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Abstract

Recent advances in the study of the Oxygen Evolving Complex (OEC) of Photosystem 11 (PSII)
include structural information attained from several X-ray crystallographic (XRD) and spectroscopic
(XANES and EXAFS) investigations. The possible structural features gleaned from these studies
have enabled synthetic chemists to design more accurate model complexes, which in turn, offer better
insight into the possible pathways used by PSII to drive photosynthetic water oxidation catalysis.
Mononuclear model compounds have been used to advance the knowledge base regarding the
physical properties and reactivity of high-valent (Mn'V or MnV) complexes. Such investigations have
been especially important in regard to the manganyl (Mn'V=0 or MnV=0) species, as there are no
reports, to date, of any structural characterized multinuclear model compounds that incorporate such
a functionality. Dinuclear and trinuclear model compounds have also been thoroughly studied in
attempts to draw further comparison to the physical properties observed in the natural system and to
design systems of catalytic relevance. As the reactive center of the OEC has been shown to contain
an oxo-Mny4Ca cluster, exact structural models necessitate a tetranuclear Mn core. The number of
models that make use of Mny clusters has risen substantially in recent years, and these models have
provided evidence to support and refute certain mechanistic proposals. Further work is needed to
adequately address the rationale for Ca (and Cl) in the OEC and to determine the sequence of events
that lead to O, evolution.
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1. Introduction

Nearly all of the dioxygen on our planet is produced photosynthetically by converting water
to dioxygen. Thus, a full understanding of the mechanism of water oxidation by the Oxygen
Evolving Complex (OEC) of Photosystem Il (PS 11) is significant not only to those in the field
of chemistry, but also to the scientific community as a whole. The OEC is not an independent
metalloprotein, but rather it is one component of the entire PS Il protein complex.
Photosynthetic organisms make use of a vast array of photopigments in the light harvesting
region of PS Il. Intermediary electron transfer residues (e.g. Y, and Yp) are important for
electron transfer directionality and cluster stability. The four electrons and four protons coupled
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to water oxidation are attained by the sequential oxidation of a Mn4Ca cluster. A chloride that
is likely associated with this cluster is needed to carry out these reactions, but its function
remains unknown. While structural clarity seems to be emerging for the Mn4Ca cluster, despite
being intensively studied for many years, the mechanism of photosynthetic water oxidation
remains a matter of contention amongst researchers.

It has been known since the early experiments by Joliet and Kok that four photon-induced
charge separations drive transitions between five oxidation levels named Sp-S4.1-4 The Sy state
is the most reduced enzymatic form and is unstable with respect to oxidation by Y,* to give
S1, which is the dark stable resting state. The most oxidized species, Sy, is also unstable,
releasing O, and regenerating Sp. The chemical identities (structure) of the “reactive” S, state,
and the Sy “product” state are critical to gaining a more complete understanding of the
mechanism of photosynthetic water oxidation. Numerous mechanisms have been put forth for
water oxidation by the OEC. Undoubtedly, many of these will be discussed at length in other
portions of this issue. Instead, we will focus on our preferred mechanistic description: the
nucleophilic attack by a water or hydroxide coordinated to either manganese, or more likely,
calcium, on an electrophilic mangany! species, to form the O-O bond. However, before
discussing this mechanism in detail, we must first set the stage by understanding key structural,
spectroscopic, and kinetic studies. This chapter will emphasize the role of small molecule
models in the development of ideas for water oxidation.

Over the past 30 years, numerous compounds have been touted as some form of model for the
OEC. The structures and physical properties of many of these complexes have been previously
analyzed in numerous reviews to which the interested reader is referred®=19. Herein, emphasis
will be given to less recognized structures that may now be more relevant to understanding
water oxidation chemistry. This review was first written in March 2007 and revised in July of
the same year.

2. Structural Biology of the OEC in the New Millennium

Recently, several X-ray crystallographic studies of this enzyme have revealed possible
structural features. The recent crystallographic study by Barber and coworkers at 3.5 A
resolution (Figure 1a) reveals a Mn3CaO,4 cubane linked to a proximal Mn atom16:17 in which
the Mn and Ca are principally coordinated by oxo and carboxylate donors. While the more
recent structure of Zouni and coworkers (3.0 A) does not pinpoint the bridging oxygen atoms
in the cluster it does offer better overall crystallographic resolutionl8. Other differences
between the two structures relate to the spatial distribution of the metal ions and mode of
ligation of the nearby amino acid residues.

Although the X-ray crystal structures have significantly enhanced the understanding of the
structure of the OEC, they also have been controversial. The problem is that metal ion reduction
may occur during data collection.19 In order to circumvent this problem, Yachandra and
coworkers have conducted oriented EXAFS experiments to ascertain the actual geometry of
the MnyCa cluster.20 This technique offers two distinct advantages: lower intensity radiation
and the ability to orient the metals with respect to the membrane. By using lower X-ray doses
in the EXAFS experiments the authors suggest that it is possible to avoid reduction of the
manganese atoms in the OEC and still allow for measurement of metal-metal distances. The
analysis still relies on knowledge of the crystallographic coordinates, but provides an
alternative way of looking at the manganese cluster. Three models were found to be compatible
with the polarized Mn EXAFS spectra of single crystals of PSII. From these three models, the
authors chose to highlight the ligand environment for the best-fit orientation of the structural
representation shown in Figure 1b. While there are slight modifications of the structure as
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compared with the crystallographic models, one can still think of the system as an Mn,Ca
cluster with one Mn ion distinct from the other three.

3. Structural Models of the OEC

3.1 Mononuclear Mn complexes

3.1.1 Non-manganyl—While it is known that the OEC consists of a tetranuclear cluster of
Mn ions that cycle through the various S-states during the water oxidation process,
mononuclear models are useful in that they provide relatively straightforward syntheses for
the isolation of high-valent complexes. Despite the proposition that MnY may be an important
component of Sy, there are currently no examples of small molecule model complexes
containing MnV as dinuclear or higher nuclearity structures that have been crystallographically
characterized. Furthermore, given the 3 + 1 cluster formulation, mononuclear complexes may
reveal interesting properties for the “dangler” Mn atom. Investigations into mononuclear Mn
systems in the Mn!V and MnV oxidation states have enabled the examination of spectroscopic
features for comparison with those observed in the OEC. Included in this class of compounds
are simple Mn'Y monomers and complexes that contain a terminal manganyl, or Mn-oxo
species.

The first structurally characterized mononuclear Mn'Y complexes were reported independently
by Christou?1 and Pecoraro22:23 in the late 1980’s. Christou and coworkers reported the
synthesis of the mononuclear complex, [Mn!V(sal)»(bipy)] (sal = salicylicate, bipy = 2,2'-
bipyridine), 1, from the ligand substltutlon reaction of NaHsal with the mixed-valent
[Mn,05(bipy)4](ClO4)3 complex 1 The metal oxidation assignment was verified by the Evans
NMR method to determlne the value of 3.83 pg for the solution magnetic moment, which is
consistent with a d3 Mn'V center. At about the same time, Pecoraro reported several Mn'V
Schiff base complexes with NoOy4 Ilgatlon.22 23 The mononuclear complex Mn!V(saladhp),
(saladhp = 2-salicylideneiminato-1,3-dihydroxy-2-methylpropane) had a comparable
magnetic moment (solid-state value of 3.91 pg), however, this complex was found to have a
redox stability of nearly 900 mV compared with 1. 22 More recently, Pecoraro and coworkers
have reported a series of Mn!'YN,0, complexes (e.g. 2), which show the range of redox
potentials that can be sampled with the same first coordination sphere Ilgands 4 These types
of compounds were also critical to the understanding of Mn!V in biology as they provided the
first detailed EPR spectral evaluation of Mn!V. Another key finding from these studies was
that Mn'V is often not strongly oxidizing, as was previously thought to be the case. Wieghardt
and coworkers established that phenolate ligands are often non-innocent with higher metal
oxidation states.2® However, in the case of complex 2 reported by Pecoraro, the phenolate
ligands may be regarded as innocent. Of greatest interest are the strong EPR spectral features
exhibited by 2 in the g = 2 region with only minor components at g = 4.1, unlike other reported
Mn'VN,0, compounds.

During the mid-1980’s, a significant controversy developed regarding the nuclearity of the
OEC cluster. At question was whether all four manganese were associated with a single cluster
or if there was a mononuclear site at some distance from the main manganese cluster. 26 19
resolve this issue, it became |mportant to understand the EPR spectroscopy of mononuclear
Mn centers. The EPR spectra of d3 Mn'Y and Cr'!' ions in an axial field (E/D = 0) are often
difficult to mtergret as they greatly depend on the magnitude of the zero-field splitting (zfs)
parameters. 9A simplification may be achieved when the axial zfs parameter D is either
much greater than the applied microwave frequency (2D>>hv) or much smaller than
(2D«hv) (hv=0.31 cm~1 at X-band frequencies). When the value for D is large, a strong signal
is found at low field along with a weaker g =2 component Such is the case for Mn!Y complexes
with hard oxygen-rich catecholato30 and sorbitalato3! ligands. In the latter instance, where D
is small, the g = 2 signal dominates with relatively weak low field signals. This is seen for
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sulfur-containing thiohydroxamato28 and dithiocarbamato32 manganese(lVV) complexes. The
EPR spectra become isotropic when the extreme limit of D = 0 exhibiting a strong signal at g
=2.

There are several examples of Mn!YN,0, complexes which have two chelating dianionic,
tridentate Schiff base ligands, composed of one imine nitrogen, one phenolate oxygen, and one
alkoxide oxygen donor to form a neutral octahedral complex. The EPR spectra of several
Mn'VYN,0, model complexes are compared in Figure 3. These complexes, which have two
alkoxide donors bound to Mn, exhibit hyperfine coupling on two well resolved low-field
features.22+23 Such compounds do not fall within the axial approximation as they have E/D
values 0.22. In a related series reported by Chakravorty and coworkers,33 the two phenolates
found in 2 are substituted by carboxylate groups. This relatively minor change has a profound
effect on the EPR spectrum (Figure 3B). The low field feature loses its hyperfine resolution
and the weaker component disappears. Such a spectrum is typical of a species with D>>0.33
cm™L. The EPR spectrum of 2 (Figure 3C) bears no resemblance to any of the previously
reported N,O, spectra. Here, the D<<0.31 cm™1 axial limit is approached.

