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Abstract

In the last 10 years, a number of advances have been made in the study of the oxygen-evolving complex (OEC) of photosystem II (PSII). Along
with this new understanding of the natural system has come rapid advance in chemical models of this system. The advance of PSII model chemistry
is seen most strikingly in the area of functional models where the few known systems available when this topic was last reviewed has grown into
two families of model systems. In concert with this work, numerous mechanistic proposals for photosynthetic water oxidation have been proposed.
Here, we review the recent efforts in functional model chemistry of the oxygen-evolving complex of photosystem II.

© 2007 Elsevier B.V. All rights reserved.
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. Introduction

The increasing emphasis toward “green” chemistry has inten-
ified the search for understanding of oxygen evolution in
hotosynthesis, in the hope of using this information to produce
rtificial water-oxidation catalysts for renewable solar-energy
onversion. Decades of biophysical study have provided a solid
roundwork for this project. Crystal structures of photosystem II
1,2] (PSII) have revealed the location of many important com-
onents such as chlorophylls and the oxygen-evolving complex
OEC) while spectroscopy such as EXAFS [3–7], EPR [8–12],
nd IR [13,14] have allowed the study of reactive intermedi-
tes, the composition of the OEC and the protein ligation of the
etal centers. Unfortunately, while we now have a much bet-

er structural and mechanistic basis for PSII, we still are some
ay from the goal of a molecular mechanistic understanding
f water oxidation. In extensive biomimetic efforts, numerous
mall molecule complexes have been synthesized in the hope
f oxidizing water. Only a handful of these synthetic complexes
ave proved capable of oxidizing water to oxygen; however,
ome mechanistic information has been gained. Computational
ork has also begun to suggest possible pathways. This review
ill cover the chemistry of water oxidation by synthetic man-
anese and ruthenium complexes. Mention will be made both
f biological systems and heterogeneous systems where appro-
riate, but these are not the focus of this review. A number of
elated reviews [15–22] have appeared.

. Photosystem II and the oxygen-evolving complex

.1. Structure

Photosystem II (PSII) is an enzyme found in the thylakoid
embranes of oxygenic photosynthetic organisms. The protein

omplex forms as a dimer with a molecular weight of around
50 kDa. Although PSII is a large protein complex, much of its
ulk is involved in harvesting and transferring photonic energy.
he actual oxidation of water to oxygen is carried out at a
luster of metals referred to as the oxygen-evolving complex
OEC) [19]. Biochemical and biophysical experiments have long
stablished that manganese is essential for photosynthetic water
xidation and EPR experiments have set the number of man-
anese atoms in the OEC at four [8,9,23]. In addition to the four
anganese atoms, a calcium atom has been shown to be part of

he OEC through EPR [10], EXAFS [24] and X-ray diffraction
1] experiments. Beyond the core structure of four manganese
toms and one calcium atom, a number of other components have
een suggested for the OEC. These include chloride [25,26] and
icarbonate [27–29] ions.

.1.1. Crystal structure
Two recent crystal structures [1,2] have resolved the electron

ensity of the OEC and proposed that it can be best fit by a tri-

anganese cluster with a single “dangler” manganese a slightly

onger distance away (Fig. 1A and B). There are some distinct
ifferences between the two crystal structures that should be
mphasized despite their general similarities. The 3.5 Å struc-
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ure of Ferreira et al. [1] used X-ray anomalous difference maps
t the Mn adsorption edge and at the wavelength where Ca2+ has
n anomalous difference to determine what portion of the OEC
lectron density is due to either Mn or Ca2+. Based on these data,
he electron density at the OEC was modeled as a cubane-like

n3Ca cluster bridged by oxo atoms connected to the fourth Mn
ia one of the �-oxo groups [1] (Fig. 1A). Ferreira et al. [1] also
entatively assigned electron density at the proposed active site
f the OEC to a bicarbonate ion (blue in Fig. 1A). The model
f the OEC from Loll et al. [2], based on a 3.0 Å structure, has
ubstantial differences from the earlier 3.5 Å structure of Fer-
eira et al. [1]. Because the individual atoms are not resolved
t the resolution of 3.0 Å, the OEC was modeled without incor-
orating oxo bridges into the structure, and a slightly different
rrangement of metal ions and ligands was modeled to fit the
lectron density (Fig. 1B). In addition, no electron density was
bserved at the position corresponding to the bicarbonate ion
odeled by Ferreira et al. [1].

