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hotosystem II (PSll), a multisubunit pigment—protein supercomplex found in cyanobacteria, algae, and plants, catalyzes a

unique reaction in nature: the light-driven oxidation of water. Remarkable recent advances in the structural analysis of PSII
now give a detailed picture of the static supercomplex on the molecular level. These data provide a solid foundation for future
functional studies, in particular the mechanism of water oxidation and oxygen release.

The catalytic core of the PSII is a tetramanganese-calcium cluster (Mn405Ca), commonly referred to as the oxygen-evolving
complex (OEC). The function of the OEC rests on its ability to cycle through five metastable states (S; i=0—4), transiently storing
four oxidizing equivalents, and in so doing, facilitates the four electron water splitting reaction. While the latest crystallographic
model of PSII gives an atomic picture of the OEC, the exact connectivity within the inorganic core and the S-state(s) that the X-ray
model represents remain uncertain.

In this Account, we describe our joint experimental and theoretical efforts to eliminate these ambiguities by combining the
X-ray data with spectroscopic constraints and introducing computational modeling. We are developing quantum chemical methods
to predict electron paramagnetic resonance (EPR) parameters for transition metal dusters, especially focusing on spin-projection
approaches combined with density functional theory (DFT) calculations. We aim to resolve the geometric and electronic structures
of all S-states, correlating their structural features with spectroscopic observations to elucidate reactivity. The sequence of
manganese oxidations and concomitant charge compensation events via proton transfer allow us to rationalize the multielectron
S-state cycle. EPR spectroscopy combined with theoretical calculations provides a unique window into the tetramangenese
complex, in particular its protonation states and metal ligand sphere evolution, far beyond the scope of static techniques such as
X-ray crystallography. This approach has led, for example, to a detailed understanding of the EPR signals in the S,-state of the OEC
in terms of two interconvertible, isoenergetic structures. These two structures differ in their valence distribution and spin
multiplicity, which has important consequences for substrate binding and may explain its low barrier exchange with solvent water.

New experimental techniques and innovative sample preparations are beginning to unravel the complex sequence of substrate
uptake/indusion, which is coupled to proton release. The introduction of specific site perturbations, such as replading Ca** with Sr**,
provides discrete information about the ligand environment of the individual Mn ions. In this way, we have identified a potential open
coordination site for one Mn center, which may serve as a substrate binding site in the higher S-states, such as S; and S,. In addition,
we can now monitor the binding of the substrate water in the lower S-states (S; and S,) using new EPR-detected NMR spectroscopies.
These studies provided the first evidence that one of the substrates is subsumed into the complex itself and forms an oxo-bridge
between two Mn ions. This result places important new restrictions on the mechanism of 0—0 bond formation. These new insights
from nature's water splitting catalyst provide important criteria for the rational design of bioinspired synthetic catalysts.
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1. Introduction

Oxygenic photosynthesis uses a single enzyme for water
splitting, Photosystem Il (PSII), a multisubunit pigment-protein
complex embedded in the thylakoid membrane of photo-
synthetic organisms such as cyanobacteria, algae, and higher
plants (Figure 1 a).! The overall reaction of PSll isthat of a light-
driven water:plastoquinone oxidoreductase:*>

4h
2H;0 +2PQ + 4Hghoma — O2 +2PQHa +4H/ .. (1)

PSII uses visible light (400—700 nm) to drive the water
splitting reaction at the OEC. The chemical energy derived
from this process is temporarily stored in the form of (i)
reduced plastoquinone (PQ), subsequently used to generate
NADPH (reduced biological hydrogen), and (ii) an electro-
chemical potential derived from concomitant proton trans-
fer across the thylakoid membrane, driving ATP synthesis.
NADPH and ATP are required for carbon fixation. Thus, PSII
together with Photosystem I is primarily responsible for the
majority of sunlight-derived biological energy storage. The
reactions that occur in PSII can be divided into acceptor side
(I) and donor side (Il) processes:

