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Oxygen—oxygen bond formation and O, generation occur from the S, state of the oxygen-evolving
complex (OEC). Several mechanistic possibilities have been proposed for water oxidation, depending
on the formal oxidation state of the Mn atoms. All fall under two general classifications: the AB
mechanism in which nucleophilic oxygen (base, B) attacks electrophilic oxygen (acid, A) of the
Mn,Ca cluster or the RC mechanism in which radical-like oxygen species couple within OEC. The
critical intermediate in either mechanism involves a metal oxo, though the nature of this oxo for AB
and RC mechanisms is disparate. In the case of the AB mechanism, assembly of an even-electron
count, high-valent metal-oxo proximate to a hydroxide is needed whereas, in an RC mechanism, two
odd-electron count, high-valent metal oxos are required. Thus the two mechanisms give rise to very
different design criteria for functional models of the OEC active site. This discussion presents the
electron counts and ligand geometries that support metal oxos for AB and RC O-O bond-forming
reactions. The construction of architectures that bring two oxygen functionalities together under the
purview of the AB and RC scenarios are described.
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1. THE NATURE OF THE Mn-OXO INTERACTION

IN OEC

The bond-making and bond-breaking reactions of
dioxygen in biology are managed at the metals of
cofactors (Holm ez al. 1996). Most metallocofactors
use oxygen to derive their function; these include
the haem iron centres of monooxygenases (Sono
et al. 1996; Dunford 1999; Newcomb & Toy 2000;
Watanabe 2000; Meunier er al. 2004) and the
molybdenum and tungsten of oxotransferases (Kisker
et al. 1997; Enemark ez al. 2004) to perform substrate
oxidation, the Fe—Cu centre of cytochrome ¢ oxidase
to drive metabolic respiration (Malmstrom 1990;
Wikstrom 2004; Bertini er al. 2006; Busenlehner er al.
2006; Hosler er al. 2006) and copper oxidases for
oxygen binding, activation and subsequent substrate
oxidation (Solomon ez al. 1996; Rosenzweig & Sazinsky
2006; Yoon & Solomon 2007). In all cases, metal oxos
appear as critical intermediates in the management of
oxygen. The oxo may be terminal, bound by a multiple
bond to a single metal centre as in the case of haem
peroxidases (Watanabe 2000; Newcomb ez al. 2006),
or the oxo may engage in single bonding to multiple
metal centres, as is the case for ribonucleotide
reductase (Jordan & Reichard 1998; Stubbe & van
der Donk 1998; Stubbe er al. 2003), methane
monooxygenase (Feig & Lippard 1994; Hanson &
Hanson 1996; Que & Ho 1996; Wallar & Lipscomb
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1996; Lieberman & Rosenzweig 2005) and galactose
oxidase (Whittaker 2003), to name a few. Both binding
modes may be relevant to the most important
metallocofactor that is able to produce oxygen—the
oxygen-evolving complex (OEC) of photosystem II
(PS II). Current structural models of the OEC show
oxos within the MnyCa cluster singly bonded to two
and three Mn centres of the core, and in the dangler
model (Peloquin & Britt 2001), an oxo is proposed to
be multiply bonded to the dangling Mn.

The appearance of the structures of the photosyn-
thetic membrane (Ferreira ez al. 2004; Loll ez al. 2005;
Yano er al. 2006) together with complementary
structural studies of the Kok cycle (Haumann ez al
2005) has led to various proposals for possible
mechanisms of O, generation. Figure 1 lists current
proposals for the various electron counts of the S states
of the OEC, which were proposed during the
Philosophical Discussion at the Royal Society (Dutton
et al. 2006). The O-O bond is believed to be formed in
the critical S, state for which the least is known. The
precise nature of the active site has profound con-
sequences to the mechanism and consequently the
design of catalysts for oxygen generation. If all the
oxidizing equivalents are borne by the Mn centres, a
[Mn'VsMn"] core is obtained. For this model, the
oxygen is activated at the ‘dangler’ Mn" centre. A
tetragonal geometry is effectively assumed for the oxo
in the OEC. In this geometry, the oxo donates its
orthogonal electron lone pairs to the Mn" centre via the
e(d,., d,.) orbital set. The movement of electron pairs
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Figure 1. Current proposals for the various electron counts of the S-states of the Kok cycle.