.1.2. Oriented EXAFS
While both of the crystal structures have offered new insight

nto the structure of the OEC, concerns that the OEC is being
educed during data collection has raised doubt as to the exact
rrangement of the metal atoms [30]. To address this concern,
riented EXAFS experiments were carried out to determine the
eometry of the OEC more accurately [3]. The lower X-ray
xposure used for EXAFS experiments may avoid reduction
f the manganese atoms in the OEC and allows for pre-
ise measurement of metal–metal distances. Unfortunately, the
arge number of metal atoms in the OEC make interpreta-
ion of the oriented EXAFS measurements difficult and the
ata have only been able to narrow the selection of possible
eometries rather than determine a unique structure. Fig. 1C
hows one of the OEC structures proposed from the EXAFS
easurements.

.1.3. Calculations
In an effort to determine a more detailed structure of the OEC,

uantum mechanical (QM) and molecular mechanics (MM) cal-
ulations were carried out that use the parameters of the 3.5 Å
rystal structure and spectroscopic data [31–33]. Using a model
ncluding all residues within 15 Å of any of the OEC cluster
toms, a proposed structure for the OEC was calculated using
QM/MM) methods (Fig. 1D). This structure is the only one to
ncorporate a chloride ion thought to be located in the OEC.

.2. Mechanism

A number of proposals have been made for the mechanism of
ater oxidation at the OEC [19]. The most recent are based on

he X-ray and QM/MM structures of the OEC [31,34–36]. Since
he introduction of the S-state cycle by Kok et al., it has been
nown that water is oxidized to oxygen through four distinct oxi-

ation steps. The four oxidation steps, along with five proposed
ntermediates known as the S-states, are the basis of any PSII

echanism and are referred to as the Kok cycle [37] (Fig. 2).
hile the Kok cycle defines the redox intermediates that are
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Fig. 1. Four proposed structures for the OEC of PSII. (A) 3.5 Å crystal structure model of the OEC with anomalous diffraction electron densities of manganese and
calcium in purple and cyan, respectively (figure was reproduced from Ref. [1], with permission from AAAS). (B) 3.0 Å crystal structure model of the OEC (figure was
r ure, c
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eproduced from Ref. [2], with permission from Macmillan Publishers Ltd: Nat
y oriented EXAFS spectroscopy (figure was reproduced from Ref. [3], with p
asic structural parameters from the 3.5 Å structure (figure was reproduced from

ormed in the process of water oxidation, it provides no infor-
ation at the molecular level. Following from the first modern
molecular” mechanism proposed by Brudvig and Crabtree [38],
number of molecular mechanisms have been proposed over the
ears and these have been refined as new details of the active-

ig. 2. Schematic diagram of Kok’s S-state cycle showing four oxidations neces-
ary for water oxidation (figure was reproduced from Ref. [18], with permission
rom copyright holders Elsevier (1995)).
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opyright (2005)). (C) One of three proposed structures for the OEC determined
sion from AAAS). (D) OEC structure calculated using QM/MM methods and
. [32], with permission of copyright holders Elsevier (2006)).

ite structure have become available. Mechanisms under current
onsideration will be outlined in this section and expanded
pon where necessary in conjunction with relevant model
ystems.

.2.1. Butterfly/double pivot mechanism
The Dismukes and Christou groups have proposed a mecha-

ism known as the butterfly or double pivot mechanism [39,40].
his involves an OEC structure with a cubane-like geometry
omposed of alternating metal and oxo units. In the double pivot
echanism, O2 is evolved by O O bond formation across a face

f the cube and subsequent loss of O2 freeing two of the man-
anese atoms to pivot outward and open the cube (Fig. 3, top).
his hypothesis is supported by gas phase experiments illustrat-

ng the formation of O2 from Mn4O4 cuboidal complexes [40],
s well as reduction of similar Mn4O4 complexes to form Mn4O2
nd two water molecules [41,42]. The reduction reactions imply

hat the reverse oxidation reaction is possible. The mechanism
s, however, disfavored by recent isotope exchange measure-

ents, which show that �-oxo groups in Mn model complexes
xchange much more slowly than the substrates in the OEC
43].
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Fig. 3. Top: the proposed mechanism for water oxidation by the OEC known as the “double pivot” or “butterfly” mechanism. This mechanism is based on a cubane-
type structure for the OEC (figure was reproduced from Ref. [39], with permission from copyright holders Elsevier (1987)). Bottom: schematic representation of the
s its pro
w

2

a
T
c
I
s
n
m
i
r
a
T
s
i

2
e

o
o
o
n
m
r
a
l
i
i
h
c

s
m
t
e
[
o
R
w
s
m
f
o
h
i
m
s
t
w
r

3

o
b
r
n

tructure of the cubane-like complex synthesized by Dismukes et al. as well as
ith permission from the American Chemical Society, Copyright (2000)).

