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The structural and electronic consequences of reduction and oxidation of a peroxo-bridg)é¥ Mimer, Mrp-
(1-O)(u-02)(NH3)e?™, are examined using approximate density functional theory. In both cases, the initial electron-
transfer step is localized on the metal centers, but subsequent structural rearrangement results in transfer of the
excess charge to theO, unit, with concomitant regeneration of the MV core. Two-electron reduction results

in population of the ©-O ¢* orbital and complete cleavage of the-@ bond, whereas two-electron oxidation
depopulates the ©O =z* orbital, forming molecular oxygen. The coupling between the metal centers
(antiferromagnetic or ferromagnetic) affects the stability of the intermediate species, in which the redox process
is metal based, and hence influences the kinetic barrier to bond formation or cleavage. Reductive cleavage of the
O—0 o bond is favored when the metal centers are antiferromagnetically coupled, whereas oxidative formation
of the x component of the ©0 bond is favored by ferromagnetic coupling. The possible implications for the
relationship between structure and function in the oxygen-evolving complex found in photosynthetic organisms
are discussed.

Introduction 274

The multiple oxidation states available to transition metal ions o o
make them ideally suited for a role in redox catalysis, linking ~Mn_ -~ _—Mn
ligand-based bond formation or cleavage to electron transfer to o \ o
or from an external source. As a result, clusters of transition 33A1 o
metal ions are found at the active sites of numerous electron- o

. O—{in— % —m

transfer enzymesnotably the tetramanganese cluster in the = n._Vn
oxygen evolving complex (OEE)Figure 1), the site of water o o
oxidation in photosynthetic organisms. The biological impor-
tance of iron-sulfur clusterd is also well established, for Oxygen-Evolving Complex

example in the enzyme nitrogendsand dimanganese (cata- g
lase)® diiron (methane monooxygenase, ribonucleotide reduc- 2H,0 — 0, +4H" + e

tase)$ and dicopper (tyrosinaseactive sites are also common.  Figure 1. Dimer-of-dimers model of the oxygen-evolving complex
(OEC) (after Klein et al., ref 2a).
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catalysts. In this paper we examine the electronic pathways Scheme 1. Schematic Walsh Diagram Showing the
involved in the formation and cleavage of bonds between oxygen Variation in Energy ofo* and z* Orbitals of the Q Unit as
atoms coordinated to a dimanganese cluster, with particularthe O-O Separation Is Increased
emphasis on how these processes are coupled to the redox —0-0G%
chemistry of the cluster. The choice of system leads to obvious
comparisons with the chemistry of the OEC, but the purpose 1 1
of this paper is not to attempt to delineate a complete .’ / 0-0 m*
mechanistic pathway for the evolution of oxygen from water. /
In our opinion, the structure of the active site is not known Y 7
with sufficient accuracy to justify this. Instead, we aim to address J
the more general question of “chemical competericéiat is 0.0 G* S ’4_H+_/
the ability of a particular complex to catalyze a specific chemical ~ ,/'
transformation. As such, the conclusions drawn are applicable O-O T* %’
to the general field of redox catalysis, and not just the specific
example of the chemistry of the OEC. o 0o 0-0

The oxidation of water at the OEC is often discussed in terms 1{4_1\’4 1\4_}\4 M——M
of the Kok S-state mod@&lwherein four electrons are abstracted

from the tetranuclear manganese c!uster, inducing release of @n important part to play in establishing the viability of
molecule of oxygen and regeneration of the reduced cluster. ejectronic pathways linking reactants and products. Starting from
HOWeVer, structural information on the OEC is available Only coordinated water or one of its deprotonated formS’*Qjﬂ
from indirect sources such as X-ray absorption spectros€opy 02-, the qualitative features of the oxidation process are well
and electron paramagnetic resonance (EPR)d as a result,  established42A contraction of the @O vector causes first the
the arrangement of atoms within the cluster remains a topic of 0—Q ¢* and thens* orbitals to rise above the metal manifold
some debaté Extended X-ray absorption fine structure spec- (Scheme 1), leading to electron transfer from the antibonding
troscopy (EXAFS) indicates that there are two vin orbitals of the Qunit to the metal, forming first peroxide (&)
separations of approximately 2.7 ¥ characteristic of djs- and then dioxygen © An important feature of Scheme 1 is the
oxo bridged manganese systems, and one of 3% Apical correlation of orbitals between the bonded and nonbonded limits,
of a singleu-oxo bridge?® On this basis the dimer-of-dimers  pecause only if vacant orbitals of the same symmetry a©0
structuré®illustrated in Figure 1 was proposed as a model for s and =* are present in the metal manifold can oxygen be
the OEC. The question of the oxidation states of the manganeseormed in its ground state. However, metal ions in biological
centers has been addressed using X-ray absorption near edgsystems generally have highly asymmetric coordination environ-
spectroscopy (XANES) of the ma}cganese. K edge,wvahlch ments, and it is not obvious that arguments based on the strict
suggests that, in the, State, a M Mns" cluster is preserif point symmetry of any model system will be relevant to the
Further two-electron oxidation would then result in a formal sjtuation in vivo. There is a more fundamental aspect of the
Mns"VMnY state prior to release of OEPR studies of thesS  electron-transfer process, however, which is independent of the
state are consistent with both EXAFS and XANES déta, symmetry of the molecule- the relative orientations of the
showing a multiline signal very similar to those reported for glectron spin. The dioxo @), and peroxo (&) oxidation
model systems containing a binuclear Mp-O)}:Mn" core!? states of thgO,} unit are spin singlets, whereas the ground
Despite the apparent simplicity of the Kok model, much of state of molecular oxygen is a triplet. Consequently the first
the mechanistic detail remains unclear, and numerous proposalgyo-electron oxidation step must involve the loss of two
regarding the site of water oxidation have been nfade*In  electronsof opposite spirirom the O-0 o* orbital, but further
such circumstances, where expel’lmental data are ||m|ted,oxidation to Q requires the removal of two electrowg the
theoretical analysis of the fundamental steps of the reaction hassame spirfrom the orthogonal components of ti&—O z*
orbital’®> As we will illustrate, this fundamental difference
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Figure 2. Optimized structures of the ground states of{nO),(u-
Oz)(NH3)62+, Z= 2, 0, 4.,