from the oxygen to the metal centre makes the oxygen
more acidic or electrophilic. Such electrophilic oxos
(acids) are susceptible to attack by nucleophiles (bases).
For instance, in organic reaction chemistry, this type of
oxo is attacked by the two-electron bond of an olefin,
thus forming the basis for catalytic oxidations (Zhang
er al. 1990; Jacobsen ez al. 1999; Yang er al. 2006;
Yang & Nocera 2007). In the case of a [Mn'V;Mn"]
centre, a similar mechanism is proposed with the two-
electron bond of the olefin replaced by the lone pair of a
hydroxide delivered from the calcium of the cofactor
(McEvoy & Brudvig 2006). Alternatively, radical
character has also been proposed to reside on two
oxos of a [Mn™Mn'"5,0°,0°] cofactor or on an oxo and
amino acid of a [Mn"™Mn'Y;,0",AA’] (AA=amino
acid) cofactor. In this case, one may envisage the O-O
bond formation to occur by coupling of the biradical
pair; this model gives credence to proposals of O,
generation via peroxide-like intermediates (Ruttinger &
Dismukes 1997; Siegbahn 2006). A [Mn'Y,,0°] core
places a single-radical spin on oxygen and O, is
generated by an undefined mechanism.

2. DIFFERENT METAL-OXO LIGAND FIELDS FOR
O-0 BOND FORMATION

The variegated formalisms of the OEC give rise to
fundamentally different mechanisms for the O—O bond
formation: acid(electrophilic)-base(nucleophilic) (AB)
or radical coupling (RC). These different mechanisms
call for different ligand fields in which the metal oxo
resides and correspondingly different metal-oxygen
coordination environments and electron configurations.
Three prevailing ligand fields are shown in figure 2.
Discussion of the chemistry derived from these ligand
fields is based on orbital energy levels. Differing spin
states for an electron count are not treated explicitly,
though it is readily acknowledged that the spin state is
an important determinant of the metal-oxo bond
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strength and reaction pathway. Moreover, secondary
effects such as Jahn—Teller distortions will also perturb
the overall energetics of the system. All such factors
must ultimately be considered in the context of the
ensuing ligand fields for the proper design of water-
splitting catalysts.

(a) Tetragonal oxo fields

As mentioned in figure 1, a prevailing model for O,
generation at the OEC involves an AB mechanism in
which hydroxide attacks an electrophilic oxygen. The
origins of the electrophilic oxygen can be found in
the molecular orbital diagram shown in figure 25. The
diagram can be obtained by replacing an axial ligand of
an MLg octahedral complex with an oxo. This
substitution lowers the t,, orbital symmetry to b,(d,,)
and e(d,., d,.) and the metal-ligand o antibonding e,
orbital symmetry to b;(d,>_») and a;(d;) levels.
Because the metal-oxo bond is short, the d,. orbital is
more destabilized than in its MLg parent. Similarly, the
e(dys, d,;) orbitals are destabilized relative to their
octahedral parentage because they are 7 antibonding
with respect to the oxygen 2p, and 2p, orbitals. Owing
to the prevalence of these ¢ and 7 interactions of the
oxo with the metal, the axial ligand opposite the oxo is
significantly weakened or typically absent.

The tetragonal environment (C, symmetry)
described by figure 2b poises a lowest unoccupied
molecular orbital (LUMO) directed along the metal-
oxo axis for attack by an incoming hydroxide. This
situation favours O—O bond formation. From an orbital
perspective, an orbital of ¢ character on the hydroxide
(highest occupied molecular orbital) approaches the
M-O 7" orbital (LUMO). The combination leads to
the formation of an O-O ¢ bond while breaking one of
the M—O 7 bonds, representing a formal 2¢~ reduction
of the metal centre. The AB mechanism effectively
requires an even electron system where two electron



Ligand field chemistry of oxygen generation T. A. Betley er al. 1295
Oy C, assuming Cyy,
AN
r N
@ CEERTIR © @ 9
Il il Il
I —M M— M
7 | 7 - | 7N
a;(» o a, () o a, (Ao
e, T e e
0 —————zIllll ... . .
------ -7'e(xz, yz) 04T
2 2.2 b, (=2 & . . e
5, X y .
( ¥7) 1 ) e e()CZ_yZ xy) \\/’,
T eGygmt Tl
by P i Tee- - “~.e (x> =% xy)nb
nb ——— . __ -’ e (2, yo) h
(xy, xz, y2) b, (xy)nb ’
A A A
4 N\ 14 N\ 4 A
d"  M-Oy, AB/RC d" M-Oy, AB/RC d" M-Op, AB/RC
4 2 AB 2 2 AB 6 2 AB
3 2.5 RC 2.5 RC 5 2.5 RC
2,0 3 AB 0 3 AB 42,0 3 AB
1 3 RC 3,1 3 RC