In 2006, Busch and coworkers reported the structure of [Mn'Y(Me,EBC)(OH)»](PFs)>, 3,
(Figure 4, left) which was proposed to be the first structurally characterized example of a
mononuclear Mn!V complex with terminal hydroxo Iigands.?’4 Such compounds are important
for understanding possible substrate interactions with Mn in the higher S-states. A Mn'v
complex with a terminal hydroxo ligand was reported as early as 1968, but no crystallographic
data was available to substantiate this claim.3° The pH titration of aqueous solutions of 3
revealed two acid-base equilibria with pK,1 = 6.86 and pK,» = ~10, the latter apparently being
associated with dimer formation. More recent work with this complex has revealed its catalytic
features with respect to olefin epoxidation and hydrogen atom abstraction.36:37 Bond
dissociation energy (BDE) calculations were used to compare reduced forms of the two
oxidizing species: [Mn!!'(Me,EBC)(OH)(H,0)]?*, BDEgy = 83.0 kcal/mol and
[Mn'"(Me,EBC)(OH),]*, BDEg ~ 84.3 kcal/mol. The similar magnitude of these two values
was taken to indicate that the H-atom abstracting abilities of Mn'V=0 and Mn!V-OH are
thermod_}/namically very similar, despite their difference in charge and abstracting functional
group.3 These HBDE’s stand in contrast to the higher values reported by Borovik for other
mononuclear Mn!V species (vide infra).

Saadeh and Pecoraro reported the X-ray structure of Naz[NaMn'V,(HIB)g].4MeOH, 4, which
revealed a mixed-metal trinuclear cluster composed of two Mn!V octahedra bridged by a
sodium ion.38 The face-shared geometry, shown in Figure 4, left, leads to a very short Mn-Na
distance (2.98 A). Complex 4 is aunique Mn'Y complex with all oxygen ligation and containing
redox-innocent Iigands.38 A thorough comparison of known mononuclear Mn!V complexes
in several coordination environments was carried out to evaluate the hypothesis of Hansson
and coworkers26 that the signal at g = 4.1 observed in S, arises from an isolated mononuclear
center. This model has been challenged on grounds that the low-field signals of mononuclear
Mn'V will show®® Mn hyperfine coupling, that the signals should be absorptive rather than
derivative shaped, and that they will not give ge¢s values at g = 4.1. Through detailed studies
of numerous mononuclear Mn'Y complexes it became clear that the g = 4.1 signal was not due
to a mononuclear center.39 This point was ultimately proven by Klein when a multiline feature
was observed on this low-field signal after PSII preparations were treated with ammonia. 40

3.1.2 Manganyl—The first reported structurally characterized manganyl complex was
[MnV=O(HMPAB)]", 5.41 The H4HMPAB ligand (1,2-bis(2-hydroxy-2-
methylpropanamido)benzene) was designed by Collins and co-workers to be an oxidation-
resistant tetradentate amidate Iigamd.42 The manganyl complex was synthesized by the reaction
of [Mn'"(HMPAB)] ™~ with excess t-butyl hydroperoxide to give 5 (Figure 5, left). The reported
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Mn-oxo bond length of 1.548(4)A, suggests significant triple bond character.41 Also of note
are the interactions between the Na ion and the alcoholic oxygen atoms (2.339(4) and 2.370
(4)) which represent a bridge between the metal ions. A year later, Collins reported a water-
soluble MnV-oxo complex, 6, (Figure 5, center) derived from a macrocyclic tetraamidate
Iigand.43 The Mn-O bond length herein was 1.555(4) A, again indicative of triple bond
character. The oxo ligand was reported to exchange in 180-labeled water, permitting the first
assignment of a v(Mn-0) infrared vibration, which were found as: 160-labeled, 979

cm ™1 180-labeled, 942 cm ™1,

A more recent adaptation of the tetraamido ligand framework incorporated a pyridine ring
(where a benzene ring was utilized previously) as the linkage between two of the amide
functionalities.#4 The structure of the complex anion, 7, is illustrated in Figure 5, right. This
minor adjustment in the ligand backbone enabled cation binding, as shown by UV-Visible
titration experiments. Collins proposed that secondary ion binding would lead to an increase
in the electrophilic character of the Mn-oxo group, and in turn, further activate such complexes
toward O-atom transfer chemistry.

These complexes are good structural models for understanding the spectroscopic features of
manganyl functionalities that may be present in the latter S-states. Manganyl complexes have
also garnered substantial attention as proposed reactive intermediates in asymmetric olefin
epoxidation.45‘47 Collins and coworkers have employed these oxidation-resistant ligands for
a number of green oxidation catalysts for industrial waste and other environmental problems.

Despite the fact that these manganyl complexes have not been shown to be useful water
oxidation catalysts, the compounds developed by Collins have been quite useful to our
understanding of biological water oxidation. A seminal paper by Babcock proposed that a
manganyl was formed in S3. In 2004, the XANES spectrum of complex 5 was reported by
Pecoraro and coworkers in order to test Babcock’s mechanism. It was shown that strongly -
bonded oxo ligands increase the allowedness of the 1s — 3d pre-edge transitions significantly.
Thus, XANES spectroscopy can detect even small amounts of transiently formed Mn=0
compounds.49 By comparing the authentic MnV-oxo with the pure Sj state, it was clearly
shown that a manganyl is not present S3. This fact is illustrated in Figure 6, which shows a
comparison of the XANES spectra for various models along with the S state. This experiment
was the critical study to discount the Babcock mechanism or any other proposal that invokes
a manganyl at S3 of the Kok cycle. A year later, Dau used this observation to conclude that a
mangany| species does not exist immediately after illumination to yield S4. Unfortunately, one
still cannot evaluate the existence of manganyl in a possible S4’ state of the cycle.

O’Halloran and coworkers reported the only other crystallographically characterized MnV-oxo
species in 1994.50 An ORTEP representation of complex 9 is provided in Figure 7. The ligand
bears striking resemblance to the original complex reported by Collins, albeit with a more
sterically bulky demanding ligand architecture. Unlike the Collins compounds, which are
prepared by the reaction of Mn!!! salts and alkyl peroxides, this MnY=0 complex was prepared
by a direct reaction with dioxygen. In this complex, the reported Mn-oxo bond length was
insignificantly lengthened to 1.558(4)A, thus keeping it in the range of a formal Mn-O triple
bond. The stability of these complexes is thought to result from significant overlap between
the metal d and oxo ligand p orbitals.>1 Typically, the MnV-oxo complexes that are isolable
are also too stabilized and display little, if any, chemical reactivity related to the OEC.

More recently, Goldberg and coworkers reported the XANES spectrum for a putative MnV=0
species derived from a Mn'!-corrolazine complex.52 Although the crystal structure of the
manganyl complex has yet to be determined, the XANES spectrum (Figure 8, left) for
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[(TBPgCz)MnV(0)], 10, provides the basis for assignment as a MnV-oxo species due to the
intense pre-edge feature near 6541 eV that is typical for such systems. The best fit of the EXAFS
data gives a short Mn-O bond distance of 1.56 A, confirming the structure of the manganyl
unit in 10. This bond distance falls in line with those observed from XRD studies of other
MnVY-oxo complexes in which the metal-oxo bond has significant triple-bond character.
Detailed spectro-electrochemical studies of 10 and 11 (structure shown in Figure 8, right)
revealed multiple, reversible redox processes for both complexes including a relatively low
potential for the Mn'V/V couple in 9 (near 0.0 V vs. SCE). Chemical reduction of 10 results in
the formation of a Mn!!""Mn!V(1-O) dimer as characterized by EPR spectroscopy.2

The Jacobsen/Katsuki olefin epoxidation catalysts, which are Mn'!! salen complexes
(Haosalen=bis(salicylidene)ethylenediamine), are well established and known to proceed with
a wide range of substrates affording products with very high enantioselectivies.23—29 Despite
the considerable synthetic importance of these systems and the numerous mechanistic
investigations, very little is known about the exact method of oxggen transfer. Furthermore,
the identity of the actual catalytic species remains controversial. 60-65 Most mechanistic
models involve a reactive [MnY-oxo(salen)] complex.66 Generally it is assumed that this
oxomanganese complex is the reaction product of the Mn!!! salen and the oxidant (e.g. 3-
chloroperoxybenzoic acid (m-CPBA)), followed by oxygen atom transfer to the olefin either
in a stepwise radical processm-68 or via a metallaoxetane.69-73 Alternative7ly, the MnV-oxo
species can be formed by the disproportionation of a bis(u-oxo)Mn!V dimer. 4 70 date, the
most compelling evidence for a manganyl species stems from ESI-MS studies. 276

Recently, Feth and coworkers used various spectroscopic handles to establish the identity of

the high-valent manganese intermediates derived from the reaction of Mn!!! salen complexes
and oxidants in solution.88 Their results suggested that neither a u-oxo dimeric structure nor
a MnV-oxo species is formed upon oxidation with m-CPBA. The reasons provided for ruling
out a mangany!l species were: 1) the lack of Mn-O distance in the range of 1.5—1.6 A in the

EXAFS spectra, 2) the absence of an intense pre-edge (1s — 3d) peak, from comparison with
a MnV=N reference complex, (Figure 9) and 3) no Raman signal in the range of 900 — 1000
cm~1 (MnV=0) was detected. The proposed structure for the green oxidized complex, based

on these observations in the reactions with m-CPBA, is shown in Scheme 1.

Feth concluded that the product formed was a Mn'V intermediate complex, with an m-CPBA
molecule is associated via a Mn-O single bond. A radical cationic structure of this complex
(explaining its high reactivity) can be assumed from the observed absorption band at 640 nm.
The product of the decay of the green Mn!Y complex in CH,Cl, could be a neutral Mn'V=0
species, as was proposed by Adam et aI.,60 which would also explain the Raman signal at 725
cm~1, observed in the solution during the oxidation with m-CPBA.66

While much of the focus has been given to MnV=0 complexes, Mn!V=0 or Mn!'V-OH
complexes may also serve as useful models for the latter S-states of the water oxidation cycle.
The work of Groves and coworkers on Mn porphyrin complexes has revealed a fair amount of
information about the chemistry of the high valent states of complexes bearing these ligands.
77 The MnV-oxo0 porphyrins have been characterized with various spectroscopic techniques,
including UV-Vis, EPR, H and 19F NMR, resonance Raman, and X-ray absorption
spectroscopy. These combined spectroscopic results indicate that the MnV-oxo porphyrins are
diamagnetic low-spin (S = 0) species with a Ionger, weaker Mn-O bond (double bond) than in
MnV-oxo complexes of non-porphyrin ligands. 8 However, if the oxidation reaction (of
Mn!!"-porphyrin) is conducted in the absence of base, (Porp)Mn!V=0 has been observed instead
of the [(Porp)MnV=0]"* species.’8
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There is an important nomenclature point regarding the term “oxo” that deserves brief mention.
An “oxo” group may be a fully deprotonated water molecule that serves as a bridge between
two atoms, such as in a di-p-oxo Mn!V dimer. Alternatively, a metal “oxo” that has significant
p-= bonding to a high-valent metal ion is referred to with the suffix —yl, such as in manganyl
(MnV=0) and ferryl (FeV=0) complexes. The third possibility is a terminal oxo without
significant & bonding.