dase'® as well as the OE® In this paper, we use approximate
density functional theory to identify the key structural and

McGrady and Stranger

redox derivatives represents a logical extension to that work.
The most significant difference between the two systems is that
in the u-peroxo complex redox processes are not restricted to
the metal-based manifold, but may also involve ttfeand o*
orbitals of the @ unit.

Methodology

All calculations described in this paper are based on approximate
density functional theory, which has been used with great success to
probe structure, energetics and mechanisms in numerous transition
metal-based system$.Calculations were performed using the Am-
sterdam Density Functional (ADF), program Version 2.8eveloped
by Baerends and co-workers. A douldi&later-type basis set, extended
with a single polarization function, was used to describe the hydrogen,
nitrogen and oxygen atoms, while the manganese atoms were modeled
with a triple< basis set. Electrons in orbitals up to and including 1s
{N,O} and 3p{Mn} were considered to be part of the core and treated
in accordance with the frozen core approximation. A major goal of
this work is to investigate the influence of the metaietal interactions
on the redox processes, and consequently we consider separately the
cases where the electron spins on the two manganese centers are aligned
parallel (ferromagnetic coupling) and antiparallel (antiferromagnetic
coupling). The antiferromagnetically coupled states were moéeled
using the broken-symmetry methodology developed by Noodleman et.

electronic factors which link redox processes at a metal cluster al.”” which has been extensively used to describe the structural and
to the formation and cleavage of bonds between atoms in theMagnetic properties of weakly coupled polymetallic systéhiBsoken-

first coordination sphere. As a first step we consider the
u-peroxo species Mifu-O)(u-O2)(NH3)e?™ (See Figure 2a)
which corresponds to the intermediate stage gbkdxidation
shown in Scheme 1. A closely related complex X4nO),(u-
02)(MesTACN),2",20 has been structurally characterized by
Wieghardt and co-worketsand shown to eliminate oxygen in

symmetry calculations were performed by removing all symmetry
elements connecting the two metal centers (gi@g@oint symmetry)

and imposing an asymmetry in the starting spin density. For the
corresponding ferromagnetic states, where the electrons are completely
delocalized, the full molecular symmetrg,,, was used. The local
density approximation was employed in all ca&aspng with the local
exchange-correlation potential of Vosko, Wilk, and Nu¥a&nd

aqueous solution, but the complex mixture of products obtained gradient corrections to exchange (Bedkend correlation (Perdevi.

has made it difficult to identify the reaction pathway. In the
context of the current work, the extensive structural and

All structures were optimized using the gradient algorithm of Versluis
and Ziegler® with the restriction that NH bonds and HN—Mn

magnetic data available for the model complex make the angles were constrained to 1.01 A and 109respectively.
u-peroxo species a logical reference point. The electronic Results

structure of the parent MEACN complex (which differs from

our chosen model only in the presence of alkyl substituents on
the terminal ligands) has been described in detail in a recent

Geometry and Electronic Structure of Mny(u-O)2(u-O2)-
(NH3)6?". The optimized structure of the broken-symmetry state

paper?? and consequently we report only those features which (24) Ziegler, T.Chem. Re. 1991 91, 651.

are critical to the subsequent discussion of the redox processes(.
We have previously examined the structural consequences of

one- and two-electron reduction of Mp-O)x(NH3)s*t,23 where
the metal core is isovalent with Mgu-O)x(u-O2)(NH3)e?"
(Mn2VV), and the discussion of the-peroxo species and its
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Chem. Soc1997 119 3159. (b) Bray, M. R.; Deeth, R. J. Chem.
Soc., Dalton Trans1997 4005.