Figure 2. Qualitative frontier molecular orbital splitting diagrams for (a) an octahedral metal complex and a metal oxo residing
in a (b) tetragonal field, (¢) trigonal bipyramidal and (d) tetrahedral ligand field. The table shows the d-electron count that
supports a multiple metal oxo bond and the preferred mechanism for the O-O bond coupling, where AB is acid/base and RC,
radical coupling. Only low-spin configurations are considered. The assignment of AB and RC will change with high-spin

configurations.

holes of the (d,., d,.) LUMO of a d* metal oxo are
filled by the attacking electron pair of the hydroxide.
Alternatively, a d> metal oxo is even more electrophilic
as the LUMO is completely unoccupied and hence
even more acidic than the partially occupied LUMO of
the d* metal centre. As of now, how the overall spin
state of the metal-oxo precursor and its correlation to
products determines the reaction Kinetics remains
undefined. We note that the AB mechanism can be
considered the microscopic reverse of the O-O bond
heterolysis step in cytochrome P450 to produce H,O
and a ferryl (Denisov ez al. 2005; Shaik ez al. 2005). In
this problem, the effect of spin has been accounted for
computationally. Similar treatments for the O—O bond-
forming reaction are warranted.

The same tetragonal ligand field can support an RC
mechanism but for a different electron count. Population
of the degenerate e(d,., d,,) level of the metal oxo with a
single electron results in a singly occupied molecular
orbital. Thus a d> metal centre gives rise to the radical
character of the metal-oxo moiety. Note, for a d’ centre,
most of the metal-oxo 7-bonding is lost (formally only
0.5 7 bond is preserved) owing to the three-electron
occupancy of the e(d,., d,.) set, which is metal-oxo " in
character. Accordingly, a terminal d° oxo is difficult to
attain in a tetragonal field. The precise location of the
radical in the d> case—metal versus oxygen centred—
depends largely on the nature of the metal-oxo
interaction. For the most part, the issue of the extent of
oxygen radical character at odd-electron metal-oxo
centres has remained experimentally unresolved.
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Though in the same ligand field, the AB and RC
mechanisms give rise to drastically different catalyst
design criteria. The O-O bond formation for the AB
mechanism requires the assembly of a high-valent oxo
in a tetragonal ligand field and a hydroxide, whereas
O-0 bond formation for the RC mechanism requires
the assembly of two high-valent metal oxos in
tetragonal fields. This aspect of disparate design for
tetragonal metal-oxo moieties will be addressed in §3.

(b) Trigonal oxo fields

The radicals of an RC mechanism are supported by the
local C3 symmetry of a metal oxo in a trigonal
environment. When an axial ligand is present (the
trigonal bipyramidal case shown in figure 2¢), the orbital
splitting pattern from lowest to highest energy is a
degenerate level comprising the d,. and d,. orbitals,
another degenerate level formed from the d,-_,» and d,,,
orbitals and a highest energy d,. orbital. The d,>_» and
d,, orbitals rise above the d. and d,,, orbitals because the
former take on substantial M-L ¢* character and thus are
destabilized. For a d* case, the LUMO is d,>_» and d,,
and the 7 bonds are annihilated owing to the 4e™
occupancy of the M-O 1™ e(d,., d,.) set. Consequently,
the terminal metal oxo is inaccessible to d* metals in a
trigonal bipyramidal ligand field. For the d* electron
count, two electrons occupy a degenerate e(d,.,d,.)
orbital level. Thus, this system, from an electronic
perspective, looks very much like a metal oxo in a
tetragonal field with a d* electron count (vide infra). For
the d° case, the e(d,., d,.) orbital set is empty and akin to
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Figure 3. (a) The water oxidation centre in photosystem II (Ferreira ez al. 2004) and (b) the Hangman porphyrin (I) assemble
the oxygen of two waters for coupling, (II) activate the water to oxo by PCET and (III) position a high-valent oxo along the
reactive metal hydroxide vector. Though the resting state of the Hangman is a Fe'"-OH---H,O complex, the Hangman
porphyrin is prepared by the introduction of an Fe™ into the porphyrin core and the assembly of two waters. Production of the
Compound I intermediate of the Hangman thus results from an overall (4¢,4H™") process.