.2.2. 2 + 2 mechanism
Babcock and coworkers originally proposed a popular mech-

nism referred to as the “2 + 2” mechanism [44] (Fig. 4, bottom).
he 2 + 2 mechanism assumes that the structure of the OEC is
omposed of two sets of manganese dimers in close proximity.
t is proposed that each of the two dimers has water ligated in
uch a way that they, too, are in close proximity. The mecha-
ism involves progressive oxidation of these two waters until a
anganese-oxo group is formed on one dimer and a hydroxide

on is coordinated to the other. The final oxidation invokes the
emoval of the last proton and formation of an O O bond to form
peroxo species between the two dimers that quickly forms O2.
his mechanism has become less popular recently due to recent
tructural findings disfavoring the dimer-of-dimers structure that
s the origin of the “2 + 2” name [1,2,23].

.2.3. Nucleophilic attack of water/hydroxide on an
lectrophilic Mn O

The remaining mechanistic proposals are largely related to
ne another and revolve around formation of a high-valent metal-
xo group that undergoes nucleophilic attack by a nearby water
r hydroxide group (Fig. 5, bottom). This family of mecha-
isms can be viewed as an adaptation of the 2 + 2 mechanism
entioned above that has been refashioned to reflect the most

ecent OEC structural model [45–49]. The result is a mech-
nism where a high-valent manganese-oxo is formed on the
one dangler manganese. This isolated manganese-oxo group

s then proposed to react with a coordinated water or hydrox-
de [31,34]. The involvement of either a nucleophilic water or
ydroxo is one area of contention in this mechanism. Both cal-
ium and manganese have been proposed to be the coordination

w
t
h
m

posed mechanism of oxygen evolution (figure was reproduced from Ref. [40],

ite of the second substrate water. Current X-ray crystallographic
odels for the OEC leave multiple coordination sites open on

he nearby calcium and manganese atoms, leaving either option
qually valid within the present limits of structural resolution
1,2]. Another area of contention in this mechanism centers
n the nature of the high-valent manganese-oxo active species.
ecently, it has been proposed that rather than an Mn(V)-oxo,
hich has not been spectroscopicaly observed [5,50], the active

pecies in the protein is actually a Mn(IV)-oxyl [35], a spin iso-
er of the Mn(V)-oxo having O radical character. With the oxyl

orm, Siegbahn [35] finds a 12.5 kcal/mol barrier for a terminal
xyl/bridging oxo coupling in the coordination sphere of Ca. He
as also emphasized the importance of spin state considerations
n formulating a viable mechanism. A detailed discussion of
echanisms involving manganese-oxo versus manganese-oxyl

pecies can be found in Ref. [19]. Due to the difficulty in differen-
iating between a Mn(V)-oxo and a Mn(IV)-oxyl active species,
e will refer to this species as a Mn(V)-oxo intermediate in this

eview.

. Functional models

In the decade since two previous reviews of the literature
f OEC model complexes [18,20], significant advances have
een made. The number of model complexes has expanded
apidly as groups have built upon the early examples. Ruthe-
ium model chemistry was the first to achieve homogeneous

ater oxidation and has subsequently become the best charac-

erized. More recently, functional manganese model complexes
ave been developed and have the added advantage of being
ore biologically relevant to the OEC. Finally, a great deal
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Fig. 4. Top: bis-porphyrin functional model for oxygen evolution (figure was
reproduced from Ref. [80], Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission). Bottom: a proposed mechanism for biological
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Table 1
Oxygen evolution in natural and synthetic systems

Catalyst k (s−1) TONa Oxidant Reference

OEC ∼40b ∼600,000c Sunlight [108,109]
1 0.0042 13.2 Ce(IV) [75]
2 0.014 18.6 Ce(IV) [73]
3 0.00077 3200 Ce(IV) [74]
4 0.00035 580 Ce(IV) [74]
6 10–20 TBHP [82]
7 ∼1 Ce(IV) [96]
7 0.0033 4 NaOCl [83,93,110]
7 0.672 >50 HSO5

− [93,111]
Ru Red 0.051 75 Ce(IV) [16,55]

a Turnover number.
b Calculated from a maximum rate of O2 evolution of∼800 �mol O2/mg chl hr
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xygen evolution that closely resembles the proposed reactions of the bis-
orphyrin complex (figure was reproduced from Ref. [44], with permission from
AAS).

f work has been done to design heterogeneous systems that
atalyze water oxidation.