(19) (a) Blomberg, M. R. A.; Siegbahn, P. E. M.; Styring, S.; Babcock, G.
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J. Am. Chem. S0d.992 114, 6109.
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Table 1. Optimized Structural Parameters, Net Charg@s &nd Spin DensitiesS for Various States of Mifu-O),(4-O,)(NH3)e?", z= 2, 0, 4

Mnz(u-O)a(u-02) (NHz)e?*

Mnz(u-0)z(u-02)(NH3)®

Mn(u-0)2(-O2) (NHz)s*

BS S=3 expt?t BS S=2 S=3 BS BS,S=1 S=2
Spin'(}. a’25a”17 a115®8 a’ZGd'17 a115a28 a115a28 dZSd'lG dZSa”l7 a115a27
configuration h'%;,12 b; 10,12 b;1%,13 b; 1%,
Spin-ﬁ a’25a”17 a113®7 dZGd'l7 a114az7 a113a27 dZSd'lG d24a”16 a113a27
configuration b0 by%by,tt by%b,1t by %10
Mn—Mn/A 2.53 2.60 2.531(7) 2.60 2.38 2.69 2.76 2.79 2.76
O-0/A 1.41 1.40 1.46(3) 4.78 4.26 5.12 1.27 1.20 1.20
Mn—(u-Op)/A 1.85 1.89 1.83(2) 1.65 1.65 1.66 2.00 £08 4.08
Mn—(u-O)/A 1.83 1.84 1.81(2) 1.83 1.83 1.85 1.84 1.83 1.84
Mn—Ng/A 2.18 2.17 2.1% 4.71 4.80 4.71 211 2.08 2.06
Mn—Ne({A 2.19 2.17 2.1% 2.34 2.34 2.34 2.18 2.17 2.17
Q (Mn) +1.14 +1.14 +1.28 +1.23 +1.30 +1.21 +1.17 +1.16
+1.16
S(Mn) +2.55 +2.64 +2.51 +1.67 +2.68 +2.58 +3.14 +2.94
—2.78
Q (u-0y) —0.39 —0.36 —-0.77 —0.75 -0.77 —0.07 +0.15 +0.13
+0.15
S(u-0) +0.00 +0.20 +0.20 +0.28 +0.24 +0.01 +0.84 —0.87
+0.85
energy/eV —145.48 —145.34 —159.93 —159.44 —159.75 —110.48 —111.2G¢ —110.87

aNo minimum located; parameters correspond to a fixed separation of 4.0 A between the centers-eOtlam®Mn—Mn vectors (see text).
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Figure 3. Molecular orbitals diagrams for the broken-symmetry and ferromagr@tic 8) states of Mp(u-O)a(u-02)(NH3)e?".

of Mny(u-O)(u-0,)(NH3)e?" is illustrated in Figure 2a. A full below their vacant minority-spin counterparts (262vd, and
listing of the electronic configurations, energies, and optimized 18&'), with majority- (284, 194') and minority-spin (29a20&")
structural parameters for this and other species discussed in thigy orbitals a further 1.0 and 1.8 eV higher, respectively. The
paper is given in Table 1. The corresponding crystallographic spin-a and sping components of each orbital are degenerate
date® for Mna(u-O)a(u-02)(MesTACN),2™ are also shown in and are substantially localized on one metal center or other.
Table 1 for comparison. The structure of the rO),(«-O,) The frontier orbitals of theu-peroxo ligand span the metal
core is well reproduced by the calculations, wihn—Mn (2.53 manifold, with the vacant ©0 o* orbital (33d) almost 6 eV

A), rMn—(u-0) (1.83 A), andMn—(u-O5) (1.85 A) separations  above the highest metal-based orbitals and the occupfed
within 0.02 A of the experimental values in each case. Th@O orbitals (164 and 23§ located below the majority-spirpgt
separation in the:-peroxo unit (1.41 A) is somewhat shorter subset. The out-of-plane,@* orbital overlaps in az- fashion
than the experimental value of 1.46(3) A, but given the large with metal 4 (t2g), and the energetic proximity of the majority-
standard deviations associated with the latter, the calculatedspin tgand Q * orbitals causes significant mixing of the two.
value is not unreasonable. The energies of metal- and peroxide-The distinction between metal-based and ligand-based orbitals
based orbitals are shown in Figure 3a, and are qualitatively veryof &' symmetry is therefore less clear-cut than in orbitals'of a

similar to those of the isovalent complex Mn-O)(NH3)g*"
described in a previous publicati8hThe occupied majority-
spin by orbitals (244 254, and 174) lie approximately 2.3 eV

symmetry (17& has 51% Qu* character, 16420%). Mulliken
charges (Q) and net spin densities (S) for the two manganese
centers and the atoms of theperoxo bridge are also sum-
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marized in Table 1. The net spin densities2.55 for the
manganese centers are typical of weakly antiferromagnetically
coupled M ions23 the reduction from the theoretical limit of

+ 3.0 for a & single ion being caused by the covalent
delocalization of spin density onto the NHgands. In contrast

to the substantial localization of electrons on the metal centers,
the strong G-O o bond equalizes the net spin densities on the
atoms of theu-peroxo bridge.