the case of a d? electron count of a metal oxo in a
tetragonal field. As with the d%/d* even-electron systems
of the tetragonal field, a metal oxo with a d°/d? electron
count in a trigonal bipyramidal field lends itself to O-O
bond formation by an AB mechanism. More generally,
for low electron counts, d"(M—O)tma~d"fz(M—O)tbp.
This analogy holds for the odd-electron count as well:
d!(M-0),p and d*(M-0),, are similar to d>(M~O)erra
and d’>(M-O)ewas respectively. For the same reasons
mentioned for a d°>(M—0),ra centre, the d3(M—O)tbp
centre has a 0.5 7 bond order, and thus it is fragile and
difficult to realize. The d' system, however, presents a
robust metal oxo with putative radical character and
accordingly the system lends itself to O-O bond
formation by an RC mechanism.

(¢) Tetrahedral ligand fields

Metals with higher d-electron counts can exhibit AB
and RC oxo reactivity if the apical ligand opposite the
metal-oxo vector of the trigonal bipyramid is removed
to attain the local coordination environment of a
pseudo-tetrahedron. The d-orbital diagram obtained
for this metal-oxo ligand coordination geometry is
shown in figure 2d. The metal-based orbitals involved
in the o and w M-O interactions are the highest in
energy owing to their antibonding character. The
ordering of the a;(d,2(¢")) and e(d,., d,.(1t")) depends
on the tridentate ligand’s bite angle (Jenkins ez al.
2002). The distinguishing trait of the application of this
ligand field to the metal oxo is that a degenerate
e(d2_2, dyy) level is lowest in energy and may
accommodate up to four electrons in a low-spin
configuration before the metal w* orbitals are popu-
lated. Hence, late transition metals may be used to
effect AB (metals of even electron counts, d* and
possibly d®) and RC (metals of odd electron count, d°)
0O-0 bond-forming mechanisms. Moreover, high-spin
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states are likely to be accessible, and thus might be used
resourcefully to activate the metal-oxo bond. Targeting
this framework, therefore, in principle will allow
chemists to design mid-to-late transition metal plat-
forms that are amenable to high oxidation states, but
will tolerate higher d-electron counts in a parent
complex without destabilization of the M—O linkage.

3. EXPERIMENTAL REALIZATION OF
METAL-OXO COFACTORS IN DIFFERENT
LIGAND FIELDS

Approaches to the design of catalysts possessing the
metal-oxo cofactor within the ligand fields described by
figure 2 are now presented.

(a) Metal-oxo cofactors in tetragonal fields

(1) AB mechanism

Figure 3a shows the structure of the OEC active site
that is consistent with an AB mechanism. The key
intermediate in the critical bond-forming step of water
oxidation is a pre-organized oxo/hydroxyl intermediate.
The Ca®" ion is thought to decrease the pK, of a
bound water to produce a nucleophilic hydroxide in the
secondary coordination sphere that attacks the electro-
philic oxo of a high-valent manganese (Messinger et al.
1995; Pecoraro et al. 1998; Vrettos er al. 2001). The
challenges confronting the development of a functional
model for O, generation by the AB mechanism at the
OEC are labelled in figure 3:

(I) Active sites must permit control of the second-
ary coordination environment such that two
water molecules may be pre-assembled for the
O-0 bond coupling.

(II) Water must be activated by coupling proton
transfer reactions to electron transfer. The
removal of electrons and protons at the OEC
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active site finds its origins in the Kok cycle
(Westphal er al. 2000; Tommos 2002; Haumann
et al. 2005). Proton-coupled electron transfer
(PCET) activation of the substrate may be
managed by a proton exit channel beginning at
the D61 residue (Barber 2006).

(IIT) The high-valent metal oxo must be generated
for attack by the water-derived hydroxide.