Recently, Borovik and coworkers reported the synthesis of a non-porphyrin Mn!V-oxo species
of the latter variety, complex 14 was derived from the one-electron oxidation of the previously
reported complex [Mn'!"Hzbuea(0)]2~7° The HBDE for the formation of this species has been
reported to be rather large (~103 kcal/mol for Mn!"'>Mn!V and <80 kcal/mol for
Mn''—Mn'"h80 in contrast to previous values of ~80-90 kcal/mol reported by Busch3” for
mononuclear Mn'Y and Pecoraro81 for dimers. While the putative mangany! species, where
the trapped oxygen atom is hydrogen-bonded by the amide of the functionalized urea ligand,
has not yet been characterized by X-ray crystallography, the Mn!!! precursor provides a useful
starting point, due to its structural characterization. The expected structural features of the “Mn-
O” complex were derived from DFT calculations (Figure 10). Thus, the Mn-O distance in the
optimized structure is 1.706 A, which is longer than can be expected for the comparable =
bonded MnV-oxo complexes. From solution FTIR experiments in DMSO with 160, as the
oxidant they observed a new peak at 737 cm~1, which shifted to 709 cm™ in the 180-labeled
sample. The authors claimed that their value is comparable to the v(MnO) = 754 cm™~1 reported
for [Mn'VTMP(0)].82 It should be noted that the starting Mn'"-oxo complex and DMSO both
have strong vibrations at ~700 cm ™1 that may overlap with the peak assigned as the Mn-180
vibration. The frequencies of Mn-O-H bending modes in resonance Raman experiments are
variable, but have been found in the 700 cm™ region for strongly H-bonded OH groups.83’84

A very important distinction is to be made between MnV=0, as in Collins’ compounds, which
have electrophilic, formally §* oxygens and the Borovik compound, 14, which is at the other
end of the spectrum. Although it has yet to be structurally characterized, one could expect such
a compound to have more or less Mn-O single bonds and significant negative charge on the
oxygen atom, which in this case is stabilized by H-bonding. Thus, this “oxo” is strongly basic
and expected to behave as a nucleophile. Intermediate in behavior are the p-oxo species, which
are very weak bases as the coordinated metal atoms serve as pseudo-protons, lowering the
oxygen basicity. Of specific importance to photosynthesis, manganyl species (Mn=0) activate
an oxygen atom to be attacked by an electron-rich group, such as the Mn-“oxo” compound
reported by Borovik. It is likely that the differences in HBDES reported by Pecoraro, Busch
and Borovik are a result of these different oxo type structures. In particular, the strong basicity
of the manganese oxide like “oxo” of Borovik is expected to markedly increase the HBDE
(103 kcal/mol vs. others at 80-94 kcal/mol). Manganyl, with significant oxygen z bonding will
be more acidic and yield a different HBDE.

A group of novel complexes known as Hangman Porphyrins and Salophens have been reported
recently by Nocera and coworkers.85,86-88 gch ligands were specifically designed to
position an acid-base functionality directly over a redox cofactor. 6 Mangany! functionalities
have been implicated in a proposed mechanism for catalase-like activity. Positioning a proton
donor above the metal ion, as in the Mn-HSX complexes, appears to the stabilize hydroperoxide
adducts (as putative intermediates derived from DFT calculations) as is shown in Figure
11.86 Although neither such complex has been structurally characterized by XRD, the authors
have suggested the formation of a MnV-oxo species based on stopped-flow kinetic (UV-Vis)
experiments of HSX-Mn'!'-SalophOMe, 15, that were performed using m-CPBA as the O atom
source.8” The MnV intermediate, Amax = 420 nm, is proposed based on comparison with the
analogous (and structurally characterized) MnV-nitrido which has a Amay = 459 nm in the
absorption spectrum. The MnV-oxo intermediate is transient, however, and only has a lifetime
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of several minutes, even at—20 °C.88 At the moment, it appears that such intermediates warrant
further investigation by time-resolved XAS and EPR experiments in order to provide a more
direct comparison with the spectroscopic features observed in S-state progression of PSII.
While these compounds have interesting reactivity that may ultimately prove catalytically
fruitful, they bear little structural resemblance to the Mn,Ca catalyst found in the OEC.

3.2 Dinuclear Mn complexes

A multitude of dinuclear Mn complexes have been studied as possible models for the OEC.
Many of these complexes have been reviewed thoroughly in recent years either by
Armstrong-* or in the recent review on the Mn Catalases by Wu, Penner-Hahn, and Pecoraro.
14 additional reviews with a focus on inorganic aspects of photosynthesis examine the model
compounds reported in the earlier literature.8:7:89 As all the S-states are known to be primarily
composed of Mn!" or higher oxidation levels (the possible exception would be Sy, perhaps
being Mn!"Mn!!!Mn!V,) those complexes that consist of Mnll, or Mn!"Mn!!! oxidation levels
can be largely ignored when discussing the normal catalytic cycle of the OEC.

3.2.1 Mn-p-O-Mn—There are roughly 40 binuclear structures deposited in the Cambridge
Structural Database (CSD) that have a single p,-0xo bridge between to Mn!!! dimer centers.
The vast majority (29 structures) of these also have two p,-carboxylato bridges. Among the
few (8) examples with a single pp-oxo bridge is the 2005 report by Mascharak and coworkers
with the structure of a dinuclear p-oxo bridged Mn'!! complex, 16, (Figure 12, left) derived
from a polypyridine ligand with a single carboxamide group.90 As shown later in this
discussion, the physical properties associated with a mono-p-oxo brid%e may be useful for
determining the viability of certain tetranuclear model compounds.gl’ 2 The compound was
synthesized from the analogous mononuclear Mn!! complex by slow air oxidation, with the
recrystallized product reported in 55% yield. A major drawback with regards to its suitability
as an OEC model is the coordinative saturation of the Mn centers.

The single p-oxo bridge in 16 is unstable toward proton donors. Protonation of the p-oxo bridge
destroys the dimer, allowing the corresponding anion to bind at the sixth site (trans to the
carboxamido N). Examples of this reactivity have been noted with methanol, acetic acid,
benzoic acid, and phenol. Optical spectroscopy has been employed to follow these reactions,
for example, 2 equivalents of acetic or benzoic acid affords the green acetate complex (Anax
=570 nm) or the green benzoate complex (Amax = 590 nm). Interestingly, addition of NaOAc
or NaOPh to a solution of 16 in acetonitrile does not result in a color change, suggesting that
protons are required for the bridge-splitting reaction.

The oxidative ligand hydroxylation reaction of the Mn'l, dimer, [Mn"%HB(3,5—iPr2pz)3)]2(,u—
OH)s, in the presence of O, was reported by Kitajima and co-workers. 3 A mechanism was
proposed (Scheme 2a) that includes the formation of an intermediate with p»-peroxo
coordination followed by a MnlV p-oxo dimer intermediate with terminal oxo bonds to each
Mn. This is a fascinating and important reaction as the first two steps, run in reverse, represent
a process for oxidizing water by the Babcock mechanism (for which an adaptation by Siegbahn
is shown in Scheme 2b).94'95 The end product is a ligand-(mono)hydroxylated complex
[Mn!'{HB(3-OCMe,-5-Pripz)(3,5-Prispz),}]2(1-0), 17, in which the coordination about each
Mn center is N3O, (Figure 12, right) Thus, an open coordination site remains in this complex,
although there is only a single example of further reactivity that has been demonstrated. 6

3.2.2 Mn-p-O,-Mn—While a single p-oxo bridge in the Mn'', dinuclear complexes leads to
long Mn---Mn distances and weak coupling, the incorporation of a second p-oxo bridge
dramatically decreases the metal-metal separation. Typical Mn---Mn distances within metal-
oxo core are on the order of 2.67-2.70 A with Mn-O-Mn angles between 92 and 97°.97 The
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relationship between Mn---Mn distance and Mn-O-Mn angle has been quantified for such
complexes. Chelating ligands with two or more nitrogen donors are often used to provide the
terminal coordination sites for each Mn ion. The Mn!!! jons in these systems are strongly
antiferromagnetically coupled (J =—86.5 to —100.5 cm™1). While complexes with tetradentate
ligands have Oy, geometry at the Mn centers, steric crowding of the monoanionic tridentate
ligand, HB(3,5-iPr282)3‘, restricts this complex, 18, (Figure 13) to a penta-coordinate geometry
about each Mn ion.?8 The solution electronic spectra of these complexes are characteristic of
%he [Mny(u-0)5]%* core with two rather intense bands in the region between 400 and 600 nm.

Di-pp-0x0 Mn, complexes have been among the most intensively studied, and most important
models, for the OEC. The reason for the importance of these molecules is quite varied. In the
mixed valence form, they provided spectral evidence that the OEC contained a cluster of
manganese in different oxidation states. They showed the first 2.7 A Mn-Mn separations,99
the distance that forms the structural hallmark of the catalytic center and served as the basis
for testing the famous “Dimer of dimers” structural model for the enzyme.99‘101 In addition,
studies of the reactivity to form and destroy the dimers, along with perturbations of the
properties upon protonation of these oxo bridges has proved critical to the viability of more
recent water oxidation proposaﬂs.loz‘104

In the late 1970’s and early 1980°s mixed valent (Mn''"Mn!V) complexes using bipyridyl
Ii(lqands were synthesized, structurally characterized105 and spectroscopically interrogated.
21,106-108 pismukes recognized the similarity between the multiline signal observed in the
EPR spectrum for these dimers (g = 2, 16 lines) and that of the OEC in the S, (g = 2, 19-22
Iines).log‘111 Based on the magnitude of the hyperfine coupling constants and energy of the
transition, it was concluded that the OEC contained a mixed valence manganese cluster.112
Subsequent analysis suggested that to simulate the OEC spectrum, one needed a cluster of at
least three and then four manganese ions to match the EPR, ESEEM and ENDOR spectra.
113-115 Thys, this and related Mn'""Mn!V species played a crucial role in our early
understanding of the enzyme.