.1. Ruthenium chemistry

.1.1. Oxo-bridged ruthenium dimers
The ruthenium dimer [(bpy)2(H2O)RuIIIORuIII(H2O)

bpy)2]4+ (where bpy is 2,2′-bipyridine) (1) is the first example
f a homogeneous water-oxidation catalyst [51,52]. Meyer et
l. reported 1 in the early 1980s as a water-oxidation catalyst
apable of a moderate number of turnovers (Table 1). Since that

ime, 1 has become one of the most studied water-oxidation
atalysts [53–57]. Even with 25 years of study, the mechanism
y which 1 oxidizes water is still under active discussion
58–62].

[
m
w
b

or a PSII membrane preparation.
c Calculated from a quantum yield of photoinactivation of 0.1–0.3 �mole PSII

nactivated per mol photons.

Complex 1 has yielded water-oxidation catalysis by using a
umber of different primary oxidants including Co3+ [62], CeIV

52,63,64], and electrochemical oxidation [51,52,57,61,65].
sing these one-electron oxidant systems has enabled the iden-

ification of every oxidation state of 1 between (III,III) and
V,V) [61]. The (V,V) oxidation state is often proposed to be
he final one before oxygen is released [58]. Study of the spec-
roscopic features of various proposed intermediates of 1 along
he catalytic cycle between the (III,III) and (V,V) oxidation
tates has been used to fit the data to a mechanistic model
61].

While a proposed intermediate for each of the oxidation states
as been identified, many difficulties in identification of the cat-
lytic reactions arise from conversion between oxidation states
n catalytically active solutions and similar UV–vis spectra of
he intermediate species [61]. As a result, there is no consensus
n the exact mechanism of oxygen evolution by 1. There are
our main proposals, split into bimolecular and intramolecular
athways, as illustrated in Fig. 6. All four mechanistic proposals
re based on O O bond formation by the bis-oxo Ru(V,V) dimer
hat is the observed intermediate with the highest oxidation state
59].

The difficulties in monitoring 1 directly after the (V,V) state
s reached has led to much kinetic information being garnered
y observing the oxygen product rather than formation of the
arious Ru intermediates. Oxygen evolution in this, and most
ther systems, is monitored in one of two ways. First, the iso-
opic composition of the oxygen evolved is monitored by mass
pectrometry. Second, the reaction kinetics and kinetic isotope
ffect are measured by observing the rate of oxygen evolution
sing a Clark-type oxygen electrode. Due to the slow exchange
f ligands bound to Ru, the isotopic composition of evolved
xygen is very helpful in determining the mechanism of oxygen
volution [66]. Unfortunately, there is a conflict in the literature
s to the relative isotopic composition of the evolved oxygen

59,67]. This may be a function of instrumental differences. The
ost recent measurement determined that, when 1 was enriched
ith 18O at the cis-aqua positions and further oxidized in unla-
eled aqueous solution, the evolved oxygen contained mostly
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Fig. 5. Top: schematic diagram of the proposed mechanism of water oxidation by complex 7 (figure was reproduced from Ref. [93], with permission from the
American Chemical Society, Copyright (2001)). Bottom: schematic representation o
water mechanism (figure was reproduced from Ref. [31], with permission of The Royal
and the European Photochemistry Association).

Fig. 6. Schematic diagram showing the four main pathways proposed for water
oxidation by 1 (figure was reproduced from Ref. [59], with permission from the
American Chemical Society, Copyright (2004)).
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8O16O and very little oxygen with a mass of 32 or 36 [59].
he earlier measurement found that the mixed-isotope product
as less dominant [67]. The dominance of the mixed-isotope
xygen implies that oxygen is evolved through a mechanism
nvolving a single oxo group bound to Ru and a solvent water

olecule. This result would eliminate mechanisms A, B and D
n Fig. 6. In the earlier measurements where mixed-label oxygen
as not such a dominant product, all four proposed mecha-
isms were still in play to some extent. In addition to the four
echanisms shown in Fig. 6, a new and somewhat unortho-

ox mechanism has recently been put forth that involves the
xidation of one of the bipyridine ligands to a diol and subse-
uent reduction of this diol to release oxygen and regenerate
he bipyridine ligand [59]. This fifth mechanism is supported
y EPR measurements that suggest that the proposed (V,V)
xidation state may in fact be a (IV,V) species with a radical
n one of the bipyridine ligands [68,69] and by observations
f monomeric Ru(bpy)3 complexes trapped in zeolite cages
70].