() Light excitation of the reaction center (RC), a multi-
pigment assembly of four chlorophyll-a and two pheophy-
tin-a molecules, initiates primary charge separation, a single
electron transfer process (Figure 1b), resulting in a charge-
separated (radical pair) state.* The radical cation (primary
donor), a chlorophyll pigment (P680°"), has an estimated
oxidizing potential of +1.2 to +1.3 V, the highest known in
biology.” The radical anion (primary acceptor), a pheophytin
pigment (the Pheo-a bound to the D1 protein), and exists
only transiently. The charge separated state is stabilized by
subsequent electron/hole transfer steps. The acceptor
passes the electron to the bound PQ molecules (Q4 and
subsequently Qg), whereas P680°" is reduced within 100 us
by a redox active tyrosine side chain of the D1 protein, Y
(D1-Tyr161). In this way, the distance between the electron
and the hole increases, suppressing recombination reac-
tions. Reducing equivalents derived from this process are
temporarily stored as reduced plastoquinol (QgH>), a mobile
electron carrier, generated after two light absorption/charge
separation events.

(I) The accumulation of oxidizing equivalents on the
donor side is necessary for the four-electron water-splitting
oxidation reaction as the RC only generates one “electron
hole” per photon absorption. Oxidizing equivalents/electron
holes are stored at the site of the tetranuclear manganese
complex, which is connected to the RC via the one-electron
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hole carrier Yz". To retain charge neutrality, protons are
released during accumulation of oxidizing equivalents. This
has the consequence of leveling the redox transitions of the
OEC such that the same oxidizing potential (about 1 V) can
be used for all Mn oxidation events. The series of distinct
redox intermediates that make up the water-splitting reac-
tion cycle are described in terms of the S; states of the Kok
cycle, where | indicates the number of stored oxidizing
equivalents (i = 0—4) in the Mn;OsCa cluster’ (Figure 1¢).
The S,-state, which has not yet been spectroscopically
identified, rapidly decays to So upon release of molec-
ular triplet dioxygen and the possible rebinding of one
substrate water molecule. The second substrate water is
only loosely bound to the Mn,OsCa cluster until late in
the reaction cycle, that is S,—S,.'> The dark-stable or
resting state of the enzyme is S;. Sg is of low potential
such that it is oxidized via a second redox-active tyrosine
residue Yp (D2-Tyr161),'* which does not participate
further in the S-state cycle. The higher S-states, S, and Ss,
decay back to S; on a time scale of seconds at room
temperature.

2. Geometric Structure of the OEC

The structure of PSII from the cyanobactetium Thermosyne-
chococcus vulcanus was recently determined crystallographi-
cally at a resolution of 1.9 A by Umena et al.® At this
resolution, the position of all four Mn ions and the Ca’" of
the OEC can be identified, along with the bridging oxygens
connecting them. The structure of the inorganic core resem-
bles a “distorted chair” where the base is formed by an oxo-
bridged cuboidal Mn304Ca unit (Figure 2a). The fourth, “outer”
Mn (Mnp4 in the present nomenclature, which combines
the lettering used in eatrlier EPR and EXAFS spectroscopic
work and the crystal structure numbering) is attached to this
unit via a corner u3-0xo (O5) and a 4-oxo bridge (O4) to Mngs.
The Mn4OsCa core is coordinated by six carboxylate resi-
dues, three of which (Glu333, Asp342, and CP47-Glu354)
form bridges between Mn ions, two (Asp170 and Ala344)
bridge Ca?* and Mn ions, and one (Glu189) is monocoordi-
nated to Mnp;. The cluster has only one nitrogen-donor
ligand, the His332. Four water ligands are also resolved, two
to Mn,g4 (W1 and W2) and two to Ca®>* (W3 and W4). We
note that the Ca?* and at least one chloride ion close to the
OEC are necessary for catalytic activity.