We have tackled the challenges presented by (I)—(1II)
by constructing ‘Hangman’ platforms (Yeh ez al. 2001;
Chng er al. 2003). The Hangman structure assembles
water molecules (challenge I) by using a scaffold to
‘hang’ one water molecule over another that is
coordinated to the Fe(III) centre of a haem platform.
Figure 3b shows the crystal structure of Hangman
porphyrin (Yeh er al. 2001). A carboxylic acid group
appended to a xanthene scaffold suspends an exogenous
water molecule in the Hangman cleft via hydrogen
bonding. The binding energy of the water molecule is
5.8 kcal mol ! (Chang ez al. 2003) and its association
within the cleft is reversible. The Hangman’s pendant
mimics the amino acid residues that orient water in the
distal cavities of haem peroxidases by precisely position-
ing an acid-base functional group over the face of the
haem. We have since generalized the Hangman
approach to include salen macrocycles (Liu & Nocera
2005). As with haem peroxidases, the Hangman plat-
form supports an electrophilic oxo (challenge IIT) of the
Compound I (Cpd I; De Montellano 1995; Sono et al.
1996; Dunford 1999; Watanabe 2000; Newcomb ez al.
2006) type, which is two redox levels above Fe™ with a
ferryl Fe'¥ =0 residing within an oxidized porphyrin
m-radical cation, P"*. The electrophilic oxo has been
observed by cryogenic stopped-flow spectroscopy
(Soperetal. 2007). The production of the oxo is derived
from the ability of the Hangman to perform PCET
(challenge IT; Liu & Nocera 2005; Hodgkiss et al. 2006;
Yang er al. 2006; Soper et al. 2007; Yang & Nocera
2007). The importance of the PCET mechanism in the
activation of water and other small molecules has been
presented in a recent Philosophical Society Discussion
(Reece et al. 2006). In short, the pendent H™" donor
group in the Hangman system exerts control over the
PCET production of the electrophilic oxo from
peroxide intermediates by coupling PT to internal 2¢™
redox events of the redox (salen or porphyrin) cofactor
(Yang et al. 2006; Rosenthal ez al. 2007; Soper et al.
2007; Yang & Nocera 2007). As with haem peroxidases,
the electrophilic oxo, P"TFelV=0, is susceptible to
attack by nucleophiles such as two electrons of the
m-bond of olefins (Yang & Nocera 2007). The goal now
is to see whether the oxo is sufficiently electrophilic to be
attacked by hydroxide. If not, the porphyrin will be
modified with electron-withdrawing groups such as
pentafluorinated phenyls in the meso positions with the
aim of increasing the electrophilicity of the Fe™¥ =0.

The similarities of a potential [Mn"V3Mn"] S, state
of OEC and the Hangman system are highlighted in
figure 3. Both centres assemble two water molecules
within a cleft. An electrophilic oxo in a tetragonal ligand
may be produced at either centre by PCET. For the case
of the proposed model for the S, state of OEC, the oxo
is bonded to a d? centre of Mn(V), whereas for the
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Hangman cofactor, the oxo is bonded to a d* metal centre
of Fe(IV). Both OEC and the Hangman porphyrins
possess a proximate site to deliver hydroxide (from the
Ca®" in OEC and from the hanging group in Hangman)
to the oxo, which is susceptible to nucleophilic attack. But
in the case of the Hangman cofactor, the use of hydroxide
as the nucleophile remains to be demonstrated.

(i) RC mechanism

Meyer’s (Gersten et al. 1982) blue dimer complex
[(bpy)2(OH2)Ru™ (u-O)Ru""(OH,) (bpy),]** (1 in
figure 4) catalyses the oxidation of water to molecular
oxygen at 1.4V versus normal hydrogen electrode
(NHE; pH 1) with 10-25 turnovers. This species is
composed of a dimeric ruthenium core connected by a
nearly linear p-oxo bridge. Kinetic analysis reveals
that the initial [(OH,)Ru™(u-O)Ru™(OH,)] core
undergoes a series of coupled proton and electron
transfers to produce a [(O)RuY (-O)RuY (0)] species
that precedes O—-O bond formation (Binstead er al
2000). Although there remains much mechanistic
uncertainty over the nature of the discrete mechanism
by which the O-O bond formation occurs, the
precursor to oxygen formation is two d> metal oxos in
tetragonal ligand fields disposed in a side-by-side
orientation. From the perspective of figure 2b, the odd-
electron system may be formulated as side-by-side oxo
radical centres, though their direct coupling has not been
implicated as a dominant reaction pathway. Structural
and electronic features unique to the blue dimer and
related analogues (Sens ez al. 2004; Zong & Thummel
2005) indeed inhibit a straightforward RC reaction path.
Geometric constraints imposed by the ancillary ligands
and the p-oxo bridge prevent oxygen atoms from
attaining the correct geometry to form an O-O bond.
It has been estimated that rotation about the p-O bond to
yield an eclipsed geometry of the MO vectors still places
the O atoms 3.2 A apart (Gilbert ez al. 1985). Coupling
at this distance would require a significant distortion or
the participation of water to mediate the radical
coupling. In addition, putative radical character may be
diminished by antiferromagnetic coupling through the
u-O bridge (Yang & Baik 2004, 2006).

