, which aimed at elucidating the mechanism by
which the natural systems oxidises water.

1.2 Photosystem II
Oxygenic photosynthesis is the process by which plants, green algae and
cyanobacteria synthesise carbohydrates from CO2 using sunlight as the
energy source (Eq. 1). Through this reaction, photosynthetic organisms
provide modern society with the vast majority of the energy it consumes.
This energy is provided either directly, via food to eat or wood to burn, or
indirectly via fossil fuels like coal and oil. Behind this reaction is a highly
complex reaction pathway, and at the heart of this process lies PS II.

1.2.1 The electron transfer chain in photosystem II
Recent crystallographic studies2-5 have exposed the structure of PS II, and
thereby unravelled the complex network of redox active co-factors that are in
place to enable an efficient ”wireless current” to flow through the system
(Figure 1).6 This system is usually divided into the acceptor side and the
donor side, based on the positioning of the co-factors in the electron transfer
chain relative to P680.
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Figure 1. (Left): redox active co-factors of the donor and acceptor side of PS II.
Adapted from the X-ray crystal structure of Loll et al at 3.0 Å resolution.3 Purple =
Mn; Blue = Ca. (Right): one structural model (Model II) of the OEC derived from
polarized EXAFS.7 Purple = Mn ions.

The photochemistry is initiated when P680 absorbs a photon to generate
P680*, a potent reductant. The electronically excited P680* transfers an
electron to the acceptor side of PS II, where the electron, via a number of
intermediates, finally reaches an interchangeable plastoquinone, QB. Once
QB has accepted two electrons and two protons it leaves PS II. The reducing
equivalents generated are later used in the dark reactions, during which CO2
is reduced into carbohydrates, in a process known as the Calvin cycle. The
donor side is situated at the other end of the electron transfer chain of PS II,
and is responsible for re-reducing P680. Upon formation of P680+ this cation
accepts an electron from Tyrosine Z (Yz), a redox active amino acid which
serves as an electron relay between P680 and a Mn4Ca-cluster. This
manganese-cluster is capable of releasing four consecutive electrons to form
a strongly oxidising species, before it is re-reduced by oxidising water into
molecular oxygen and protons (Eq. 2). This latter, seemingly simple reaction
is the source of practically all oxygen on our planet, and, indirectly, all
energy stored in the form of carbohydrates.
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1.2.2 The oxygen evolving complex
The Mn4Ca-cluster, usually referred to as the oxygen evolving complex
(OEC), is the active, catalytic, site where water is oxidised into molecular
oxygen. Even though the structures obtained from X-ray diffraction (XRD)
are a major breakthrough, doubts have arisen regarding the information
obtained for the structure of the OEC. X-ray absorption spectroscopy (XAS)
has indeed revealed modifications to the metal cluster caused by X-ray
irradiation during XRD measurements.8, 9 However, through the application
of mutational studies10 and a barrage of different spectroscopical techniques,
such as XRD,4 XAS,11, 12 and IR,13 as well as magnetic resonance
techniques,14, 15 and DFT calculations,16, 17 good estimates of the structure
have emerged.
The ions in the tetranuclear manganese cluster are known to be bridged by
water derived ligands in different protonation states, i.e. oxo ligands (O2)
and hydroxo ligands (OH). The currently favoured structure is a 3+1 motif,
also known as the “dangler model” (Figure 1, right).4, 7, 17 Furthermore, the
metal cluster is bound to the protein surrounding via carboxylate and
histidine donors predominantly from the D1 subunit of the protein.

1.2.3 The S-state cycle and the mechanism of water oxidation
The oxidation of water (Eq. 2) is a very demanding reaction; the
thermodynamic potential for the oxidation of water into molecular oxygen is
1.23 V vs NHE (at pH = 0 and 100 kPa O2 pressure). Furthermore, catalysts
for this reaction usually require a substantial over-potential.
There is, however, one known molecular catalyst which can perform this
reaction at a very modest over-potential, and that is the OEC. The process
whereby this multinuclear complex connects the photochemical one-electron
process of P680 to the four electron process of water oxidation into molecular
oxygen is described by the S-state cycle (see Scheme 1, where the latest,
revised S-state cycle is shown). The S-state cycle was first presented 1970 by
Kok to explain the four flash oscillation behaviour of O2 release reported by
Joliot et al. (therefore sometimes also referred to as the Kok-cycle).18, 19
The oxygen-evolving reaction has been estimated to remain functional
down to a pH of ~ 4.2; at which point the potential of water oxidation is about
0.97 V (at atmospheric pressure of O2). When the OEC performs this reaction
it operates using the oxidising power of Yz which been estimated to about 1.1
V.20 In order for the system to be able to work with such a modest overpotential, it utilises charge stabilisation, where oxidation of the Mn-cluster is
connected to the loss of protons (most likely from a water derived ligand), thus
avoiding the build up of charge during the catalytic cycle.21 This has led Dau
and co-workers to present a slightly revised S-state cycle presented in scheme
1, which emphasises the strictly alternate removal of protons and electrons.21-23
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Scheme 1. The revised S-state cycle proposed by Dau and co-workers, adapted from
ref. 20 (S-state nomenclature adopted from the same reference). The suggested
oxidation states of the manganese ions are shown in parentheses. The point at which
the substrate water molecules are coordinated is still debated and therefore omitted
in this scheme, but based on mass spectrometry studies it has been argued that both
substrate waters are coordinated once the OEC has reached S2.24

In order to understand the mechanism of water oxidation it is necessary to
realise that the complex is not static. Consequently, large spectroscopic
efforts have been committed to address the structural and electronic changes
occurring during the catalytic cycle. What follows is a short summary of
what has been reported. For a more detailed discussion, see references 12,
14, 16, 20 and references therein. As far as the geometrical structure is
concerned a series of elegant studies (see above) has served to narrow down
possibilities significantly (even though the issue is still not settled). In
contrast, the electronic structure is still under heated debate. The currently
favoured oxidation state assignments throughout the catalytic cycle are
shown in scheme 1.20 As seen in scheme 1, there are two diverging views
of the electron hole distribution in the later stage of the catalytic cycle (i.e.
after the S2 to S3 transition). The changes observed by XAS when
proceeding from S2 to S3 has been interpreted in two different ways. It has
been argued by Dau and co-workers that a manganese-based oxidation
occurs, with a concomitant shift in coordination geometry around the
oxidised ion from penta- to hexacoordination.25 An alternative explanation
has been presented by e.g. Yachandra and co-workers, where this transition
involves a ligand-centred oxidation.26 This has given rise to two different
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schools of thought on how water is oxidised by the OEC, as the latter
explanation may imply partial water oxidation preceding the S4 state while
the former does not.i See for example references 27 and 28 for a discussion
on the mechanistic implications of the two reaction pathways. As a final
note, it has been argued, based on resonant inelastic X-ray scattering (RIXS),
that the electron hole generated during the S1 to S2 transition may be highly
delocalised, and not assignable to one specific element.29 Based on this one
could argue that the oxidation state assignment given in scheme 1 is perhaps
overly simplistic.
There have been a large number of mechanisms suggested for how water
is oxidised during the catalytic cycle, and they are constantly refined as the
picture of the OEC becomes clearer. The different mechanisms can be
roughly subdivided depending on their mode of oxygen–oxygen bond
formation. Some of the more common mechanistic suggestions for the metal
catalysed formation of an oxygen–oxygen bond are presented below
(Scheme 2), together with an overview of how they have been proposed to
operate in the OEC. For a more extensive overview on different suggested
mechanisms see for example reference 30 (relevant model systems will be
presented in the next section).

i

Assuming that the ligand on which the electron hole is generated on is a substrate waterligand.
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Scheme 2. Schematic mechanistic pathways for O–O bond formation. (+) indicate
elevated oxidation states. M represents a non-redox active metal, Mn chosen as
representative redox active metal. (1) Nucleophilic attack on an electrophilic oxoligand; (2) An oxyl-radical attacked by an oxo-group ligated to manganese; (3)
Coupling of two oxo-ligands followed by reductive elimination of molecular
oxygen, proceeding via either (a) bridging or (b) terminal oxo-ligands; (4) Coupling
of two metal bound oxyl-radicals. Adapted from reference 31.
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Mechanism 1, a nucleophile-electrophile reaction. A terminal
manganyl-type oxo-ligand on a high valent Mn (presumably MnV) acts as an
electrophile towards a nucleophilic water or hydroxide. Such a mechanism
has been suggested by e.g. Pecoraro and co-workers (this mechanistic
proposal specifically involves the Ca2+ ion in the mechanism, acting as a
Lewis acid to facilitate deprotonation of the nucleophilic water).32
Alternatively, it has been suggested that the species formed in the S4-state
has more radical character, i.e. a terminal oxyl radical (MnIV-O•), which is
then attacked by a nucleophilic calcium bound water molecule.16
Mechanism 2, coupling of an oxyl radical and a manganese-bound
oxo-ligand. Based on extensive DFT calculations, Siegbahn has
suggested that this latter MnIV-O• species forms the oxygen–oxygen bond
with a manganese-bound oxo-ligand. In this mechanistic hypothesis
Siegbahn also stresses the importance of proper spin alignment of the
reactive oxygen atoms.33
Mechanism 3, reductive elimination of two bridging (A) or terminal
(B) oxo-ligands. This is a mechanism suggested by e.g. Dismukes and coworkers, where a high-valent Mn-oxo-cluster collapses to form dioxygen
from two bridging oxo-ligands.34 A mechanism invoking the coupling of
two terminal oxo-ligands (one of which has radical character) has been
suggested by Babcock and co-workers.35 It should be noted that recent
studies of the OEC do make mechanisms of these kinds less likely. Firstly,
studies of the exchange rates of substrate waters using time resolved mass
spectrometry disfavour the involvement of oxo-ligands bridging between
two manganese centres,24, 36, 37 and secondly, the existence of a manganese
with a multiple bonded oxo-ligand already in the S3-state has been ruled
out by XANES studies.38
Mechanism 4, a radical coupling mechanism, an oxyl radical (O•) is
formed in the S3 state, either on a terminal or a bridging oxo-ligand. Further
oxidation of the OEC, proceeding to S4, then generates a second oxyl radical,
followed by a radical coupling to generate the oxygen–oxygen bond.39

1.3 Artificial photosynthesis
The goal of artificial photosynthesis is to mimic the basic principles of
photosynthesis in order to produce energy-rich chemical compounds from
simple and abundant starting materials, using sunlight to drive the reaction.
It is important to stress at this point the difference between solar cells and
artificial photosynthesis: while the former produces electricity, artificial
photosynthesis aims at producing a chemical fuel, e.g. H2. An illustration of
such a system using a modular approach is displayed in figure 2.
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Figure 2. The essential components of an artificial photosynthetic device. P =
photosensitiser; A = electron acceptor; D = electron donor; Cred = a catalyst for
chemical reduction; Cox = a catalyst for chemical oxidation.

The construction of such a device requires a successful coupling of potentially
four different processes i) light absorption, ii) energy transfer, iii) electron
transfer and iv) redox catalysis. Studies of all these different physical and
chemical processes are conducted within the framework of artificial
photosynthesis. As the work of this thesis is aimed at mimicking the donor
side of PS II, the following section will deal with the advances reported in this
field. A more general overview can be found in references 40, 41.

1.3.1 Mimicking the donor side of PS II
The work of the Swedish Consortium for Artificial Photosynthesis (CAP) is
directed towards a modular supramolecular system, where a Mn-complex is
envisioned to fulfil the role of the OEC, i.e. providing the system with
electrons via the oxidation of water. Since the project was initiated in 1994
several models mimicking the charge separation processes in PS II have
been developed (Figure 3).42
During the initial project it was shown that in the presence of an external
electron acceptor (methyl viologen, MV2+), [Ru(bpy)3]2+ (bpy = 2,2’bipyridine) could fulfil the role of P680 and oxidise covalently attached Mncomplexes in intramolecular reactions when irradiated with visible light
(Figure 3, left).43 Subsequent studies saw the development of more elaborate
model complexes. A tyrosine analogue was introduced as an electron relay
in order to avoid fast back reactions of the charge separated states, and/or
fast quenching of the excited state via energy transfer.44 This was later
developed further with the synthesis of dyads incorporating dinuclear
manganese complexes, with the Mn-ions ligated to the tyrosine analogue via
its phenolic oxygen 45-48 and a triad (Figure 3, right). This latter triad, which
apart from a photosensitiser and an electron donor also incorporated electron
acceptors in the form of NDI:s (NDI = naphthalenediimide), displayed a
remarkably long lifetime of its charge-separated state (Figure 3 right).49
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Figure 3. Two examples of complexes used during the development of molecular
systems mimicking the donor side reactions of PS II. (Left): one of the complexes
used in the initial “proof of principle” study.43 (Right): the triad structure
incorporating not only a Mn-based electron donor and Ru-photosensitiser, but also
electron acceptor moieties (NDI).49

Later Collomb, Deronzier and co-workers have reported the photochemical
oxidation of similar systems also using [Ru(bpy)3]2+ as a P680 analogue.50-52
However, in order to truly mimic the donor side of PS II, the terminal
electron source should be water, not the manganese complex. This reaction,
i.e. the oxidation of water has so far proven to be a considerable challenge in
the progress towards artificial photosynthesis.

1.3.2 Functional models of the OEC
The first complex reported to be able to perform homogenous water
oxidation was the Ru-based system [(bpy)2(H2O)RuIII--O-RuIII(H2O)(bpy)2]4+
(7)ii. The complex, known as the “blue dimer”, was reported during the 80’s
by Meyer and co-workers as catalytically evolving oxygen when oxidised with
CeIV.53, 54 It has since then been extensively studied, but despite about 25 years
of study the mechanism is still debated.55, 56 A noteworthy mechanistic
proposal has been put forth by Hurst and co-workers, which is
fundamentally different to those outlined in scheme 2, as it involves oxygen–
oxygen bond formation occurring on the ligand, only involving the metaloxo core indirectly. 55
ii

numbering refer to chapter 2, see figure 4
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Following the initial report of this catalyst a number of Ru-based systems
have been reported, many of which are based on a similar framework to the
blue dimer.57-60 Recently there have also been reports of Ir-based catalysts
showing impressive stability and turnover numbers.61, 62 Many fundamental
aspects of water oxidation can be derived from studies of these systems, such
as the importance of avoiding charge accumulation during the catalytic
cycle56 and the issue of whether mononuclear metal complexes are capable
of oxidising water.58, 62, 63 Another interesting class of compounds are the allinorganic ruthenium polyoxometallates that have recently been reported as
water oxidation catalysts using for instance [Ru(bpy)3]3+ as an oxidant.64
Considering the successes reported for catalysts based on noble metals,
why study Mn-based complexes? The reason for this is twofold. Firstly,
because of the differences in electronic structure of Ir and Ru systems, they
do not necessarily follow the same mechanism as Mn systems.65, 66 Therefore
studies of manganese based systems are more relevant for elucidating the
mechanism of the OEC. Secondly, any serious attempt at large scale energy
production (via artificial photosynthesis) will need a cheap catalyst (based
on an abundant metal), capable of oxidising water at a modest over-potential.
However, no homogenous manganese based complex has so far been proven
as capable of catalytically oxidising water when employing one-electron
oxidants. Nevertheless, noticeable progress towards this goal has been
reported (see 1.3.1 and below).
When discussing functional mimics of the OEC, one can break down the
desired properties of the catalyst as follows:
1. The complex must bind the substrate, i.e. 2 H2O, and facilitate the
removal of 4 protons.
2. It has to be able to pass through five oxidation states, accessible within a
narrow potential range, out of these, four should be reasonably stable
(compare to the S-state cycle).
3. Finally the complex must be able to catalyse the formation of an oxygenoxygen bond, with the subsequent release of molecular oxygen and
return to its starting state.
A successful catalyst will need to fulfil all these criteria, but the rest of
this overview will focus on complexes performing the last part of the
catalytic cycle, i.e. forming an oxygen–oxygen bond and releasing dioxygen.
One of the first attempts at using a molecular manganese complex for the
formation of an oxygen–oxygen bond was reported in the 1970’s by Calvin.
Unfortunately this result was withdrawn soon afterwards.67, 68 During the
following years a number of Mn-based systems were reported as capable of
evolving oxygen upon oxidation, many of which suffered from problems
with being either non-catalytic and/or unable to identify the catalytically
active species.69-72
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Scheme 3. Suggested mechanism for the oxygen evolving reaction between
[(tpy)(H2O)MnIII-(-O)2-MnIV(H2O)(tpy)]3+ (5) and oxygen donating oxidants. Tpyligands omitted for clarity. X = HSO5 or ClO. Adapted from reference 73.

Two decades after the work of Calvin, the first report on the oxygen
evolving reaction of the dinuclear catalyst, [(tpy)(H2O)MnIII-(-O)2MnIV(H2O)(tpy)]3+ (6)iii (tpy = 2,2’:6’,2’’-terpyridine) appeared.74, 75 This was
one of the first homogenous, well defined, Mn-based functional models of
the OEC to be reported, as treating this catalyst with standard chemical
oxidants, i.e. peroxomonosulfate (oxone) or hypochlorite, led to catalytic
oxygen evolution.73, 76 The initial oxidation of the complex was suggested to
yield a MnIV-(-O)2-MnV=O species (Scheme 3, top left). This electrophilic
terminal oxygen atom would then be attacked by an external water to form a
peroxo intermediate, which upon further oxidation is released as molecular
oxygen (Scheme 3, compare to mechanism 1 in Scheme 2). A slightly
different mechanism for this system has been suggested by Siegbahn and coworkers. In their mechanism, the reactive species is not a MnV=O, but rather
a MnIV stabilised oxyl radical (MnIV-O•).77 It should be noted that the use of
this type of “oxygen-atom donating” oxidants makes any claim at “true”
water oxidation (according to Eq. 2) dubious. However, following the initial
report this catalyst has been studied in depth and it has been reported to
evolve oxygen also using CeIV (an outer-sphere one electron oxidant), both
iii

numbering refer to chapter 2, see figure 4.
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in solution78 (non-catalytic, i.e. turnover number (TON) < 1) and when
adsorbed on clay.79 In contrast to these findings, an electrochemical study of
the system has shown that electrochemical oxidation of this catalyst does not
yield oxygen Instead the complex dimerises to form a tetranuclear species,
[Mn4IVO5(tpy)4(H2O)2]4+, which, despite being a strong oxidant, does not
evolve oxygen gas.80 From this study it was concluded that the tpy-catalyst
was not suitable for (homogeneous) water oxidation catalysis as oxygenatom donating oxidants seemed a prerequisite. Despite these discrepancies,
the system nevertheless provides strong support for the possibility of
forming an oxygen–oxygen bond via a nucleophile-electrophile type of
reaction mechanism (Scheme 2, mechanism 1).
Recently Sun and co-workers have reported a Mn-corrole complex
capable of forming oxygen–oxygen bonds via a similar mechanism.81, 82
However, studies of this latter system are still in their infancy and further
characterisation of the system is clearly needed before any definite
mechanism can be deduced.
A handful of other systems have been reported as capable of forming
O–O bonds via mechanisms involving reductive elimination of two oxoligands, either terminal or bridging (Scheme 2, mechanisms 3 a and b).34, 83, 84

Scheme 4. O2-formation from reductive elimination of two bridging oxo-ligands.
Adapted from reference 34.

A cubane-like tetranuclear manganese complex, Mn4O4L6 (L = Ph2PO2), has
been reported to evolve one equivalent of O2 with concomitant reduction of
the manganese complex when the complex was irradiated with 355nm light
in the gas phase. The oxygen–oxygen bond was suggested to form between
two bridging oxo-ligands in the corners of the cubane-like structure (Scheme
4, compare to mechanism 3a in Scheme 2).34 This model complex (albeit
non-catalytic) has been used as an argument for the occurrence of an
analogous mechanism in the natural system.34

25

Scheme 5. O2-formation from reductive eliminiation of two bridging oxo-ligands,
via a peroxo-intermidate. Suggested to operate in the case of
[(mcbpen)2Mn2(H2O)2]2+ (5), O–O bond formation promoted by the carboxylate
groups. Adapted from reference 83.