The S-state of the cluster as measured by X-ray crystal-
lography is expected to represent the dark-stable S;-state;
however, this assignment is unclear as the Mn—Mn, Mn—Ca,
and Mn—O/N distances in the crystallographic model
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FIGURE 1. (a) X-ray crystallographic structure of the PSIl dimer from
Thermosynechococcus vulcanus® at 1.9 A resolution, showing the major
protein subunits in color. (b) The arrangement of cofactors in the central
D1/D2 proteins involved in charge separation, electron transport, and
water oxidation. (c) The S-state cycle proposed by Kok et al.,” showing
the net oxidation state of the S; states (high-valence model)®~'° and the
release of electrons and protons.' 12

are ~0.1 A longer compared to those determined from
extended X-ray absorption fine structure (EXAFS).'”'8 Similarly,
the distances between the central O5 atom and three Mn ions
are not observed for any type of Mn"™V—0Q bond in any other
model system, regardless of its protonation state. This suggests
that the duster underwent radiation-induced modifications,
that is, photoreduction of Mn ions during data collection.'®
Thus, the X-ray model does not represent (exclusively) the S,
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but a superposition of reduced states, including nonphysiolog-
ical “super-reduced” S-states (i.e., S_; to S_3).?°~>2 Regardless,
the general pattern of three short (2.7—2.8 A) and one long
(3.3 A) Mn—Mn distances and four Mn—Ca distances (~3.4
and ~3.9 A in a 2:2 or 3:1 ratio) as observed in EXAFS mea-
surements is preserved, and thus, the crystal structure topology
is similar to earlier literature models, even though the connec
tivity differs.

Refinements of the crystallographic model have been
proposed from computational modeling.'>1¢2'23 Figure 2b
shows the most recent S,-state DFT models,'® where 05
represents a u-oxo bridge acting as either a bis-u-oxo linkage
between Mnp,4 and Mngs, similar to a structure first proposed
by Siegbahn,**?> or as a vertex of the cuboidal unit, bridging
Mnp;, Mngs, and the Ca®* ions, reminiscent of a structure
proposed by Barber and Murray.® DFT calculations show
that these two structures are almost isoenergetic and can
interconvert over a low barrier.'® Interestingly, Kusunoki has
proposed a similar type of equilibrium for the S;-state.’
Thus, it is likely that structural polymorphism is an inherent
feature of the OEC, with implications for the phenomenol-
ogy and potentially for the catalytic function described in
subsequent sections.

3. The Electronic Structure of the OEC

An understanding of the electronic structure of the OEC is
required to determine the mechanism of water oxidation.
Electronic properties such as the spin and oxidation states of
the Mn ions during the S-state cycle, and their interaction (via
electronic spin exchange coupling, J) control the redox
properties of the cluster, with consequences for substrate
binding and product O, and H* release. As the water
oxidation cycle involves four single oxidation events of the
Mn,40OsCa cluster, it can be monitored by EPR. All the S-states
exhibit EPR signals,?® with Sy and S, possessing half-integer
spin ground states. Half-integer states can be readily mea-
sured by standard (perpendicular mode) CW-EPR and pulse
EPR techniques and using these two methods, a detailed
picture of the electronic structure of the OEC has been
obtained for So and S,. The typical EPR signals of both Sq
and Sy-states appear at g ~ 2 and are called the ‘'multiline'
signals. The structure of the signals is due to the (hyperfine)
interaction of the one effective (unpaired) electron spin
(Sey = 1/2) with the four >>Mn nuclei. Sy contains 26 lines,
S, 18-20 lines. As the spectral lines strongly overlap, the
electronic structure cannot be uniquely determined. As a
consequence, EPR-detected NMR techniques, such as >>Mn-
ENDOR, that probe the >>Mn nudei directly, have been
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FIGURE 2. (a) X-ray crystallographic structure of the OEC in dark-adapted PSlI at 1.9 A resolution® and the Mn,4OsCa cluster from chain A of the PSII
dimer. (b) Geometry-optimized DFT structures of the Mn,OsCa cluster in the Sy-state: (A) model with a spin Se¢s = 1/2 ground state and g ~ 2.0 and (B)
model with an Se¢ = 5/2 ground state and g > 4.1.>® Both DFT structures reproduce EXAFS distance constraints and all magnetic resonance data.
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FIGURE 3. Q-band EPR (vertical) and >>Mn-ENDOR (horizontal) spectra of the OEC and related model systems and their atomic structures.