The most recent mechanistic proposal to include O O bond
ormation has used DFT calculations to propose a mechanism
nvolving a peroxo species by way of a ruthenium oxo radical that
s very similar to mechanism C in Fig. 6 [71]. This calculated

echanism is in agreement with the more recent mixed-label
2 studies discussed above, as well as being analogous to the
ucleophilic water mechanism for the OEC discussed above in
ection 2.2.3.
.1.2. Ruthenium dimers bridged by amines
1 is the first of a series of ruthenium complexes that

atalyze water oxidation. In addition to 1 and its related



450 C.W. Cady et al. / Coordination Chemistry Reviews 252 (2008) 444–455

F as rep
C ure w
S ex 2 (L

c
d
[
d
a
a
r
g
o
r
b
p
b
t
a
t
r
C
(
h

3

a
4
w
p
c
b
i
c

3

(
f
C
o
c
c
t
o
o
g
s
t
r

3

m
m
o
g
s
[
b
b

ig. 7. ORTEP diagrams of [Ru2
II(�-OAc)(bpp)(tpy)2]2+ (2) (top left) (figure w

opyright (2004)) and a catalytic ruthenium monomer system 4 (top right) (fig
ociety, Copyright (2005)). Chemdraw diagrams of the bridging ligand in compl

omplexes [63], there is an emerging family of ruthenium
imer complexes bridged by amine-based ligands [72]. The
Ru2

II(�-OAc)(bpp)(tpy)2]2+ (2) dimer [73] (where bpp = 3,5-
i(2-pyridyl)pyrazole and tpy = 2,2′:6′,2′′-terpyridine) (Fig. 7) is
n example of the new class of complexes with amine-based lig-
nds. Complex 2 has been shown to oxidize water at both a faster
ate and with higher turnovers than 1 (Table 1). 2 catalyzes oxy-
en evolution at a rate of 1.4 × 10−2 s−1 with a turnover number
f 18.6 when CeIV is used as an oxidant. While the increase in
ate requires more investigation, the increase in turnover num-
er is at least partially credited to the removal of the oxo bridge
resent in 1 [63,64,73]. The oxo bridge has been proposed to
e a weak point in the structure of 1, facilitating decomposition
hrough disproportionation to a high-valent Ru-oxo monomer
nd a low-valent Ru-bipyridine complex. The increased
urnover number observed in other examples of amine-based
uthenium dimers such as [(bnp)(4-methylpyridine)2Ru(�-
l)Ru(4-methylpyridine)2]3+ (3), where bnp = 3,6-bis-[6′-

1′′,8′′-naphthyrid-2′′-yl)-pyrid-2′-yl]pyridazine, supports the
ypothesis (Table 1).

.1.3. Ruthenium monomers
An amine-based ligand may also stabilize the rare example of

mononuclear water-oxidation catalyst (4) [74], shown in Fig. 7.
has been shown to evolve oxygen at a rate of 3.5 × 10−4 s−1

ith 580 turnovers using CeIV as an oxidant (Table 1). Com-
lex 4 and related molecules appear to be mononuclear under

atalytic conditions and show good oxygen-evolving activity,
ut the possibility of dimerization is still present and past stud-
es have shown that water oxidation with less than a dimeric
omplex is unfavorable [75].

R
o
t
a

roduced from Ref. [73], with permission from the American Chemical Society,
as reproduced from Ref. [74], with permission from the American Chemical
1) as well as the multi-dentate ligand from complex 4 (L2) are shown (bottom).

.1.4. [Ru2
II(OH)2(3,6-t-Bu2quinone)2(btpyan)]2+

Finally, [Ru2
II(OH)2(3,6-t-Bu2quinone)2(btpyan)]2+ (5)

btpyan = 1,8-bis{(2,2′:6′2′′)-terpyridyl}anthracene) has been
ound to be an active water-oxidation catalyst [76–78].
omplex 5 has been found to catalyze the electrochemical
xidation of water to oxygen. However, unlike the previous
omplexes, no oxidation is observed in the presence of a
hemical oxidant. While modest activity is observed when
he complex is in solution, a turnover number of 2400 is
bserved when the complex is attached to the indium tin
xide electrode surface, a 100-fold increase over the homo-
eneous system. The turnover number for 5 on the electrode
urface can be improved to over 33,000 turnovers through
he addition of base to absorb the protons built up during the
eaction.