In the light of these barriers to an RC mechanism, we
have designed the Pacman systems of figure 4 (2 and 3)
to remove impediments to RC while largely retaining the
d® oxo character of the blue dimer system. The Pacman
complexes use dimethylxanthene (DTX; 2) and
dibenzofuran (DPD; 3) organic spacers to connect two
tridentate terpyridine ligands. These organic scaffolds
have been previously applied to create cofacially
oriented Pacman porphyrins (Chang ez al. 2000a,b,
2002a,b; Denger al. 2000). In the Pacman approach, the
two Ru oxos are oriented towards each other to enable
their direct interaction. Moreover, the oxo centres are
electronically isolated from each other by imposing the
long covalent pathway between them via the scaffold.
We have shown that the Pacman scaffolds are flexible
enough to accommodate over a four-angstrom range in
metal-metal distance (Deng er al. 2000). We envision
that this flexibility would allow the metal centres to
clamp down, facilitating O—O coupling, while retaining
the ability to spring open, release O, and bind water.
Electrochemical studies indicate that the Pacman
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5

Figure 4. Bimetallic ruthenium compounds capable of water splitting: Meyer’s blue oxo dimer complex [(bpy),(OH,)
RuHI(u—O)RuIH(OHZ) (bpy)z]4+ (1) and cofacial diruthenium platforms on the scaffolds of dimethylxanthene (2), dibenzofuran

(3) and anthracene (4,5).

complexes are stable through the range of oxidation
states of Ru™ to Ru'v(0), in contrast to the analogous
blue dimer fragment that is unstable towards dispro-
portionation. Further oxidation of the RuV(O)at1.4V
versus Ag/AgCl (pH=7) for both the DTX (2) and
DTD (3) systems leads to oxygen production, which has
been verified by a standard pyrogallol analysis. The
mechanism of oxygen production is currently under
study. It is noteworthy that the monomeric Ru centres
are inert for water oxidation to O, (McHatton & Anson
1984; Takeuchi er al. 1984). Our observations of the
DTX and DTD Pacman complexes agree with those
obtained for Pacman complexes employing an anthra-
cene spacer between the Ru terpyridine centres
(Wada et al. 2001a,b). These coordination spheres
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are completed by either a bipyridine (4, figure 4) or a
3,6-di-zer-butyl-1,2-benzoquinone (5, figure 4) ligand.
Interestingly, the bipyridine complex is reported to
exhibit modest activity for O, production at potentials
beyond 1.31 V. Conversely, the introduction of the
redox-active benzoquinone ligand in 5 (figure 4) leads to
a pronounced increase in O, production. The reasons
for this enhanced activity of Ru Pacman systems
possessing redox-active, ancillary ligands are unknown.

(b) Metal-oxo cofactors in trigonal

bipyramidal fields

As shown in figure 2¢, the lowest lying metal-based
orbital for a metal oxo in a trigonal bipyramidal field is
a degenerate level composed primarily of the d,.
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Figure 6. Hexaanionic cryptands to support the coupling of two high-valent oxos by an RC mechanism.

and d,. orbitals. This limits the stabilization of the
metal-oxo multiple bond to metals with a d° or d*
configuration. To test the limit of oxo stability in this
geometry, we have created the modified tris(pyrrolyl-o-
methyl)amine framework (Betley & Nocera submitted a)
shown in figure 5 to survey group V oxo chemistry. The
ligand design is based on Odom’s parent scaffold (Shi
et al. 2004). Substitution of 2-arylpyrroles (Rieth ez al
2004) for pyrrole in Odom’s reported synthesis
produces the target tris(pyrrolyl-a-methyl)amine ligand
in high yields (aryl=mesityl). A family of V'V species
and VY oxo complexes have been synthesized that
uses this ligand framework. The trigonally coordinated
V(mesityl); readily condenses with single O-atom
bridges to form VYV species [(mesityl);V¥],(u-O)
(Odom & Cummins 1995). The large aryl substituents
of the ligand framework block the p-oxo dinuclear
structure from forming. Currently, the terminal oxo
of VIV (d") has been targeted to probe where the
radical character largely resides, i.e. on the metal or
the oxygen.