(@ Mn"(.-0),-Mn" (Bipy). (b) Mn"-(.—OH)-Mn" (PivOH).3? (9 The S, and S, OEC states in spinach PSII (4% methanol),? (d) the S,-state from native

T. elongatus (Ca**+) and from T. elongatus phototrophically grown in S+ media; the corresponding EPR spectra are essentially the same as the S, multiline in panel
(.33 Black lines represent the experimental data and red dashed lines represent simulations based on the spin-Hamiltonian formalism. The arrows/roman
numerals in (a) and (b) show the position where the ENDOR spectrum was recorded within the EPR signal profile; see ref 32 for details. In the panel next to (d), the
EPR/>*Mn-ENDOR-derived S, structural model for the S,-state is shown with the assigned distribution of Mn oxidation states. Panels are adapted from ref 3233

developed to more accurately characterize the electronic  (Figure 3a and b). This requires that all four Mn ions of the
structure.29—31 OEC carry significant electron spin density. That is to say, all

>>Mn-ENDOR data for the OEC are shown in Figure 3candd.  four Mn contribute approximately equally to the electronic
The key observation is that the entire >>Mn-ENDOR envelope  ground state of the complex, a circumstance not seen in
appears over a very small frequency range, smallerthanthatof ~ models where one Mn center typically carries a majority of

model complexes such as exchange-coupled Mn dimers  electron spin. In addition, the narrow spectral breadth of
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the >>Mn-ENDOR envelope in both the S, and S, states
requires that the OEC does not contain a Mn" ion in any
S-state during its reaction cycle, and thus restricts the net
oxidation states of the Sq- and S-states to be Mn4(IILIILIII,
IV) and Mng4(lILIV,IV,IV), respectively, to yield the experi-
mentally observed spin multiplicity.® These oxidation
state assignments are consistent with results inferred from
X-ray spectroscopy;®'° although see ref 34 for an alterna-
tive assignment.

4. Mapping the Electronic Structure to the
Geometric Structure

Recently broken-symmetry DFT methods have been devel-
oped to calculate magnetic resonance parameters for oligo-
nuclear transition metal complexes and has fundamentally
changed our understanding of the electronic structure of the
OEC.2>737 It has allowed unified models of the OEC to be
developed from crystallographic information, which simul-
taneously reproduce structural constraints from X-ray spec-
troscopy and magnetic resonance data.'>'® We have used
DFT to assess OEC structural candidates that differ in con-
formation, protonation patterns, and oxidation states. Our
work has primarily focused on the S,-state and has con-
verged around an “open cubane” topology for the OEC,
with the Mn" ion as part of the trimer unit (Mnp,)."® This is
supported by site perturbations of the cluster such as Ca?*/
Sr*" ion exchange, the large '“N coupling measured for the
histidine coordinating Mnp, (D1-His332),%839 and orientation-
dependent EPR/>>Mn-ENDOR data on PSII single crystals.*°
By this combination of quantum chemistry and spectros-
copy, we recently addressed a long-standing question con-
cerning the presence of two interconvertible EPR signals in
the S,-state of the OEC.'® These two signals, the multiline
and g = 4.1, represent two energetically similar but electro-
nically/structurally distinct, conformations of the Mn tetra-
mer, which can be interconverted by the absorption of
infrared light at low temperature.*’ As described above,
two quasi-isoenergetic and interconvertible minima were
located for the S,-state (Figure 2b). Structurally, they differ in
the position of O5 and its bonding with the terminal Mn ions,
Mnp; and Mnag4. Most importantly, they differ electronically
in the distribution of oxidation states (the location of the
only Mn" jon of the S,-state) and the magnetic coupling
between the Mn ions, leading to distinct ground spin states
and spectroscopic signhatures for the two conformations
(Figure 4 and Table 1). The “open” form A in Figure 2b has
a spin S¢ = 1/2 ground state and gives rise to the multiline
EPR signal centered at g ~ 2. On the other hand, the “closed”
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FIGURE 4. Manganese oxidation state distributions and exchange
coupling Mn—Mn interactions (cm™") in the S,-state models A and B
(Figure 2b), and their corresponding EPR signals adapted from refs 28
and 33. The Ca** is omitted for clarity.