The ferromagnetically coupled state can be constructed from
its broken-symmetry counterpart simply by inverting the electron
spins on one M center so that all metal-based electrons are
aligned parallel, giving a resultant total sgr= 3. Other than
a marginal increase in MAMn separation (2.60 A), optimized
structural parameters for the = 3 state are very similar to
those of broken-symmetry ground state (Table 1), suggesting
that the metal ions interact only weakly. Consistent with this,
the separation between the broken-symmetry &3 states
is 0.14 eV, corresponding to an exchange coupling constant of
—125 cnt1.34 This value compares favorably with the experi-
mental estimate of-120 cnt?! 2t and also the value of232
cm! reported by Noodleman et 3% The molecular orbital
array for theS= 3 state (Figure 3b) shows qualitatively similar
features to that for the broken-symmetry state, except now all
the occupied majority-spirgd orbitals (11bo-8a0) are spin-

o, and lie below their vacant minority-spin counterparts ¢btb
8a). The metal manifold is again spanned by the occupied
m* (Tap, 11by) and vacanib* (15by) orbitals of theu-peroxo
unit, but the splitting of spir and sping components of these
orbitals is less marked, again due to the presence of-a® @
bond.

Modeling of Redox ProcessesFor the purposes of the
following discussion, we divide each redox process into two
distinct steps. The first step, the vertical ionization energy,
involves the transfer of two electrons to or from the parengMn
(1-O)2(u-0O2)(NH3)g?" system (either in the broken-symmetry
or S= 3 states), without any structural relaxation. In the second
step, the intermediate state is allowed to relax to the optimum
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Figure 4. Variations in total energy and net spin densities during the
cleavage of the ©0 bond in Mn(u-O)x(u-O2)(NH3).

process in detail for one example (the reduction of the broken-
symmetry state of Mfu-O)(u-O2)(NH3)6?") by examining the
electronic structure of the intermediate, and then the changes
in energy and electron distribution as the cluster relaxes to its
equilibrium structure. For the other redox processes, we use
only the energies of the intermediate and optimized states to
define the stationary points of the reaction profile.
Two-Electron Reduction of Mny(z-O)2(r-02)(NH3)6? .
Broken-Symmetry State.The addition of two electrons to the
broken-symmetry state of M@-O)(1-O2)(NH3)e?™ populates
the two lowest unoccupied spiorbitals, 26& and 2685
(Figure 3a), which form part of the minority-spig,imanifold.
Net spin densities decrease frah2.55 to+1.63 electrons per

of separating the electron transfer process in this way is that
we can associate each step with a different feature of the
reaction. In principle, the relative energies of the fully optimized
structures of the two oxidation states define the position of the
equilibrium between the two, but it is important to realize that

an intermediat&= 1 spin state. The energy changes associated
with the subsequent geometry relaxation step are shown as a
function of the separation of the oxygen atoms inhgeroxo

unit in Figure 4. All other parameters, with the exception of
N—H distances and HN—Mn angles, were allowed to optimize

the computational experiment refers to isolated gas-phasefreely. In the optimized structure (Figure 2b0—0O = 4.78

species, and so neglects differential solvation of the different

A, rMn—(u-0,)36 = 1.65 A, andMn—Na = 4.71 A (compared

oxidation states. Furthermore, the energetic reference point ist0 values of 1.41, 1.85, and 2.18 A respectively for the parent

that of a free electron, whereas the relevant reference point in
a real chemical process is the potential of the external oxidizing
or reducing agent which makes up the other half of the couple.
In view of these comments, it is clear that the relative energies
of the optimized states do not yield useful information concern-
ing the energetics of the reaction. Of greater significance are
the relative energies of the intermediate and the fully optimized
state, as these provide a measure of the driving force for internal
electron transfer, once initial oxidation or reduction has occurred.
By emphasizing energy differencesthin one oxidation state,
rather than differencdsetweeroxidation states, we reduce the
significance of variables such as differential solvation and
instead focus on the electronic structure of the complex itself.
In the following section, we will analyze the two-step redox

peroxo complex). Thus reduction brings about the complete
cleavage of the ©0 bond, along with the dissociation of the
NHs groups lying trans to the:-peroxo unit, resulting in
approximate square-pyramidal coordination about the manganese
centers. In contrast, the central p@-O), core remains largely
unperturbed Mn—Mn increases by only 0.07 A along the
reaction coordinate). The electronic origin of these changes can
be traced by monitoring the spin densities at the manganese
and oxygen centers (of theperoxo unit) along the reaction
coordinate (Figure 4). As the-€D separation is increased, the
electrons in they bond begin to localize at opposite ends of
theu-peroxo unit, increasing the net spin densities at the oxygen
atoms to a maximum value af0.32 atrO—0 ~ 2.2 A. After

this point, the developing spin density at the oxygen centers is

(34) The exchange coupling constahtwas calculated using = —2J5-
S and the formuleE(Sna) — E(BS) = —JFmax?’

(35) The difference between the value reported here and the estimate given

in ref 22 probably arises because in the current study the energy of
the S = 3 state corresponds to that of the fully optimized structure.

(36) For simplicity, we retain the.(O,) label to identify the oxygen atoms
derived from the peroxo group of the parent complex, despite the fact
that cleavage of the ©O bond effectively eliminates the bridge. This
formalism is also applied to the oxidation processes, where the O
unit dissociates.
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Scheme 2. Electron Transfer Pathways for Two-Electron 7 0—0
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] | Figure 5. Energy profiles for the two-electron reduction of Mn
M M M M W i (-O)2(1-O2) (NH3)?™ to Mny(u-O)2(u-O2)(NH3)el. For each oxidation

state, the energy of the ground state is taken as an arbitrary zero point.