A similar mechanism has been proposed by McKenzie and co-workers for a
dinuclear manganese complex [(mcbpen)2MnII2(H2O)2]2+ (5)iv (Scheme 5)
(mcbpen = anion of N-methyl-N’-carboxymethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine).83 This complex is the most recent homogenous
manganese-based catalyst for which multiple turnovers has been reported.85
The complex is suggested to cycle between the oxidation states (II,II) and
(IV,IV) during the catalytic cycle, with oxygen–oxygen bond formation via
reductive elimination of a bis-μ-oxo core. The suggested interconversion
between a di--oxo and a peroxo-core is similar to the reverse of the
mechanism of a manganese catalase model complex suggested by Pecoraro
and co-workers.86 However, just as for the tpy-based catalyst,
[(tpy)(H2O)MnIII-(-O)2-MnIV(H2O)(tpy)]3+ , 6, an oxygen donating oxidant
was
required
for
multiple
turnovers.
In
the
study
of
II
2+
[(mcbpen)2Mn 2(H2O)2]
the choice of oxidant was tert-butyl
hydroperoxide (TBHP), this organic peroxide is well known to evolve
oxygen via a radical decomposition reaction without involving the
manganese catalyst in the key oxygen–oxygen bond forming step.87-89 This
casts doubt on the true catalytic efficiency of the complex, though the
reported isotope labelling experiments do support the notion that solvent
water oxidation does occur. Furthermore, the complex was also capable of
evolving oxygen when CeIV was employed as oxidant, albeit with this
oxidant the reaction was non-catalytic. The low O2-yield observed upon
oxidation with CeIV was, just as in the case of 6, attributed to the instability
of the catalyst under acidic conditions.78, 83
The mechanism outlined in scheme 5 will be discussed further in chapter 3.

iv

numbering refer to chapter 2, see figure 4
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Scheme 6. O2-formation via coupling of two terminal oxo-ligands, R = Mesityl.
Adapted from reference 84.

The final model complex has been reported by Naruta and co-workers.84, 90
In this case the problems associated with the lability of manganese is
circumvented by the use of porphyrin ligands. The complex is a sandwich
bis-porhyrin system, where two porphyrin units are bridged by an aryl
spacer. The manganese ions are believed to cycle between the (III,III) and
(V,V) oxidation states. The complex can be oxidised to its (V,V) state,
which is stable enough for characterisation, and is reported to have two
terminal oxo-groups facing each other in the complex. Upon addition of acid
to this species, it evolves one equivalent of O2 and the complex is re-reduced
to its (III,III) state (Scheme 6, compare to mechanism 3b in Scheme 2). The
oxygen–oxygen bond is suggested to form via coupling of the two terminal
oxo-ligands, making this mechanism similar to the oxygen evolving step in
the OEC suggested by Hoganson et al.35
An alternative to the homogenous molecular catalysts described above is,
of course, heterogeneous systems. In this field progress has so far been faster
than with homogenous catalysts. Systems employing metal oxides as water
oxidation catalysts (see for e.g. references 91-95) , as well as systems where
molecular catalysts have been immobilised in polymer matrices (e.g. nafion
or clays), 60, 96 or anchored to electrode surfaces have been reported.97 While
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these systems do show promise in the field of solar energy conversion, they
do not provide mechanistic insights as readily as molecular, homogeneous
systems.
To summarise, manganese-based catalysts for homogenous water
oxidation are still comparably under-developed, whereas ruthenium and to
some extent iridium based catalysts are relatively robust and wellunderstood. While on the one hand light-driven oxidation of manganese
complexes is by now firmly established, how to couple this to the oxidation
of water is not. Nevertheless, the systems reviewed above do provide
information on which types of intermediates may be involved in oxygen–
oxygen bond forming reactions.
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2. Catalyst screening (Papers I – III)

This chapter describes our efforts to find manganese complexes capable of
mediating the formation of an oxygen–oxygen bond. The first part deals with
an initial screening process where several different combinations of
complexes and oxidants were tested (Paper I). The later part of this chapter
describes our follow-up study, where isotopic labelling and EPR were
employed in order to gain mechanistic insight into the reactions of interest
(Papers II and III). These latter studies were performed in collaboration with
the group of Professor Johannes Messinger at Umeå University, Sweden
(formerly MPI Mülheim, Germany)

2.1 Introduction
In light of the enormous potential impact of an efficient water oxidation
catalyst and the numerous examples of manganese complexes which have
been reported to mimic aspects of PS II (see e.g. references 98, 99 and
references therein), it is surprising to find that only a very limited number of
manganese-based catalysts have been reported as capable of oxidising water
(Chapter 1.2). In the cases where oxygen evolution has been reported, the
actual experimental conditions varied greatly, in the choice of oxidant,
detection method and reaction conditions, making a direct comparison
difficult, if not impossible.34, 74, 76, 79-84 Furthermore, even though complexes 13 (Figure 4) have been used as electron donors when studying the charge
separation events occurring in PS II (Chapter 1.3.1), it was unknown whether
they were able to oxidise water. We therefore performed a screening
experiment, using set conditions, on a number of different manganese
complexes. The chosen complexes varied in nuclearity, oxidation states,
ligand denticity and nature of the donors, as well as type of bridging ligands
(Figure 4, complexes 1-6). Two of the manganese complexes, 5 and 6, have
been reported as capable of catalytic oxygen evolution upon oxidation.74, 78, 83
It should be noted that the primary aim of this study was not to optimise the
individual reactions or determine TON, but rather to evaluate whether or not
they were able to evolve oxygen upon oxidation.
Furthermore we also included two ruthenium based systems, the
homogenous [(bpy)2(H2O)Ru--O-Ru(H2O)(bpy)2]4+ ,7, the blue-dimer, and
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the heterogenous catalyst RuO2 (8). These systems were included as
references as both are well-studied in the context of water oxidation.53-56, 95

Figure 4. Coordination complexes used in this study.

Six different oxidants were employed in the study: H2O2, oxone
(2KHSO5·KHSO4·K2SO4), hypochlorite (ClO), TBHP, CeIV and
photochemically generated [RuIII(bpy)3]3+.v The results from all oxidants,
except H2O2 (as this catalase-like reaction has limited relevance to the
current study), will be described herein. Three of the oxidants are potential
oxygen-atom transfer oxidants, namely TBHP, oxone and hypochlorite.
These oxidants do not necessarily allow for true water oxidation (as defined
in Eq. 2), as one oxygen-atom in the evolved O2 will most likely originate
from the oxidant and not from water. Nevertheless they serve as means of
evaluating different mechanistic hypotheses on how water can be oxidised to
O2, and as discussed in chapter 1.3, these oxidants have been used before in
water oxidation studies. In contrast to the oxidants described above, CeIV and
[RuIII(bpy)3]3+ are powerful one-electron oxidants.vi Thus, these latter
v

The Ruphoto experiment used photogenerated [Ru(bpy)3]3+ as oxidant. The reaction mixture
also contained, apart from the metal catalysts and sub-stoichiometric amounts of [Ru(bpy)3]2+,
a sacrificial electron acceptor, [Co(NH3)5Cl]2+, dissolved in an acetate buffer. The solutions
were irradiated with visible light (>400 nm) using a 250 W lamp and a cut-off filter.
vi
The reduction potential of the CeIV/III couple and the [Ru(bpy)3]3+/2+ couple are ~ 1.5 V
and = 1.3 V respectively (vs NHE).80, 100, 101
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oxidants are more relevant to the one-electron photochemistry occurring in
PS II, and most likely in a future artificial photosynthetic device. CeIV was
added in the form of (NH4)2CeIV(NO3)6 (CAN), while RuIII was
photogenerated in-situ from RuII, and is consequently denoted RuPhoto.
During the initial screening for oxygen evolving reactions, a Clark-type
oxygen electrode was used, as this detection method allowed for relatively
fast screening of the catalysts. For those reactions where oxygen was
detected using manganese-based complexes, the reactions were repeated in
H218O enriched water, and the incorporation of labelled O-atoms into the
evolved oxygen was detected by mass spectrometry. This allowed us to
evaluate to what extent water was the source of the oxygen and thereby gain
mechanistic insight into the reactions.

2.2 Catalyst screening using a Clark-type polarographic
oxygen electrode (Paper I)
2.2.1 Results
Typical oxygen evolution traces are shown in figure 5. From these traces,
some of the advantages of the Clark electrode as detection method becomes
clear: it is very sensitive to oxygen concentrations, has a fast response time
and allows for convenient quantification of the evolved oxygen.

Figure 5. Formation of O2, for the reactions between 1 and oxone (solid line) and
between 4 and TBHP (dashed line) as followed by a Clark-type oxygen electrode.
Oxidant (50 eq. per metal-centre) injected to deaerated solutions of the complexes
(2 mM metal) at t = 20 min (tilted arrow). Rates calculated from the concentration of
O2 at t = 22 min (vertical arrow).

As the reaction kinetics were found to differ substantially for the different
reactions, e.g. many reactions showed a lag-phase, the reaction rates were
averaged over the first two minutes of the reactions. This means that the
rates can in some cases represent more than one reaction, something which
will be addressed further in section 2.3. The calculated rates are shown in
table 1, and values for conditions under which oxygen-evolution had not
been reported before are marked in bold.
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Table 1. Oxygen evolution rates averaged over the first two minutesa
Compound

TBHP

HSO5

ClO

Ce4+

RuPhoto

1

~1

16

n.d.

n.d.

n.d.

2

n.d.

n.d.

n.d.

n.d.

n.d.

3

n.d.

n.d.

n.d.

n.d.

n.d.

4

34

105

n.d.

n.d.

n.d.

5

traces*

38

traces

n.d.*

n.d.

6

36

>500b*

7*

n.d.*

n.d.

7

traces

2.5

>500b

>500b*

traces

8 (RuO2)

n.d.

47

2.2

145

22*

a

1

1

rates ([mMO2·min ·Mmetal ]) as detected by Clark electrode 2 min. after the addition of 50
eq. per metal-centre of the various oxidants (Figure 5). b detected oxygen evolution faster than
the upper detection limit of ~500 mMO2·min-1·Mmetal-1. n.d.: no oxygen evolution detected
above the lower detection limit of ~1 mMO2·min-1·Mmetal-1. * our detected oxygen evolution
rates for reactions where O2 evolution has already been reported in the literature. Reactions
marked in bold were not reported prior to this study.

2.2.2 Conclusions from the initial catalyst screening study
The following trends were observed: firstly, increasing the number of
phenolic donors in the ligand (compare 1-3) lowered the reactivity with all
oxidants. A plausible reason for this is the susceptibility of these functional
groups towards oxidation. Secondly, while many more combinations of Mnbased complexes and oxygen-atom donating oxidants were found to evolve
O2 than previously known, only the Ru-based systems yielded O2 with CeIV
or Ruphoto. Even though the Ru-based systems were not of primary interest in
this study, this latter observation is important, as it shows that O2 evolution
is possible under the conditions employed, with the proper choice of catalyst.
Judging only from the reduction potentials of the CeIV/III and
[Ru(bpy)3]3+/2+ couples, the lack of O2-formation is surprising, as both of
these oxidants provide a substantial thermodynamic driving force, however,
it suggests a general reactivity pattern. We hypothesised (in line with earlier
studies, see Chapter 1) that potent oxygen-atom donating oxidants allow the
formation of a reactive high-valent Mn-oxo species, presumably a manganyl
(Mn(V)=O)76 or a Mn(IV) stabilised oxyl radical (Mn(IV)-O•+)77. Such a
“hot-oxygen” species would then react as an electrophile or in a radical
coupling reaction with water to generate the necessary oxygen–oxygen bond
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(see mechanism 1 in Scheme 2 and Scheme 3). Throughout the rest of this
text, this “hot-oxygen” species will, for the sake of brevity, only be referred
to as a manganyl-species.

2.3 Isotopic labelling as a mechanistic probe (Papers II
and III)
When testing the water oxidation capacity of a complex, it is difficult to
observe the consumption of substrate (i.e. water). Therefore one usually
monitors the product of the reaction (i.e. oxygen). Here lies one of the main
issues with these studies, namely that oxygen evolution does not necessarily
imply water oxidation. This is why it is important to understand the nature of
the different oxidants. True water oxidation (according to Eq. 2) requires the
use of an innocent (i.e. pure electron transfer) oxidant, e.g. CeIV or RuIII
leading to the formation of one molecule of oxygen from two water molecules.
As seen above, not a single Mn-based system was found capable of
performing this reaction in this study. Instead oxygen-atom donating oxidants
were required, and consequently we suggested a two-step mechanism. The
first step is the oxidation of the Mn-complex by the oxygen-atom transfer
reagent to form an electrophilic manganyl species, which in turn reacts with a
water molecule or a hydroxide ion to form molecular oxygen.
To test this hypothesis, the oxidation experiments described in section 2.2
using TBHP and oxone were repeated in 18O enriched water, and the
incorporation of 18O in the oxygen produced was measured using timeresolved membrane inlet mass spectrometry (MIMS). The expected results
from oxidation in 18O enriched water can be summarised as follows:
1. If true water oxidation (according to Eq. 2) occurs, the evolved oxygen
gas should consist solely of 18O2 (doubly labelled). This is the expected
pathway when non-oxygen-atom donating oxidants are employed.
2. When using oxygen-atom transfer oxidants, the following two processes
are expected:
I.
If, as suggested in Paper I, a two-step mechanism is occurring,
the formation of MnV=16O via oxygen-atom transfer, followed by
nucleophilic attack of H218O/18OH- to form molecular oxygen
(see mechanism 1, Scheme 2 and Scheme 3), the observed
product should be mixed labelled 16O18O.
II.
If water is not involved in the reaction, i.e. we are only observing
radical promoted disproportionation of the oxidant, 16O2
(unlabelled) should be the only product observed (except for the
small contribution from the natural abundance of 18O). This
reaction pathway would not require the direct involvement of the
metal catalyst in the oxygen–oxygen bond forming step.
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The reaction with oxygen-atom transfer oxidants is also complicated by the
possibility of isotope exchange reactions. This will be further discussed in
chapter 2.3.2. It should also be pointed out that, as our experiments were
performed in only 10% H218O enriched water, what was observed was not 100%
16 18
O O or 18O2, but the statistically expected ratios of the different isotopes.vii

2.3.1. Results from the mass spectrometry study
The labelling pattern was found to differ between the two oxidants. The
oxygen evolved using TBHP consistently yielded unlabelled oxygen (i.e.
16
O2) regardless of the Mn-complex used, indicating that water was not the
source of oxygen (Paper II). TBHP has been used by other groups in similar
studies, and the direct involvement of the Mn-catalayst in the oxygen–
oxygen bond forming step has been claimed.81, 83 Under our conditions,
however, it seems highly likely that the well-known radical decomposition
of TBHP (as discussed in Chapter 1.3) is the source of the evolved oxygen.
In contrast, the reactions with oxone yielded molecular oxygen
incorporating 18O from the solvent water. An oxygen evolution trace
recorded using MIMS is shown in figure 6 and the corresponding Clark-trace
is also shown for comparison. In the case of complexes 4-6, the isotopic
labelling pattern indicated that one O-atom originates from water and the
other from a different source, most likely the oxidant (i.e. 16O18O is formed)
(Paper III).

Figure 6. (Upper): MIMS-trace for the reaction between 1 (2 mM) in a 3:1
H2O/MeCN mixture, and oxone (10 eq. per Mn-centre), injected at t = 0.
(Lower): the corresponding Clark-trace. Isotopic ratios calculated at peak O2
concentration.
vii

Because of the differences in sensitivity of the MIMS-detector towards 32O2, 34O2 and 36O2,
using higher H218O-ratios occasionally led to saturation of the detectors.
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In contrast (and surprisingly), the oxidation of 1 yielded doubly labelled
oxygen (i.e. 18O2) in its reaction with oxone. Such an isotope pattern
indicates that both oxygen-atoms originate from water, i.e. true water
oxidation has occurred. Unfortunately, the yield (5%) of this reaction was
clearly sub-stoichiometric. Further additions of oxone did not generate more
18
O2; instead, consecutive additions initiated the beginning of a longer, more
productive phase of oxygen evolution with a considerably smaller fraction of
18
O incorporated (Figure 7).

Figure 7. Evolution of the isotopic labelling pattern upon three consecutive injections of
oxone (10 eq. per Mn-centre) (injection time indicated by arrow) to a solution of 1
(2mM) in 7% H218O enriched water. The 18O2/16O2 ratio is lowered for each addition.

The same behaviour was observed when a larger excess of oxone was added
in one injection. In that case the reaction proceeds in two distinct phases: a
small burst of dioxygen, followed by a lag phase of about 30 sec before a
more productive phase sets in (see Figure 5 solid line). The isotopic labelling
pattern was studied by MIMS also for this reaction, and it was found that the
initial burst consisted of doubly labelled oxygen while the more productive
phase contained almost exclusively non-labelled dioxygen (data not shown).
As oxone is synthesised as the mixed salt 2KHSO5·KHSO4·K2SO4, it is
not only a very potent oxidant but also a strong acid.viii Both of these
properties are potentially deleterious to the Mn-complex. Thus, the low yield
of 18O2 is most likely due to decomposition of the “catalyst”. This was
confirmed by both EPR spectroscopy and MIMS. Figure 8 shows the EPR
spectrum obtained 5 seconds after addition of oxone to complex 1. The fast
formation of a 6-line signal (Figure 8, A) is indicative of the formation of
solvated monomeric MnII or MnIV ions. There is also a 16-line spectrum visible
(Figure 8, A) with a signal width indicative of a di-μ-oxo Mn2III,IV core,102 but
viii

The pH of a solution of [oxone] = 0.5 M is about 2
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this signal quickly vanished and at longer time-scales only the 6-line signal
was visible. A quantification of the latter signal is shown in figure 8 B. This
signal does not account for all the manganese present in solutions, thus a
large fraction must have been present as EPR silent species, e.g.
MnIII -ions or manganese oxides.

Figure 8. The reaction between 1 and oxone monitored by EPR spectroscopy.
(A): 5 s. after addition of oxidant (10 eq.) (solid line), EPR spectrum of 1 in its
Mn2(III,IV) oxidation state overlaid for comparison (dotted line). (B): quantification
of the 6-line signal over time (100% monomeric MnII normalised to a sulphuric acid
treated solution of 1).

This degradation was also studied by MIMS measurements. As the MIMS
instrument allowed monitoring of several gases simultaneously, we were
also able to detect the formation of CO2 during the reaction. It was found
that CO2 was formed during the reactions for all studied complexes (1, 4-6).ix
ix

The formation of carbon dioxide proceeds via organic radical intermediates, known to be
reactive towards molecular oxygen. As a result, this process is not only destructive towards
the complexes. It is also likely that the amount of oxygen formed is greater than that detected,
with a fraction of the formed O2 scavenged by organic radicals.
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As both EPR and MIMS showed fast degradation of the complex in the
presence of oxone, it was necessary to rule out the most likely degradation
products (i.e. monomeric Mn2+ or Mn4+ ions and manganese oxides) as the
“catalyst” responsible for the generation of the detected 18O2. Consequently
we tested the reactivity of a solution of MnCl2 as well as suspensions of
Mn2O3 and MnO2. From this study we found that neither MnO2 nor MnIIions generated detectable amounts of O2. In contrast, Mn2O3 did slowly
evolve O2 when treated with oxone. However, there was no incorporation of
18
O. Thus, this latter species is likely to be the origin of the more productive
phase initiated in the presence of a large excess of oxone. But, most
importantly, none of these species seems to be the active “catalyst” during
the initial phase of the reaction.
It should be pointed out that the reaction between 1 and oxone was
explored in a number of different buffers (e.g. acetate, citrate and phosphate)
in an attempt to prevent decomposition arising from the low pH. However,
no O2 evolution was detected in the presence of any buffer, where the pH
was kept above ~ 3.
To conclude, these results indicate that, on the one hand, oxidation of 1 at
low pH generates a short burst of doubly-labelled 18O2. On the other hand, in
parallel to this reaction, most of the complex is converted to manganese
species with completely different properties. At least one of these species
appears to be able to catalyse the disproportionation of peroxomonosulfate
into 16O2 and sulphate, which explains the lack of 18O label for the later
stages of the reaction. This change in isotopic labelling pattern during the
reaction should be kept in mind when considering the rates given in table 1.

2.3.2 The oxygen exchange dilemma, and oxygen formation
using lead(IV)
One potential issue with using isotope labelling as a mechanistic probe is the
possibility of exchange between the 18O of water with other potential
oxygen-atom donors, meaning that the incorporation of 18O from labelled
water does not necessarily represent true oxidation of water.73 Such a
scrambling of the isotopes would make the results from any study of this
kind far less conclusive. Consequently, the observation of doubly labelled O2
is not indisputable proof of the oxidation of two water molecules into
molecular oxygen. Nevertheless, it is noteworthy that complex 1 is the only
complex for which this isotope pattern is observed
If the oxygen-atom transfer capacity of oxone is not a pre-requisite for
O2-formation with 1, then a powerful outer sphere oxidant like CeIV should
also promote oxygen formation. Despite this, as found in the initial screening
study, this was not the case. However, another potential key difference
between HSO5 and CeIV is the ability of the former to act as a two-electron
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oxidant. As a result, the use of a two-electron, non-oxygen-atom transfer,
oxidant may work where CeIV failed. To test this hypothesis, the oxidations
of 1, 5 and 6 were performed with PbIV, another two-electron oxidant used
under mildly acidic conditions. Importantly, PbIV has never, to the best of my
knowledge, been reported to act as an oxygen-atom transfer reagent under
conditions such as these.
For these reactions, PbIV(OAc)4 dissolved in MeCN was added as oxidant
to complexes 1, 5 and 6. In contrast to 5 and 6, the reaction between 1 and
PbIV(OAc)4 did generate a burst of oxygen. When the reaction was analysed
by MIMS, the isotope ratio was found to be close to, but not exactly the
same as, what was expected for oxidation of bulk water. While not a perfect
match to the theoretical value, the value is still much too high to be
explained by an oxygen-atom transfer mechanism. Detection of oxygen from
the reaction with PbIV is a very important result, providing a strong
indication that oxygen-atom transfer reagents are not needed for the oxygenevolving reaction of 1. Unfortunately the reaction is still not catalytic. The
amount of oxygen formed is not greater than that observed using oxone. This
was tentatively explained by the fast formation of lead oxides (PbO2) upon
mixing of PbIV(OAc)4 and water. As a consequence, most of the lead is only
available for a short time. An alternative explanation is of course
inactivation of the “catalyst”.
The observations that 1 is unique in this study in its formation of doubly
labelled O2 and the evolution of O2 upon oxidation with lead, provide strong
support for a mechanism specific for complex 1. The reaction seems to
require a two-electron oxidant, and results in the oxidation of two bulk water
molecules into molecular oxygen.