Compared to the relatively small number of bis(u-0x0) Mn'!; complexes, there are a numerous
examples of the corresponding Mn!"Mn!V cores.13 At temperatures below 77 K in frozen
solutions, all known Mn"""Mn!V bis(u-oxo) complexes display the tg/pical 16-19-line EPR
signal centered at g 2 (similar to the spectra shown in Figure 14).11 As discussed later in this
current review, complexes of this mixed-valence state have served as some of the best
functional models for water oxidation to date.92:117

Another important property of Mn!'"Mn!VO, and Mn!V,0, species is the observed Mn-Mn
separations which typically are 2.7 A + 0.1 AL19-121 1y Hp-0xo compounds have much
shorter distances (~ 2.30 A),122 di-p-0xo, monocarboxylato 23 or di-p-oxo, perox0124'125
species have distances of 2.54 to 2.6 A and mono-p-oxo, dicarboxylato structures, such as
found in Mn catalases are around 3.3 A.126,127 These ranges set limits upon the reasonable
structure types for the enzyme when only EXAFS data were available. In particular, the
observed 2.7 A distance was assigned as Mn-Mn interactions, whereas the longer Mn-M
distance of 3.3 A was assigned as either Mn-Mn or Mn-Ca 128-132

After the bipyridyl Mn dimers, [Mnlvg(uz-O)z(SALPN):lg, 19, is probably the next most
important structure of this class. Boucher and C0e102,133 first reported the synthesis of this
complex although Pecoraro99:134 and Armstrong135 independently first reported the
structure. One of the most important early reactivity studies suggested that the addition of
H™ to 19 claimed that the MnlII monomer was formed with the liberation of hydrogen peroxide.
133 This observation was very exciting, especially given two other results. In the early 1990’s,
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Larson and Pecoraro demonstrated that the reaction of hydrogen peroxide with 19 gave a very
efficient catalase reaction (2 H,O, — Op + 2 HZO).134 Secondly, around the same time, the
dimer of dimers model for the OEC was suggested. Thus, a very appealing model for water
oxidation resulted. A dimer of dimers structure might exist with one dimer responsible for
generating an O-O bond at the oxidation level of peroxide and the second dimer would be
responsible for oxidizing this species to liberate dioxygen.loll136 Such a model gained further
support from the observation of Tolman that Cu %(uz-O)z species could reversibly convert
between Cu''!(u1,-0), and Cu'l(0,) structures. 137 Unfortunately, the enthusiasm for this model
was quenched when it was realized that the Boucher and Coe claim for peroxide formation
was incorrect, and that SALPN oxidation occurred rather than liberation of peroxide. 138
Subsequently, X-ray studies now suggest that the best description for the OEC is an Mn,Ca
structure with the fourth manganese acting as a dangler.lG_18

Despite this setback, the chemistry of [Mn!V,(112-0)2(SALPN)], ultimately provided
numerous important results for water oxidation chemistry.~¥ First, an analysis of this and other
antiferromagnetically coupled Mn dimers suggested that the dimer of dimers model was
inconsistent with the magnetlc139 and spectroscoplc propertles of the OEC. Important to
this analysis was the recognition that in S,, two different EPR signals could be observed with
no apparent structural perturbations (as assessed by EXAFS spectroscopy) 1 The first signal,
the g = 2 multiline came from an S = 1/2 ground state. The second S|gnal a broad, low field
feature that was centered at g = 4.1, had an S = 5/2 ground state; 141 although Brudvig and
coworkers made an argument for S=3/2 to describe this feature.142 Given the known oxidation
states for S, (Mn!!'Mn!V3), there was no way that one could rationalize these two signals within
a dimer of dimers topology. This led Pecoraro and coworkers10 to suggest a 3 + 1 cluster
formulation as is shown in Figure 15A. Looking at the Mn topology alone, this proposed
structure bears striking resemblance to the present view (Figures 15B and C) of the cluster after
adding calcium which one could not locate via a magnetic analysis because it is diamagnetic.
Subsequent EPR spectral analysis predlcted the dangler model, which also is close to the
presently accepted metal topology

However, 19 has also been an important molecule defining the formation of p-oxo bridged Mn
clusters and the properties of these structures upon protonation. As an example, the first detailed
studies determining the pK, for such Mn!V structures were determined and it was shown that
protonation of the oxo bridges led to a perturbation of the redox potential and a significant
decrease in the anti-ferromagnetic coupling of the sys'tem.103 In particular, it was studies such
as these that demonstrated that protons were as important as electrons for the reactivity of these
systems. As an example, protonation or methylation of the oxo-bridge destroyed the catalase
activity of these compounds. Possibly most important, these were the first manganese 0X0
bridged molecules for which homolytic bond dissociation energies were reported 04 These
data demonstrated that the energetics of water oxidation were precisely tuned to both the proton
and the electron and that proton coupled electron transfer (PCET) or H-atom abstraction were
likely to be involved in water oxidation chemis’try.9'89'14

While generally of lesser importance to the understanding of photosynthetic water oxidation,
alkoxo bridge dimers have made some significant contributions to the field. Probably foremost
amon% these complexes are dinuclear complexes formed using the ligand 2-OH-SALPN.
144,145 This ligand differs from SALPN by the addition of a hydroxyl group to the
propylenediamine backbone. This apparently minor modification leads to markedly different
chemistry.145 Whereas dimers of the type [Mn'Y(u-O)(SALPN)], are the dominant isolated
structure with SALPN, 2-OH-SALPN leads to dinuclear structures with alkoxy bridges such
as [Mn"'(2-OH-SALPN)]»2". In fact, four distinct oxidation levels of this structure have been
isolated [Mn(2-OH-SALPN)],2™ 0 1+-146 The Mn-Mn separations remain within 0.1 A across
this series (~3.2-3.3 A) and the reduction potential for each successive compound shifts by
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~350 mV. A related series of compounds have also been prepared {{Mn'!/(2-OH-
SALPN)]»(L)} which contain a terminal ligand such as water or alcohol.81,115,146,147 Tpege
later compounds were particularly important for establishing the HBDEs for coordinated water
protons. An HBDE ~ 87 kcal/mol was observed (range of 84-92 kcal/mol), slightly higher than
for deprotonation of p,-OH units, going from the Mn'!'5(OH,) to MnllIMnIV(OH) and
MnIIMnIV(OH>) to MnlV4,(OH) species. These studies were especially important when
assessing the thermodynamic viability of the Babcock water oxidation proposal since a tyrosyl
radical in a protein is thought to provide the same energy for H atom abstraction.

A second important contribution made through the study of this system was a better
understanding of Mn oxidation reactions with hydrogen peroxide and alkyl peroxides. The
QMn“ SZ—OH-SALPN)]ZZ* is one of the best reactivity mimics of the manganese catalases.

45,146 More important for photosynthetic chemistry, detailed studies of [Mn(2-OH-
SALPN)], with alkyl peroxides have been performed. While this reaction leads to vigorous
liberation of dioxygen in the presence of excess t-butyl peroxide, this does not represent a water
oxidation process. Instead, t-butyl peroxide radicals are generated which chain propagate,
ultimately forming the (t-butyl)OOOO(t-butyl) species which liberates singlet dioxygen and
regenerates t-butylOO.. Thus, any reaction claiming oxygen evolution using t-butyl peroxide
must make every effort to ensure that this alternative radical process is not occurring.

The final significant contribution that has come from the studies of Mn(2-OH-SALPN) system
was the formation of a tetrameric complex thought to be {{Mn!V(2-OH-SALPN)](u12-O)
[MnIV(2-OH-SALPN)],}2*, 20. This species exhibits a complicated multiline feature at low
field in the parallel mode EPR spectrum. In fact, as shown in Figure 16, it exhibits a striking
resemblance to the parallel mode signal observed for the OEC in S;. 147 There is a slight shift
in g value and the hyperfine coupling constants are slightly smaller in the 2-OH-SALPN model
complex. This is as expected since the model is two oxidizing equivalents higher than that of
S1. Nonetheless, there are no other small molecule models that have been reported that show
such a low field multiline signature in the parallel mode spectrum. Hence, based on EPR
spectroscopy, this is the best known model for S;.

3.2.3 Mn-p-0y- 4-(02)-Mn—1In 1990 Wieghardt and coworkers reported the preparation of
the dinuclear Mn!Y complex [Mn!V,L,(1-0),(1-05)]1%*, 21, via the in situ aerobic oxidation
of a Mn''-Me3TACN precursor.124 The X-ray crystal structure of this complex (Figure 17)
revealed that the Mn ions are linked by one peroxo and two oxo bridges with the 1,4,7-
trimethyl-1,4,7-triazacyclononane ligand occupying the terminal coordination sites. The
complex was found to be relatively stable (many hours) in acetonitrile solution while
decomposing rapidly in aqueous solution under anaerobic conditions (Ar) at 20 °C, with the
release of dioxygen as was established by GC analysis, mass spectrometry, and measurements
with an oxygen electrode. The reduction of Mn'!V yielded a binuclear Mn!!"! intermediate which
further degraded to form a stable [LMn'V(u-0)3Mn!VL]?* species and a Mn!! dimer, which is
thought to dissociate to a mononuclear species LMn(OH,)3]?* and then rapidly be oxidized
back to a Mn'!! species. This complex also suggests amanner similar to the Kitajima complexes
discussed earlier, to form peroxide from terminal oxo’s on high valent Mn ions.

3.2.4 Imidazolate bridged Mn dimers—In the 1990’s it was proposed from EPR and
ENDOR studies that a histidine bound to the manganese cluster could be consistent with an
imidazolate bridge between two Mn centers.112 Earlier studies had suggested a bridging motif
for NH,™ in ammonia-treated S, samples.”'ov149 To address the issue of imidazolate bridging
in high oxidation states of the OEC, Pecoraro and coworkers first reported the structure of
[Mn!V(dtbsalpn),(DCBIY]PFg, 22, shown in Figure 18, left. 120 This complex exhibited
unprecedented low temperature EPR signals due to a very weak anti-ferromagnetic coupling
between the two Mn!V ions. In a subsequent paper, the synthesis and physical properties of the
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one and two-electron reduced Mn''"!V 23, (Figure 18, right) and Mn!!!, forms were reported.

51 The mixed valent compound was shown to be the first example of a ferromagnetically
coupled Mn!""Mn!V dimer. From the EPR data, it was shown that the mixed-valence Mn!!h1V
complex can be weakly ferromagnetically exchange coupled to exhibit an excited state g = 2
multiline signal.

3.2.5 Proposed catalytic dinuclear Mn models—The Mn!!h!V terpyridine complex,
24, (Figure 19a) was reported by Brudvig and coworkers to serve as the first model for catalytic
0O-0 bond formation that employed typical oxidants such as sodium hypochlorite or

KHSOg 152 It has since been suggested that the dioxygen released comes about via a
disproportionation reaction.153 Collomb and coworkers explored this system via
electrochemical methods. 194155 These authors independently synthesized and reported the
crystal structure of complex 24 at the same time as Brudvig and coworkers.156 From these
electrochemical studies in aqueous solution; oxidation of this compound quantitatively yields
the stable tetranuclear Mn'Y complex, [Mn4'VO5(terpi/%%(HZO)2]4+ having a linear mono-pi-
oxo{Mny(u-0x0),}» core (compound 43 on page 48).22 Therefore, these results show that
the electrochemical oxidation of [Mn,O,(terpy)2(H20)]3* is only a one-electron process
leading to 43 via the formation of a mono-p-oxo bridge between two oxidized

[Mnal 11, 1VO,(terpy)2(H,0),]3*. 43 is stable in agueous solution and thus unable to oxidize
water. However, only the Mn!V oxidation state can be reached by electrochemical oxidation
in water and u-oxo bridges are formed rather than terminal oxo ligands. In a related study, it
was found that when trifluoroacetate is used as the supporting electrolyte, the instability of the
one-electron oxidized species, [Mn!Y (terpy)(N3)3]™, results in a reaction with residual water
to form the dl-él-OXO dimanganese(l11,1VV) complex, with the release of two protons and three
azide anions. 19 Whereas the Mn""'Mn!Y and Mn'V,, di-p-oxo complexes (with trifluoroacetate
co-ligands) are stable, the reduced Mn'!!, derivative was shown to reversibly disproportionate
to mononuclear Mn!! and Mn!V-154 Most importantly, the MnVY=0 intermediate proposed in
the earlier reports by Brudvig (Figure 19b) was not observed in the present study; only the
Mn'V, oxidation state can be reached by electrochemical oxidation in acetonitrile. The presence
of the trifluoroacetate ligands may prevent the formation of a possible MnV=0 species. Despite
these solution studies, Ya%l has shown that these water oxidation catalysts are effective when
placed on a clay surface.