. . Absolute energy differencdsetweerpxidation states are not relevant,
countered by the transfer of an electron, of opposite spin, from because gas-phase values neglect differences in solvation energy (see

the minority-spin 4, orbitals of the MH' ions into the G-O o* text for full discussion of this point).
orbital. Net spin densities at each oxygen center therefore
decrease to a limiting value @f0.20, while those at the metal also instructive at this point to compare our results with a recent
center increase front1.63 to42.51, close to the original value  publication by Beces?® describing dioxygen complexes of a
of 42.55 characteristic of a Mhion in its S= %/, ground state. copper dimer, where it was concluded that the spin-restricted
The internal electron-transfer pathway, from initial metal based theory was sufficient for an accurate description of the@
reduction through to population of the-@® o¢* orbital, is bond cleavage process. This may simply be a result of the lower
summarized in Scheme 2a. spin polarization in C# (d°, S= /5) relative to Mrf* (d3, S=
In the optimized structure, the-peroxo ligand has been 39/;). Alternatively, it may be significant that in the copper
replaced by two MY=O groups, accounting for the contraction species, cleavage of the—@®@ bond occurs along an axis
of the Mn—0 distance, and it is the strong trans influence of orthogonal to, rather than parallel to, the metaletal vector,
the oxo ligands which causes the dissociation of the axiaj NH making stabilization of the developing spin density in the
ligands noted previouslyriin—N = 4.71 A). The rates of breaking bond by the metal centers impossible.
heterolytic G-O bond cleavage reactions have been extensively Ferromagnetically Coupled State § = 3). The molecular
studied, and they are accelerated by electron donating ligandsorbital array for theS = 3 state of Ma(u-O)(1-O2)(NH3)e2"
in the trans position (the so-called “push-effec?)This is (Figure 3b) indicates that the two lowest-lying unoccupied-spin
apparently contrary to our observation of complete dissociation orbitals are again part of the minority-spig manifold. In this
of the trans ligand. However, in the present case the bondcase, however, they are of the same spin §81dnd 14a3),
cleavage occurs only after reduction of the metal centers, andwith the lowest-lying spire. orbitals (majority-spin § some
so stabilization of a high-valent metal-oxo species is not 0.5 eV higher in energy, and so initial two-electron reduction
necessary. These observations suggest an important role for thgives an intermediate MW" state with total spinS = 2.
protein environment in supplying labile donor residues capable Relaxation of the geometry again results in cleavage of th©O
of reversible coordination in response to changes in electronic bond §0—0 = 4.26 A, Table 1), but in this case the driving
structure at the active site. force for internal electron transfer is 0.5 eV lower than for the
The potential energy curve in Figure 4 shows that, following corresponding broken-symmetry state (Figure 5). The internal
initial electron transfer to the metal centers; O bond cleavage  electron transfer is again driven by two factors, the formation
is highly exothermic, the optimized structuneO-0O = 4.78 of two Mn=0 bonds and the regeneration of the Mt core.
A) lying over 2.5 eV below the intermediate state (1.41 A). The stablising influence of the MmO bonds is essentially
The driving force for the internal electron transfer is provided independent of the orientations of the electron spins, but the
by a combination of two factors, the formation of two strong stability of the MRVV core is not (Scheme 2b). To cleave the
Mn=0 double bonds and the regeneration of the stable half- O—O bond, theo* orbital must be occupied by two electrons
filled tag® subshell of M. In contrast, cleavage of the-@ of opposite spin, whereas in the intermediate,¥h state with
bond at the Mp(u-O),(u-O2)(NH3)6?" oxidation level can occur ~ S= 2, the two highest-energy electrons occupy orbitals of the
only at the expense of removing two electrons from the stable same spinf). The spine. electron required to populate the-©
majority-spin by orbitals (Figure 3a), and is consequently o* orbital must therefore be taken from a more stable majority-
endothermic by approximately 2.4 eV. It should be noted that spin &g orbital, with the net result that, in the optimized dioxo
the additional stability of the half-filled,4® subshell only structure, one of the two Mhions is in an excited spin-doublet
emerges from a spin-unrestricted treatment of the electronic state (average spin density +1.67).
structure, and similar conclusions would therefore not neces- If instead the two additional electrons are forced to occupy
sarily arise from studies using extendeddiel theory. It is orbitals of the same spatial and spin symmetry as0»* (b,

(37) Dawson, J. HSciencel988 240, 433. (38) Baces, A.Inorg. Chem 1997, 36, 4831.
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b.s, total spinS = 3), O—0 bond cleavage occurs to give a 0—0

dioxo complex 0.31 eV more stable than tBe= 2 state, and 2.0 = Ian/_l\w“w

only 0.18 eV higher than the broken-symmetry ground state. BS. =1

Structural parameters for the broken-symmetry 8nd3 states i'_ ’

of Mny(u-O)(u-O2)(NH3)e are very similar, just as they were i i— $=2

for the corresponding spin states of Mu-O)a(u-02)(NH3)6?", > & Bs . 0=0
consistent with the fact that at both oxidation levels, the two < § 7— v VMn——mMmn"
are simply related by an inversion of the spins at oné"Mn & Lo- S e :