Appearance of radical character at the oxygen of the
(M~O)wp centre is critical to advancing the RC
mechanism for O—O bond coupling. However, this
criterion alone is insufficient. The trigonal bipyramidal
scaffold needs to be elaborated so that two oxos may be
brought together for coupling. We have set out on a
course of study to address this challenge with the
synthesis of the cryptands shown in figure 6. The active
site combines the features of the TREN-based
(TREN =tris(2-aminoethyl)amine) metal-binding site
(Schrock 1997) and the neutral hexacarboxamide
cryptand (Kang er al. 2003). These ligands proffer a
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trigonal monopyramidal coordination site for the metal
ions in high oxidation states, engendered by the
trianionic charge of the deprotonated TREN ligand.
The ligands are diametrically positioned by attaching
three carboxamide mera-phenyl spacers between the
TREN metal-binding sites. The design results in the
formation of a cavity that can accommodate two high-
valent metal centres in a cofacial geometry. Manganese
and cobalt have been introduced into the cavity; the
molecules shown in figure 6 have been structurally
characterized (Alliger ez al. in preparation). A compari-
son of the two structures shed light on the nature of the
cavity created by the hexacarboxamido ligand. The Mn
complex (figure 6, 6) possesses a hydroxide ligand that
imposes a Mn-Mn distance of 4.058 A. With the
absence of a bridging ligand, the metals relax to a Co—
Co distance of 6.073 A (figure 6, 7). The flex in the
cavity results from rotation about the metal-amide
bond, which allows the ligand to bring the metal
centres together in an accordion-like motion. The new
ligand thus has several attributes pertaining to an RC
mechanism: it (i) presents binding sites that can
accommodate high-valent metal centres, a necessity
for a trigonal bipyramidal ligand geometry; (ii) permits
the assembly of two metal oxos within the cavity in a
convergent orientation; and (iii) possesses a cavity able
to flex over 2 A, thus allowing oxos to be brought
together for their subsequent RC. Moreover, the use of
carboxamide linkers should render these ligands
resistant to oxidation, thus avoiding ligand degradation
by reactive oxygen intermediates. Current efforts are
indeed focused at generating high-valent oxos within
the cavity of the new ligand.
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Figure 7. Trianionic platforms to support high-valent, late transition metal-oxo cores in a tetrahedral ligand field.

(c) Metal-oxo cofactors in tetrahedral fields
The cryptands of §4 sterically shield the metal-oxo
radical species from deleterious reactivity and proximally
orient the two metal-oxo vectors. The trigonal bipyr-
amidal approach, however, does not favour metal-oxo
species with d-electron counts exceeding dz. Thus,
targeting pseudo-tetrahedral frameworks will allow us,
in principle, to stabilize and probe both AB and RC
mechanistic possibilities with high-valent, mid-to-late
transition metal ions with up to six d electrons (figure 2d).
The ligand scaffold for a tetrahedral field should be
(1) Cs-symmetric and trianionic to achieve the desired
oxidation states for the metal-oxo complexes,
(i) modular such that the steric protection about the
oxo moiety can be tempered for isolation or promotion of
bimolecular AB and RC reactions, (iii) oxidatively robust
such that the redox events are localized within the metal-
oxo framework without deleterious ligand oxidation
events, and (iv) ultimately protolytically insensitive, as
the desired reaction medium involves water as a
substrate. We have synthesized a library of tridentate
scaffolds (Betley & Nocera submitted b); figure 7
illustrates select platforms. They include the known
tris(3-methylindolyl)methane ligand (8), which has been
suitably employed to stabilize main group elements in the
+ 3 oxidation state (Miiller & Pindur 1984; Barnard &
Mason 2001), a tris(zerr-butylurea)methane species (9)
evocative of platforms synthesized by Borovik (MacBeth
et al. 2000; MacBeth er al. 2004), and a tris(2-
mesitylpyrrolyl)methane ligand (10) that presents a
sterically shielded trigonal environment for the metal
ions. Because the target metal ion species involve mid-
to-late transition elements, the trianionic ligand plat-
forms are chosen because the N-donor basicity is
attenuated by their pendent organic moiety, that is the
indole, urea and pyrrole frameworks. With this library of
ligand platforms in hand, investigations of the transition
metal-oxo chemistry engendered by this ligand field may
now be explored. These studies are currently underway.