2.4 Mechanistic hypotheses
In the case of TBHP, the lack of incorporation of 18O from water is
explained by radical disproportionation reactions, proceeding via homolytic
instead of heterolytic bond cleavage of the peroxide. This reactivity has been
observed before with manganese complexes and was therefore not studied in
greater depth.87-89
The formation of mixed labelled dioxygen is more interesting from a
mechanistic perspective, the most straightforward explanation would be a
two-step nucleophile-electrophile mechanism (as described in Chapter 1.2.3
and 1.3.2). This would explain both the need for a potent oxygen-atom
donating oxidant and the labelling pattern.
In contrast, the reactivity observed for 1 is less readily explained by this
mechanism. From the combined information obtained in this study, and
previous studies on the redox chemistry of 1,103, 104 we formulated the
following reaction scheme for the reaction between 1 and oxone (Scheme 7):
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Scheme 7. Reaction pathways suggested for the reaction between complex 1 and
oxone or PbIV(OAc)4. Species directly observed by EPR or MIMS are marked by
frames. Adapted from Paper III. Manganese oxidation states are indicated by roman
numerals.

In this reaction scheme we suggested that the oxygen–oxygen bond
formation proceeds via a di-μ-oxo Mn2IV,IV complex. However, so far we
have not been able to ascertain the nature of the species leading to the
formation of 18O2. A number of possibilities exist, assuming that oxone still
acts as an oxygen-atom transfer oxidant, one can formulate the following
mechanisms:
For example, 1 could be unique among the studied complexes in its
ability to form the suggested manganyl species using PbIV as oxidant. If so,
this would also require that this Mn-oxo species is exchanged significantly
faster with solvent water than those in complexes 4-6. Otherwise oxone
would not give rise to doubly labelled O2.
A fundamentally different type of mechanism can be formulated, wherein
oxone can still act as an oxygen-atom donor. It has been shown that
oxidation of similar complexes generate semi-stable radicals on phenolatoligands to manganese. These complexes have furthermore been shown to
oxidise organic substrates.105 Thus one can envision a “metalloradical”
mechanism similar to what has been suggested by Hurst et al. for O2formation using the blue dimer 7, involving hydration of the ligand.55 In such
a mechanism, the metal-oxo core is only indirectly involved in the reaction.
Instead, the O–O bond is actually formed at the ligand following the di-
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hydration of the phenol group (Scheme 8). Such a mechanism would explain
the formation of 18O2 from an oxygen-atom donating oxidant. However, it
does not fully explain the need for two-electron oxidants.

Scheme 8. Tentatively suggested reaction mechanism for the formation of O2 based
on a “metalloradical” mechanism. Ligand oxidation to form a di-hydrated species
with concomitant hydrogen atom transfer to the metal-oxo-core, followed by the
removal of two hydrogen atoms, generates a peroxide species. Subsequent electronic
rearrangement eliminates O2 and reforms the aromatic system. Adapted from the
mechanism suggested by Hurst et al. for the blue dimer.55 Manganese oxidation
states indicated by roman numerals.

2.5 Summary and conclusions from the catalyst
screening project
The key results from this study can be summarised as follows:
1. A number of new oxygen evolving reactions using manganese-based
“catalysts” have been discovered. Based on the present data, oxygen
evolution from manganese compounds appear to be more common than
previously known. This study also serves to show the problems involved
in this type of chemistry, as very few complexes are likely to be stable
under the strongly oxidising conditions needed to oxidise water.
2. The mass spectrometry study ruled out a number of the initial hits as
“false positives”, when the O2-labelling pattern did not indicate any
incorporation of oxygen-atoms derived from water. Important here were
the results when employing TBHP, which resulted in unlabelled O2 for all
complexes. Therefore, great care has to be taken when this oxidant is used
in similar studies. It is also noteworthy that the O2 evolved from oxidation
of Mn2O3 did not incorporate labelled oxygen-atoms under our conditions.
3. In contrast to TBHP, oxone consistently gave an isotope pattern
indicating involvement of solvent water in the evolved oxygen gas. In
most cases (4-6) the isotope pattern was in agreement with a two-step
mechanism. Initial oxygen-atom transfer from the oxidant yields an
electrophilic manganyl species. This is followed by nucleophilic attack
by a water (or hydroxide) to form the oxygen–oxygen bond, leading to
molecular oxygen.
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4. Finally, and especially noteworthy, the reaction between 1 and PbIV was
the only reaction found during this study in which molecular oxygen was
formed using a manganese-based catalyst and a non oxygen-donating
oxidant. As sub-stoichiometric amounts of O2 were formed, further
studies are clearly needed in order to evaluate the true water oxidising
capacity of complex 1. Nevertheless the reaction is of interest as it
indicates that O2-formation using 1 proceeds via a mechanism which is
different compared to the other complexes in this study.
To conclude, this study indicates that the formation of O2 using oxygenatom transfer reagents may be quite general. However, the apparent
difficulties with forming the reactive intermediate using single-electron
oxidants will be a major obstacle to overcome.
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3. Synthesis and mechanistic studies of
potential water oxidation catalysts –
implications for a mechanistic model (Papers
IV and V and Appendix I)

This chapter discusses our work on ligands featuring carboxylate donors in
their backbone, with special focus on the proposed water oxidation catalyst
[(mcbpen)2Mn2(H2O)2]2+, 5, synthesised and studied by McKenzie and coworkers.83, 106 We wished to study how the positioning of the carboxylate
group changed the coordination properties of the ligand and ultimately the
reactivity of the manganese complex. Finally the hypothesis put forth by
McKenzie and co-workers regarding the mechanism of water oxidation by 5
is discussed in light of our findings.83

3.1 Introduction
As discussed earlier (Chapter 1.3 and 2), manganese complexes reported as
capable of oxidising water are rare. One of these complexes is based on the
Hmcbpen ligand, [(mcbpen)2Mn2(H2O)2]2+, 5, synthesised and studied by
McKenzie and co-workers.83, 106 Our interest in this type of ligands arises
primarily from two factors, the reported oxygen evolving capacity of 5, in
particular with the non-oxygen-atom donating oxidant CeIV, and the
coordination chemistry related to the carboxylate group.
During our screening study (Chapter 2) we were able to confirm that the
complex did seem able to mediate the formation of an oxygen–oxygen bond.
However, our results also disagree with some of the originally reported
findings, e.g. we did not detect O2-evolution when the complex was oxidised
with CeIV. The original report has, since its publication, received quite a lot
of attention.85, 99 We thus felt that a closer study of this system was of interest.
As the carboxylate group was suggested to be a key factor for the reactivity of
5, we wished to study what effect a change in the coordination possibilities of
the carboxylate group would have on the oxygen-evolving reaction.
As mentioned above, we were also interested in this type of ligand
framework from a coordination chemistry point of view. In manganese
coordination chemistry carboxylate ligands are usually introduced as small
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auxiliary ligands, e.g. as acetates or benzoates.107 As a result they are usually
easily displaced from the complexes upon oxidation.108 In contrast, when one
considers the active sites of enzymes, the carboxylate donors are usually
(albeit not always) provided by the protein backbone. Consequently, they are
expected to be less easily displaced. This subject will be explored further in
chapter 4. Furthermore, the exact mode of coordination is governed by the
oxidation state and coordination geometry of the metal, and can change
during the redox cycling of the metal ion, a process sometimes referred to as
the carboxylate shift.109 This flexibility makes them very promising as ligands
in any model of the OEC, as they can support a wide range of oxidation states
and can change their coordination mode during a catalytic cycle.
For these reasons we wished to study whether or not the positioning of
the carboxylate group within the ligand framework altered its coordination to
the metal, and ultimately the redox chemistry of the complex. Therefore the
original ligand Hmcbpen was modified by switching the positions of the
carboxylate- and a pyridine donor, as shown in figure 9, to give Hbpmg
(Hbpmg = 2-((2-(bis(pyridin-2-ylmethyl)amino)ethyl)(methyl)amino)acetic acid).

Figure 9. Comparison of the Hmcbpen ligand, reported by McKenzie and coworkers, and Hbpmg (14) and Hbpbg (19).

3.2 Synthesis and characterisation of tetranuclear low
valent manganese complexes (Paper IV)
Two ligands were prepared, differing in the nature of the R-group (14 R =
methyl, 19 R = benzyl) on one of the amino groups. The ligands were
synthesised via similar routes, but as no convenient method was found for
introducing the methyl group to give 12 from 16, the starting materials
differed. The synthetic steps are outlined in scheme 9, and to the best of my
knowledge, have not been reported in the literature prior to this study.
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Scheme 9. Synthetic protocol for ligands Hbpmg (14) and Hbpbg (19). Intermediates 10
and 16 obtained via literature procedures from 9 and 15 respectively. Reagents and
conditions: (a) 1. 2-(Bromomethyl)pyridine-hydrobromide (2.2 eq.), NaOH (4.1 eq.),
THF/H2O, 50°C; 2. Boc2O, Et3N, CH2Cl2 (41%); (b) TFA, CH2Cl2, 0°C (98%); (c) ethyl
bromoacetate (1.5 eq.), Et3N (1.5 eq.), CH2Cl2 (13 = 66%; 18 = 78%); (d) NaOH,
EtOH/H2O (14 = 90%; 19 = quant.); (e) 1. Benzaldehyde (0.97 eq.), MeOH, reflux;
2. NaBH4, reflux (67%).

Tetranuclear MnII4 complexes (20 and 21, see Scheme 10) were obtained by
reacting solutions of either 14 or 19 in aqueous methanol with a small excess
of MnII(ClO4)2.
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Scheme 10. Synthesis of tetranuclear manganese(II) complexes from ligands
Hbpmg and Hbpbg (14 and 19). Reagents and conditions: (a) Mn(ClO4)2 (1.05 eq.),
MeOH/H2O, 50°C (20 = 51%; 21 = 52%)

Crystals suitable for single crystal XRD analysis were obtained for both
complexes. The ligands were found to be almost identical in their
coordination and gave tetranuclar metallamacrocyclic complexes (Figure 10
shows the complete structure of 20). The 16-membered ring is composed of
MnII-ions interspaced by the carboxylate groups, which coordinate in a μ1,3fashion (Figure 11, left).
The manganese ions are best described as hexacoordinate, with a
tendency for heptacoordination arising from a long-range interaction with
one of the oxygens of the carboxylate group, which as a result becomes
pseudo-tridentate (Figure 11, right). This distorted octahedral coordination
geometry is likely to arise from two factors: the strain imposed by the
multidentate ligand, as well as the flexibility of MnII in its coordination
number (five to seven).
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Figure 10. Crystal structure of 20, counter ions omitted for clarity. Colour coding:
C: grey; N: blue; O: red; Mn: pink; H: white.

Figure 11. (Left): schematic representation of the metallamacrocyclic core of 20.
(Right): coordination sphere of Mn1, highlighting the weak 7th bond (dotted line).
Ligand framework omitted for clarity. Colour coding: C: grey; N: blue; O: red;
Mn: pink; H: white.

The isomeric ligand, Hmcbpen was also reported to give a complex with
heptacoordinated MnII-ions.106 But in contrast to 20 and 21, that complex, 5,
is dinuclear and the carboxylates coordinate in a μ1,1-fashion. We suggested
that this difference in nuclearity, arising from the difference in bridging
mode of the carboxylate group, originates from the shift in coordination
mode of the pyridine donors, from trans in 5 to cis in 20 and 21, preventing
the formation of a dimeric species analogous to 5.
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The magnetic interaction in the complexes in solid state was studied by
magnetic susceptibility measurements and EPR spectroscopy (Paper IV).
From these measurements it was deduced that the individual manganese ions
were antiferromagnetically coupled to their respective neighbouring ions and
ferromagnetically coupled to the ions in opposite position, resulting in an
overall weak antiferromagnetic interaction (J = –0.87 cm1, for 20).

Figure 12. EPR spectra of 20 recorded at 20 K, comparing the solid state EPR
spectrum, recorded on a powder sample (dotted line) to that recorded on an MeCN
solution (0.4 mM) solid line.

Parallel experiments, using the same methods, were also performed to study
the nature of 20 in solution. In contrast to the solid state experiments, a
mixture of species was observed from the solution state complex. A number
of different models were tested to fit the data obtained from magnetic
susceptibility measurements, including mono-, di-, tri- and tetranuclear
species. The best fit was obtained using a model where 70% of the material
retained its tetranuclear structure while 30% was transformed into a species
with no magnetic interactions between the metal centres. The presence of a
magnetically uncoupled species is also observed in the EPR spectrum as a
broadening of the central wavelike feature (Figure 12). The exact nature of
the magnetically uncoupled species could not be determined but a
mononuclear species is likely.

3.2.1 Electrochemical Properties
The redox properties of complex 20 in MeCN were studied by electrochemical methods. Cyclic voltammetry (CV) revealed two irreversible
oxidation processes on the anodic scan, assigned to Mn-based oxidations
(MnII to MnIII and MnIII to MnIV respectively, observed potentials
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summarised in Table 2).x During the reverse scan two reduction processes
were discernable. These peaks were assigned to Mn-based reductions,
returning the system to its MnII-state after a complete cycling of the potential
(Figure 13, left).xi These large shifts between the anodic and the cathodic
waves revealed the occurrence of chemical reactions in connection to the
electrochemical redox processes.

Figure 13. Cyclic voltammetry traces recorded for 20 (0.5 mM) in MeCN, 0.1 M
TBAPF6 present as electrolyte, scan rate = 100 mV s-1. (Left): scan from 0.5 V to
1.0 V (solid line); 0.5 V to 1.5 V (dotted line). (Right): cyclic voltammograms in
MeCN (solid line); in the presence of 6 mM lutidine (dotted line); in the presence of
lutidine and 1 M H2O (dashed line).

As the formation of oxo-bridged complexes upon oxidation of similar
complexes is well established in the literature,104, 106, 108, 110, 111 we suggested
the following reaction scheme (Scheme 11) for the oxidation of 20 in the
presence of a proton acceptor (see text below):

Scheme 11. Reaction scheme of 20 upon electrochemical oxidation in MeCN, in the
presence of a proton acceptor, e.g. lutidine (L = bpmg).xii

x

Potentials given here and throughout the text are given vs Ag/AgNO3 (10 mM) in MeCN
unless otherwise stated. These values can be transformed to the Fc+/Fc scale by subtracting 70
mV.
xi
A similar CV trace was observed for 21, but this complex was not studied in the same depth
(Paper IV).
xii
A similar reaction scheme has also been suggested for 5 by Baffert et al. (see Ref. 106).
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In this scheme, the chemical changes were explained by the cleavage of the
tetrameric species with concomitant formation of complexes with water-derived
ligands. Deprotonation of these ligands stabilise the increased charge of the Mnions. The initial oxidation generates a monomeric MnIII complex
([(bpmg)MnIII(OH)]+).xiii Continued oxidation to MnIV generates a di-μ-oxo-core
with concomitant decoordination of one of the chelating donors of the ligand,
resulting in a dinuclear Mn2IV,IV-species ([(bpmg)MnIV-(μ-O)2-MnIV(bpmg)]2+)
(22). This assignment was further supported by EPR in conjunction with
exhaustive bulk electrolysis, as well as UV/vis spectroelectrochemistry (SEC)
(Paper IV). The formation of 22 was later confirmed, as we managed to isolate
the suggested MnIV,IV-dimer (Chapter 3.3, Paper V).
This reaction scheme also explains the changes to the CV trace of 20
upon addition of base and water. When 2,6-dimethyl pyridine (2,6-lutidine, a
sterically hindered base, robust towards oxidation102) was added, the CV
trace of 20 was altered in several ways (Figure 13, right, dotted line). There
was a large increase in current during the anodic scan, and during the reverse
scan, the reduction peaks were shifted by several hundred mV towards more
cathodic potentials. Further changes were observed when water was
introduced, as the presence of 2 v/v% H2O (1 M) resulted in a notable
compression of the peak separations (Figure 13, right, dashed line). The
largest effect was found for the oxidation process(es) which was shifted by
about 200 mV towards milder potentials, but there was also a discernable
shift of the second reduction peak towards a less cathodic potential. Thus it
was concluded that the oxidation of 20 is promoted by the presence of water
and the neutralisation of the four protons released upon formation of the
di-μ-oxo core, all reported potentials are summarised in table 2.
Table 2. Peak potentials observed for 20 and 21 in MeCNa

20

21

20+baseb

Red/Ox
20
+base,H2Oc process

Ea(1)

+ 0.91

+ 0.97

+ 0.9d

+ 0.7d

II  III

Ea(2)

+ 1.40

+ 1.41

+ 1.3d

+ 1.3d

III  IV

Ec(1)

+ 0.65

+ 0.71

+ 0.25

+ 0.25

IV  III

Ec(2)

+ 0.27

+ 0.24

 0.37

 0.27

III  II

a

0.5 mM of 20 and 21 respectively in 0.1 M TBAPF6, peak potentials are given vs.
Ag/AgNO3 as reference (0.01 M in MeCN). b 3 mM lutidine. c 3 mM lutidine and 1 M H2O.
d
Half peak potential, Ep/2 (when no clear peak was discernable).

This species may be in an equilibrium with a mono-μ-oxo Mn2III,III-complex, however, so
far we have not detected such a species.

xiii
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It is noteworthy that the presence of base seemed to be a prerequisite for
quantitative formation of [(bpmg)MnIV-(μ-O)2-MnIV(bpmg)]2+, as initial
attempts at performing bulk electrolysis experiments in the absence of base led
to partial decomposition of the material, as seen from the appearance of a
strong 6-line signal in the EPR spectrum. This degradation is likely to be
caused by the protons released from the water-derived ligands upon formation
of the di-μ-oxo core. In the absence of an added base the ligand becomes
protonated, resulting in decoordination from the metal. The need for an
additional base for facile formation of similar complexes has been reported in
the literature and was therefore not studied in detail at this point.102, 110

3.2.2 Chemical oxidation and O2 evolution
In order to test the influence of our modifications on the oxygen evolving
reaction observed for 5, complexes 20 and 21 were treated with chemical
oxidants following the protocol described in chapter 2. Because of the
problems related to TBHP (see Chapter 2) we chose oxone as the oxygenatom transfer reagent instead of TBHP which was used by Paulsen et al. in
the original study of 5 (Chapter 1.3.2).83
As reported in Paper IV, oxygen gas evolved when complex 20 (but not
21) was treated with oxone. The same observation was made using CAN,
however, in that case the observed oxygen yield was much lower (and the
reaction clearly non-catalytic). Typical oxygen-evolution curves recorded on
a Clark-type electrode are shown in figure 14.