TABLE 1. EPR Simulation Parameters for S,-State DFT Models A and B
(Figure 2b) Compared to Experimental Data

DFT models'>1®

experimental results

JAiso]/MHz ~ model A model B multiline333% g > 4,128
Mnp1 197 85 251
Mncs 199 85 208 87 (Aavg/amn)
Mngs 182 73 191
Mnpg 306 103 312
4N (His332) 5.2 - 6.95 -
Df/eam~' E/D) - 0.2-1.2(0.25) - 0.45 (0.25)
AEES-GS /Cmi] 232 16.4 235 —

cubane structure (model B of Figure 2b) displays a ground
spin S¢ = 5/2 and gives rise to the high-g signals (g = 4.1)
associated with the OEC."®

In addition to rationalizing the two basic EPR signals of
the S,-state as arising from two electronically distinct struc-
tural isomers, these DFT models also appear to explain the
complicated phenomenology of the OEC seen under various
preparative conditions and reveal its possible inherent dy-
namic nature. It is seen that modulation of the electronic
connectivity between the outer Mna4 and the three remain-
ing Mn ions provides a simple rationale for many experi-
mental observations including (i) spectral variation among
different species such as cyanobacteria and higher plants;*?
(ii) the influence of small molecules, such as methanol, on the
exact line shape;42 and (iii) modifications due to substitution
of Ca®" for Sr**, or Ca* " removal.>*** The monomer—trimer
junction is structurally the most solvent-accessible region
of the OEC, allowing small molecules to interact with the
Mny4 ion, potentially via displacement of its water ligands.



Similarly, as the Ca®* forms part of the linkage between the
outer Mnug4 and the trimer, its replacement by Sr** orits removal
is also expected to perturb the Mn monomer-trimer interaction.

It is noted that an alternative S, state model has been
proposed by Pace and co-workers** assuming a lower net
oxidation state i.e. (Mn")sMn'. Their DFT structures do not
reproduce the EXAFS Mn—Mn distance constraints or magnetic
resonance data detailed in sections 3 and 4.

5. Substrate Binding to the OEC

The OEC represents a genuine molecular catalyst with only
two sites for substrate binding, resulting in single product
formation, namely O,, as opposed to other reactive radical
oxygen species (H,0,/HO, /0,""). The sites of substrate
binding have been extensively studied using time-resolved
membrane-inlet mass spectrometry (MIMS) which monitors
the rate at which labelled (H,'80) water is exchanged into
substrate sites of the Mn,0sCa cluster.’® These experiments
identify Ca®" as a site of substrate water binding as the
substrate's exchange with bulk water is influenced by bio-
chemical Ca®"/Sr*" replacement. In addition, these mea-
surements demonstrate that the two substrate water
molecules bind at chemically different sites. The early
binding substrate water (W) exchanges slowly with bulk
water in all S; states suggesting that it binds at the start of
the S-state cycle (Sp), while the late binding substrate (W)
exchanges rapidly in all S-states, with the rate of exchange
only resolved in the S, and S; states. Results from FTIR
support this model, suggesting that W binds during the
S, — S5 transition.**