center. While the structures and relative energies of the fully £ &@'," RO :

optimized broken-symmetry anfl = 3 states are relatively & _.1 BS |
insensitive to the nature of the coupling between the metal ions, e :

the same is not true of the Mi" intermediates, where t@ i 3 ’_

= 3 state lies approximately 0.4 eV higher. In the broken- PR S=2
symmetry state, the excess electrons in thg'Mhintermediates g == 5

occupy two minority-spinz orbitals, whereas irs = 3, one 0.0 ;S" 53 BS, S=1

electron is placed in the 13 orbital, part of the much higher-

energy majority-spin £ manifold. In single-ion terms, the Mn;(1-0)(1-02)(NHz)s™ Mnj(1-0);(1-0;)(NHz)s
Mn2 " intermediate withS = 3 contains one M center in 0—0 oo

anS = 1 state and one in aB = 2 state (Scheme 2c). As a IVMHI_I\VIHIV Vvin—=— MV

result, it is substantla[y less stable than th? corresp_ondmg Figure 6. Energy profiles for the two-electron oxidation of Mn-
broken-symmetry an& = 2 states, where both ions are in the ) oF ) ) P

L. . . O)z(,u Oz)(NH3)5 to an(/,t O)z(,u Oz)(NH3)5 .
more stablés= 1 state. This final point serves to illustrate that
while it is computationally expedient, when metal centers are Scheme 3. Electron Transfer Pathways for Two-Electron
weakly coupled, to calculate the ferromagnetically coupled Oxidation of Mry(u-O)x(u-O2)(NHz)e?"
ground-state rather than its antiferromagnetic countetfttis I I
procedure should be viewed with some caution when examining ‘ 0=0
reaction pathways. ]

The ideas presented in the preceding paragraphs can be Mn
summarized as follows: in both antiferromagnetically and .
ferromagnetically coupled systems, initial two-electron reduction 1Ay A1 o7 1]
of Mny(u-O)a(u-O5)(NH3)e?™ is metal-based, resulting in the — 0—0
formation of au-peroxo M intermediate. Subsequent ®BS / \4'—') / \4
cleavage of the ©0 bond then occurs by transfer of two Mn n Mn "N 0440
electrons, necessarily opposite spinfrom the metal manifold !
into O—0 o*, thereby regenerating the stable PV core. If W 1] " ] !
the metal core is antiferromagnetically coupled, the lowest Mn
energy Ma'""' intermediate has two electrons in high-lying
metal-based orbitals of the same spatial and spin symmetry as " W
the O-O o* orbital (Scheme 2a), providing a low-energy
electron-transfer pathway linking the antiferromagnetically
coupled ground states of Mu-0)(u-O2)(NH3)e?t and Mrp- ”“ "” O0=0
(1-O)2(-O2)(NH3)e?. In contrast, the most stable MH" b) BS, S=1 /0_0\ -2e /0_0 H
intermediate arising from reduction of a ferromagnetically ’ Mo Mn Mn \h Mn i
coupled core$= 2) has two high-energy electrons in orbitals
of the same spin, in which case cleavage of theGDbond can m W m ! m W
occur only at the expense of removal of an electron from the
more stable majority-spirdorbitals (Scheme 2b). The alterna-
tive intermediate Mg complex, where electrons are in 1 ” ”” 1}
appropriate spatial and spin symmetry for transfer into th€>O o L 0O -2e 2o 0=0
o* orbital, is relatively unstable due to the presence of a high- ¢) $=2 / k‘ — / k‘ —_— '
spin Mn" ion (Scheme 2c). Thus we conclude that the barrier Mn n Mn n Mn——Mn
to O—0 bond cleavage is much higher when the metal centers

are ferromagnetically coupled. m m il i M M
Two-Electron Oxidation of Mn x(u-0)2(u-02)(NH3)6?".
Broken-Symmetry State. The energy profile for the two-  above. Nevertheless, the geometry relaxation step does result
electron oxidation of the broken-symmetry state of4r0),- in transfer of charge from ligand to metal, albeit to a smaller
(u-O2)(NH3)e?" is shown in Figure 6, and the electron-transfer extent than in the reduction processes, and so the qualitative
pathway is summarized in Scheme 3a. Initial oxidation removes conclusions based on the assumption of an initial metal-based
electrons from the 17& and 174 orbitals (Figure 3a), giving oxidation process remain valid. Following formation of this
rise to a MaV"V intermediate with two vacancies of opposite Mn,""V intermediate, there are two possible pathways for internal
spin in the majority-spin,f manifold. The 174 orbitals are electron transfer from ligand to metal, both of which are shown
extensively delocalized over both metal centers ang -theroxo in Scheme 3a. Pathway (i) involves transfer of two electi@ins
ligand, and so the initial electron transfer step is not as strongly opposite spirfrom one component of the* orbital of O, unit
localized on the metal ions as the reduction processes describedhto the vacancies in the majority-spigy tmanifold, thereby