Figure 14. Oxygen evolution traces recorded using a Clark-type electrode after
addition of oxone (a) or CAN (b) (50 mM) at t = 0 (indicated by arrow) to an argonflushed solution of 20 (0.5mM) in H2O. Onset of O2-evolution indicated by arrow.
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As seen in figure 14 there is a lag-phase of about 5 minutes from the time of
oxidant injection before the O2-concentration starts to increase. The presence
of this lag-phase is troublesome from a mechanistic perspective, as EPR
samples collected from the reaction mixture during this time revealed
decomposition of a non-negligible fraction of the complex. The yield of the
reaction between 20 and CeIV was ~3% (O2/Mn-ion) (calculated from
maximum oxygen concentration). The low yield possibly stems from the
decomposition of the complex. However, as manganese oxides have been
reported as potential catalyst for water oxidation (see Ref. 95 and Chapter 2),
the degradation product may instead have catalysed the production of the
detected oxygen. A comparison of the oxygen evolution traces between
complex 5, 20 and 21 is shown in Appendix I. It was found that the
formation of O2 was initially much faster using 5, but 20 gave a larger O2
evolution overall. This higher overall yield of dioxygen, observed upon
oxidation with oxone of 20 compared to 5, may be the reason why we do
detect O2-formation for 20 using CAN, while we have had difficulties
repeating the O2-formation reported upon CAN treatment of 5.83 While these
differences in kinetics and overall yield between 5 and 20 are interesting, the
low stability of the complexes under O2-evolving conditions makes it
difficult to draw definite conclusions.
Thus, in order to truly evaluate the water oxidising capacity of 20, we
needed to find oxidising conditions under which the complex does not
decompose. As low pH is a prerequisite for CeIV oxidation,100 we changed to
RuIII as oxidant. The [Ru(bpy)3]3+/2+ couple has a slightly lower oxidation
potential compared to CeIV (see Chapter 2.1), but [Ru(bpy)3]3+ is possible to
use in a much wider pH-range (0-7).40 For this study, in contrast to the study
reported in chapter 2 (Paper I), we used chemically prepared
[RuIII(bpy)3](ClO4)3. This was done in order to avoid potential problems
related to the photochemistry and the presence of a sacrificial electron
acceptor. When [RuIII(bpy)3](ClO4)3 was added to an aqueous solution of 20
partial degradation of the complex also occurred, and no O2-evolution was
detected. Addition of base, however, stabilised the system and the
degradation could be avoided, in line with the observation in the
electrochemical study described above. By careful titration of 20 with
[RuIII(bpy)3](ClO4)3, the oxidation process could be followed by both EPR
and ESI-MS. From this study it was concluded that the oxidation in aqueous
solution followed the same reaction pathway as observed from the
electrochemical oxidation in MeCN (i.e. yielding [(bpmg)MnIV-(μ-O)2MnIV(bpmg)]2+ as the final product). Figure 15 (left) shows the evolution of
the EPR spectrum upon consecutive additions of [RuIII(bpy)3](ClO4)3.
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Figure 15. (Left): oxidation of an aqueous solution of 20 with [RuIII(bpy)3](ClO4)3.
(a) EPR signal of 20 (0.5mM) in H2O with 2.5 mM lutidine prior to addition of
[Ru(bpy)3]3+ . The spectra below are EPR signals after addition of 1 (b), 1.5 (c), 2
(d) and 3 (e) molar equivalents of [Ru(bpy)3]3+/Mn. After the last addition the Mncomplex is present in an EPR-silent form, the visible EPR-signal arises from a Ruspecies. Compare EPR spectra (e, inset) to that of a solution containing only
[Ru(bpy)3]3+ and lutidine (2.5 mM) (f, inset). This Ru related EPR signal is clearly
visible throughout the entire reduction process. The EPR-silent species present after
addition of 2-3 eq. of RuIII (spectra d and e) is interpreted as the di-μ-oxo Mn2IV,IVcomplex. This assignment was further supported by ESI-MS. (Right): reappearance
of MnII over the course of 30 h. The resulting oxidised solution was left stirring
under N2 in the dark at 20 °C and EPR samples were collected over time. The EPR
spectra shown were recorded on samples collected after 0 h (e), 4 h (g), 12 h (h), 30
h (j). EPR spectra were recorded at 10 K.

Interestingly the oxidised material was found to spontaneously return to its
MnII-state. After 30 h, a large fraction of the starting material was
regenerated, without any apparent degradation of the complex (Figure 15,
right). This regenerated MnII could be oxidised a second time by addition of
[RuIII(bpy)3](ClO4)3 (data not shown). This observed spontaneous reduction
is in accordance to that reported by McKenzie and co-workers for 5.83
However, no O2 evolution was detected during this reaction. The reason for
this is either that the oxygen evolution is occurring at such a low rate that we
cannot detect it with our detection methods or that the di-μ-oxo Mn2IV,IVcomplex does not reductively eliminate O2 to return to its MnII-state.
Considering the similarities in ligand design for Hmcbpen and Hbpmg
(Figure 9), this latter option casts doubt on the mechanistic hypothesis for
[(mcbpen)2Mn2(H2O)2]2+ (see Scheme 12 and accompanying text) and this
will be discussed more thoroughly below.
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3.3 Isolation and characterisation of a suggested
catalytic intermediate – consequences for the proposed
catalytic cycle (Paper V and Appendix I)
This section deals with our in-depth analysis of the water oxidising reaction
observed with complexes [(mcbpen)2Mn2(H2O)2]2+, 5, and [(bpmg)4Mn4]4+,
20. The first part describes the synthesis and characterisation of high-valent
complexes, one of which has been suggested by McKenzie and co-workers
to be an intermediate in a water oxidising catalytic cycle. The second part
discusses the implications of our findings on the suggested mechanism.
Before proceeding with our results, it is worthwhile to revisit the
mechanism suggested by McKenzie and co-workers (briefly described in
Chapter 1.3) for the oxygen evolving reaction of [(mcbpen)2Mn2(H2O)2]2+.83

Scheme 12. The mechanism for O2 formation suggested by McKenzie and coworkers.83 Incorporation of 18O into the complex detected by ESI-MS when 5 was
oxidised in H218O.

The mechanism was suggested based on the different complexes observed in
MeCN and aqueous solutions upon treatment of the complex with TBHP,
employing primarily ESI-MS. The authors found that oxidation of 5 yielded
[(mcbpen)2(μ-O)2Mn2IV,IV]2+. This high-valent complex slowly returned to its
starting MnII-state with time, without noticeable formation of any
decomposition products. Parallel experiments (using a setup similar to the
one described in Chapter 2) showed formation of 18O16O upon oxidation of 5
in H218O with TBHP and (surprisingly) also with CeIV, indicating the
involvement of solvent water in the reaction. Consequently they
hypothesised that the MnIV-ions were reduced by oxidising water into O2,
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proceeding via a hypothetical μ-peroxo intermediate (Scheme 12, top left).
The manganese ions are thus suggested to cycle between oxidation states (II)
and (IV), with oxygen–oxygen bond formation occurring via spontaneous
collapse of the MnIV,IV(μ-O)2-core, followed by release of dioxygen.
This reaction was suggested to be promoted by the presence of the
flexible carboxylate donor which changes between three different
coordination modes during the catalytic cycle, and finally promotes the
oxygen–oxygen bond formation. Furthermore it was suggested that the same
mechanism was operating when the complex was oxidised with CeIV in the
form of CAN. However, as discussed earlier (Chapters 1 and 2), TBHP is
known to evolve O2 via radical reactions, making mechanistic studies
employing this oxidant difficult, as we indeed found when trying to
reproduce these results. Nevertheless formation of mixed labelled dioxygen
was observed also in our study of 5, using oxone as oxidant (Chapter 2).
However, we can form a di-μ-oxo Mn2IV,IV complex similar to what has been
suggested as the O2-evolving species using different conditions (RuIII
oxidation, Chapter 3.2.2), but we could not detect any O2 formation during
its reduction. Encouraged by the apparent stability of the high-valent
complex we decided to try to isolate this species in order to study its
reactivity in more detail.

3.3.1 Synthesis and characterisation of potential catalytic
intermediates ([(bpmg)2Mn2O2](ClO4)2 and
[(mcbpen)2Mn2O2](ClO4)2)
It was found that treating a suspension of the low-valent precursor 20 in
MeCN with an excess of TBHP (Scheme 13), followed by crystallisation at
15°C in a Et2O atmosphere yielded [(bpmg)2Mn2O2](ClO4)2, 22, as a black
crystalline solid in acceptable yield (~50%). Once this synthetic protocol had
been optimised, we could also successfully apply it to 5 to generate
[(mcbpen)2Mn2O2](ClO4)2 (23) (Scheme 13). It should be pointed out that
while this synthesis protocol consistently gave good results for 22, the
synthesis of 23 was more difficult, an observation which will be discussed
further in the following section.
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Scheme 13. Synthesis of high valent dimers, 22 and 23. Conditions: (a) 1. 17 eq.
TBHP/Mn, MeCN, 30 min 2. Et2O, –15 °C, 4d (22 ~50%; 23 ~40%). The structure
of 23 previously suggested in literature83 (23’) shown for comparison.

The structures of the complexes were revealed by XRD (Figure 16). As seen
in scheme 13, there is a difference between the structure suggested in the
catalytic cycle (Scheme 12, bottom left) and the isolated structure of 23. The
structure obtained by XRD clearly shows that a pyridine donor becomes
decoordinated in order to accommodate the second oxo-bridge, in contrast to
the structure hypothesised in the catalytic cycle, in which both pyridine
donors are still coordinated (compare 23 to 23’). This most likely arises from
the preference of manganese in its higher oxidation states for harder anionic
donors. This ligation may be the source of the increased difficulties in the
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isolation of 23 compared to 22. As the carboxylate donors occupy the
positions trans to the aliphatic amine donors in the MnII complex in 5, the
formation of the Mn2IV,IV(μ-O)2 core requires larger ligand rearrangements
for 5 than for 20.xiv 106

Figure 16. Diamond view of complexes 22 (left) and 23 (right).

Elemental analysis, and in the case of 22 also magnetic susceptibility studies,
confirmed the bulk homogeneity of 22 and 23. Furthermore, ESI-MS, IR,
EPR, CV and UV/vis analysis were also used to confirm the purity and
similarity between 22 and 23. The peaks observed in the solid state IR
spectrum of 23 were slightly less well defined compared to those of 22,
possibly due to a mono-μ−oxo Mn-dimer impurity. This latter species was
also detected by CV.
The redox properties of the complexes in MeCN were investigated using
electrochemistry and were found to be very similar (Paper V). Complex 22
displayed two reversible redox couples at 0.29 V and 0.44 V. Using bulk
electrochemistry combined with EPR spectroscopy these peaks were assigned
to the Mn2IV,IV(μ-O)2/Mn2III,IV(μ-O)2 and Mn2III,IV(μ-O)2/Mn2III,III(μ-O)2
couples, respectively. The corresponding peaks were shifted to slightly higher
potentials for 23 (E ~ 40 mV). For complex 22 no further redox processes
were observed scanning up to 1.5 V. In contrast, for complex 23 the situation
was complicated by two additional redox couples appearing at higher
potentials (Appendix I). By comparison to literature values, these peaks were
assigned to a mono-μ-oxo Mn-dimer impurity, i.e. the Mn2III,IV(μ-O)/
Mn2III,III(μ-O) and Mn2IV,IV(μ-O)/Mn2III,IV(μ-O) redox couples, respectively.106
It is noteworthy that the di-μ-oxo-core in complex 22 is surprisingly stable.
Three different oxidation states (Mn2IV,IV(μ-O)2 to Mn2III,III(μ-O)2) could be
obtained using bulk electrochemistry (performed at -10 °C).
xiv

During the synthesis of 23 there is a short-lived (seconds) green intermediate stage clearly
visible, before the solution turns dark brown. Such an intermediate stage is not visible during
the synthesis of 22 from 20. This green colour is attributed to the build-up of
[(mcbpen)2Mn2III,III(μ-O)]2+, possibly occurring because of the larger ligand rearrangement
required to form the di-μ-oxo-core for 23. Baffert et al. has reported a green colour for this
species (see Ref. 106).
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3.3.2 Reactivity studies
Before we could assess the role of 22 and 23 in the catalytic cycle, it was
necessary to confirm that the crystallised material truly reflects the complex
formed upon initial oxidation in solution. As the long time-scale of the
crystallisation process could potentially allow for slow ligand
rearrangements. This was done by comparing data obtained from redissolved
crystals of 22 and 23, to the data obtained for the species generated in-situ
upon oxidation of the low valent pre-cursors 20 and 5, respectively. For
complex 22 this was achieved by electrochemical studies, including CV as
well as UV/vis- and IR-SEC. The IR-SEC experiment clearly showed that
upon oxidation of 20, the band at 1600 cm1 decreases in intensity with a
concomitant increase in absorbance around 1710 cm1. These peaks are
assigned to the bridging carboxylate group present in 20 and the
monodentate carboxylate group present in 22, respectively (Figure 17). From
this observation together with the similarities of the UV/vis spectra (Figure
18) and the CV-traces (Paper V) it was concluded that, not only was the
material formed indeed the same, but also that milder stepwise one-electron
oxidation generates the same species. Additionally, judging from the
similarities observed in the UV/vis spectra, the structure did not appear to be
altered significantly in changing from organic solvents (MeCN) to water
solutions.

Figure 17. IR spectra of 22 (solid, upper) and 20 (dotted, upper) in MeCN and the
difference spectrum between 20 (0.5 mM) before and after oxidation at 1 V in the
presence of lutidine [6mM] (solid, lower). The difference spectrum shows a distinct
decrease of the carboxylate band at 1600 cm-1 and a concomitant increase of the
absorbance at 1710 cm-1. The release of protons is also seen from formation of
protonated lutidine (indicated by arrows).
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Figure 18. UV/vis spectra of 22 in MeCN (red) and aqueous (blue) solution, 23 in
MeCN (black) and 20 subjected to oxidation at 1 V in a SEC cell (green)
(absorbance of the latter spectrum multiplied by a factor 2). (Inset): magnification of
the absorbance peak at ~650 nm.

For complex 23, the UV/vis spectra and more importantly, the CV-trace
were compared to those reported by Baffert et al. for 23 formed in-situ.106
From the similarities observed, and by analogy to 22, it was concluded that
also the crystallised material obtained for 23 is a true representation of the
complex initially formed in solution.
Once confident that the structure was not altered during the crystallisation
process, we could proceed to test the oxygen evolving capacity of 22 and 23.
If the mechanism outlined in scheme 12 was correct (apart from the shift in
coordination of the carboxylate group), dissolving 23 and most likely also 22
in H2O should result in evolution of O2, with concomitant regeneration of the
MnII-complexes. From UV/vis spectroscopy it was confirmed that the
complexes were unstable in solution. Their half time was estimated to about
15 min in water, and EPR-spectroscopy combined with ESI-MS showed that
the final products were LMnII (where L = bpmg or mcbpen). However, this
final MnII-state was not reached for several hours (data not shown), in line
with the experiment shown in figure 15. More importantly, no O2-formation
was detected for neither 22 nor 23 when the complexes were dissolved in
water inside a Clark-type electrode. Nevertheless, the complexes could still
be intermediates in a catalytic cycle if further oxidation was necessary (to
form e.g. a bridging oxyl radical, mechanism 4, Scheme 2), albeit this is
unlikely as no further oxidation was detected in the electrochemical study.
To test this hypothesis, the complexes were treated with CAN, following the
screening protocol described in chapter 2, but still there was no detectable
O2-formation for neither 22 nor 23 (Appendix 1). To test the general oxygen
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donating capacity of 22, solutions of the complex were mixed with one
equivalent of PPh3 or cis-stilbene. In the case of PPh3 quantitative formation
of PPh3O was observed. In contrast, no oxidation of the cis-stilbene could be
observed (Appendix I). Consequently, these di-μ-oxo bridged complexes
were not involved in a dioxygen forming reaction, and, at least in the case of
22, appeared to have a rather weak oxygen donating capacity overall.

3.4 Exploring an alternative mechanism
The lack of dioxygen formation from 22 and 23 meant that a new model must
be developed for how this reaction proceeds. In the study presented in chapter
2 we suggested that the O–O bond formation using 5 was likely to proceed via
a high-valent manganyl intermediate. The most straight forward reaction
pathway to such a species from 5 or 20 when using one electron oxidants
would proceed via a monomeric MnIV-species ([LMnIV(OH)]2+, L = the
pentadentate ligands mcbpen or bpmg). Upon re-inspection of the EPRspectra recorded during the oxidation of 20 using [RuIII(bpy)3](ClO4)3 there is
indeed an EPR-signal around g = 4, indicative of a monomeric MnIV-species.

Figure 19. Evolution of EPR spectra recorded upon oxidation of 20 (0.5 mM) with
[RuIII(bpy)3](ClO4)3 in H2O with 2.5 mM lutidine. EPR specta of 20 after addition of
3 equivalents of [Ru(bpy)3]3+ (a) immediately after addition (this spectrum
correspond to (e) in Figure 15; (b) After stirring the solution under N2 for 1h.; (c)
After stirring the solution under N2 for 2h. The asterisk denotes a possible
monomeric MnIV-species.

Furthermore, we could also detect a similar, although smaller g ~ 4 signal
when treating 5 and 20 with CAN (Paper V). In Paper V we hypothesised
that the formation of a monomeric MnIV-complex might be favoured under
more acidic conditions. While the observation of this species is potentially
interesting, there is currently no support for its involvement in a dioxygen
forming reaction.
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Scheme 14. Summary of the reaction pathways detected for 5 and 20. The manganyl
species (top right) has not been spectroscopically detected, but is the suggested
source of the mixed labelled O2 evolved upon oxidation of 5 with oxone. XO =
peroxomonosulfate (and possibly TBHP) and L = mcbpen or bpmg.

The combined data reported for the reactivity of 20 in Papers IV and V
together with the original reports on 583, 106 are summarised in scheme 14.
All these species have now been spectroscopically detected, except for the
hypothetical manganyl species (Scheme 14, top right). Oxidation of the MnII
complex generates a monomeric MnIII species ([LMnIII(OH)]+), this has been
observed for both 5 106 and 20. In the case of 5 this species have been shown
to exist in both monomeric and dimeric form. Further oxidation then
generates either a monomeric MnIV-complex or the di-μ-oxo MnIV,IVcomplex (22 or 23), which we have now crystallised. The exact structure of
monomeric MnIV-complex is not firmly established, in this scheme it is
assumed that the ligand remains pentadentate. In MeCN, in the presence of a
proton acceptor, the dimeric form is strongly favoured, we have seen no
indication of a monomeric species under these conditions. In water the
situation is different, and it appears as if we can form both the dimeric and
the monomeric species. The mixed labelled O2 evolved upon oxidation of 5
with oxone reported in chapter two is tentatively attributed to a manganyl
species, so far undetected in our study. This species could be formed by an
oxygen-atom transfer reaction involving LMnIIIOH+.xv However, at this time
there is no clear indication that the former species can be formed by CAN
oxidation.

xv

This mechanism is not in disagreement with the mixed labelled O2 reported by Paulsen et al
from TBHP oxidation of 5, if under their conditions they managed to promote heterolytic
bond cleavage of the peroxo O–O bond, such a process could possibly generate the postulated
MnV=O directly from MnIII-OH.
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3.5 Summary and Conclusions
To summarise, two new low valent tetranuclear MnII-complexes have been
synthesised, showing how a seemingly small change in ligand design can
have a large effect on the coordination behaviour. Consequently, a new
method has been shown for the synthesis of well defined tetranuclear
complexes without the use of small auxiliary ligands.
When complex 20, but not 21, was treated with strong oxidants under
acidic conditions O2-evolution was detected. While there were differences in
the oxygen-evolving reaction between 5 and 20, the exact reason could not
be determined because of the instability of the complexes under O2-evolving
conditions. Thus, no definite conclusion could be drawn regarding the
influence the carboxylate group position on this reaction.
Oxidation of complex 20 under milder conditions generated a dinuclear
Mn2IV,IV-species featuring a di-μ-oxo core. This oxidised species returned
spontaneously, but slowly, to its MnII-state, but no O2 was detected from this
reaction. This latter observation was unexpected in light of the mechanism
for oxygen–oxygen bond formation suggested by McKenzie and co-workers,
but the slow reduction allowed us to isolate the suggested intermediates and
study their reactivity in detail. Having isolated 22 and the suggested catalytic
intermediate 23 we have studied their role in the catalytic cycle without
having to worry about the potential radical disproportionation of organic
peroxides and the deleterious effects of CAN oxidation. From these studies it
has become clear that they are indeed, not involved in the catalytic cycle.
In order to explain the O2-evolution observed from complex 20 upon ceric
oxidation we also tested our hypothesis regarding the involvement of a
monomeric manganyl species, so far undetected in our study. We
investigated the reactivity of both the high-valent and the low-valent
complexes in more depth, and although we did find indications of formation
of a monomeric LMnIV complex, we could not support its involvement in the
oxygen evolving reaction using CAN as terminal oxidant.
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4. Employing binucleating ligands (Paper VI
and Appendix II)

4.1 Introduction
This chapter describes the continuation of our work on multidentate ligands
incorporating the carboxylate motif, wherein we attempt to develop ligands
featuring multiple binding pockets. The design of the ligands shown in
figure 21 was driven by a desire for ligands featuring two binding pockets
and the covalent attachment of carboxylate groups to the ligand backbone.
Our interest in ligands with multiple binding pockets arises primarily
from two factors:
1. Oxo-bridges are present in several of the early functional models of the
OEC, e.g. 673, 74 and 753, 54, and are beneficial as they provide good
electronic coupling, and can facilitate oxidation by proton-coupled
electron transfer (PCET). This latter effect has been nicely illustrated by
Baldwin et al.112 However, this bridging motif has also been recognised
as a potential weak point of the complexes during catalysis.78, 83 By
placing two metals in close proximity we hoped to promote the
formation of dimeric species, and consequently increase the stability of
the complexes. There are a number of examples in the literature of
binucleating ligands incorporating coordinating bridging motifs.113 A
noteworthy example of this in the field of water oxidation is the
pyrazolato bridged, dinuclear analogue to the blue-dimer, 7, reported by
Llobet and co-workers.57 We, however, were interested in studying how
the introduction of a non-coordinating bridge between the metal
scaffolds would change the coordination properties, as in this way, the
metals still retain a large degree of freedom in their mode of bridging.
2. A second motivation for two binding pockets is that this will, at a later
stage, allow for the synthesis of asymmetric complexes. If one considers
e.g. the electrophile-nucleophile mechanism advocated in chapter two
for the oxygen–oxygen bond forming reaction, then it is potentially
desirable to control the coordination environment in such a way that one
metal represent the reaction centre while any additional metal acts more
as a storage of oxidising equivalents. Such modifications will be
facilitated by using binucleating ligands.
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Another key feature introduced in three of the ligands is the covalently
bound carboxylate groups, which allow us to better mimic the carboxylate
rich ligand environment of many manganese containing active sites. As
already discussed in chapter 3, carboxylates are highly versatile donors,
capable of supporting different oxidation states and providing a number of
coordination modes (Figure 20).109, 114 Furthermore, carboxylates are likely
to participate in hydrogen bonding networks around the metal-site, and
thereby potentially promoting PCET, or to act as internal bases.115

Figure 20. A selection of the various coordination modes found for carboxylate
ligands. Adapted from reference 109.