.2. Manganese chemistry

While the stability of ruthenium ligand bonds has allowed
any stable water-oxidation catalysts to be developed and inter-
ediate oxidation states to be characterized, to truly mimic the

xygen-evolving center of PSII, a model complex using man-
anese is needed. The challenge in switching from a ruthenium
ystem to a manganese system is largely one of ligand lability
43]. Studies on the decomposition of 1 indicate that the insta-
ility of the complex is linked to complications involving the
ridging oxo unit [63,64,73]. However, the terminal ligands of

u complexes are very stably bound. Indeed, one disadvantage
f 1 as a water-oxidation catalyst is that it can bind anions very
ightly, leading to deactivation of the complex by ligation of
nions [58].
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On the other hand, the lability of the ligands of non-porphyrin
anganese complexes is greatly increased over that of similar

uthenium complexes [43]. This is an advantage for rapid cat-
lytic turnover of Mn complexes, which can rapidly exchange
he substrates and products bound to Mn. However, ligand labil-
ty of Mn complexes can lead to instability of the catalyst
nder catalytic conditions, although nature has overcome this
roblem of ligand lability by encapsulating the Mn ions in the
EC within the proteins of PSII. While instability is an issue

or manganese model complexes, a number of successes have
een reported [40,79–83]. In this section, the manganese-based
ynthetic water-oxidation catalysts will be examined and their
roposed mechanisms compared to the mechanisms proposed
or the OEC.

.2.1. Bis-porphyrin model
The bis-porphyrin model compound reported by Naruta et

l. [80,84] (Fig. 4, top) uses the known stability of manganese
orphyrin complexes to circumvent the ligand lability issues
f Mn mentioned above. By coupling two stable manganese-
xo-forming units together, a bis-Mn(V) O intermediate can
e isolated after addition of m-chloroperbenzoic acid. Isolation
f the bis-Mn(V)-oxo intermediate is the key to this complex
ecause it suggests that the common radical-based chemistry
ssociated with most organic peroxides and peracids is not
nvolved. After formation of the bis-Mn(V) O intermediate,
xygen can be evolved in stoichiometric quantities upon the
ddition of an excess of triflic acid. Addition of acid proto-
ates the hydroxo ligand trans to the Mn O unit and helps to
estabilize one or both of the oxo units leading to formation of
n oxygen–oxygen bond. While this complex is only a single-
urnover ‘catalyst’, it is important in that it allows examination of
model complex that closely mimics the mechanism for oxygen
volution proposed by Hoganson and Babcock [44], shown in
ig. 4 (bottom). The two mechanisms are very similar in that they
ropose the formation of a high-valent manganese-oxo group in
lose proximity to a manganese-bound oxo or hydroxo that can
ct as a nucleophile to attack the electrophilic oxo group and
reate an O O bond. The main difference lies in the last step
efore formation of the O O bond. The Naruta et al. [80] com-
lex is oxidized by the full four electrons to form a stable bis-oxo
pecies which is then destabilized to initiate O O bond forma-
ion, while the Hoganson and Babcock mechanism [44] proposes
he formation of the O O bond simultaneously with the removal
f the fourth electron and proton. This difference is minor if you
onsider that the bis-oxo species isolated in the Naruta et al. sys-
em [80] can be viewed as an intermediate species formed during
he final oxidation step in the Hoganson and Babcock mechanism
44].

.2.2. Cubane model
A second example of an oxygen-evolving molecule that

losely mimics a proposed OEC mechanism is the L6Mn4O4

L = diphenylphosphinate anion (Ph2PO2

−)) cubane-like com-
lex developed by Dismukes and coworkers [40,85,86]. This
ubane-like complex has been shown to release 1 equiv. of O2
rom each tetramanganese cluster under the gas phase conditions

H
a
n
o

try Reviews 252 (2008) 444–455 451

f a laser desorption ionization mass spectrometry (LDI-MS)
ystem when pulsed with 355 nm light. The solid cubane-like
omplex is ionized by a laser pulse and the mass spectrome-
er detects both the starting material and the product which is
wo oxygen atoms lighter. To determine that the product of this
eaction was oxygen and not some unseen oxidation product,
he cubane-like complex was subjected to pulsed laser radia-
ion similar to the LDI-MS experiment, but in this case, the gas
volved was sampled by a mass spectrometer sensitive to lower
asses. It has been proposed that the mechanism of O2 evolution

nvolves the formation of an O O bond across two corners of
he cubane complex as shown in Fig. 3 (bottom). This is similar
o the ‘double pivot’ mechanism proposed for oxygen evolution
39] from the OEC shown in Fig. 3 (top).