More recently (2005) McKenzie and coworkers have used a similar complex to probe reactivity
towards the mechanistic model highlighted in Scheme 2, using t-butyl hydroperoxide as an
oxidant. 117 1t is well known that 5|nglet dioxygen can be liberated from the reaction of Mn
dimers and t-butyl hydrOX|de however it appears that this could be a genuine water
oxidation process as 180 labeled water is found in the dioxygen product. A highly reactive
Mn'V, species was suggested to play a crucial role in this process. Mechanistically this process
resembles the 0xo to peroxo route proposed by Boucher and Coe, 102,133 Toman (for copper
chemlstry) 37 yachandral®® and Dismukes.160 Further definition of this system is needed,
with particular attention being focused on the origin of the second oxygen atom.

Naruta and co-workers have reported a water oxidation cycle (possibly catalytic) that has been
proposed to include a dinuclear MnV-oxo porphyrin intermediate, 25161 A representation of
this process is displayed in Scheme 3. While there are several examples of well-characterized
oxomanganese( 6) porphyrin complexes that are capable of performing organic

oxidations16 4 this is among the first to incorporate two linked Mn-porphyrin moieties.
The proposed cycle, which uses m-CPBA as an external oxidant, is shown in Scheme 3.

Already, much work has begun to design functional catalytic systems aimed at mimicking the
light-induced single-electron transfer and charge-separating functions found in PSII Styring
and coworkers have studied mixed Ru-Mn complexes with such goals in mind.165 To study
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the photophysical properties of Mn-containing OEC model systems these authors have reported
several molecular iterations that are aimed at the eventual design of a charge-separating
“functional” model. 166,167 However, studies performed with the dimeric Mn model depicted
in Figure 20 are worthy of discussion here. The RuMn, complex, 26, may be oxidized from
the Mn'!; to the mixed-valent Mn''"Mn!V state only when water is present. The authors have
suggested that water serves to displace acetate as a ligand and eventually leads to water-based
(oxo) ligands in the oxidized state. Such a reaction process seems to support mechanistic
proposals that involve oxo-bridge formation (from coordinating water) during the S-state cycle.
Related studies by Collomb and coworkers have been aimed at coupling Mn complexes having
(1-O), bridges to photoactive Ru(bipy) units, to study the electron transfer chemistry.168'16

3.3 Trinuclear Mn complexes

During the late 1980’s there was discussion of an OEC catalytic center that had a mononuclear
Mn center in close proximity to a trinuclear center.® Consideration of such a model was
abruptly ended when Klein and coworkers demonstrated a multiline component witha g~ 4.1
signal of the S, state after treatment of samples with ammonia.40 However, beginning in 2000,
suggestions of a 3 + 1 structural model emerged based on magnetic, spectroscopic, and
crystallographic studies. Thus, the importance of studying the properties of trinuclear clusters
has re-emerged.

3.3.1 Basic carboxylate—Trinuclear Mn clusters may utilize a variety of possible structure
types. The most simplistic arrangement is the Mn3O core, in which all 3 metal ions are linked
by oxygen and further Iigated by carboxylates. This core type is frequently referred to as the
basic carboxylate type.1 OAsa noteworthy variant of this motif, Weatherburn and coworkers
reported complex 27, in which an oxo, peroxo and two carboxylato bridges link the Mn centers,
with the peripheral sites occupied by three nitrogenous donors (from diethylenetriamine) per
Mn (Figure 21).171 This complex was the first instance reported with dioxygen coordinated
to a trinuclear manganese cluster, though the qualitX of the crystal structure was less than ideal.
Unlike the peroxo bridged dimer of Wieghardt,12 the formal Mn'!! oxidation state of each
metal center most likely excludes this compound as a higher S-state model as it is too low in
oxidation state to be of relevance to S3 or S4. Never-the-less, one can envision this compound
as modeling a di-Mn'V=0 that collapses to a 1,2-bridged Mn'!! peroxo species.

3.3.2 Linear vs. bent structures—The open or linear structure type is another interesting
structural class; where the early mixed valent Mn'"Mn!'Mn!!! clusters are of special interest.
Despite the fact that they are far too low in oxidation state to be directly relevant to OEC
chemistry, they have been used to address a few issues in photosynthesis. Pecoraro and
coworkers reported the first such case, a tridentate Schiff base complex, 28, with bridgin
acetate and terminal methanol ligands completing the coordination sphere (Figure 22).17 '
173 Although a neutral complex, the oxidation state of the terminal manganese ions could not
be assigned solely from the crystallographic data. To resolve the protonation-state ambiguity
of the coordinated solvent, the isostructural THF analogue was prepared. This complex
possessed identical magnetic and spectroscopic properties. As THF has no dissociable protons,
the THF moiety must be coordinated as a neutral ligand in this neutral complex, thus the
oxidation state of the terminal manganese atoms were established as +3 ions.172 All of the
trinuclear species in this class are valence trapped, with the Mn!!" ions showing marked Jahn-
Teller distortions.

Bent trinuclear structures are also very important to understanding the spectroscopic features
of the OEC, as they may provide useful comparisons of their physical properties to those
typically found with a linear framework. Asato and coworkers used a macrocyclic Schiff-base
complex obtained by the reaction of 2,6-diformyl-4-methylphenol with 1,11-diamino-3,9-
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dimethyl-3,9-diazo-6-oxaundecane to enclose three manganese ions into its cavity.175
Through spectroscopic and magnetic measurements the metal ion oxidation states were
assigned as mixed valence Mn'',Mn!"! in the trinuclear complex, 29, shown in Figure 23. The
Mn-Mn-Mn angle of 129.45(6)° is permitted by the flexibility of the macrocyclic ligand.

Pecoraro and Kessissoglou also reported the observation of a g = 2 multiline signal from a
DMF solution of the bent trinuclear, mixed valence manganese cluster -
[Mn'"Mn!!l,(SALADHP),(OAC)4(CH30H),], 30.173 (Figure 24) Kessissoglou subsequently
demonstrated that the interesting g = 2 multiline signal arose from a slight variant of this
structure in which the terminal Mn'!" ions were five coordinate.176 A comparable EPR active
trinuclear Mn'l5 complex177 differed significantly in that it is a mixed-spin compound, not
mixed-valence compound and exhibited a six-line rather than a multiline (>11 lines) feature
at g = 2 seen in the Mn''>MnllI complex.

Since this report, several trinuclear complexes with Schiff base derivatives have been
synthesized, typically resulting in weakly anti-ferromagnetically coupled complexes with an
EPR signal at g = 4, indicating a S = 3/2 spin ground state.13 Amongst these is the
heterotrinuclear species [NaMn!!!,- (2-OH-SALPN),(OAc),]", 31, (Figure 25), which was
reported as the first cage structure providing complete encapsulation of an alkalimetal cation
by bridging ligands in a discrete trinuclear formulation.178 Probably the most important
contribution from this molecule is the estimation of the very large zero field splitting parameter
D =-6.13 cm™1 for Mn!!!. This has been used as a benchmark both in the photosynthesis
community and in the field of molecular magnets.

3.3.3 Models with three distinct oxidation levels—The assignment of the metal
oxidation states of Sy in the OEC has been quite controversial for over a decade. While there
is general agreement that S; and S, correspond to Mn!'',MnIV, and Mn!""Mn!V3, respectively,
there has been an important question lingering as to whether Sy corresponds to Mn'!'sMn1V
or Mn!'Mn!'"Mn!V,,. Resolution to this question is essential for fully understanding the
mechanism of water oxidation since Sg is the product state of the catalyst. While early
assignments of the Sy oxidation level came from EPR,179‘181 one of the primary pieces of
evidence supporting the Mn""Mn!"Mn'V,, assignment is interpretation of the XANES spectrum
of 80.182 Proper interpretation of XANES spectroscopy requires appropriate small models.
Unfortunately, there are only two structurally characterized compounds that contain Mn in

more than two oxidation states and neither of these have been subjected to X-ray absorption
ana1|ysis.183'184

Very recently, Wieghardt and coworkers reported the synthesis of a novel mixed valent Mn
trinuclear complex with the unique non-innocent ligand 2,4-di-tert-butyl-6-(2-
(hydroxymethyl)phenylamino)phenol, H3L.183 This ligand can coordinate not only in its
deprotonated form (L3™), but also in its oxidized o-iminobenzosemiquinonate (L., ™) radical
and o-iminobenzoquinone (L g ") forms. This was first example of a trinuclear mixed-valent
Mn""Mn!"Mn!Y complex, 32, (Figure 26) that contains additionally two iminosemiquinone
radicals, an iminobenzoquinone and a chloride ligand. All three forms of 2-aminophenol-based
Iigand were previously unambiguously characterized earlier in different compounds.185_
192 proof that several oxidation levels co-exist in this particular complex was evidenced not
only by an X-ray structure determination but also by magnetic susceptibility experiments. The
authors point out that the stability of such a complex supports the oxidation state assignment
for the lower S-states of the OEC.

3.3.4 Use of XANES to probe multiple possible oxidation assignments in

trinuclear compounds—Another relevant set of models would be compounds that have
manganese ions separated in oxidation state by at least two oxidation levels. Of great interest

Coord Chem Rev. Author manuscript; available in PMC 2008 December 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mullins and Pecoraro

Page 15

are higher valent species, such as the Mn'"Mn!'VMn!! complex reported by Kessissoglou,
Pecoraro and coworkers with the ligand 2,2’-dipyridyl ketonoxime (pko™) 33, shown in Figure
27.193 This molecule contains a central Mn!V, located on a crystallographic inversion center,
flanked by two Mn'! ions. The six bond distances around the central Mn atom average 1.91 A,
in good agreement with the average distance reported for mononuclear Mn!Y compounds (e.g.,
Mn!V(SALADHP),) and approximately 0.12 A shorter than the average bond lengths that are
typical for Mn'!! species. The lack of a Jahn-Teller distortion of the central Mn further supports
the oxidation state assignment as Mn!V rather than Mn'!!. The terminal Mn ions are coordinated
to five nitrogen atoms and an oxygen atom with an average bond distance of 2.223 A. This
average value is typical for Mn!! compounds and fully supports a valence trapped 2+ oxidation
state for the terminal atoms. The best fit (for a model with J;, being defined as the exchange
parameter between the central Mn!V and terminal Mn!! and J,5 set to 0) is J1,= +6.13 cm™1
and g = 2.09. The magnetic ground state, confirmed by magnetization measurements at 4.5 K,
is S = 13/2. A chloride analogue of this compound has also been prepared and characterized.