For this study we used multidentate ligands based on the versatile 1,2diaminoethane moiety discussed in chapter 3, as this ligand backbone allows
for relatively facile modifications. Furthermore, it allowed us to apply the
synthetic protocols developed in the previous study (Paper IV). As a bridge
we chose the rigid but non coordinating phenylene-group.
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Figure 21. Ligands employed in this study. The synthesis of ligands Na2L1 and L3
was performed as outlined in Paper VI, while the synthesis and characterisation of
Na2L2 and Na2HL5 is described in Appendix II. Ligand L4 was synthesis in
accordance to literature.116

Consequently, ligands Na2L1 to L3 shown in figure 21 as well as their
corresponding MnII-complexes were synthesised and characterised.
Furthermore their capacity to mimic the reactivity of two manganese
containing redox active enzymes was studied, the OEC and manganese
catalase (MnCat). Their catalase-like reactivity was also compared to that of
the MnII-complex with the mononucleating ligand L4. As this reference
compound has a similar ligand design it allowed us to evaluate the influence
of our modifications. Finally, because of problems encountered with the first
generation of ligands, attributed to the carboxylate groups (see below), we
also synthesised a ligand featuring a coordinating bridge, i.e. Na2HL5.
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4.2 Synthesis and characterisation
The ligands, Na2L1 to L3, were synthesised as outlined in schemes 16 and
17 respectively (steps previously reported in the literature not shown).

Scheme 16. Synthesis of ligands Na2L1 and L3. Reagents and conditions:
(a) 1. Isophthalaldehyde (0.5 eq.), mol. siv., MeOH, reflux; 2. NaBH4 (3 eq), reflux (56%);
(b) ethyl bromoacetate (3 eq.), Et3N (3 eq.), CH2Cl2 (54%); (c) NaOH, THF/H2O, (94%).

Scheme 17. Reagents and conditions: (a) isophthalaldehyde (0.49 eq.), mol. siv.,
Et2O, reflux (58%); (b) NaCNBH3 (3 eq.), TFA (8 eq.), MeOH, 0°C (95%); (c) ethyl
bromoacetate (3 eq.), Et3N (3 eq.), CH2Cl2 (75%); (d) NaOH, H2O, 50°C (73%).
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The main difference between the syntheses pathways is in at which point the
amino-groups of the 1,2-diaminoethane moiety become non-equivalent. During
the synthesis of Na2L2 the amino-groups are equivalent up until the point the
phenylene-bridge has been introduced, this facilitates the synthesis as no
protecting groups are needed. On the other hand, during the synthesis of Na2L1,
the amino-groups become non-equivalent already in the first step, when one of
the primary amino groups is transformed into a carbamate (not shown).
The MnII-complexes, [L13Mn6](ClO4)6 (32) and [L2xMn2x](ClO4)2x (33)
were synthesised by reacting Na2L1 and Na2L2 respectively with two
equivalents of MnII(ClO4)2 in a mixture of methanol and water. Reacting a
solution of L3 in methanol with two equivalents of MnII(OAc)2 gave the dinuclear complex [L3(μ-Cl)(μ1,3-OAc)Mn2II,II](ClO4)2 (34) in low yield
(<10 %) after addition of NaClO4. The presence of a bridging chlorido
ligand was tentatively assigned to the in-situ reduction of perchlorate (as no
other chloride source was added to the reaction). Following this rather
surprising result, the synthesis of 34 was repeated using a 1:1 mixture of
MnII(OAc)2 and MnIICl2 as metal source, this procedure afforded the same
material in better yield (80%). Diffusion of Et2O into MeCN solutions of the
complexes afforded X-ray quality crystals in the case of 32 and 34.
Unfortunately no method has so far been found to crystallise complex 33, the
formula given above is based on the ligand/metal-ratio observed in elemental
analysis and ESI-MS. The mononuclear complex L4MnIICl2 (35) was
synthesised according to a literature procedure.116

4.2.1 Characterisation
The structures of complexes 32 and 34 were revealed by XRD. In
complex 34 the two manganese ions, in the two separate binding pockets of
the ligand, are bridged by a mono μ-chlorido and a mono μ1,3-acetato ion
(Figure 22).

Figure 22. Diamond view of complex 34. Counter ions omitted for clarity.
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This bridging motif is to the best of our knowledge unique, and show an
interesting resemblance to that of chloride treated MnCat isolated from
Thermus Thermophilus.xvi 117
Ligand L12 was found to form hexanuclear MnII-complexes,
[L13Mn6](ClO4)6, in which the ligand opens up to form a dimer of trimers
type of structure. Three ligands come together with the carboxylate groups
forming μ1,3-bridges between the Mn-ions, this coordination gave rise to
trinuclear, 12-membered metallamacrocycles. The two trinuclear units are in
turn bridged by the phenylene-spacers, which results in a large cavity in the
structure. In the structure a perchlorate counter-ion was found (trapped) in
this cavity. The Mn–Mn distances are about 5.3 Å within the
metallamacrocycles and about 10.6 Å between the trimeric subunits (Figure
23, left). All six Mn-ions have similar coordination spheres with four Ndonors and also two O-donors from the carboxylate groups, which connects
the ions to their two neighbouring Mn-ions (Figure 23). It is noteworthy that
the relative positioning of the donors is the same as observed for 20 and 21,
and similar long range interactions to one O-atom of the carboxylate group
appear to be present. This results in hexacoordinated metal centres with a
tendency for heptacoordination (Figure 23, right).

Figure 23. (Left): Diamond view of the hexameric structure of 32. Hydrogen atoms
and counter ions omitted for clarity, except for the perchlorate anion trapped in the
cavity. (Right): view of the coordination sphere around one Mn-ion (Mn2). Colour
coding: Mn: pink; N: blue; O: red; Cl: green; C: black.

Attempts have also been made at isolating complexes of L12 and L22 using
other manganese salts (e.g. MnII(OAc)2, MnIII(OAc)3 and MnIICl2), but so far
no crystalline material has been obtained.
xvi

The active site of MnCat features a dinuclear manganese complex, which upon chloride
treatment has been found to crystallise in two forms with the two metal centres bridged by
either a mono-carboxylato and a di-chlorido bridge, or a mono-carboxylato, mono-chlorido
and a mono-aqua bridge.
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The complexes, 32-34, have also been studied in solid state and solution by
EPR spectroscopy and by solid state magnetic susceptibility measurements.
The cyclic trinuclear nature of complex 32 gives rise to a spin frustrated
system, in which the magnetic interaction changed from ferromagnetic (J =
+118 cm1, g = 1.98) at elevated temperatures (T > 55 K) to weakly antiferromagnetically coupled at lower temperatures (J = 0.4 cm1, g = 1.90).
Unfortunately, we have so far not been able to detect a fingerprint EPR
spectrum for this complex, it only displays a broad wave-like feature centred
around g = 2 (Paper VI).

Figure 24. EPR spectra of 34 recorded in MeCN solution, T = 15 K

As expected from a Mn2II,II-complex with antiferromagnetic coupling
between the Mn-ions such as in 34 (J = 5.67 cm1), the coupling between
the metal centres gave rise to a more complex EPR spectrum. The EPR
spectrum of 34 in MeCN is shown in figure 24.
Similar to what was observed for complex 32, the EPR spectrum of
complex 33 only displayed a wave-like signal centred around g = 2 with no
additional features, indicative of weakly or non-coupled MnII ions. The
situation was further complicated for 33 as the magnetic susceptibility
measurements indicated that the material isolated from L22 was
inhomogeneous. Consequently, because of the lack of a crystal structure as
well as informative magnetic susceptibility and/or EPR data we have not
been able to deduce the structure of complex 33.
The structure of complexes in solution is difficult to deduce from EPR
alone, but the coupling observed by EPR in MeCN solution, in combination
with ESI-MS could, in the case of 34, confirm that the bridging motif was
retained in solution. However, an analogous argument could not be made for
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complex 32 as there were no distinguishing features in the EPR spectrum.
Instead, based on the similarities observed between the solid state and
solution state IR spectra we tentatively suggested that the hexameric
structure remained intact in solution (Paper VI).
This latter assignment was further supported by the results obtained from
the electrochemical study. The cyclic voltammogram recorded for 32
displayed three quasi-reversible peaks (Figure 25). If the complex would
disassociate in solution to form smaller complexes and thereby interact with
the solvent, the CV trace is expected to be less reversible (compare to e.g.
complexes 20, Figure 13 or 33, Figure 26). The CV traces and the
assignment of the processes are given in figures 25 and 26 for complex 32
and 34 respectively.

Figure 25. CV traces of 32 (0.33 mM). The three quasi-reversible redox processes
observed are assigned to three MnIII/II couples. Recorded in MeCN, 0.1 M TBAClO4
present as electrolyte, scan rate 100 mV s1.

Figure 26. CV traces of 34 (0.5 mM). The first oxidation is assigned to a two electron
oxidation of the Mn-dimer to form a Mn2III,III species with concomitant rearrangement
of the ligand sphere. The later peak was tentively assigned to a Mn2III/IV/Mn2III,III
couple, however this has so far not been confirmed as bulk electrolysis beyond the
Mn2III,III-state results in significant decomposition of the complex. Recorded in MeCN,
0.1 M TBAClO4 present as electrolyte, scan rate 100 mV s1.
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4.3 Catalytic efficiency
The capacity of the complexes to mimic the function of two different redox
active Mn-containing enzymes was evaluated. By subjecting the complexes
(32-34) to a screening study as described in chapter 2 it was realised that
neither of them evolved oxygen when treated with hypochlorite, oxone or
CAN (data not shown). It was thus concluded that none of them showed
promise as functional models of the OEC. This could potentially be
attributed to the choice of spacer group, as the presence of a benzyl group
also prevented oxygen evolution for the Mn-complexes with
“mononucleating” ligands (compare 20 and 21, Chapter 3). In contrast, the
complexes did evolve oxygen when treated with hydrogen peroxide,
meaning that they were functional mimics of MnCat.
MnCat protects living organisms from the deleterious effects of hydrogen
peroxide by performing the disproportionation reaction outlined in equation
3.118, 119 The active site features an unsymmetrical dinuclear manganese
complex, with multiple carboxylate donors.117, 120

The reaction occurs via two consecutive two-electron reactions as shown
in scheme 18.107

Scheme 18. Schematic view of the catalytic disproportionation of H2O2 by a
dinuclear manganese complex. (+) indicate elevated oxidation state and X represent
a bridging group, e.g. an oxo-ligand.

The catalytic efficiency of the complexes, 32-35, was evaluated by treating
them with a large excess of H2O2 and observing the rate of O2 evolution
using a Clark-type electrode. The observed rates were found to differ
considerably between the complexes. The dinuclear complex, 34, and the
mononuclear complex, 35, were about 1000 times faster compared to the
complexes with the covalently linked carboxylate donors, 32 and 33
(Paper VI, data for 33 not shown).
Furthermore, there were also differences observed by EPR between the
complexes. By freeze quenching samples obtained from the reaction mixtures
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at set times, the reactions could be followed by EPR spectroscopy. It was
found that the appearance of the EPR spectra did not change throughout the
time course of the experiment for complexes 32 and 33. For complexes 34 and
35 on the other hand, the spectra immediately changed upon addition of the
oxidant to display a strong 16-line signal, indicative of the formation of a di-μoxo Mn2III,IV-core. From these differences observed in reaction rates and by
EPR spectroscopy, it appears as if the presence of the aryl spacer does not
influence the reactivity to any greater extent, complexes 34 and 35 react with
similar rates and display similar changes to their EPR spectra during the
reaction. Conversely, the presence of the additional carboxylate donors in
complex 32 and 33 did alter the reactivity significantly.
Based on these observations we suggested the following mechanistic
hypotheses: as a strong 16-line signal dominate the EPR spectra in the case
of complexes 34 and 35, the reaction appear to involve cycling between a
Mn2II,III and a Mn2III,IV species, with a di-μ-oxo Mn2-core present, at least in
the higher oxidation state. Conversely, complexes 32 and 33 may cycle
between a MnII species and a MnIII species. If the initial oxidation step, of
this latter reaction, is rate determining, this could explain why no change is
observed in the MnII-EPR signal during the reaction. This difference in
reactivity may be attributed to the increased denticity of the ligands with the
additional carboxylate donors, resulting in lower substrate access to the
metal and also suppressing the formation of the di-μ-oxo bridge needed to
access higher oxidation states. Indeed, the electrochemical study and IR
spectroscopy both indicated that the hexameric structure of 32 is retained in
solution, underlining the stability of this complex.
There are, however, a number of questions remaining regarding these
complexes before any claim at mechanistic understanding can be made:
1. Are the dominant species observed by EPR really involved in the
catalytic cycle?
2. In the case of complexes 32-34, what is the structure of the catalytically
active species? Are the manganese ions in the two binding pockets of the
ligands working together during the reaction or is the active species a
larger complex, in short, is the active species formed intra- or
intermolecularly?
3. What is the role of the auxiliary ligands present in complexes 34 and 35
(i.e. halides and acetates), do they only serve to provide readily accessible
coordination sites for the substrate or do they remain coordinated? The
natural system is inhibited by chlorides, but so far the influence of the
chloride ligands has not been investigated in these systems.
It should be pointed out that this catalase like reactivity is far from
uncommon for manganese complexes, and there are numerous examples in the
literature.107 What makes this family of complexes interesting for future studies
is the possibility of modifying the two binding pockets separately and thereby
introducing asymmetry in the complexes. Furthermore, ligand L3 has given us
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access to a new type of bridging pattern, similar to what has been found for
chloride-inhibited MnCat, observed in 34 (Figure 22), thus this type of ligands
are potentially useful as both structural and functional analogues to MnCat.

4.4 Synthesis of Hbpmpaa – introduction of a
coordinating bridge (Appendix II)
In an attempt to stronger promote interaction between the two binding
pockets, and thereby suppressing the oligomerisation observed for ligand
L12-, a ligand featuring a spacer with a potentially bridging donor was also
synthesised (42). The ligand is based on the heptadentate, Hbpmp,
framework (ligand of complex 1) originally reported by Suzuki et al.121 The
main features are: the potentially bridging central phenol motif and the
carboxylate groups added to one pyridine donor of each arm of the ligand.
The ligand synthesis was performed as outlined in scheme 19. A key
challenge during the synthesis was the ethanolysis of 40 to afford 41, in the
presence of water the tertiary amines were readily cleaved while the nitrile
group was stable for days even at elevated temperature. This problem was
circumvented by bubbling HCl gas into a solution of 40 in dry EtOH, which
resulted in selective and facile hydrolysis of the nitrile group.

Scheme 19. Synthesis of Hbpmpaa. Reagents and conditions: (a) SOCl2, THF,
45°C (93%); (b) KCN (1.2 eq.), MeCN, reflux (34%); (c) 2-(aminomethyl)pyridine (5 eq.), Et3N (1.05 eq.), CH2Cl2, (49%); (d) 2,6-bis(chloromethyl)-4methylphenol (0.5 eq.), Et3N (1.2 eq.), CH2Cl2 (72%); (e) HCl(g), EtOH (92%);
(f) NaOH (2 eq.), THF/H2O (83%).
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Reacting the ligand, 42, with two equivalents of MnII(ClO4)2 resulted in the
precipitation a white solid (Scheme 20). Preliminary EPR studies show the
presence of an anti-ferromagnetically coupled Mn2II,II-complex, a result
which is further supported by the observation of a mass corresponding to
[42Mn2II,II]+ (43) using ESI-MS. Unfortunately, studies of this complex has
so far been complicated by the high susceptibility of the MnII-complex
towards aerial oxidation, a solution of 43 turns from colourless to brown
within minutes upon exposure to small amounts of air. This has so far
prevented us from obtaining X-ray quality crystals of the complex. But
based on the EPR spectrum, and the large peak split (~ 200 cm1 for 43 vs
~ 160 for 1 cm1) observed for the two carboxylate stretches in the IR
spectrum (indicative of monodentate coordination)114, the structure shown in
scheme 20 is suggested for complex 43.

Scheme 20. Synthesis of 43 (suggested structure). X represents solvent derived
ligands. Reagents and conditions: (a) Mn(ClO4)2, MeOH, 55 °C (35%)

4.5 Summary and conclusions
A number of new ligands have been designed, with the intention of
incorporating more than one binding pocket in the ligand, both with and
without carboxylate moieties covalently attached to the ligand backbone. Their
corresponding MnII-complexes have been characterised in both solution and
solid state. Using the first set of ligands with the covalently attached
carboxylate groups (L12 and L22) we encountered difficulties in obtaining
the desired dinuclear complexes. Instead, ligand L12 generated oligomeric
complexes (32), while no well defined complex has been isolated using L22.
However the introduction of a coordinating group in the bridging moiety of
the ligand may provide a way of preventing this problem (43).
The first three complexes (32-34) were evaluated with regards to their
capacity to mimic the reactivity of MnCat. By comparison to the
mononuclear analogue, 35, it was found that the presence of an aryl bridge
did not change the reactivity to any greater extent. Conversely, introduction
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of the carboxylate group in the ligand framework greatly suppressed their
catalytic efficiency. An effect which was attributed to a decrease in
coordinative flexibility needed for efficient catalysis.
To conclude, despite the problems with foreseeing the coordination
behaviour of these ligands, they have nevertheless allowed us to crystallise
two novel types of manganese complexes. Furthermore, they may allow us
to construct more elaborate models of the active site in MnCat.
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5. Elucidating the nature of the S2 to S3 transition
in the S-state cycle of PS II (Paper VII)

This chapter addresses the influence of ligand geometry on the appearance of
XANES spectra recorded at the manganese K-edge. The study was
performed in collaboration with the group of Prof. Holger Dau at Freie
Universität Berlin (whose group performed the XANES study). In this study,
synthetic model complexes synthesised in our lab are used to support a
hypothesis on the nature of the S2 to S3 transition occurring in the S-state
cycle of the OEC.

5.1 Introduction
As discussed in chapter 1.2, water oxidation in oxygenic photosynthesis is
catalysed by a tetranuclear manganese cluster, the OEC. Driven by the
absorption of four photons, the OEC accumulates four oxidising equivalents
before it is re-reduced by oxidising water into molecular oxygen and protons.
This process is summarised by the S-state cycle, where S0 denotes the most
reduced state of the OEC and S4’ (classically S4) the final, most oxidised state
(Scheme 1). Insight into the geometrical and electronic structure of the OEC in
the different S-states is of utmost importance when elucidating the mechanism
of this enzyme. In this field XAS has proven invaluable, as it is, in contrast to
most other spectroscopical techniques, a specific probe of the catalytic site and
can be used to study all the different S-states.12, 25, 122
XAS refers to the absorption of photons resulting from the excitation of a
core electron. For manganese (metal), the K-edge (i.e. excitation of a 1s
electron) occurs at 6539 eV. The first part of the absorption spectrum, which
extends about 50 eV from the onset of absorption, is referred to as the X-ray
absorption near edge structure (XANES). Two features of the XANES
spectrum provide important information: from the position of the K-edge on
the energy scale one can deduce the oxidation state, while the shape reflects
coordination number and geometry. Following the XANES region, one finds
the extended X-ray absorption fine structure (EXAFS) region, which extends
from about 50 eV to over 1000 eV from the onset of absorption. EXAFS is a
structural tool, which gives information regarding distances to, and the
nature of, back-scatterers (i.e. neighbouring atoms).25, 122
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It has been firmly established in numerous studies that the position of the Kedge, within a set ligand environment, is related to the oxidation state.25, 122
This has been used by different groups to study the oxidation state changes
of the OEC during S-state transitions induced by saturating single
flashes.26, 123, 124 From these measurements it has been concluded that
manganese-based oxidation occurs during the S0 to S1 as well as the S1 to S2
transition. The identity of the species being oxidised during the S2 to S3
transition however, is still debated. Dau and co-workers, as well as Ono and
co-workers argue for manganese-centred oxidation,123, 124 while Yachandra
and co-workers argues against manganese oxidation,26 instead suggesting the
oxidation of a bridging oxo-ligand.

Figure 27. Mn K-edge spectra of the OEC complex for all four semi-stable S-states.
The regions where unusual changes occur during the S2 to S3 transition indicated by
oval (rising part of the edge) and arrow (peak absorption). Figure adapted from
reference 125.