.2.3. [Mn(3,5-Cl-salen)(H2O)2]2

A third single-turnover oxygen-evolution system is
he [Mn(3,5-Cl-salen)(H2O)2]2 complex (where 3,5-Cl-
alen = N,N′-3,5-dichlorobis(salicylidene)-1,2-diaminoethane)
nd the related binucleating complex [81,87-89]. In this system,
2 is proposed to be evolved through a mechanism involving the
hotolytic oxidation of two bridging water molecules coupled
o the reduction of p-benzoquinone to the catechol (Fig. 8). This
omplex represents a rare example of homogeneous photolytic
xidation of water to oxygen.

.2.4. [Mn2
II(mcbpen)2(H2O)2]2+

Only two multi-turnover Mn-based homogeneous cata-
ysts have been reported: [Mn2

II(mcbpen)2(H2O)2]2+ (6) and
(tpy)(H2O)Mn(O)2Mn(H2O)(tpy)]3+ (7). We will discuss each
f these in turn.

The most recent example of a homogeneous man-
anese catalyst capable of oxidizing water to oxygen [Mn2

II

mcbpen)2(H2O)2]2+ (mcbpen = N-methyl-N′-carboxymethyl-
,N′-bis(2-pyridylmethyl)ethane-1,2-diamine) was developed
y McKenzie and coworkers [82]. This complex is capa-
le of carrying out the four-electron oxidation of water by
onversion of the Mn(II/II) and Mn(IV,IV) oxidation states
hrough a proposed mechanistic pathway shown in Fig. 9. The
xidation is accomplished with ca. 10–20 turnovers using tert-
utylhydrogenperoxide (TBHP) and with less efficiency using
erium(IV) as an oxidant (Table 1). In this system, the use
f TBHP is an interesting choice of oxidant due to its ten-
ency toward radical chemistry [90,91]. The authors address
he concerns of water oxidation from radical versus oxo-based
hemistry by repeating their water-oxidation experiments using
eric ammonium nitrate as the oxidant. Oxidation by Ce(IV) is
mechanistically reliable oxidation in the sense that it can only

ransfer one electron per Ce(IV) and does not involve the dona-
ion of an oxygen atom in the process of oxidation. The Ce(IV)
xidation experiments are somewhat problematic in that the oxi-
ation of water using Ce(IV) yields a much smaller quantity of
xygen when compared to TBHP but the oxygen evolved from

2O18 was composed entirely of mixed 18O16O oxygen. The

uthors suggest that the unlabeled oxygen could come from the
itrate counter ion of the oxidant. The inclusion of unlabeled
xygen, possibly from a nitrate, is highly unusual and further
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ig. 8. Proposed mechanism of water oxidation by the [Mn(3,5-Cl-
alen)(H2O)2]2 complex (figure was reproduced from Ref. [88], with permission
f The Royal Society of Chemistry).

echanistic work is needed to clarify the water-oxidation chem-
stry of the McKenzie et al. system. In addition, mechanisms
nvolving the coupling of �-oxo’s, such as the double pivot

echanism (Fig. 3) and the McKenzie et al. mechanism (Fig. 9),
re disfavored in the OEC based on recent measurements of the
-oxo exchange rates [43,92].

.2.5. [(tpy)(H2O)Mn(O)2Mn(H2O)(tpy)]3+

The first reported multi-turnover Mn-based homoge-
eous water-oxidation catalyst is [(tpy)(H2O)Mn(O)2Mn(H2O)
tpy)]3+(7) (where tpy = 2,2′:6′,2′′-terpyridine) (Fig. 10) devel-
ped by Brudvig and Crabtree [83]. 7 is most commonly isolated

n the Mn(III,IV) oxidation state and is proposed to carry
ut the four-electron oxidation of water by passing through
he Mn(II,III) to Mn(IV,V) oxidation states [93,94]. To date,
his complex has only been able to oxidize water catalytically

k
s
m
d

try Reviews 252 (2008) 444–455

sing two-electron oxygen-atom donor oxidants such as HSO5
−

oxone) or ClO− through a mechanism shown in Fig. 5 (top).
he mechanism shown in Fig. 5 (top) is the result of isotope

abeling studies which show that under high concentrations of
xidant the oxygen produced contains minimal 18O label from
he solvent while at lower concentrations of oxidant a signifi-
ant fraction of the product contains a single oxygen from the
olvent and some of the evolved O2 contains two oxygen from
he solvent [93]. The fact that only oxygen-atom donor oxidants
re functional has been a concern for this system [95], but recent
esults have shown that the catalyst is capable of oxygen evolu-
ion using Ce(IV) as an oxidant. Catalytic turnover is not attained
hen Ce(IV) is used as the oxidant due to the low pH required