Comparative spectroscopic and magnetic studies between this Mn!'Mn!'VMn!! complex, 35,
and Mn""Mn!'Mn""" (34) compounds (shown in Figure 28) have also been carried out.194 The
XANES spectra of both Mn8* complexes were fit with linear combinations of Mn model
spectra. The best fit for the Mn!!,Mn!Y complexes gave an average oxidation state of 2.7,
consistent both with the Mn!',Mn!V assignment and with the Mn!!',;Mn!! alternative. The
XANES spectrum for the authentic Mn'"';Mn!! trimer is somewhat narrower than for the
Mn'',Mn!Y compound and has a weaker 1s-3d transition (Figure 29). This difference in
XANES shape suggested that it was possible to distinguish experimentally between the two
valence configurations. When the XANES spectra for the Mn!',;Mn'V were fit with a linear
combination of Mn!!, Mn!!!, and Mn!V, the best fits all had less than 15% Mn!!!, while the
corresponding fits for the Mn!"',Mn!! compound never gave more than 15% Mn'V, consistent
in both cases with the proposed oxidation state assignments. Similarly, fits of Mn!'>;Mn!V using
a linear combination of Mn!! and Mn'VY models were ca. 50% better than fits using a linear
combination of Mn!' and Mn!!!. Comparable behavior was seen for Mn''',Mn!!, where fits
using Mn'! plus Mn!!" were ca. 70% better. These data suggested that XANES spectroscopy,
at least when three Mn ions are involved, would be capable of correctly determining the
oxidation states of Mn in Sy. Furthermore, these studies confirm that a biological cluster rich
in oxy-anions at one site and containing neutral nitrogen donors at another site can allow a
stable Mn!"'/Mn!V mixed valency.

3.3.5 Mn'V3 clusters—Wieghardt and coworkers were among the first to employ
functionalized 1,4,7-triazacyclononane (TACN) ligands for complexes with Mn'V5 clusters.
95 The metal ions in these complexes, which resulted in adamantane-like arrangements, are
connected by one u3-X0O4 (X =P, As, or VV) and three bridging py-oxo groups. The crystal
structure of the phosphate analogue, 36, (Figure 30) was reported. The short Mn-Ogy, bond
lengths of ca. 1.785 A are typical of Mn!'V-O- Mn!V units. Replacement of Ca(ll) for P(V)
would begin to resemble the present models for the OEC structure, although the compound
would still need to be converted from an adamantane structural type to a pseudocubane.

Christou and coworkers recently reported an open structure trinuclear Mn'V3 complex, 37,
(Figure 31) comprised of bent Mn3O4 unit, analogous to many proposed structures for the
OEC.196 A bis(up-0x0)(po-acetato) bridging motif connects the central Mn to the terminal
metal centers, which are capped by bipyridine and acetate ligands. The metric parameters were
typical for those usually observed in Mn!Y complexes. The central metal is solely coordinated
by oxygen donors, which may lead to an increased stability of this high valent cluster.
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Tetranuclear Mn complexes

A variety of tetranuclear clusters with oxidation states ranging from Mn'!, to Mn!V,, have been
prepared.6’7'13 A recent search of the Cambridge Structural Database (CSD) revealed over
150 (u-O)Mny4 complexes that have been structurally characterized. Figure 32 shows the
commonly observed cluster types found in tetranuclear Mn-oxo cores. 2 As the OEC has at
most only one Mn'! jon in the Sy state of the Kok cycle, we will focus our discussion by
disregarding those models composed primarily of Mn!! ions. A number of studies have been
devoted to isolating such clusters, with the overall aim being the oxidation to more relevant
models.197,198,199 Unfortunately, many of these complexes have not been shown to access
the higher valencies needed to accurately mimic the Mn,Ca cluster of the OEC. Consequently,
in this discussion we will focus primarily on complexes with average Mn oxidation states of
3.0 or greater.

3.4.1 Adamantane-like structures

Since the initial report in 1983 by Wieghardt and coworkers,200 there have been five additional
crystallographic reports of the adamantane shaped Mn,Og complex, 38, (Figure 33) with the
1,4,7-triazacyclononane (TACN) Iigand.ZOl‘204 This complex was originally prepared by
mixing aqueous alkaline solutions of TACN with MnCl, under oxygen to produce black
solutions, which yielded black crystals of the product after addition of NaBr. The tetranuclear
Mn'V assignment was made based on results of X-ray crystallographic analysis and magnetic
measurements. A search of the CSD reveals that half of the tetranuclear adamantane-shaped
Mn-oxo clusters are salts of the TACN4Mn4Og structure originally reported by Wieghardt and
coworkers. Armstrong and coworkers have also prepared several adamantane-shaped
tetranuclear complexes.205

3.4.2 Linear structures

In 1989, Armstrong and coworkers reported the first of several tetranuclear model complexes
from their group. The complex {[Mn,(TPHPN)(O,CCHg3)(H,0)],0}**, 39, has an average
Mn oxidation state of 2.5 and is believed to be a Mn!',MnlIl, system.206 A year later they
reported the linear complex, [Mn402(TPHPN)Z(HZO)Z(CF3SO3)Z]3+, 40, (Figure 34) which
has an average Mn oxidation state of 2.75.184 An assignment of Mn'"Mn!'"Mn'VMn!' was
made based on the bond distances in the crystal structure and the electronic spectrum in
acetonitrile, which, in the visible region, closely resembles other species that contain the
(Mn,0,)3* core.116 Several important criteria for a synthetic analogue of the OEC manganese
center are met with this complex. As is the case with most high valent di-p-oxo dimers, it has
a 2.7 A Mn---Mn separation, a value which is the hallmark of the OEC. One nice feature of
the complex is that it contains coordinated water molecules. The feature of greatest interest is
the mixed valency assignment. This compound was the first structure to show manganese in
three different oxidation states and, hence, serves as an excellent model for Sy. This compound
demonstrated for the first time that Mn!' and M!V could be stable to comproportionation within
the same molecule, especially noteworthy given that there is a single atom alkoxo oxygen atom
connecting these two ions.

3.4.3 XANES to probe multiple possible oxidation assignments in tetranuclear compounds

More recent efforts to synthesize tetranuclear Mn complexes as biomimetic models have
yielded several discrete species that have a total Mn formal charge of +10. In 2002,
Kessissoglou and coworkers reported the synthesis of a mixed-valent Mn!'sMn!V complex,
41, with a 4-0 bridge to the four Mn ions (Figure 35).207 This compound is another rare
example of Mn!'and Mn!V within the same cluster. This complex most resembles the “basket”
variety shown in Figure 32, although with only one pu-oxo (rather than py) and with the
hydroxamate ligands bridging the metals in addition to the bulky carboxylates. Comparison of
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the FT-IR spectrum of this compound with a Zn metallacrown complex,
[Zn4(OH),(pko)4Cl5] suggests that there is no additional band that may be due to a Mn=0
bond. Variable temperature magnetic experiments were used to support the Mn!V assignment
of Mn1.

Building on earlier work with trinuclear complexes, Pecoraro and coworkers have most
recently prepared tetranuclear complexes that are valence isomers.208 X-ray absorption
spectroscopy is being utilized to set a standard for reliably discerning the Mn oxidation states
in tetranuclear cluster compounds. In this case, the comparison is between Mn1%* complexes
with formal oxidation state assignments of either Mn!'sMn!V (complex 41, shown in Figure
35) or Mn'',MnllI,.180 As in earlier studies of Mng®* complexes!93, the correct average
oxidation state may be attained within the estimated uncertainty of ~10.25 eV, although
differences between these valence isomers is larger than previously seen.

Based on XAS and EPR studies, a Mn'"Mn!'!Mn!V, assembly has been suggested for the
tetranuclear Mn cluster in Sg. The existence of three different Mn oxidation states in the same
complex is exceptional. Under most circumstances, Mn!! and Mn!Y would comproportionate
to give a Mnylll species; however the model chemistry of Armstrong, 184 Kesswsoglou and
Pecoraro,193:194 and Wieghardt183 has demonstrated that Mn'' and Mn'V can exist in the
same molecule with single atom bridges. This suggests that the OEC would be capable of
stabilizing multiple Mn oxidation states in the same cluster and that XANES spectroscopy can
distinguish correctly Mn!'"Mn'""Mn!V, and Mn!!'sMnIV formulations for the enzyme.

The average Mn oxidation states +3.25 and +3.50 are considered to be favorable for models
of the S; state of the OEC. The compounds (H2Im),[MnsO03Clg(MeCOO)3(HIm)],
[Mn403Cl4(MeCOO)3(py)s], and [Mng4O3CI(MeCOO)3(dbm)s] (HIm = |m|dazoI|um) which
have a distorted cubane [Mn4O3ClI] core with a (13-O)Mn3 bridging group 209-211 represent
the formulation of Mn!"'sMn1V. Meanwhile, the [(Mn,0,)(tphpn),]4+ cation with a (u-O)
Mn;, bridging unit01, 1£3.217 is an example of a Mn'!',MnIV, assignment. Average Mn
oxidation states of +3.75 with a Mn!''Mn!V3 formulation, the most favorable for the S, state,
and +4.00 for Mn'V, have been reported for the [Mn,Og(bpy)s]3* and [Mn,Og(bpy)e]** ions,
respectively. 213

3.4.4 Cuboidal models

Dismukes and coworkers have reported several Mn,Oy cluster compounds with cuboidal type
structural arrangements.160 214-218 pp example of such a complex, 42, is shown in Figure
36, where the Mn3 ion was assigned a 3+ oxidation state due to Jahn-Teller distortions revealed
by XRD with all the other Mn ions assigned as Mn!V-218 These compounds reportedly undergo
photo- rearrangement to release O, (and a diarylphosphinate ligand) to yield a butterfly type
product (Scheme 5) 5,217 From these data the authors have suggested a similar route for
water oxidation by PSII that produces O, by the coupling of two bridging oxides of the cluster.
Christou and coworkers have also reported a number of cluster compounds that have either
cuboidal209,210 oy butterﬂy 9 motifs.