For a tetranuclear manganese complex, an up-shift of the edge position of
0.5-1 eV is expected when a single manganese ion is oxidised.25 For the S2 to
S3 transition, it has been reported that the edge shift is significantly smaller
than that (Messinger et al. reported ΔE = 0.3 eV26), as well as above the
threshold value of 0.5 eV (0.7 eV by Haumann et al.124 and 1.2 eV by Ono et
al.123). As the data is very similar in the two more recent studies, this
discrepancy is likely to arise from problems with defining the edgeposition.xvii 26, 123, 124 This problem has been discussed in the literature, 25, 26, 122
and underlines the need for further studies of relevant model complexes.

xvii

Indeed the three different groups all use different methods to cast the data into a single
value, Messinger et al. use the inflection point energy, given by the zero-crossing of the
second derivative, Ono et al. use the half peak height method, while Haumann et al. employ
the integral method. For a comparison between these different techniques see ref. 25.

76

Given the difficulties in defining the edge-energy, this chapter will focus on
the changes in the shape of the XANES spectrum occurring during the S2 to
S3 transition. The spectral changes observed during the S2 to S3 transition are
different from those observed for the S1 to S2 transition. During the former
transition, an unusually large shift in absorption occurs in the rising part of
the spectrum (Figure 27, lower horizontal line), while around 6556 eV the
edge of the S2 state actually crosses that of the S3 state (Figure 27, top
horizontal line). Additionally, there is also an increase in peak absorption
(Figure 27, arrow). As manganese-centred oxidation is firmly established for
the earlier S-state transitions, these differences have also been used to argue
that the species oxidised during the S2 to S3 transition is fundamentally
different from that of the other transitions, most likely an oxo-bridge.26 In
contrast, theoretical work by Dau and co-workers have shown that such
differences may indeed be explained by a manganese-centred oxidation, if a
concomitant shift in coordination from penta- to hexacoordination occurs.25, 125
As establishing the nature of this transition will serve to narrow down the
number of potential mechanisms for water oxidation significantly, the aim of
this study was to synthesise relevant model complexes in order to allow Dau
and co-workers to test this latter hypothesis.

5.2 Results

Figure. 28. Synthetic model complexes employed in this study.

The complexes used in this study are shown in figure 28. Complexes 3 and
44 are both MnIII-complexes. Whereas complex 3 features an octrahedral
coordination sphere around the Mn-ions, complex 44 is square pyramidial.
The third complex, 45, is a hexacoordinated MnIV-complex with an
octahedral coordination sphere. Apart from the coordination geometry, the
complexes were also chosen for their stability and relatively high proportion
of O-donors. Furthermore it was desirable to employ complexes with similar
O to N ratios, as changing the donors is expected to alter the appearance of
the XANES spectra.
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The synthesis of 3 and 45 has been reported in literature, as well as MnIIIcomplexes using the tetradentate ligand of 44.126, 127, 128, 129 However complex 44
had prior to Paper VII not been isolated and crystallised in square pyramidial
coordination geometry. With this series available, we could proceed to test the
influence of the coordination geometry on the XANES spectra.

Figure 29. Solid state XANES spectra recorded at BESSY, Berlin, of model
complexes 3 (solid line), 44 (open circles) and 45 (solid circles). Main transitions
indicated for the different parts of the spectrum in figure. (Inset): calculated spectra
on the basis of the atomic coordinates for the three complexes (using FEFF 8.4).xviii

When comparing the spectrum obtained for the pentacoordinated
complex, 44 to the hexacoordinated MnIII complex, 3, a number of
differences are discernable: firstly, there is a weaker absorption for 44
around the position of peak absorption for 3 (see Figure 29, area indicated by
oval). Secondly, there is also a shoulder present in the rising part of the
spectrum of 44 (E ~ 6547 eV). This energy matches the energy of a
manganese 1s to 4s transition, which is dipole-forbidden. This is reflected in
the low intensity of the absorption in this region for complex 3 and 45. In the
square pyramidial complex 44 however, the corresponding molecular orbital
gains p-character, thus increasing the probability of this transition.25, 125
These observed features are relatively well reproduced in the calculated
spectra (Figure 29, inset). Additionally, it is noteworthy that these features
are also very well reproduced in calculated spectra based on simple idealised
structures (Figure 4 in Reference 125).

xviii

It should be noted that a XANES spectrum has been reported for a derivative of
complex 44 by T.-C. Weng et al. (see Ref. 38), however in that study the spectrum
was recorded in EtOH solution and the complex reported as hexacoordinate.
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Consequently, the differences observed during the S2 to S3 transition can be
qualitatively evaluated by comparing the XANES spectra of 3 and 44 to that
of the hexacoordinated MnIV-complex, 45. If indeed a transition from a
pentacoordinated MnIII to a hexacoordinated MnIV takes place, an unusually
large decrease in absorption in the rising part of the edge would be expected.
Additionally, as seen in the higher end of the edge spectrum (~ 6557 eV) the
lines cross for complexes 44 and 45, thus offering an explanation for these
features in the higher end of the edge spectrum in the S2 to S3 transition as
well. Thus, it appears as if the reported “unusual” shape changes reported for
the S2 to S3 transition can indeed be explained by manganese-centred
oxidation with a concomitant change in coordination geometry.
An alternative technique for studying the oxidation state changes during
the S-state cycle is Kβ X-ray fluorescence (which probes the 3p to 1s
transition, and is influenced by (3p, 3d) exchange interactions11). Also using
this technique it was found that the spectral changes observed during the S2
to S3 transition, were different from those observed during the S0 to S1 and
the S1 to S2 transitions. This was also attributed to a non-manganese based
oxidation.26 However, preliminary results obtained on the complexes used in
this study show that Kβ fluorescence is also influenced by the ligand
environment, thus a change in the coordination environment could possibly
explain also this observation (data not shown).

5.3 Conclusions
This study has shown that using model complexes it is possible to
qualitatively explain the appearance of the XANES spectral changes during
the S2 to S3 transition, by invoking a shift in coordination geometry. Thus,
these results support the hypothesis of manganese centred oxidation also in
this step of the catalytic cycle. However, expanding the study with a larger
set of pentacoordinated MnIII-complexes would be useful to determine the
generality of the observation. In particular, complexes with higher nuclearity
would be valuable as they are more likely to mimic the situation in the
natural system.
Nevertheless, from the results reported above, it appears that there is no need
to invoke ligand oxidation prior to the S4-state to explain the XANES data.
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6. Summary and concluding remarks
“-What did we make? What was it, in the end?
-What it always is, a handful of yarn; a little
weaving and stitching; some embroidering perhaps, a
few loose ends. But that’s only to be expected.”
- Neil Gaiman, The Kindly Ones

The development of efficient catalyst for water oxidation is of paramount
importance to artificial photosynthesis. But before this can be achieved a
deeper understanding of this reaction is essential. This thesis summarises my
attempts towards this goal employing a biomimetic approach, i.e. using
manganese based systems, and trying to develop ligands which better mimic
the carboxylate rich environment of many redox active enzymes.
During the screening study discussed in chapter two, we found a number
of new combinations of manganese “catalysts” and oxidants which yielded
oxygen gas, indicating that this mode of reactivity is more general than
previously known. The most straightforward mechanism to explain the
observed reactivity is the formation of the oxygen–oxygen bond via the
formation of an electrophilic manganyl-type oxo-group, followed by
nucleophilic attack of a (external) water molecule. However, the instability
of many of the complexes under oxygen evolving conditions (observed in
both Paper III and Paper IV) most certainly warrants further studies, in order
to identify the active species, before proper structure – function relationships
can be elucidated.
A different approach was used in chapter three, wherein we tried to
address the above mentioned structure – function relationship by studying a
reported catalyst and a derivative thereof. The influence of our changes to
the ligand on the oxygen–oxygen bond forming reaction could unfortunately
not be reliably addressed, once again because of the instability of the
complexes under “catalytic” conditions. Nevertheless, the study allowed us
to revise the “carboxylate shift”-mechanism suggested by McKenzie and coworkers, as the di-μ-oxo Mn2IV,IV-species suggested to undergo reductive
elimination to generate O2 was found to be unreactive in this regard.
Chapter four describes the continuation of my work on ligands featuring
the carboxylate ligand motif. In this study ligands containing multiple
binding pockets were designed and synthesised. Albeit the original ligand
design proved problematic, it allowed us to isolate two novel manganese
complexes: a manganese dimer featuring a mono-chlorido, mono-acetato
bridging motif, and a hexameric species with interesting magnetic properties.
A better understanding of the mechanism in the natural water oxidising
enzyme will facilitate the design of biomimetic complexes, this is discussed
in chapter five. In this work model complexes are used to judge the nature of
the species which is oxidised during the S2 to S3 transition. By comparing the
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XANES signatures of hexa- and pentacoordinated manganese(III) complexes
to that of a hexacoordinated manganese(IV) species, it is shown that the
reported “unusual” edge shape changes can indeed be explained by
manganese oxidation. Thus, it appears that, prior to the S4-state, there is no
need to invoke ligand oxidation to explain the XANES data.
To conclude, the development of robust complexes capable oxidising
water via light driven oxidation will constitute a major undertaking for
organic and inorganic chemists, most likely for years to come. However,
this effort will be necessary if artificial photosynthesis is ever to become a
viable energy alternative and it is my hope that this thesis has provided yet
another small piece to this puzzle.
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Svensk sammanfattning

För ungefär tre miljarder år sedan utvecklades organismer som kunde utnyttja
solens energi för att spjälka vatten. Denna process, fotosyntesen, möjliggjorde
framställning av energirika molekyler från endast vatten och koldioxid. Under
den här reaktionen utvecklas även syrgas som en biprodukt, något som kom att
för evigt förändra atmosfären på vår planet och i förlängningen tillät
utvecklingen av alla högre stående livsformer. Att förstå hur den här processen
fungerar är givetvis av intresse för biologer, men också i högsta grad relevant
för världens nuvarande energisituation. Samtidigt som vår samlade
energiförbrukning förväntas öka avsevärt, speciellt i samband med att
levnadsstandarden höjs i utvecklingsländer, så börjar vi bli alltmer medvetna
om de potentiella farorna med antropogena växthusgaser och bristen på fossila
bränslen. Följaktligen behövs nya former av energi. Ett av få alternativ som
kan förse oss med den enorma mängd energi vi behöver, är att utnyttja energin
som varje dag når oss från solen. Ett sätt att göra detta är med hjälp av
solcells-teknologi, men problemet med hur denna energi ska lagras kvarstår
fortfarande. Cyanobakterier, grönalger och högre växter har löst detta, då de
genom fotosyntesen dagligen fångar in enorma mängder solenergi och
omvandlar den till kemiskt lagrad energi i form av kolhydrater.

Figur 1. Schematisk bild över ett modulärt system för artificiell fotosyntes. D = en
elektrondonator som förser systemet med elektroner genom att oxidera vatten till syrgas
och protoner; P = en fotosensiterare; A = en katalysator som reducerar protoner till vätgas.

Inom Konsortiet för artificiell fotosyntes utförs grundforskning kring molekylära
system som härmar just denna process. För att detta artificiella system skall
fungera krävs det att man binder samman minst tre olika reaktioner (se figur 1).
Det krävs en molekyl (ett färgämne) som fångar upp solljuset (P i figur 1) och
därigenom förser systemet med energi. Denna energi skall sedan föras över till
en katalysatorxix som framställer en högenergetisk molekyl (A i figur 1), som
xix

En katalysator är ett kemiskt ämne eller molekyl som förenklar/möjliggör en kemisk
reaktion utan att själv förbrukas.
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senare skall bli vårt bränsle, t.ex. vätgas eller etanol. För att kunna framställa
detta bränsle, vilket sker genom en reduktionsprocess krävs även att någonting
oxideras. Det självklara valet för detta, vilket också naturen valde genom
evolutionen, är vatten (D i figur 1).
Att spjälka vatten, eller mera korrekt oxidera vatten, vilket på papper ser
ut som en relativt enkel reaktion, är förknippat med ett antal svårigheter. För
det första så är det en reaktion som kräver tillförsel av energi, man arbetar
mot termodynamiken. För det andra så måste katalysatorn klara av att koppla
oxidationen av vatten till syrgas, en fyra-elektronsprocess, till ljusreaktionen
som äger rum på fotosensiteraren, vilket är en-elektronsprocess.
De fåtal molekylära system som finns idag som klarar av denna reaktion,
är alla baserade på ädelmetaller. I motsats till dessa använder sig naturen av
ett tetranukleärt mangankomplex. Detta mangankomplex har varit inspirationskällan för detta doktorandprojekt, då det krävs katalysatorer baserade på
billigare metaller innan artificiell fotosyntes kan bli ett gångbart alternativ
för energiframställning.
Tre olika infallsvinklar har använts för att försöka förbättra vår förståelse
för hur mangankomplex kan oxidera vatten. I den första studien behandlas ett
flertal olika potentiella katalysatorer med kemiska oxidanter för att se om de
kan katalysera bildandet av syrgas. Även om det slutgiltiga målet är att oxidera
vatten med hjälp av ljusenergi (och inte kemiska oxidanter), så är den här
typen av studier av intresse då det möjliggör en snabbare granskning av vilka
typer av komplex som är värda att undersöka vidare. Våra resultat är väldigt
lovande, då det visade sig att mangankomplex som kan katalysera bildandet av
syrgas var mycket vanligare än vad som var tidigare känt. Studien illustrerar
även ett av problemen med denna typ av kemi, då väldigt få komplex är stabila
under de hårda betingelser som krävs för att oxidera vatten.
Vi studerade även en typ av mangankomplex mer i detalj för att försöka
förstå den exakta mekanismen för hur de oxiderar vatten. Tack vare denna
studie kunde vi revidera den mekanism som tidigare föreslagits. Den här
typen av djupare förståelse för de bakomliggande mekanismerna är
nödvändig då man försöker designa nya potentiella katalysatorer.
Ett annat sätt att angripa problemet är att studera det naturliga systemet i
detalj. Genom att framställa små molekylära komplex och jämföra dem med
naturens vattenoxidationskatalysator, har vi kunnat dra lärdomar som kan
användas vid utvecklandet av artificiella system.
Utvecklandet av robusta katalysatorer som kan oxidera vatten är ett
forskningsområde med enorm potential, och någonting som troligen kommer
att sysselsätta kemister under många år. Dessa studier är dock av vikt, då det
är mycket möjligt att vår energikrävande livsstil kan göra bemästrandet av
denna process nödvändig.

83

Acknowledgements

There are many people who in one way or another contributed to making this
thesis possible, I would especially like to thank:
My supervisor Dr. Magnus Anderlund. I think we made a pretty decent team,
occasionally we even agreed.
Profs. Leif Hammarström and Stenbjörn Styring for your mentorship and,
perhaps more importantly, your contagious enthusiasm.
Drs. Sascha Ott and Olof Johansson for your assistance during these years.
My partners in crime: Drs. Ping Huang, Lasse “Jag fixar det under dan”
Eriksson and Anders “André” Thapper, it wouldn’t have been much of thesis
without you guys.
Profs. Holger Dau and Johannes Messinger and their respective groups for
excellent and stimulating collaborations.
Dr. Philipp Kurz who, knowingly or not, came to greatly influence the
course of my Ph. D.
Dr. Felix Ho and Dr. Clyde Cady are gratefully acknowledged for acting as
sparring partners during the writing of this thesis.
Dr. Lennart Schwartz och blivande doktor Tania Irebo, hoppas ni flyttar “hem”
till Stockholm snart, så att jag kan lära Laban att lyssna på Dark Funeral.
Dr. Michael Jäger, lab-mate, office-mate, roommate and good friend for over
four years, I wish you all the best in your future career in Germany!
Dr. Kajsa för våra diskussioner kring “the Origin of EPR Signals”, Gunilla
för de dagliga moralhöjande kommentarerna och för all hjälp med att hålla
vårt labb i form och Dr. Reiner Lomoth för all hjälp med elektrokemi av alla
tänkbara varianter.

84

All past and present members of the SOLAR-H Network, the Organic
Chemistry department at BMC, and last but not least, Fotomol and in
particular the synthesis group, it’s been a pleasure and a privilege to get to
know you. Anna and Elisabeth, promise to take good care of the lab from
now on. Susanne and Dr. H.C. are also gratefully acknowledged for keeping
me sane.
My fellow members of the UUCC2009 organisation committee, Sofia, Ulrika,
Annika, Markus and Claes-Henrik, as well as Dr. Ann Magnuson and Prof.
Kristina Edström for giving me the opportunity to organise this conference
The Swedish Energy Agency, Knut and Alice Wallenberg Foundation and
the EU/Energy Network projects, SOLAR-H (contract no. 516510) and
SOLAR-H2 (FP7 contract no.212508) are gratefully acknowledged for
financial support.
Jag skulle även vilja tacka Liljewalchs resestipendier, Rektors resebidrag
från Wallenbergstiftelsen och Svenska kemistsamfundet för finansiellt stöd.
Alla mina vänner som har hängt med under de här åren, trots att jag kanske
inte alltid har spenderat så mycket tid med er som ni förtjänar.
Min familj som har stöttat och hjälpt mig under alla år.
Lemmy Kilmister, for the album “No Remorse”.
Maria, av anledningar som knappast behöver förklaras här.

85

References

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

86

N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U.S.A., 2006, 103, 1572915735.
K. N. Ferreira, T. M. Iverson, K. Maghlaoui, J. Barber and S. Iwata, Science,
2004, 303, 1831-1838.
B. Loll, J. Kern, W. Saenger, A. Zouni and J. Biesiadka, Nature, 2005, 438,
1040-1044.
J. Barber, Inorg. Chem., 2008, 47, 1700-1710.
A. Guskov, J. Kern, A. Gabdulkhakov, M. Broser, A. Zouni and W. Saenger,
Nat. Struct. Mol. Biol., 2009, 16, 334-342.
F. Rappaport and B. A. Diner, Coord. Chem. Rev., 2008, 252, 259-272.
J. Yano, J. Kern, K. Sauer, M. J. Latimer, Y. Pushkar, J. Biesiadka, B. Loll, W.
Saenger, J. Messinger, A. Zouni and V. K. Yachandra, Science, 2006, 314,
821-825.
M. Grabolle, M. Haumann, C. Muller, P. Liebisch and H. Dau, J. Biol. Chem.,
2006, 281, 4580-4588.
J. Yano, J. Kern, K.-D. Irrgang, M. J. Latimer, U. Bergmann, P. Glatzel, Y.
Pushkar, J. Biesiadka, B. Loll, K. Sauer, J. Messinger, A. Zouni and V. K.
Yachandra, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 12047-12052.
R. J. Debus, in Photosystem II: The Light-Driven Water: Plastoquinone
Oxidoreductase. Advances in Photosynthesis and Respiration, eds. T.
Wydrzynski and K. Satoh, Springer, Dordrecht, Editon edn., 2005, vol. 22, pp.
261-284.
K. Sauer, J. Yano and V. K. Yachandra, Coord. Chem. Rev., 2008, 252, 318335.
J. Yano and V. K. Yachandra, Inorg. Chem., 2008, 47, 1711-1726.
R. J. Debus, Coord. Chem. Rev., 2008, 252, 244-258.
A. Haddy, Photosynth. Res., 2007, 92, 357-368.
R. D. Britt, K. A. Campbell, J. M. Peloquin, M. L. Gilchrist, C. P. Aznar, M.
M. Dicus, J. Robblee and J. Messinger, BBA - Bioenergetics, 2004, 1655, 158171.
E. M. Sproviero, J. A. Gascón, J. P. McEvoy, G. W. Brudvig and V. S. Batista,
Coord. Chem. Rev., 2008, 252, 395-415.
S. Zein, L. V. Kulik, J. Yano, J. Kern, Y. Pushkar, A. Zouni, V. K. Yachandra,
W. Lubitz, F. Neese and J. Messinger, Philos. Trans. R. Soc. London, Ser. B,
2008, 363, 1167-1177.
P. Joliot, A. Joliot and B. Kok, BBA - Bioenergetics, 1968, 153, 635-652.
B. Kok, B. Forbush and M. McGloin, Photochem. Photobiol., 1970, 11, 457475.
H. Dau and M. Haumann, Coord. Chem. Rev., 2008, 252, 273-295.
H. Dau and M. Haumann, BBA - Bioenergetics, 2007, 1767, 472-483.