Mn
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regenerating the MYV core in its broken-symmetry ground
state, but producing £In an excited spin singlet state. Pathway
(i) involves transfer of two electronsf the same spirone from
each component of Ot*, generating oxygen in a triplet state,
but the MYV core in an excited state with one electron in a
minority-spin bg orbital. In the optimized structure, the net spin
densities 0ft0.01 anct-2.58 for O and Mn, respectively (Table
1) indicate that of the two possibilities, (i) is more stable, and
the structural parameter$)—0 = 1.27 A, rMn—(u-O,) = 2.00

A, are consistent with the formulation of the product as a
molecule of oxygen, in its spin-singlet excited state, weakly

coordinated to the manganese dimer. In terms of the functional-

ity of the OEC, the production of £in a spin singlet state

Inorganic Chemistry, Vol. 38, No. 3, 199%57

orbital) in which case subsequent internal electron transfer can
generate both metal and,Q@mnits in their respective ground
states. This intermediate lies approximately 0.4 eV above the
lowest-lying of the fifteen configurations (corresponding to
removal of electrons from 88 and 10h3). However, we noted

in the Introduction that metal ions in vivo are typically in
asymmetric environments, in which case symmetry-imposed
barriers vanish. The energy of the intermediate described here
can therefore be regarded as an upper limit for a system of lower
molecular symmetry. It is important to emphasize again the
difference between arguments based on spatial symmetry, which
are dependent on coordination environment, and those based
on spin symmetry, which are not. Relaxation of 8w 2 state

presents a problem, because the additional energy required folagain results in a contraction of the—@ vector and a

the spin interconversion to a triplet-(l eV@d presents a
significant barrier.

substantial lengthening of the Mi{u-O,) bonds, but attempts
to locate a minimum in the potential energy surface are again

As an alternative strategy, the oxidation process could removefrustrated by convergence problems at landén—(u-O).

two electrons from orbitals of the same spin and spatial
symmetry as the orthogonal components of stieorbital of
O, (dp, d'p), giving a spin-triplet. This state is denoted BS,

Therefore the energies and structural parameters reported for
theS= 2 state in Table 1 again correspond to a fixed separation
of 4.0 A between the centers of the MMn and O-O vectors.

= 1, to emphasize that despite its nonzero total spin, it is derived /N the optimized structure, the net spin density-3.87 per

from the broken-symmetry, rather than ferromagnetically coupled,

oxygen center indicate that the weakly bound oxygen molecule

parent complex. Relaxation of the geometry again causes anS Its ground state, as are both Mwenters §Mn) = +2.94),

increase in the Ma(u-O,) bond length, but in this case to a
much greater extent. No minimum in the potential energy
surface was located faMn—(u-Oy) < 4.0 A, beyond which

and so thes= 2 state is related to the BS= 1 state described
earlier simply by a spin flip at one Mhcenter. The distinction
between the BSS = 1 andS = 2 electron transfer pathways

point convergence problems occur due to the near degeneracFMerges in the stability of the intermediate states, which for

of the G, 7* and minority-spin g orbitals. However, atMn—
(u-O2) = 4.0 A the energy of the cluster is lower than the sum
of the energies of the isolated,@nd Mmny(u-O)(NH3)s*"
fragments, indicating that a minimum, corresponding to a weakly
bonded @ complex, is present at some longer separation. In
keeping with the weak nature of the interaction, the potential
energy surface is very flat at larg®in(u-O5), and so the energy
and structural parameters of the complexMh—(u-O,) ~ 4.0

A will closely approximate those of the true minimum.
Accordingly, the data reported in Table 1 correspond to a fixed
distance of 4.0 A between the centers of the-Mn and O-O
vectors. The very long Mna(u-Oy) and short G-O bonds
confirm that the @molecule is bound to the metal centers only
by weak noncovalent forces, and the net spin densitig<0d85

per oxygen center confirm that the oxygen molecule is in its
spin-triplet ground state, stabilizing the BS+ 1 state by 0.72

the former, contained a relatively high energy MMi' core
(Scheme 3b). Scheme 3c illustrates that in contrast, removal of
the two electrons of the same spin from the ferromagnetically
coupled system generates a more stableMrintermediate.
Thus oxidative formation of the component of the ©0 bond
proceeds via a lower-energy pathway in the presence of
ferromagnetically coupled metal centers.

Summary

The calculations described in this paper reveal a number of
features of the electronic structure of manganese clusters that
may be relevant to the functionality of the OEC and other redox
metalloenzymes. The stability of the half-fillegjt subshell
makes MM ions unusually resistant to both reduction and
oxidation, so much so that the M core persists across all
three oxidation states, M-O),(u-02)(NHz)s*™2t/0. In this

eV relative to the corresponding state containing spin-singlet context, it is interesting to speculate that the prevalence ¢f Mn
oxygen. However, the corresponding intermediate state, is (3, Mn!l (%), and F& (df) centers in electron-transfer

relatively unstable (Figure 6), because the removal of two
electronof the same spifrom an antiferromagnetically coupled
system generates one Mion and one MH' (Scheme 3b) rather
than a symmetric MgY"V species (Scheme 3a). Therefore while
an antiferromagnetically coupled core provides a low energy
pathway for reductive cleavage of the-Q o bond, oxidative
formation of thexr bond passes through a high-energy inter-
mediate.