Several issues hamper such complexes as effective biomimetic models. First, the
diarylphosphinate ligands are unlikely to serve as the most relative models for the protein
encasing the Mn4O,Ca cluster. Secondly, such models do not adequately account for the role
of a Caion or the dangler Mn ion found in the recent crystallographic reports. Finally, it appears
that the “butterfly” product complexes are dead-ends and no catalytic activity has yet been
demonstrated with such compounds.
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3.4.5 Models for dimer-of-dimers hypothesis

As numerous examples of tetranuclear Mn complexes are amassed, there becomes a greater
need to focus on only models that are relevant to PSII. Although the dimer-of-dimers model
has fallen out of favor with many researchers, there remains a genuine need to study models
that mimic such architectures. In the early 1990’s, Girerd and coworkers reported a model
complex, [Mn4026§bpy)6]4+, that is composed of two di-p-oxo-dimanganese units linked by a
di-p-oxo bridge. 0 Recently, Brudvig and coworkers have offered two alternative linear
topologies using Mn!V,(terpy) complexes with different combinations of a mono-p,-0xo and
bis-po-0xo-bridged Mn units.91,92 They suggested that these linear (2, 1, 2) and (1, 2, 1)
bridged complexes as synthetic examples for the dimer of dimers model for the OEC. Complex
43, which has 2 bis-p»-0xo bridges connecting the terminal Mn to the inner ones and a mono
11-0xo0 bridge connecting the central Mn!V ions, is shown at left in Figure 37. The related
complex, 44, is shown in Figure 37, right. The most noteworthy feature of the (1,2,1) complex
44 is the ligation of all three types of water-derived ligands (aqua, hydroxo, and oxo) to the
terminal Mn!Y ions of this tetrameric Mn complex, which the authors claimed was the first
known example of such ligation.

4. Mechanistic proposals

Given all of the information obtained from biophysical studies of the OEC and characterization
of model compounds, we may begin to piece together a combined structural and mechanistic
model for the OEC. Because the rest of this thematic issue focuses on numerous mechanistic
proposals, we will not re-describe these various models here. Instead, we will focus our
attention on a structural and mechanistic model that we described in 1997, first for the dimer
of dimers structure143 and then in 2000 using the 3+1 cluster formulation.10

As we discussed with Figure 14, analysis of magnetic and EPR spectral data led to a structure
that generally predicted the structures which we are presently using to interpret the chemistry
of this system. We can now move a step forward with this generalized model and begin to
assess the function of each of the components of this Mn4Ca cluster. The model presented in
Figure 38 shows a diagrammatic representation of the Mn4Ca cluster that presents possible
functions of the cluster. To interpret this structure we will use an oxidation state assignment
for Sg equal to Mn!'Mn'""Mn!V,, and for S4 an oxidation level of Mn'VsMnV. It is well known
that the Mn cluster is unstable, especially in So and that the redox active tyrosine Yp+ can
oxidize Sg to S1.221 This may be Nature’s way of stabilizing the cluster in the lowest S-state,
since the Mn!! has both low stability and rapid kinetics, which could lead to cluster
decomposition. Oxidizing Sq to S; would remove any Mn!! from the cluster. However, if
Mn'! is essential for the oxidation process, how can one transiently stabilize this cluster? One
way would be to incorporate a highly stable Mn'V(j1,-O), core which is both
thermodynamically and kinetically stable. Consistent with this idea, Yocum has demonstrated
that two of the manganese ions in the cluster can be reduced by reductants such as
hydroxylamine, whereas two others are susceptible to bulkier hydroguinone reductants.222
This might support the notion that there are two special manganese ions that do not change
oxidation state through the process of cluster photo-oxidation. We designate these as the anchor
Mn ions which are spatially removed from the catalytic centers.

In order to oxidize water, the enzyme must accumulate four oxidizing equivalents. However,
even an oxidation of a single manganese ion from the Mn!' to MnV oxidation level only
accumulates three oxidizing equivalents. Therefore, another manganese ion is required to be
oxidized in order to store the fourth oxidizing equivalent. If the catalytic center which goes
from Mn!'to MnV is indeed the dangler manganese, we can then envision the trinuclear portion
of the Mn4Ca cluster as a coupled trinuclear redox co-factor making its function in some ways
similar to the trinuclear Cu cluster in ascorbate oxidase.223 Thus, one of the remaining Mn
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ions serves as a storage site for the fourth redox equivalent while the last manganese, the
dangler, serves as the main catalytic site.

This model accounts for the function of the four manganese ions, but alone, these centers still
would be incapable of water oxidation. Even if the Mn!! aqua ion of Sy is oxidized to MnY=0
in S4, one still needs a source of another oxygen atom. This atom could, of course, originate
from water bound to the redox manganese; however, a more satisfying hypothesis is that the
Cal' does not simply stabilize the cluster, but instead plays a vital catalytic role.143 In this
case, awater bound to Ca'' is deprotonated to form minimally a Ca'!l-OH and possibly a strongly
hydrogen bonded Ca-O which is reminiscent of the Mn!V-O of Borovik’s compound.79 This
highly nucleophilic oxide could attack a proximate MnV=0 leading to the formation of an O-
O bond and, ultimately dioxygen.

This water oxidation mechanism was proposed by Pecoraro in the late 1990°s.143
Subsequently, Brudvig and co-workers have beautifully elaborated on these ideas to generate
a unified mechanism that accounts for the detailed behavior of the OEC across the S cycle.
15,224-226 Tpjs proposal is shown as Figure 38. For the latest perspective on this detailed
process, the interested reader is referred to Brudvig’s review in this issue.

Another important mechanism that drove much of the thinking in this field was proposed by
Babcock and co-workers.227 The basis of their ideas was that H-atom abstraction was a key
mechanistic event which led to the formation of a Mn!V=0 in S; that could couple to a
Mn'V=0 generated during during the S3— S4 — Sg transition. While intellectually stimulating,
we showed using XANES spectroscopy that this mechanism was not viable.49

Recently, Dau has examined the immediate aftermath of oxidation from Sz to S, and also shown
that there is no evidence for either Mn'V=0 or MnV=0.228 Dau describes the period between
the initial photo-oxidation and the chemistry of water oxidation as S, and the subsequent period
as S,'. Unfortunately, the critical chemistry in this model occurs in Sy, therefore, we still do
not know whether the mangany!| exist transiently during the water oxidation process. At present
our proposal appears consistent with the majority of data. The biggest tests which this process
must overcome in the future are determining whether Mn oxidation does occur from S, —
S3 and whether Sg is Mn!'Mn!""Mn!V, or Mnt!'sMn!V. Thus, these are some of the most
important issues that need to be resolved in future biophysical and modeling studies.

5. Conclusion

In this monograph, we have investigated the chemistry of photosynthesis from the perspective
of contributions made by small molecule model compounds. We have shown that over the past
thirty years, models have been essential for laying a foundation for the understanding of
manganese over several oxidation states and in structures of varying nuclearities. Even in recent
years, models have been important for testing various proposals for water oxidation. The
eventual hope is that true biomimetic chemistry leading to small molecule water oxidation
catalysis can occur. Only in this way are we likely to test different proposals for water oxidation.
In addition, water oxidation chemistry has garnered greater importance as the oxidizing half
of a “Hydrogen Economy”. To ecologically and economically burn Hy, using O, one should
couple hydrogen production to dioxygen production from water. When such catalytic advances
are made, we will not only have conquered one of the most challenging chemical reactions in
nature, but also have taken a step toward generating new energy sources to sustain our
civilization.
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Abbreviations

OEC
Oxygen Evolving Complex
PSII
Photosystem 11
XRD
X-ray Diffraction
XAS
X-ray Absorption Spectroscopy
XANES
X-ray Absorption Near-Edge Spectroscopy
EXAFS
Extended X-ray Absorption Fine Structure
sal
salicylicate
bipy
2,2'-bipyridine
zfs
zero-field splitting
BDE
Bond dissociation energy
DFT
Density Functional Theory
ESEEM
Electron Spin Echo Envelope Modulation
ENDOR
Electron-Nuclear Double Resonance
PCET
Proton coupled electron transfer
TACN
1,4,7-triazacyclononane
terpy
2,6-terpyridine
dien
diethylenetriamine
H,SALADHP
1,3-dihydroxy-2-methy1-2-(salicylideneamino)propane
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Figure 1.

Two proposed structures for the OEC of PSII. A) View of the reaction center based on the 3.5
°A crystal structure model of the OEC, pdb 1S5L (figure was reproduced from Ref. [ ] with
permission from AAAS) and B) One of three proposed structures for the OEC as determined
by polarized Mn EXAFS spectroscopy (figure was reproduced from Ref. [ ] with permission
from AAAS).
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Figure 2.
ORTEP representations for the mononuclear Mn'VN?[O4 model complexes, A) [MnIV

(sal)2(bipy)], 1, (figure was reproduced from Ref. [2 ], by permission of The Royal Society
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of Chemistry) and B) [Mn!V(dbpip)], 2 (butyl groups are removed for clarity) (figure was
reproduced from Ref. [24], with permission of copyright holders Elsevier (2002)).
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Figure 3.

EIgR spectra of Mn'YN,0,4 model complexes: A) Mn(SALAHP),23 in DMF/MeOH(3:2) at
100 K; B) Mn(als)233 in dichloromethane/toluene (1:1) at 77 K; C) Complex 2,
[Mn!V(dbpip)], in dichloromethane at 4 K.24 (This figure was reproduced from Ref. [24],
with permission of copyright holders Elsevier (2002)).
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Figure 4.

ORTEP representations for mononuclear Mn'V bis-OH complex reported by Busch and
coworkers, 3, (figure was reproduced from Ref. [34], Copyright (2006) American Chemical
Society) and the Mn!YOg complex reported by Saadeh and Pecoraro, 4. (figure was reproduced
from Ref. [38], Copyright (1991) American Chemical Society).
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Figure 5.

ORTEP representations for the mononuclear MnY=0 model complexes reported by Collins
and coworkers; A) 5 (figure was reproduced from Ref. [34], Copyright (1989) American
Chemical Society), B) 6 (figure was reproduced from Ref. [43], Copyright (1990) American
Chemical Society), and C) 7 (figure was reproduced from Ref. [44], Copyright (1998)
American Chemical Society).
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Figure 6.

(Top) XANES spectra for 5, Na[MnV=0(HMPAB)] (dotted line), (Na[Mn"'((HMPAB)
(EtOH)5,]) (dashed line), and 8, [Mn'V2(2-OH-3,5-di-(t-Bu-salpn)](NOs), (solid line).
(Bottom) Simulated XANES for a hypothetical Mn'V3MnV=0 (dotted line) and authentic
[Mn!V2(2-OH-3,5-di-(t-Bu-salpn)](NO3)s, (8, solid line) structures (figure was reproduced
from Ref. [49], Copyright (2004) American Chemical Society).
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Figure 7.