22. H. Dau and M. Haumann, Science, 2006, 312, 1471c-1472.
23. M. Haumann, P. Liebisch, C. Muller, M. Barra, M. Grabolle and H. Dau,
Science, 2005, 310, 1019-1021.
24. G. Hendry and T. Wydrzynski, Biochemistry, 2002, 41, 13328-13334.
25. H. Dau, P. Liebisch and M. Haumann, Anal. Bioanal. Chem., 2003, 376, 562583.
26. J. Messinger, J. H. Robblee, U. Bergmann, C. Fernandez, P. Glatzel, H. Visser,
R. M. Cinco, K. L. McFarlane, E. Bellacchio, S. A. Pizarro, S. P. Cramer, K.
Sauer, M. P. Klein and V. K. Yachandra, J. Am. Chem. Soc., 2001, 123, 78047820.
27. J. P. McEvoy and G. W. Brudvig, Chem. Rev., 2006, 106, 4455-4483.
28. J. Messinger, Phys. Chem. Chem. Phys., 2004, 6, 4764-4771.
29. P. Glatzel, U. Bergmann, J. Yano, H. Visser, J. H. Robblee, W. Gu, F. M. F. de
Groot, G. Christou, V. L. Pecoraro, S. P. Cramer and V. K. Yachandra, J. Am.
Chem. Soc., 2004, 126, 9946-9959.
30. K. Meelich, C. M. Zaleski and V. L. Pecoraro, Philos. Trans. R. Soc. London,
Ser. B, 2008, 363, 1271-1281.
31. F. A. Armstrong, Philos. Trans. R. Soc. London, Ser. B, 2008, 363, 1263-1270.
32. V. L. Pecoraro, M. J. Baldwin, M. T. Caudle, W. Y. Hsieh and N. A. Law,
Pure Appl. Chem., 1998, 70, 925-929.
33. P. E. M. Siegbahn, Inorg. Chem., 2008, 47, 1779-1786.
34. W. Ruettinger, M. Yagi, K. Wolf, S. Bernasek and G. C. Dismukes, J. Am.
Chem. Soc., 2000, 122, 10353-10357.
35. C. W. Hoganson and G. T. Babcock, Science, 1997, 277, 1953-1956.
36. G. Hendry and T. Wydrzynski, Biochemistry, 2003, 42, 6209-6217.
37. R. Tagore, R. H. Crabtree and G. W. Brudvig, Inorg. Chem., 2007, 46, 21932203.
38. T. C. Weng, W. Y. Hsieh, E. S. Uffelman, S. W. Gordon-Wylie, T. J. Collins,
V. L. Pecoraro and J. E. Penner-Hahn, J. Am. Chem. Soc., 2004, 126, 80708071.
39. V. K. Yachandra, K. Sauer and M. P. Klein, Chem. Rev., 1996, 96, 2927-2950.
40. J. H. Alstrum-Acevedo, M. K. Brennaman and T. J. Meyer, Inorg. Chem.,
2005, 44, 6802-6827.
41. C. Herrero, B. Lassalle-Kaiser, W. Leibl, A. W. Rutherford and A. Aukauloo,
Coord. Chem. Rev., 2008, 252, 456-468.
42. L. C. Sun, L. Hammarström, B. Åkermark and S. Styring, Chem. Soc. Rev.,
2001, 30, 36-49.
43. L. Sun, H. Berglund, R. Davydov, T. Norrby, L. Hammarström, P. Korall, A.
Börje, C. Philouze, K. Berg, A. Tran, M. Andersson, G. Stenhagen, J.
Mårtensson, M. Almgren, S. Styring and B. Åkermark, J. Am. Chem. Soc.,
1997, 119, 6996-7004.
44. A. Magnuson, Y. Frapart, M. Abrahamsson, O. Horner, B. Åkermark, L. Sun,
J.-J. Girerd, L. Hammarström and S. Styring, J. Am. Chem. Soc., 1999, 121,
89-96.
45. P. Huang, J. Högblom, M. F. Anderlund, L. Sun, A. Magnuson and S. Styring,
J. Inorg. Biochem., 2004, 98, 733-745.
46. P. Huang, A. Magnuson, R. Lomoth, M. Abrahamsson, M. Tamm, L. Sun, B.
van Rotterdam, J. Park, L. Hammarström, B. Åkermark and S. Styring, J.
Inorg. Biochem., 2002, 91, 159-172.
47. L. Sun, M. K. Raymond, A. Magnuson, D. LeGourriérec, M. Tamm, M.
Abrahamsson, P. Huang Kenéz, J. Mårtensson, G. Stenhagen, L.

87

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

88

Hammarström, S. Styring and B. Åkermark, J. Inorg. Biochem., 2000, 78, 1522.
R. Lomoth, A. Magnuson, M. Sjödin, P. Huang, S. Styring and L.
Hammarström, Photosynth. Res., 2006, 87, 25-40.
M. Borgström, N. Shaikh, O. Johansson, M. F. Anderlund, S. Styring, B.
Åkermark, A. Magnuson and L. Hammarström, J. Am. Chem. Soc., 2005, 127,
17504-17515.
C. Baffert, S. Dumas, J. Chauvin, J. C. Leprêtre, M. N. Collomb and A.
Deronzier, Phys. Chem. Chem. Phys., 2005, 7, 202-210.
S. Romain, C. Baffert, S. Dumas, J. Chauvin, J. C. Leprêtre, D. Daveloose, A.
Deronzier and M. N. Collomb, Dalton Trans., 2006, 5691-5702.
S. Romain, J.-C. Leprêtre, J. Chauvin, A. Deronzier and M.-N. Collomb, Inorg.
Chem., 2007, 46, 2735-2743.
J. A. Gilbert, D. S. Eggleston, W. R. Murphy, D. A. Geselowitz, S. W. Gersten,
D. J. Hodgson and T. J. Meyer, J. Am. Chem. Soc., 1985, 107, 3855-3864.
S. W. Gersten, G. J. Samuels and T. J. Meyer, J. Am. Chem. Soc., 1982, 104,
4029-4030.
J. K. Hurst, J. L. Cape, A. E. Clark, S. Das and C. Qin, Inorg. Chem., 2008, 47,
1753-1764.
F. Liu, J. J. Concepcion, J. W. Jurss, T. Cardolaccia, J. L. Templeton and T. J.
Meyer, Inorg. Chem., 2008, 47, 1727-1752.
C. Sens, I. Romero, M. Rodríguez, A. Llobet, T. Parella and J. BenetBuchholz, J. Am. Chem. Soc., 2004, 126, 7798-7799.
R. Zong and R. P. Thummel, J. Am. Chem. Soc., 2005, 127, 12802-12803.
I. Romero, M. Rodríguez, C. Sens, J. Mola, M. Rao Kollipara, L. Franca`s, E.
Mas-Marza, L. Escriche and A. Llobet, Inorg. Chem., 2008, 47, 1824-1834.
M. Yagi and M. Kaneko, Chem. Rev., 2001, 101, 21-36.
N. D. McDaniel, F. J. Coughlin, L. L. Tinker and S. Bernhard, J. Am. Chem.
Soc., 2008, 130, 210-217.
J. F. Hull, D. Balcells, J. D. Blakemore, C. D. Incarvito, O. Eisenstein, G. W.
Brudvig and R. H. Crabtree, J. Am. Chem. Soc., 2009, 131, 8730-8731.
S. W. Kohl, L. Weiner, L. Schwartsburd, L. Konstantinovski, L. J. W. Shimon,
Y. Ben-David, M. A. Iron and D. Milstein, Science, 2009, 324, 74-77.
Y. V. Geletii, B. Botar, P. Koegerler, D. A. Hillesheim, D. G. Musaev and C.
L. Hill, Angew. Chem. Int. Ed., 2008, 47, 3896-3899.
W. A. Nugent and J. M. Meyer, Metal-Ligand Multiple Bonds, Wiley-VCH,
New York, 1988.
T. A. Betley, Q. Wu, T. Van Voorhis and D. G. Nocera, Inorg. Chem., 2008,
47, 1849-1861.
S. R. Cooper and M. Calvin, Science, 1974, 185, 376-376.
M. Calvin, Science, 1974, 184, 375-381.
W. Rüttinger and G. C. Dismukes, Chem. Rev., 1997, 97, 1-24.
V. Y. Shafirovich, N. K. Khannanov and A. E. Shilov, J. Inorg. Biochem.,
1981, 15, 113-129.
N. P. Luneva, V. Y. Shafirovich and A. E. Shilov, J. Mol. Catal., 1989, 52, 4962.
N. Aurangzeb, C. E. Hulme, C. A. McAuliffe, R. G. Pritchard, M. Watkinson,
M. R. Bermejo, A. Garciadeibe, M. Rey, J. Sanmartin and A. Sousa, J. Chem.
Soc., Chem. Comm., 1994, 1153-1155.
J. Limburg, J. S. Vrettos, H. Y. Chen, J. C. de Paula, R. H. Crabtree and G. W.
Brudvig, J. Am. Chem. Soc., 2001, 123, 423-430.

74. J. Limburg, J. S. Vrettos, L. M. Liable-Sands, A. L. Rheingold, R. H. Crabtree
and G. W. Brudvig, Science, 1999, 283, 1524-1527.
75. J. Limburg, G. W. Brudvig and R. H. Crabtree, J. Am. Chem. Soc., 1997, 119,
2761-2762.
76. H. Y. Chen, R. Tagore, G. Olack, J. S. Vrettos, T. C. Weng, J. Penner-Hahn, R.
H. Crabtree and G. W. Brudvig, Inorg. Chem., 2007, 46, 34-43.
77. M. Lundberg, M. R. A. Blomberg and P. E. M. Siegbahn, Inorg. Chem., 2004,
43, 264-274.
78. R. Tagore, H. Chen, H. Zhang, R. H. Crabtree and G. W. Brudvig, Inorg.
Chim. Acta, 2007, 360, 2983-2989.
79. M. Yagi and K. Narita, J. Am. Chem. Soc., 2004, 126, 8084-8085.
80. C. Baffert, S. Romain, A. Richardot, J. C. Leprêtre, B. Lefebvre, A. Deronzier
and M. N. Collomb, J. Am. Chem. Soc., 2005, 127, 13694-13704.
81. Y. Gao, T. Åkermark, J. Liu, L. Sun and B. Åkermark, J. Am. Chem. Soc.,
2009, 131, 8726.
82. Y. Gao, J. H. Liu, M. Wang, Y. Na, B. Åkermark and L. C. Sun, Tetrahedron,
2007, 63, 1987-1994.
83. A. K. Poulsen, A. Rompel and C. J. McKenzie, Angew. Chem. Int. Ed., 2005,
44, 6916-6920.
84. Y. Shimazaki, T. Nagano, H. Takesue, B.-H. Ye, F. Tani and Y. Naruta,
Angew. Chem. Int. Ed., 2004, 43, 98-100.
85. C. W. Cady, R. H. Crabtree and G. W. Brudvig, Coord. Chem. Rev., 2008, 252,
444-455.
86. E. J. Larson and V. L. Pecoraro, J. Am. Chem. Soc., 1991, 113, 7809-7810.
87. M. T. Caudle, P. Riggs-Gelasco, A. K. Gelasco, J. E. Penner-Hahn and V. L.
Pecoraro, Inorg. Chem., 1996, 35, 3577-3584.
88. R. R. Hiatt, K. C. Irwin and C. W. Gould, J. Org. Chem., 1968, 33, 1430-1435.
89. R. R. Hiatt, T. Mill and F. R. Mayo, J. Org. Chem., 1968, 33, 1416-1420.
90. Y. Naruta, M.-a. Sasayama and T. Sasaki, Angew. Chem. Int. Ed., 1994, 33,
1839-1841.
91. P. G. Hoertz and T. E. Mallouk, Inorg. Chem., 2005, 44, 6828-6840.
92. M. W. Kanan and D. G. Nocera, Science, 2008, 321, 1072-1075.
93. M. W. Kanan, Y. Surendranath and D. G. Nocera, Chem. Soc. Rev., 2009, 38,
109-114.
94. R. Humphry-Baker, J. Lilie and M. Grätzel, J. Am. Chem. Soc., 1982, 104,
422-425.
95. A. Harriman, I. J. Pickering, J. M. Thomas and P. A. Christensen, J. Chem.
Soc., Faraday Trans. I, 1988, 84, 2795-2806.
96. P. Kurz, Dalton Trans., 2009, 6103-6108.
97. J. Mola, E. Mas-Marza, X. Sala, I. Romero, M. Rodríguez, C. Viñas, T. Parella
and A. Llobet, Angew. Chem. Int. Ed., 2008, 47, 5830-5832.
98. S. Mukhopadhyay, S. K. Mandal, S. Bhaduri and W. H. Armstrong, Chem.
Rev., 2004, 104, 3981-4026.
99. C. S. Mullins and V. L. Pecoraro, Coord. Chem. Rev., 2008, 252, 416-443.
100. F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 5 edn., WileyVCH, New York, 1988.
101. M. Kaneko, N. Takabayashi, Y. Yamauchi and A. Yamada, Bull. Chem. Soc.
Jpn., 1984, 57, 156-161.
102. C. Hureau, L. Sabater, E. Anxolabehere-Mallart, M. Nierlich, M. F. Charlot, F.
Gonnet, E. Riviere and G. Blondin, Chem. Eur. J., 2004, 10, 1998-2010.

89

103. A. Magnuson, P. Liebisch, J. Hogblom, M. F. Anderlund, R. Lomoth, W.
Meyer-Klaucke, M. Haumann and H. Dau, J. Inorg. Biochem., 2006, 100,
1234-1243.
104. G. Eilers, C. Zettersten, L. Nyholm, L. Hammarström and R. Lomoth, Dalton
Trans., 2005, 1033-1041.
105. P. Chaudhuri, K. Wieghardt, T. Weyhermüller, T. K. Paine, S. Mukherjee and
C. Mukeherjee, Biol. Chem., 2005, 386, 1023-1033.
106. C. Baffert, M. N. Collomb, A. Deronzier, S. Kjaergaard-Knudsen, J. M. Latour,
K. H. Lund, C. J. McKenzie, M. Mortensen, L. Nielsen and N. Thorup, Dalton
Trans., 2003, 1765-1772.
107. A. J. Wu, J. E. Penner-Hahn and V. L. Pecoraro, Chem. Rev., 2004, 104, 903938.
108. M. N. Collomb and A. Deronzier, Eur. J. Inorg. Chem., 2009, 2009, 20252046.
109. G. C. Dismukes, Chem. Rev., 1996, 96, 2909-2926.
110. C. Hureau, S. Blanchard, M. Nierlich, G. Blain, E. Rivière, J. J. Girerd, E.
Anxolabéhère-Mallart and G. Blondin, Inorg. Chem., 2004, 43, 4415-4426.
111. M. N. Collomb, C. Mantel, S. Romain, C. Duboc, J. C. Leprêtre, J. Pecaut and
A. Deronzier, Eur. J. Inorg. Chem., 2007, 3179-3187.
112. M. J. Baldwin and V. L. Pecoraro, J. Am. Chem. Soc., 1996, 118, 11325-11326.
113. A. L. Gavrilova and B. Bosnich, Chem. Rev., 2004, 104, 349-384.
114. G. B. Deacon and R. J. Phillips, Coord. Chem. Rev., 1980, 33, 227-250.
115. L. Dubois, J. Pécaut, M.-F. Charlot, C. Baffert, M.-N. Collomb, A. Deronzier
and J.-M. Latour, Chem. Eur. J., 2008, 14, 3013-3025.
116. C. Hureau, G. Blondin, M. F. Charlot, C. Philouze, M. Nierlich, M. Cesario and
E. Anxolabéhère-Mallart, Inorg. Chem., 2005, 44, 3669-3683.
117. S. Antonyuk, V. Melik-Adamyan, A. Popov, V. Lamzin, P. Hempstead, P.
Harrison, P. Artymyuk and V. Barynin, Crystallography Reports, 2000, 45,
105-116.
118. B. Halliwell, J. M. C. Gutteridge, L. Packer and N. G. Alexander, in Methods
Enzymol., Academic Press, Edn. 1990, Vol. 186, pp. 1-85.
119. E. R. Stadtman, B. S. Berlett and P. B. Chock, Proc. Natl. Acad. Sci. U. S. A.,
1990, 87, 384-388.
120. V. V. Barynin, M. M. Whittaker, S. V. Antonyuk, V. S. Lamzin, P. M.
Harrison, P. J. Artymiuk and J. W. Whittaker, Structure, 2001, 9, 725-738.
121. M. Suzuki, J. Kanatomi and I. Murase, Chem. Lett., 1981, 1745-1748.
122. J. Penner-Hahn, Struct. Bond., 1998, 90, 1-36.
123. T.-a. Ono, T. Noguchi, Y. Inoue, M. Kusunoki, T. Matsushita and H. Oyanagi,
Science, 1992, 258, 1335-1337.
124. M. Haumann, C. Muller, P. Liebisch, L. Iuzzolino, J. Dittmer, M. Grabolle, T.
Neisius, W. Meyer-Klaucke and H. Dau, Biochemistry, 2005, 44, 1894-1908.
125. H. Dau, P. Liebisch and M. Haumann, Phys. Scr., 2005, T115, 844-846.
126. D. P. Kessissoglou, X. Li, W. M. Butler and V. L. Pecoraro, Inorg. Chem.,
1987, 26, 2487-2492.
127. R. Lomoth, P. Huang, J. Zheng, L. Sun, L. Hammarström, B. Åkermark and S.
Styring, Eur. J. Inorg. Chem., 2002, 2002, 2965-2974.
128. T. J. Collins and S. W. Gordon-Wylie, J. Am. Chem. Soc., 1989, 111, 45114513.
129. W.-Y. Hsieh and V. L. Pecoraro, Inorg. Chim. Acta, 2002, 341, 113-117.

90

Appendix I – supplementary data for Chapter 3

A1.1 Comparison of O2-evolution capacity
Oxygen evolution traces recorded on a Clark type electrode, experiment
carried out as described in chapter 2 (Paper I).

Figure A1. O2-concentration curves as detected by a Clark-type electrode when aq.
solutions of 5 (dotted lines), 20 (solid lines), and 21, (dashed line) were treated with
CAN or oxone. For all complexes the Mn-concentration was kept at 2 mM. (a) 20 +
50 eq. HSO5 / Mn; (b) 20 + 25 eq. CAN / Mn; (c) 5 + 50 eq. HSO5/ Mn; (d) 5 +
25 eq. CAN / Mn; (e) 21 + 50 eq. HSO5/ Mn. Oxidant injected at t = 10 to
Ar-flushed solutions of the complexes.
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Figure A2. O2-concentration curves as detected by a Clark-type electrode, when aq.
solutions of 20, 22, and 23 (lines indicated in graph) (0.5 mM) are treated with 50
μL CAN (1 M) . Oxidant injected at t = 0 to Ar flushed solutions of the complexes.

A1.2 IR
Recorded on a Bruker IFS 66v/S spectrometer in MeCN, for standard IRmeasurements CaF2 glass was used and the spacer had a width of 125 μm.

Figure A3. (Upper) IR spectra of lutidine (solid) and lutidine + HClO4 (dotted).
(Lower): difference spectrum of 20 between samples before and after oxidation at 1
V in a SEC-IR cell. From these spectra the formation of lutidinium ions upon
oxidation of 20 can be seen from the feature growing in at 1650 cm1.
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A1.3 CV trace of 22 and 23

Figure A4. CV traces of 22 (solid line) and 23 (dashed line) recorded at RT in
MeCN in the presence of 0.1 M TBAPF6, scan rate 100 V/s. The two main peaks
observed at ~ 0.4 V and 0.3 V are assigned to the di--oxo Mn2IV,IV complex. The
two processes observed at more positive potentials E1/2 = 0.64 V and E1/2 = 1.15 V
are attributed to a mono-μ-oxo Mn2III,III-complex (see Paper V).

A1.4 Oxygen-atom transfer capacity of 22
A solution of 22 in MeCN (2mM) was mixed with an equal volume of a 2
mM of cis-stilbene (2mM) or PPh3 (2mM). The progress of the reaction was
monitored by LC-MS and EPR spectroscopy to follow the conversion of the
substrate and the oxidation state changes of the manganese complexes,
respectively. Samples for EPR (100μL) was taken at set times, transferred to
argon flushed EPR tubes and freeze quenched in liquid nitrogen.
In the case of PPh3, complete conversion was observed after 3h. At this
time-point the EPR spectra indicated that the manganese was present
predominantly in EPR silent forms, but a weak MnII-signal was also
discernible.
In contrast, no reaction was observed between 22 and cis-stilbene, after
18 h, no formation of any oxidised forms of cis-stilbene were detectable and
the reaction was aborted.
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Appendix II – Synthesis of ligands Na2L3 and
Na2HL5 and their corresponding MnII
complexes

General Remarks
Dichloromethane, methanol, THF and diethyl ether were distilled under N2
over CaH2 and sodium/benzophenone respectively. All other reagents were
of reagent grade and used as received. Column chromatography was
performed using alumina gel (activated, neutral, 150 mesh, deactivated with
3-4% H2O) or by automated chromatography using silica gel columns (on a
Biotage Flash Master chromatography system) where indicated. NMR
spectra were recorded on a JEOL 400 MHz spectrometer or a Unity 500
MHz (where indicated). Chemical shifts are reported in ppm relative to the
solvent peak, J values are given in Hz. ESI/MS was recorded on a Finnigan
LCQ Deca XP MAX. IR spectra were recorded on a Bruker IFS 66v/S
spectrometer on KBr pellets or sceptroscopical grade MeCN solutions of the
respective compounds. N,N’-bis(pyridin-2-ylmethyl)ethane-1,2-diamine, 27,106
2,6-bis(chloromethyl)-4-methylphenol1 and [(bpmp)(slv)2Cl2Mn2II,II](ClO4)2
were synthesised in accordance to literature. Numbering of the compounds
refers to the numbering used in the main section of the thesis.
Caution: Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with care.