EPR spectroscopy allows the location and protonation
state (H,O0/OH /0?") of exchangeable water sites of the
Mn4OsCa to be identified. This can be achieved via the
detection of the coupling of magnetic nuclei ['H/?H (I =
172, 1) or 170 (I=5/2)] to the Se¢ = 1/2 states (So, S,) of the
Mn4OsCa cluster. Recently, we have addressed this topic
using high-field '”O-EDNMR (Electron—Electron-Double Re-
sonance-Detected NMR)*> observing exchangeable '’O
“water” signals (Figure 5a). Importantly, all 17O signals are
observed after only short incubations (<15 s) in the labelled
solvent water (H,'’0), the same timescale as substrate
exchange as inferred from the MIMS experiment. Three
classes of nuclei were assigned by comparison with '70O-
labeled model complexes: (i) a u-oxo bridge; (ii) terminal
Mnas—OH/OH,; and (i) Ca*"~bound 2" shell OH /H,0
ligands. The exchangeable u-oxo bridge was assigned to
either 04 or O5 (Figure 5b). A similar u-oxo bridge signal was
observed in Q-band '’0-ENDOR experiments.*®
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FIGURE 5. (a) '’O-ELDOR-detected NMR spectra (94 GHz) of the OEC
exchanged in H,'70 and poised in the S,-state.*® (b) Structure of the
Mn,0sCa cluster with u-oxo bridges and bound water molecules W1
to W4. Mn, purple; Ca, yellow; N, blue; H, white; O (nonexchangeable),
red; O (exchangeable), pink/orange/green) Panels are adapted

from ref 4>

Results from FTIR spectroscopy also suggest that the OEC
contains an exchangeable u>-0Xx0 or u3-0x0 bridge. In the
higher plant study of Chu et al,*” a Mn—O mode was
identified in the S,—S; difference spectrum assigned by
comparison to model Mn (di-u-oxo) and related Mn/Fe
complexes. Interestingly, this same mode was sensitive to
Sr** substitution, suggesting that it also represents a bridge
to Ca**/Sr**, i.e. O5.

The result that a Mn u-oxo bridge of the Mn4OsCa
complex exchanges on a seconds timescale, similar to that
of the substrate, is unexpected. Similar y-oxo bridge ex-
change rates have not been observed in in synthetic*® and
biological model systems.*® Presumably this is because
these models lack structural features of the OEC, including
nearby acid/base derivatives which could couple oxygen
inclusion with proton release/uptake. Similarly, the OEC
appears to contain several pathways for internal oxygen-
exchange between terminal water ligands to Ca®* (or Mn),
which may allow a calcium-ligated bridge such as O5 to
exchange rapidly.'*® We note that the theoretical rationa-
lization of the two electronic and structural forms of the S»-
state that give rise to the multiline and g > 4.1 EPR signals
reflects the facile movement of the O5 bridge.'® This unique
structural flexibility of the O5 provides additional support for
its assignment to the solvent exchangeable u-oxo bridge
and as one of the substrate water sites.
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FIGURE 6. Possible catalytic pathways of O—O bond formation: (I nudeophilic attack (red boxes) and (Il) oxo/oxyl radical coupling (blue boxes). The Mna4(V)=0
may equally be considered a Mn(IV)=0"") species. The flexibility of the OEC in the S,-state (and presumably other S-states) is potentially critical for fast water
exchange and possibly for the second substrate water binding, which a growing body of evidence assodiates with the formation of the Ss-state.