ORTEP representation for the mononuclear MnV-oxo model complex, 9, reported by
O’Halloran and coworkers. (figure was reproduced from Ref. [50], Copyright (1994) American
Chemical Society)
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Figure 8.

A) Normalized Mn XANES spectra for [(TBPgCz)Mn'!!(MeOH)] (dashed line) and
[(TBPgCz)MnV(0)], 10 (solid line); B) ORTEP diagram of [(TBPgCz)Mn'!/(MeOH)], 11 (the
tert-butyl phenyl substituents are not shown for clarity) (figure was reproduced from Ref.
[52], Copyright (2005) American Chemical Society).
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Figure 9.

Comparison of the Mn K-edge XANES regions of the oxidized [(salen)Mn'!'Br], 12 in
acetonitrile. a) Solid [(salen)Mn''Br], 12, oxidized with m-CPBA in acetonitrile after 0 min,
oxidized with m-CPBA in acetonitrile after 90 min (dotted line), solid [(salen)MnV=N], 13.
(figure was reproduced from Ref. [66], Copyright (2003) Wiley-VCH Verlag GmbH & Co.
KGaA).
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Selected Metrical Values

N2-Mn-N3 107.8°
N2-Mn-N4 111.6°
N3-Mn-N4 134.3°
Mn-O 1.706 A
Mn-N1 2.219 A
Mn-N2 1.922 A
Mn-N3 1.954 A
Mn-N4 1.978 A

Figure 10.

Molecular structure of [Mn!YH3buea(O)]™, 14, obtained from geometry-optimized DFT
calculations (B3LYP/6-311G). Only urea hydrogen atoms are shown for clarity. (figure was
reproduced from Ref. [79], Copyright (2006) American Chemical Society).
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Figure 11.

Energy minimized structure (from DFT calculations) of the hydroperoxide complex of Mn-
Saloph-OMe complex, 15, reported by Nocera and coworkers. (figure was reproduced from
Ref. [86], Copyright (2005) American Chemical Society).
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Figure 12.

ORTEP representations for dinuclear Mn'!'5(0) complexes of A) Mascharak, 16 (figure was
reproduced from Ref. [90], Copyright (2005) American Chemical Society), and B) the ligand
hydroxylated complex reported by Kitajima, 17 (figure was reproduced from Ref. [93],
Copyright (1991) American Chemical Society).
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Figure 13. )

ORTEP representations for dinuclear complex, [(HB(3,5-Propz)3)Mn!!(4-0)],, 18, reported
by Kitajima and coworkers (figure was reproduced from Ref. [ 8], Copyright (1991) American
Chemical Society).
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Figure 14.
Typical X-band 16-line EPR signal13:116,118 for a dinuclear Mn'""Mn!V complex (figure was
reproduced from Ref. [13], Copyright (2004) American Chemical Society).
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Figure 15.

A)gstructural proposanl10 of the OEC based on a simple magnetic analysis prior to the Zouni
xX-ray structure. B) Diagrammatic representation of the OEC based on more recent x-ray
structures. Notice that the Mn connectivity appears to match well with respect to the simple
magnetic model in part A, differing by one Mn-O-Mn connection and the addition of a p,-O
bridge. Ca(ll), whose presence could not be inferred from the magnetic analysis because it is
diamagnetic, nicely caps the structure. C) OEC structure proposed by Barber for comparison
(figure was reproduced from Ref. [16], with permission from AAAS).
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Figure 16.

Cgmparison of the parallel-mode EPR spectra of the S, state in OEC148 (top) and the spectrum
associated with a proposed {[Mn'V(Z-OH-SALPN)]Z(HZ-O)JMnIV(2-OH-SALPN)]2}2+
complex, 20,(bottom). (figure was reproduced from Ref. [1 7], with permission of copyright
holders Elsevier (2004)).

Coord Chem Rev. Author manuscript; available in PMC 2008 December 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mullins and Pecoraro

Page 50

Figure 17.

Molecular structure of [Mn'V,L,(1-0)2(u-02)12*, 21, (L = 1,4,7-trimethyl-1,4,7-
triazacyclononane) derived from X-ray crystallography (figure was reproduced from Ref.
[124], Copyright (1990) American Chemical Society).
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Figure 18.
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ORTEP representations of A) [Mn!V(dtbsalpn)],DCBI* cation, 22, (figure was reproduced
from Ref. [150], Copyright (1997) American Chemical Society) and B%

[Mn "1V (dtbsalpn)],(DCBI), 23, (figure was reproduced from Ref. [1°1], by permission of
The Royal Society of Chemistry); the t-butyl groups were removed from the 3,5-positions of
the aromatic rings for clarity in both cases.
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Figure 19.
A) Dinuclear Mn catalyst, 24, and B) the mechamsm Broposed by Brudvig and coworkers for
O, production (figures reproduced from Ref. [ 1, with permission from AAAS)
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Figure 20.
RuMn, model complex, 26, designed to explore multiple light-induced electron transfer
reactions. The Mn oxidation states may be Il, (with X =acetate), I1,111 (with X = acetate and

H%O/OH_), [, (X =H,0/0H"), and 11,1V (X =027).(figure was reproduced from Ref.
[1 5], Copyright (2006) Springer).
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Figure 21.

Molecular structure of MnlII3(dien)3(H-OAC)2(}L3-O_/)§},L-02)3+, 27, derived from X-ray
crystallography (figure was reproduced from Ref. [l ], Copyright (1988) American Chemical
Society).
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Figure 22.

ORTEP representation for a-Mn!'Mn!l,(SALADHP),(OACc)4(CH30H)s,, 28, (figure was
reproduced from Ref. [172], Copyright (1988) American Chemical Society and ref [174]
(1989) Royal Society of Chemistry).
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Figure 23.
ORTEP representations for the 7+ trinuclear complex, 29, reported Asato and coworkers
(figure was reproduced from Ref. [175], Copyright (2000) Royal Society of Chemistry).
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Figure 24.
An ORTEP diagram of the bent structure in p-[Mn!'Mn!!',(SALADHP)»(OAc)4(CH30H),],
30 (figure was reproduced from Ref. [173], Copyright (1989) Royal Society of Chemistry).
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Figure 25.

Molecular structure of the anionic portion of [CoHgO2]NaMn!!,-(2-OH-SALPN),(OAC)4].
2H,0, 31, from X-ray crystallography (figure was reproduced from Ref. [178], Copyright
(1989) American Chemical Society).
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Figure 26.

ORTEP representation of Mn'"Mn!!Mn!V complex, 32, reported by Wieghardt and coworkers
(t-Bu groups removed for clarity) (figure was reproduced from Ref. [18 1, Copyright (2006)
Royal Society of Chemistry).
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Figure 27.

ORTEP representation of Mn!'Mn!YMn!!(pko)4(CH30),(Cl),, 33, reported by Alexiou, et al.
(figure was reproduced from Ref. [193], Copyright (2003) Wiley-VCH Verlag GmbH & Co.
KGaA).
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Figure 28.
ORTEP representations of A) Mn''"Mn!'"Mn!!(Hsaladhp),(Sal)4-2CH3CN, 34 (figure was

reproduced from Ref. [176], Copyright (2000) American Chemical Society), and B)
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Mn""Mn'VMn!(pko)4(CH30)2(SCN)5, 35 (figure was reproduced from Ref. [193], Copyright
(2003) Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 29.
XANES spectra of Mn!',Mn!V (solid and dashed lines) and Mn'"';Mn!! (dotted line) (figure

was reproduced from Ref. [194], Copyright (2003) American Chemical Society).
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Figure 30.

ORTEP representation of the cation [LsMn3(u-0)3(u-PO4)]3* of the adamantane-like cluster,
36, reported by Wieghardt and coworkers (figure was reproduced from Ref. [195], Copyright
(1988) Royal Society of Chemistry).
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Figure 31.
ORTEP representation of a Mn!V3 trinuclear structure, 37, reported by Christou and coworkers
(figure was reproduced from Ref. [196], Copyright (2002) Royal Society of Chemistry).
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Figure 32.

Different core types observed in Mn-oxo tetramers (figure was reproduced from Ref. [92],

Copyright (2005) American Chemical Society).
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Figure 33.

ORTEP representation of the Mn,Og complex with the TACN ligand first reported by
Wieghardt and coworkers, 38 (figure was reproduced from Ref. [200], Copyright (1983)
Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 34.
ORTEP representation of [Mn402(TPHPN)Z(HZO)Z(Cng(gi)Z]g’*, 40 (triflate counter anions

not shown for clarity) (figure was reproduced from Ref. [1 ], Copyright (1990) American

Chemical Society).
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ORTEP representation of the tetranuclear cluster Mn''sMn!V complex, 41 (figure was
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reproduced from Ref. [207], Copyright (2002) Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 36.

(left) ORTEP representation of complex, 42, reported by Dismukes and coworkers, with
anisole rings omitted for clarity, (figure was reproduced from Ref. [218], Copyright (2006)
American Chemical Society).
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Figure 37.

ORTEP representations of the tetranuclear Mn(terpy) complexes, A) 43 and B) 44 (figures
reproduced from Refs. [91] and [92], Copyrights (2004 and 2005) American Chemical
Society).
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Figure 38.

Structural model for Mn4Ca cluster with proposed functional roles of Mn and Ca ions.
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Scheme 1.

Oxidation reaction proposed by Feth for Jacobsen olefin epoxidation catalyst. (scheme was
reproduced from Ref. [66], Copyright (2003) Wiley-VCH Verlag GmbH & Co. KGaA).
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Scheme 2.

A) Mechanism proposed by Kitajima for the oxidative ligand hydroxylation via a bis
(Mn'V=0) intermediate (figure was reproduced from Ref. [93], Copyright (1991) American
Chemical Society) and B) mechanism proposed by Siegbahn based on DFT calculations for
the latter S-state transitions in the OEC. (figure was reproduced from Ref. [95], Copyright
(2004) PCCP Owner Societies).
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Scheme 3.
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McKenzie’s proposed mechanism for water oxidation catalyzed by a dinuclear Mn complex
using t-BuOOH as the O-atom source (scheme was reproduced from Ref. [117], Copyright

(2005) Wiley-VCH Verlag GmbH & Co. KGaA).
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Scheme 4.

Structure for the dinuclear structure [Mn(DTMP)]2*, 25, and the reaction pathway proposed
by Naruta and coworkers for O, formation (scheme was reproduced from Ref. [161], Copyright
(2004) Wiley-VCH Verlag GmbH & Co. KGaA).
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Scheme 5.

Proposed O production (along with release of diarylphosphinate) by photo-induced
rearrangement of the [Mn,04]%* “cubane” core to a [Mn40,]%* “butterfly” core (figure was
reproduced from Refs. [215’ 7], Copyrights (2000) American Chemical Society and (2002)
Springer).
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