A2.1 Synthesis and characterisation of 33
1,3-Bis(1,3-bis(pyridin-2-ylmethyl)imidazolidin-2-yl)benzene, 28.
N,N’-bis(pyridin-2-ylmethyl)ethane-1,2-diamine, 27 (6.55 g, 27 mmol) and
isophthalaldehyde (1.77 g, 13.2 mmol) were suspended in Et2O (50 mL)
together with molecular sieves (4Å) and refluxed for 2 days under N2. The
reaction mixture was filtered and the beige filter-cake was extracted into
CH2Cl2. The dried combined fractions of CH2Cl2 were and evaporated under
reduced pressure and this gave the product as a white solid. 4.46 g (58%).
NMR 1H (CDCl3, 500 MHz), δ (ppm): 2.65-2.70 (m, 4H); 3.28-3.33 (m,
4H); 3.48 (s, 2H); 3.51 (s, 2H); 3.83 (s, 2H); 3.86 (s, 2H); 4.05 (s, 2H);
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7.01 (ddd, J = 7.3, 4.9, 0.7, 4H); 7.28-7.30 (m, 4H); 7.32 (t, J = 7.6, 1H);
7.46 (ddd, J = 7.7, 7.3, 1.8, 4H); 7.57 (dd, J = 7.6, 1.6, 2H); 7.85-7.87
(m, 1H); 8.40 (ddd, J = 4.9, 1.8, 0.9, 4H) 13C (CDCl3, 125 MHz), δ (ppm):
51.49, 59.10, 89.18, 122.00,123.04, 128.49, 130.07, 130.88, 136.52, 140.37,
148.93, 159.72. 583.4 [M + H+]+ (calc: 583.3).
N1,N1’-(1,3-phenylenebis(methylene))bis(N1,N2-bis(pyridin-2ylmethyl)ethane-1,2-diamine), 29. The bis-imidazolidine, 28 (291 mg, 0.5
mmol) was dissolved in MeOH (8 mL) and cooled to 0oC before NaCNBH3
(94 mg, 1.5 mmol) was added in portions. After a few minutes TFA (471
mg, 308 μL, 4 mmol) was added drop wise, and the reaction mixture was
stirred for 3h under N2 at 0oC, where after Et2O (3 mL), and NaOH [15%]
(3.5 mL) was added. The reaction mixture was left with stirring under N2 for
1h at 0 C. The reaction mixture was poured into water and extracted with
CH2Cl2; the combined organic fractions were dried with anhydrous sodium
sulphate, filtered and evaporated under reduced pressure. This gave the pure
product as a clear oil. Yield 280 mg (95%). NMR 1H (CDCl3, 500 MHz),
δ (ppm): 2.10 (bs, 2H), 2.67-2.76 (m, 8H), 3.62 (s, 4H), 3.73 (s, 4H), 3.78 (s,
4H), 7.08-7.12 (m, 4H), 7.20-7.37 (m, 5H), 7.33-7.34 (m, 1H), 7.50-7.54 (m,
2H), 7.55-7.61 (m, 4H), 8.46-8.51 (m, 4H); 13C (CDCl3, 125 MHz), δ (ppm):
46.95, 54.00, 55.19, 59.14, 60.55, 121.94, 122.00, 122.20, 123.03, 127.80,
128.40, 129.69, 136.44, 136.51, 139.27, 148.98, 149.01, 160.15, 160.32.
ESI/MS: (m/z) 587.6 [M + H+]+ (calc: 587.4).
Diethyl
2,2’-(2,2’-(1,3-phenylenebis(methylene))bis((pyridin-2ylmethyl)azanediyl)bis(ethane-2,1-diyl))bis((pyridin-2-ylmethyl)azanediyl)diacetate, 30. A solution of 29 (2.028 g, 3.5 mmol) in CH2Cl2
was cooled to 0oC before bromo ethylacetate (1.747g, 1.16 mL, 10.5 mmol)
and Et3N (1.089g, 1.5 mL, 10.5 mmol) were added simultaneously. The
solution was slowly taken to ambient temperature and left stirring over-night
under N2. The reaction mixture was poured into water and extracted with
CH2Cl2 after basifying the water phase using K2CO3 (aq.) to pH=10. The
combined organic fractions were dried with anhydrous sodium sulphate,
filtered and evaporated under reduced pressure. The crude product was
purified using column chromatography, eluting with CH2Cl2:MeOH 97:3, to
give the product as a brownish oil. Yield 2.00 g (75%). NMR 1H (CDCl3,
500 MHz), δ (ppm): 1.18 (t, J =7.1, 6H), 2.59-2-64 (m, 4H), 2.82-2.87 (m,
4H), 3.32 (s, 4H), 3.57 (s, 4H), 3.69 (s, 4H), 3.85 (s, 4H), 4.07 (q, J = 7.1,
4H), 7.04-7.09 (m, 4H), 7.16-7.24 (m, 4H), 7.34-7.37 (m, 2H), 7.43-7.47 (m,
2H) 7.50 (ddd, J = 7.7, 7.6, 1.8, 4H), 7.55 (ddd, J = 7.7, 7.6, 1.8, 4H), 8.438.46 (m, 4H). 13C (CDCl3, 125 MHz), δ (ppm): 14.33, 52.02, 52.27, 55.27,
59.05, 60.31, 60.42, 60.58, 121.86, 121.98, 122.84, 122.95, 127.51, 128.22,
129.36, 136.36, 136.42, 148.85, 149.05, 159.61, 171.36. ESI/MS: (m/z)
759.8 [M + H+]+ (calc: 759.4).
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Sodium
2,2’-(2,2’-(1,3-phenylenebis(methylene))bis((pyridin-2-ylmethyl)azanediyl)bis(ethane-2,1-diyl))bis((pyridin-2-ylmethyl)azanediyl)diacetate, 31, Na2L2. The diester, 30 (1.423 g, 1.87 mmol) was
suspended in H2O (5 mL) and NaOH [10%] (5 mL) was added. The reaction
mixture was stirred under N2 at 50oC for 6h. The solution was cooled to RT
before the water phase was washed with CH2Cl2 and evaporated under
reduced pressure. The resulting brown solids were extracted into CH2Cl2.
The CH2Cl2 solution was filtered and evaporated under reduced pressure.
The solids obtained from the CH2Cl2 solution were then washed with Et2O to
give the final product as weakly a beige solid. Yield 1.017 g (73%). NMR 1H
(CDCl3, 500MHz), δ (ppm): 2.11 (d, J = 13.4, 2H), 2.29 (d, J = 13.8, 2H),
2.85-3.10 (m, 10H), 3.23 (d, J = 14.4, 2H), 3.37 (dd, J = 13.1, 13.1 2H), 3.60
(d, J = 14.5, 2H), 3.93 (d, J = 14.5, 2H), 4.73 (d, J = 11.8, 2H), 6.84 (dd, J =
6.9, 5.4 2H), 6.92 (d, J= 7.8, 2H), 6.98 (d, J = 7.8, 2H), 7.05-7.09 (m, 4H),
7.12-7.15 (m, 1H), 7.39 (ddd, J = 7.7, 7.7, 1.7, 2H), 7.51 (ddd, J = 7.6, 7.6,
1.8, 2H), 8.32 (s, 1H), 8.51-8.53 (m, 2H), 9.01-9.03 (m, 2H). 13C (CDCl3,
125 MHz), δ (ppm): 52.30, 54.98, 58.73, 60.37, 60.58, 60.62, 121.93,
122.36, 122.62, 122.69, 127.56, 129.36, 129.81, 136.23, 136.25, 139.30,
151.00, 151.73, 158.41, 158.76, 175.56. ESI/MS: (m/z) 703.5 [M – 2 Na+ + 3
H+]+ (calc: 703.4).
L2xMn2x(ClO4)2x, 33. The ligand, Na2L2, (48 mg, 0.07 mmol) was
dissolved in a degassed mixture of MeOH and H2O (1:1) (4 mL) and heated
to 50oC before a solution of Mn(ClO4)2•6H2O (54 mg, 0.15 mmol) in MeOH
(1.5 mL) was added dropwise. The reaction mixture was left without stirring
under N2 with a condenser while the temperature was slowly lowered to
37oC (1 C/day). This gave the product as small white/grey needle like
crystals. The solids were filtered off and the filter-cake washed with MeOH
and Et2O. Yield: 29 mg (82%). C40H48Cl2Mn2N8O14 (1044.1). Calc
(complex•2H2O): C, 45.95; H, 4.63; N, 10.72; Mn, 10.51; found: C, 45.83;
H, 4.73; N, 10.59; Mn, 10.69. ESI/MS: (m/z) 909.2 [M L2Mn2(ClO4)2 
(ClO4)]+ (calc: 909.2).
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Figure A5. Magnetic susceptibility curves obtained for a powder sample of 33.

The molar magnetic susceptibility of 33 studied in the temperature range 2 –
300 K behaved as a molecule with two non-interacting S = 5/2 spin centres.
The calculated values for molar susceptibility and effective magnetic
moment of 33 using spin Hamiltonian for zero-field splitting (zfs)
interaction, H = S ⋅ D ⋅ S , with a zfs interaction D = – 2 cm– 1, is shown in
figure A5. The effective magnetic moment value of 7.7 μB is somewhat
lower than the expected value of 10.9 μB, this difference is tentatively
assigned to heterogeneity of the material.

Figure A6. CV trace of 33 [0.5mM L2Mn2(ClO4)2 (1mM Mn)] in MeCN, with 0.1
M TBAPF6 as supporting electrolyte, scan rate 0.1 V/s, recorded at RT.

For complex 33, the CV trace did not show any well defined peaks but two
shoulders where discernable on the large oxidative rise (P1,2a = 0.81 V and
P2,2a = 1.02 V) as well as one reduction peak, (P1,2c = 1.05 V), at strongly
reducing potentials, see figure A6.
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A2.2 Synthesis and characterisation of 43
2,6-Bis(chloromethyl)pyridine,
37.
A
suspension
of
2,6bis(hydroxymethyl)pyridine, 36, (5.5 g, 40 mmol) in THF (20 mL) was
cooled to 0 °C before SOCl2 (14.5 mL) was added slowly. Once the addition
was completed the suspension was heated to 45 °C and left with stirring
over-night. The volatiles were evaporated under reduced pressure, and the
resulting yellow solution was finally poured into an ice-cold NaHCO3
solution. The white precipitate thus obtained was redissolved in CH2Cl2 and
washed with water. The organic phase was dried over anhydrous sodium
sulphate, filtered and evaporated under reduced pressure to give the product
as a white solid. Yield: 6.5 g (93%). NMR 1H (CDCl3, 400 MHz), δ: 7.75 (t,
1H, J = 7.8); 7.43 (d, 2H, J = 7.8); 4.65 (s, 4H); 13C (CDCl3, 100 MHz) δ:
156.500; 138.279; 122.242, 46.572. Similar synthesis procedures have been
reported3 and NMR shifts matched those previously reported. ESI/MS: (m/z)
176.1 [M + H+]+ (calc: 176.0).
2-(6-(Chloromethyl)pyridin-2-yl)acetonitrile, 38. The bis-chloro
compound, 37 (6.7 g, 38 mmol) was mixed with KCN (2.93 g, 45 mmol) in
MeCN (80 mL) and refluxed for 3 days. The reaction mixture was cooled to
RT, basified with NaOH [2 M] (10 mL) and concentrated under reduced
pressure. The aqueous solution was extracted with CH2Cl2, the combined
organic fractions were washed with brine, dried with anhydrous sodium
sulphate, filtered and evaporated under reduced pressure to give the crude
product as a brown oil. The crude product was purified by column
chromatography on silica, eluting with EtOAc:Hexane (EtOAc content
gradually increased from 12% to 100%). This treatment allowed for recovery
of the starting material (0.5 g) and yielded the pure product. Yield: 2 g (34%,
based on reacted starting material). NMR 1H (CDCl3, 400 MHz), δ: 7.78 (dd,
1H, J = 7.8, 7.7); 7.46 (d, 1H, J = 7.7); 7.40 (d, 1H, J = 7.8); 4.65 (s, 2H);
3.94 (s, 2H); 13C (CDCl3, 100 MHz) δ:157.258, 150.332, 138.620, 122.235,
121.601, 116.960, 46.367, 26.640. ESI/MS: (m/z) 167.1 [M + H+]+ (calc:
167.0).
2-(6-((Pyridin-2-ylmethylamino)methyl)pyridin-2-yl)acetonitrile, 39.
A solution of 38 (1.74g, 10.4 mmol) in CH2Cl2 (50 mL) was added dropwise
to an ice-cold solution of 2-(aminomethyl)pyridine (5.6 g, 52 mmol) and
Et3N (1.1 g, 11 mmol) in CH2Cl2 (20 mL). The reaction mixture was stirred
for 3 days at RT, before aq. NaHCO3 (sat) (30 mL) was added. The reaction
mixture was extracted with CH2Cl2, and the combined organic phases were
dried over anhydrous sodium sulphate, filtered and evaporated under
reduced pressure to give the crude product as a brown oil. The crude product
was purified by column chromatography on alumina eluting with
CH2Cl2:MeOH (MeOH content gradually increased from 1% to 4%), to give
the pure product as a yellow oil. Yield: 1.2 g (49%). NMR 1H (CDCl3, 400
MHz), δ: 8.56 (ddd, 1H, J = 0.9, 1.6, 4.8); 7.66 (m, 2H); 7.33 (m, 3H); 7.16

98

(ddd, 1H, J = 0.9, 5.1, 7.3); 3.97 (s, 2H); 3.96 (s, 2H); 3.91 (s, 2H); 2.42 (bs,
1H); 13C (CDCl3, 100 MHz) δ: 159.950, 159.165, 150.098, 149.498,
137.985, 136.698, 122.502, 122.267, 121.690, 120.563, 117.245, 54.689,
54.321, 26.726. ESI/MS: (m/z) 239.2 [M + H+]+ (calc: 239.1).
2,2'-(6,6'-(2-Hydroxy-5-methyl-1,3-phenylene)bis(methylene)bis((pyridin-2-ylmethyl)azanediyl)bis(methylene)bis(pyridine-6,2diyl))diacetonitrile, 40. 2,6-Bis(chloromethyl)-4-methylphenol (490 mg, 2.4
mmol) was slowly added to a solution of 39 (1.19 g, 5 mmol) in CH2Cl2 (50
mL). Once the addition was complete, Et3N (600 mg, 6 mmol) was added
and the resulting reaction mixture was left stirring over-night. The reaction
was quenched by addition of aq. NaHCO3 (sat) (20 mL) and the aqueous
phase extracted with CH2Cl2. The combined organic fractions were dried
over anhydrous sodium sulphate, filtered and evaporated under reduced
pressure to give the crude product as a brown oil. The crude material was
purified by column chromatography on silica, eluting with CH2Cl2:MeOH
(MeOH content gradually increased from 1% to 10%). This treatment
afforded the pure product as a beige solid. Yield: 1.05 g (72%). NMR 1H
(CDCl3, 400 MHz), δ: 10.55 (s, 1H); 8.49 (ddd, 2H, J = 0.9, 1.6, 5.7); 7.59
(m, 4H); 7.43 (m, 4H); 7.23 (d, 2H, J = 7.6); 7.11 (dd, 2H, J = 5.1, 6.9); 6.95
(s, 2H); 3.88 (s, 4H); 3.84 (s, 4H); 3.83 (s, 4H); 3.74 (s, 4H); 2.21 (s, 3H);
13
C (CDCl3, 100 MHz) δ: 160.119, 159.154, 153.640, 149.757, 148.989,
137.900, 136.680, 130.090, 127.528, 123.656, 123.071, 122.200, 122.147,
120.418, 117.306, 59.866, 59.455, 54.952, 26.509, 20.682. ESI/MS: (m/z)
609.1 [M + H+]+ (calc: 609.3).
Diethyl 2,2'-(6,6'-(2-hydroxy-5-methyl-1,3-phenylene)bis(methylene)bis((pyridin-2-ylmethyl)azanediyl)bis(methylene)bis(pyridine-6,2diyl))diacetate, 41. The nitrile, 40 (350 mg, 0.48 mmol) was suspended in
EtOH (50 mL) and cooled to 0 °C inside a three-necked flask, through which
HCl (g) (generated by dropwise addition of HCl (aq, 37%) to H2SO4 (conc.))
was bubbled. After about 1 h the reaction mixture was allowed to reach RT
and the solids dissolved. The resulting brown solution was stirred for 2 days
before it was concentrated under reduced pressure. The acidic solution was
then neutralised by aq. NaHCO3 (sat) and the obtained alkaline mixture was
extracted with EtOAc. The combined organic fractions were washed with
brine, dried over anhydrous sodium sulfate, filtered and evaporated under
reduced pressure. This gave the crude product as a dark oil. The crude
material was purified by column chromatography on alumina eluting with
CH2Cl2:MeOH (MeOH content gradually increased from 1% to 2%). This
gave the pure product as a yellow oil. Yield: 308 mg (92%). NMR 1H
(CDCl3, 400 MHz), δ: 10.64 (s, 1H); 8.49 (m, 2H); 7.56 (m, 4H); 7.48 (d,
2H, J = 7.8); 7.38 (d, 2H, J = 7.7); 7.09 (m, 4H); 6.96 (s, 2H); 4.12 (q, 4H, J
= 7.2); 3.84 (s, 4H); 3.82 (s, 4H); 3.81 (s, 4H); 3.75 (s, 4H); 2.21 (s, 3H);
1.19 (t, 6H, J = 7.2); 13C (CDCl3, 100 MHz) δ: 170.797, 159.386, 159.182,
153.648, 148.854, 137.054, 136.519, 129.767, 127.246, 123.742, 122.971,
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121.927, 121.140, 60.911, 59.791, 59.609, 54.820, 43.795, 20.629, 14.193.
Because of overlapping peaks in the 13C spectrum in CDCl3, 13C shifts
obtained in CD3CN are also reported. 13C (CD3CN, 100 MHz) δ: 170.763,
159.311, 158.981, 154.225, 153.781, 148.858, 137.202, 136.581, 129.975,
127.224, 123.922, 123.060, 122.200, 122.156, 121.258, 60.660, 59.379,
59.130, 54.363, 43.376, 19.681, 13.597. ESI/MS: (m/z) 703.1 [M + H+]+
(calc: 703.35).
Sodium 2,2'-(6,6'-(2-hydroxy-5-methyl-1,3-phenylene)bis(methylene)bis((pyridin-2-ylmethyl)azanediyl)bis(methylene)bis(pyridine-6,2diyl))diacetate, 42 (HNa2L5). The di-ester, 41 (480 mg, 0.68 mmol) was
hydrolysed by stirring it over-night at RT in a mixture THF (5 mL) and
NaOH [1 M] (0.7 mL, 1.4 mmol). Once the conversion was complete the
solution was concentrated under reduced pressure. Water was added, and the
alkaline solution was washed with Et2O. The aqueous phase was
concentrated under reduced pressure to afford the product as a brown solid.
Yield: 388 mg (83%). NMR 1H (H2O, 400 MHz), δ: 8.49 (ddd, 2H, J = 0.6,
1.5, 4.8) ; 7.70 (dt, 2H, J = 1.8, 7.7); 7.58 (t, 1H, J=7.7); 7.43 (d, 2H, J =
7.8); 7.22 (m, 4H); 6.86 (s, 2H); 3.79 (s, 4H); 3.74 (s, 4H); 3.69 (s, 4H); 3.66
(s, 4H); 2.18 (s, 3H) ); 13C (H2O, 100 MHz) δ:176.972, 158.470, 157.659,
157.614, 153.918, 148.739, 138.111, 137.125, 130.724, 127.461, 123.680,
123.443, 122.333, 122.255, 120.698, 59.566, 59.425, 56.105, 53.482,
19.151. ESI/MS: (m/z) 647.1 [M  2Na++ 3H+]+ (calc: 647.3).
L5Mn2(ClO4), 43. The ligand, HNa2L5 (32 mg, 0.05 mmol) and
Mn(ClO4)2•6H2O (38 mg, 0.105 mmol) was dissolved in argon flushed
MeOH (2 mL) kept at 55 °C. This resulted in immediate precipitation of a
white solid. The suspension was heated for 10 min before the white solid
was filtered and washed with ice-cold EtOH and Et2O. Yield 15 mg (35%).
ESI/MS: (m/z) 753.0 [M  (ClO4)+]+ (calc: 753.1).
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Figure A7. EPR spectra of 43 in MeCN recorded at four different temperatures, as
indicated in the figure. Microwave power 0.2 mW, magnetic field 9.28 GHz.

Figure A8. IR spectra of: (Upper): [(bpmp)(μ-acetato)2Mn2II,II](ClO4), 1.
(Lower): 43 (solid line), arrows indicate peaks used for calculations of peak split
between the asymmetric and symmetric carboxylate stretches.
[(bpmp)(H2O)2Cl2Mn2II,II](ClO4) (dotted line) overlaid to demonstrate the stretches
arising from non-carboxylate related IR-bands.
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