4. SUMMARY AND OUTLOOK

The realization of a water-splitting catalyst addresses
one of the greatest challenges facing our planet in the
coming century—the development of a clean and
renewable fuel source (Eisenberg & Nocera 2005;
Lewis & Nocera 2006; Nocera 2006). The com-
bination of water and light from the Sun can be used
to produce hydrogen and oxygen. The blueprint for
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accomplishing this solar energy conversion is provided
by photosynthesis, which converts sunlight into a
wireless current which in turn is captured cathodically
by photosystem I to reduce the protons to ‘hydrogen’
(i.e. NADPH) and anodically by OEC to produce
oxygen. It is this latter transformation that poses the
greatest difficulty to duplicating photosynthesis outside
of the leaf.

The various proposals for the redox equivalency of
the S, state of the Mn,Ca cluster lead to different
mechanisms for O-O bond coupling and O, gener-
ation. Current models of the OEC suggest the
prevalence of either acid-base or radical-coupling
pathways. The AB mechanism requires an electrophilic
oxo for bond formation with an exogenous oxygen
nucleophile. To attain such an acidic oxygen, the lone
pairs of the oxo donate into empty d-orbitals of a high-
valent metal to form a double or triple metal-oxo bond.
We note, however, that the formation of such strong
bonds imposes kinetic barriers, since the multiple
metal-oxo bond must ultimately be broken for O,
release. To this end, the AB mechanism hinges on the
balance between a strong metal-oxo bond to ensure
electrophilicity but it must be weak enough to allow it
to be broken with facility. The participation of high-
spin states in the OEC complex may provide a
resolution to this quandary. Alternatively, the coupling
of oxygen radicals may circumvent the requirements for
a strong metal-oxo bond. Oxygen radicals may be
supported by single or multiple bonds to metals in the
mid-to-late transition series. The open questions
surrounding the mechanism for O, production by the
OEC provides an imperative for the design of metal
oxos in coordination environments that permit the full
range of stereoelectronic factors associated with O-O
bond coupling to be explored. Thus it is a task for the
synthetic chemist to design new ligand environments
that capitalize on the discovery of OEC structure and
function. Whereas an alternative approach might be
pursued with solid-state materials and surfaces, a
molecular approach lends itself better to mechanistic
analysis. We report here progress towards this end.
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Discussion

C. Dismukes (Princeton University, USA). What type of
ligand field is needed at the OEC Mn, site to create the
MnY =0 species that you say could form?

D. Nocera. We have addressed this issue in detail in
the paper accompanying the Discussion (§§2a and 3a).
In short, an oxo of a Mn" oxidation state would be
supported by a tetragonal field and a d? electron count.
For this situation, the Mn oxo triple bond would be of
order three. For a Mn'Y oxo, our inclination is to expect
radical character involving the oxo.

A. Aulauloo (University of Paris-Sud, France). Con-
cerning the ligand design for the biscompartmental
cryprand, once you generate Mn =00 inside the cavities,
don’t you think it will attack the aromatic ring?

D. Nocera. Any practical catalysts for water oxidation
will have to be stable and stand up to a highly active oxo
core. It seems almost a paradox—the presence of a
high-valent and reactive oxo in an environment rife
with reducible moieties—i.e. the C—C and C-H bonds
of a ligand framework. But these are the same moieties
in proteins and enzymes, and many of these are
oxidases whose function is derived from a reactive
metal oxo. Biology overcomes this paradox in many
ways. A metallocofactor will be fixed with its surround-
ing reactive bonds directed away from the metal oxo.
Alternatively, the metal-oxo cofactor is sometimes
insulated in a non-reactive shell (except for the site of
substrate binding). And if this is still not enough, then
as the participants of this Discussion certainly are
familiar with, biology incorporates repair mechanisms.
It may come as no surprise that the S, state of OEC is
particularly damaging; thus the D1 protein is replaced
every 30—60 min. Such repair mechanisms do not exist
for synthetic catalytic active sites—but they will have to
be ‘designed’ to ensure that catalysts can withstand the
harsh oxidizing conditions of oxygen generation from
water. This is a frontier area of research (along with the
design of working catalysts!). Now to the specifics of
the question....the cryptate (compound 5) in my
manuscript is designed with the idea of robustness in
mind. The use of the carboxamide linker should render
these ligands resistant to oxidation, thus avoiding
ligand degradation by reactive oxygen intermediates.
Of course, we may also need to worry about the CH
bonds on the phenyl spacer. If this is a problem, we will
have to teflonize the spacer and replace the reactive CH
bonds with CF bonds.
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