or use of Ce(IV) as an oxidant which causes deactivation of the
atalyst [96]. In contrast to the single-turnover oxygen evolution
y the homogeneous system using Ce(IV), 7 has been shown to
volve oxygen catalytically using Ce(IV) when it is supported
n a clay mineral [97,98]. The dramatic improvement of 7 in
eterogeneous versus homogenous systems with Ce(IV) is pro-
osed to be the result of the stabilizing clay environment which
revents the dimer from dissociating into monomers. At low pH,
he �-oxo bridges of 7 are protonated in low-valent states of the
omplex weakening a ligand that is already a source of concern,
s stated above in the Ru systems.

Similarly to the Ru-based complex 1, the oxygen-evolution
echanism proposed for 7 involves a high-valent Mn O species
hich undergoes nucleophilic attack by a water or hydroxide

19,34]. Although both complexes 1 and 7 model the same pro-
osed mechanism for oxygen evolution at the OEC, 7 has a
arked advantage in that it consists of the biologically active
etal. Recent studies of 7 have revealed ligand and electron

xchange rates that can be directly applied to our mechanis-
ic understanding of the OEC [99]. One area of contention in
he nucleophilic water mechanism for the OEC that is modeled
y both 1 and 7 is the location of the nucleophilic water. In
he Messinger mechanism [34], the nucleophilic oxygen is a
-oxo group, while in the mechanism proposed by McEvoy et
l. [31] the nucleophilic water is bound to the Ca2+ ion. Due
o similarities in oxidation state and structure to OEC in the S2
tate, complex 7 can be used as a model for �-oxo exchange.
omparison of the �-oxo exchange rate in 7 to the exchange

ate of the substrate waters in the OEC measured by Wydrzyn-
ki and co-workers [48,100,101] suggests that the nucleophilic
xygen does not originate from one of bridging oxo groups
43,92].

. Heterogeneous systems

In addition to the complexes listed above, a number of
ess-well-defined catalysts have been found to evolve oxygen
nder certain conditions. Oxides of metals such as iridium,
uthenium, and manganese, in addition to platinum black, are

nown to evolve small amounts of oxygen in the presence of
trong oxidants such as Ce(IV) or oxone [16,102,103]. Per-
anganate solutions have been known to evolve oxygen when

issolved in water, with MnO4
− acting as a catalytic oxidant
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ef. [82], Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

104]. Ruthenium complexes using ammonia as a ligand, such
s [(NH3)5RuORu(NH3)4ORu(NH3)5]6+, also known as ruthe-

ium red, have also been shown to have very high activity for
xygen evolution, especially when stabilized as a heterogeneous
ystem [105–107]. As shown in Table 1, complexes such as
u red have oxygen-evolution characteristics comparable to the

ig. 10. Structure of 7. Hydrogen atoms, nitrate counter ions and waters of
rystallization are omitted for clarity.
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ore well-defined model systems in solution and these char-
cteristics have been found to be considerably improved upon
solation of the catalyst in polymers such as Nafion [55]. Due to
he heterogeneous nature of these systems, they will not be cov-
red in detail. More information can be found in the following
eviews [16,20].

. Conclusions

Photosystem II is a very challenging protein to study by
iophysical methods. Recent advances by the biophysical com-
unity have allowed for greater insights into the active site of

he protein than ever before, but we are still far from the goal of
detailed understanding of the molecular mechanism of water
xidation by the OEC. To elucidate the details of the OEC reac-
ion mechanism, bioinorganic chemists have made many new
omplexes to mimic the proposed biological mechanisms. As
escribed above, there has been moderate success in creating
nd studying new biological mimics. Work on small molecules
as clarified many issues relevant to the OEC such as the neces-
ity of multiple metals and the importance of proton transfer.

unctional model systems are still very much less active than the
EC, but current mechanistic models show activity very analo-
ous to mechanisms proposed for the OEC. As shown in Table 1,
he activity of the synthetic systems can best be described as
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odest. However, the study of model complexes that are capable
f generating high-valent Mn-oxo groups that are then nucle-
philicly attacked by a substrate water will greatly improve our
nderstanding of the natural water-oxidation mechanism. The
odel systems discussed in this review have made the chal-

enges of water oxidation clearer and more probing experiments
re being developed.
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