6. Consequences for the Mechanism of 0—0
Bond Formation

As described above, a series of recent studies are converging
with regard to the role of O5 as the Wi substrate site, limiting the
number of reaction pathways for O—O bond formation. In
particular, this assignment readily explains both the oxidation
state dependence®® and influence of Ca**/Sr** substitution'>>°
on exchange kinetics of the slowly exchanging substrate water
(Wg. O—0 bond formation involving O5 can proceed via
either®' (I) a nudleophilic attack of the O5 («-oxo bridge) by
W3 (Ca**-bound hydroxide ion/water) or (Il) an oxo/oxyl
radical coupling between O5 and an as yet unidentified water
(possibly coming from the Ca>" orthe Mna4 ion) that is located
proximal to O5 in S3/S,, as proposed by Siegbahn.**
Evidence exists in the current literature that supports a
nudleophilic attack mechanism in Mn model systems that per-
form O—0 bond formation, but these models exhibit turnover
frequencies orders of magnitude slower than the OEC>%>3 In
contrast, the radical coupling mechanism has no precedence in
Mn model chemistry but has been experimentally demon-
strated via isotopic labeling as an energetically favorable path-
way for efficient O—O bond formation in second-row transition
metal catalysts; see, for example, the ruthenium (Ru-Hbpp)
dimer complex.>* And it is this mechanistic route that has
in silico been shown by Siegbahn as the most efficient 0—O
1594 = ACCOUNTS OF CHEMICAL RESEARCH
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bond formation pathway.?* In his concerted tetramer me-
chanism, the unique geometry of the Mn,OsCa cluster is
used to bind and position the two substrates and excludes
the simultaneous binding of both substrates in the resting
states (So, S1) of the catalyst, a potential explanation for the
high selectivity of the OEC toward O, formation, disfavoring
“catalase-like” two-electron chemistry.

The two mechanistic pathways differ upon formation of Ss. In
a nudeophilic attack, the complex must contract, with O5 now a
genuine ligand to both Mnp; and Mny4 (Figure 6), within the
assumption that the S, — S5 transition represents a Mn-centered
oxidation, that is, the net oxidation states in Ss are Mn,(IV,IV1V,
IV). In contrast, in the oxo/oxyl radical coupling mechanism, an
additional water molecule must bind to the cluster requiring the
complex to expand upon Sz formation. In the Siegbahn me-
chanism, this additional substrate (the fast-exchanging Wy binds
at the open coordination site of Mnp,; as a water/hydroxide ion
in the Sz-state, forming an oxyl radical in S (Figure 6).2*

The requirement that both substrate sites are exchange-
able with bulk water in all S-states and the rates of exchange
are similar in both S, and S5 provides a means to discriminate
between these two basic reaction pathways, favoring oxo/oxyl
coupling. For the nudeophilic attack mechanism, the exchan-
geability of O5 would be expected to decrease upon this step as
it is further subsumed into an all-Mn" complex. The same is



unlikely to be the case for the oxo/oxyl coupling mechanism as
the binding of an additional water/hydroxide ion in S3 provides
yet another molecular pathway for O5 exchange. Indeed, the
dynamic nature of the OEC in the S, and possibly the Ss-state
could again play a role here, facilitating the binding of the
second substrate via the solvent-accessible outer Mnp,4 ion,
which upon proton rearrangement returns to the putative
Ss-state proposed by Siegbahn. In this instance, the terminal
water ligands of the Mn,4 (i.e., W1/W2) and W¢ may not be
distinguishable, owing to rapid interchange about the
Mnps—04 bond.

The essential challenge for experimentalists is to demon-
strate if radical oxyl chemistry is possible for a first row transition
metal such as manganese; that is to say, whether a Mn"-oxyl
state is energetically accessible. No evidence exists within the
current literature of model complexes of this electronic config-
uration, but an analogous complex, a putative Mn"-oxyl, has
been reported.>® Theoretical studies of this complex, a mono-
nuclear Mn center supported by a salen-like ligand scaffold,
suggest the Mn"-oxyl and Mn'V-oxo electronic configurations
are essentially isoenergetic, unlike that of other transition metals
such as iron. This electronic flexibility of manganese may
account for its adoption by nature to perform biological water
splitting, simultaneously allowing the deprotonation and trans-
location of substrate water (Figure 6, blue boxes) and ligand
(oxygen)-centered oxidation during the S3 — S, transition.
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