Ferromagnetic Coupled State § = 3). Oxidation of the
ferromagnetically coupledS(= 3) state of Ma(u-O)x(u-O2)-
(NH3)g?" results in the removal of two electrons of the same
spin from the majority-spiny§ manifold, giving a state witls
= 2. The molecular orbital diagram shown in Figure 3b indicates
that the occupied majority-spirgt manifold is a relatively
narrow band of six orbitals, and consequently the initial electron
transfer step can generate fifteen distinct configurations, all with
S= 2, and all of similar energy. Of these, we focus only on the
configuration where electrons are removed fronp&nd 12b3
(the same symmetry as the two components of theDOr*

enzymesis related to the stability of the half-filled shells. The
second notable feature is the role of metaletal interactions

in determining the barriers to formation of the-©@ ¢ andx
bonds. The major differences between the antiferromagnetically
coupled and ferromagnetically coupled systems arise from the
need to link bond formation or cleavage between ligand atoms
to an external electron source (or sink) via a low-energy
electron-transfer pathway. Cleavage (or the microscopic reverse,
formation) of the G-O o bond requires transfer of two electrons
of opposite spin between metal and ligand, while formation (or
cleavage) of the ©0 s bond requires transfer of two electrons
of the same spin. Two-electron reduction or oxidation of,Mn
(u-O)2(u-O2)(NH3)e?™ provides the necessary electrons or
oxidizing equivalents in high-lying minority-spin or low-lying
majority-spin tg orbitals, respectively. If the metal ions are
antiferromagnetically coupled, then the additional electrons (or
vacancies) occupy orbitals of opposite spin, whereas ferromag-
netic coupling directs the electrons into orbitals of the same
spin. Thus at an antiferromagnetically coupled core, reductive
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cleavage of the ©0 ¢ bond occurs via a relatively stable
Mn """ intermediate containing two low-spin Mrions (Figure
5, Scheme 2a), but oxidative formation of the-O & bond
must pass through a high-energy Mf! intermediate (Figure
6 and Scheme 3b). In contrast, reductive cleavage of th® O

McGrady and Stranger

plexes are also well established in the literatirand Mn
intermediates have been implicated in the catalytic oxidation
of watepd13de and various organic substratésAnalogous
FeV=0 species also play a prominent role in a number of well-
characterized enzymes, containing both heme (cytochrome P450,

o bond at a ferromagnetically coupled site occurs via an unstablehorseradish peroxidagéy®and non-heme (methane monoxy-

Mn "' intermediate containing a high-spin Mrion, whereas
oxidative formation of ther bond involves a relatively stable
MnyVYV intermediate (Figure 6 and Scheme 3c).

In terms of the reactivity of the OEC, the antiferromagnetic
coupling induced by the Mifu-O), core provides an ideal
electronic environment for formation of the component of
the O-0O bond, but not for ther component. Shaik and co-
workers® have recently noted the importance of two-state
reactivity in the context of oxidation of organic substrates, and
it is possible that the barrier to oxidative formation of the
bond could be reduced by initial formation of the more stable
antiferromagnetically coupled (BS) intermediate, followed by
spin interconversion to the BS§ = 1 potential surface at a
later point along the reaction coordinate (Figure 6). Alterna-
tively, the reaction could involve initial population of the
ferromagneticS = 3 state of Ma(u-O)(u-O2)(NH3)e?™, from
which point the low-energys = 2 pathway can be accessed.
Noodleman has previously suggested that thermal population
of the S = 3 state of Ma(u-O)(u-O2)(MesTACN)g2" may
provide a pathway for oxygen dissociati&in general agree-
ment with our results, although we have shown that release of
the G, group only occurs following two-electron oxidation. The
ferromagnetic pathway could be made more accessible by
structural modifications that reduce the exchange coupling
constant, for example, protonation of tireoxo groups' It
seems unlikely, however, that protonation of the bridges would
follow oxidation, which reduces the basicity of the oxo ligands.
A rather more subtle possibility is suggested by the structure
of the OEC (Figure 1), where the MiMn separations of 2.7
A (typical of a Mmy(u-O), unit) and 3.3 A (typical of Mg
(#-0)) indicate the presence of two very different electronic
environments. Magnetic coupling in momeexo bridged
complexes is typically an order of magnitude weaker than in
di-u-oxo bridged system&making ferromagnetic states more
accessible if the peroxo ligand bridges the former rather than

the latter. The presence of four, rather than two, manganese
centers in the OEC may therefore be related to the need to

provide different electronic environments for the sequential
formation of theo andxr components of the ©0 bond.

We stated in the Introduction that our aim was to investigate
the “chemical competence” of species which may play a role
in the reaction cycle, and it is therefore important to critically

assess the key intermediates we propose in light of available
experimental evidence. There is a considerable body of data to
support the participation of metal oxo species, such as those in

Mn(u-0)2(u-O2)(NH3)e?, in the initial stage of the oxidative
process. Vibrational spectra have been reported folV#0
complexesi!2along with UV/vis and mass spectra suggesting
the existence of a (Mh=0), dimer1P Stable MY=0 com-

(39) Shaik, S.; Filatov, M.; Schroder, D.; Schwarz,&Ghem. Eur. J1998
4,193.

(40) (a) Baldwin, M. J.; Stemmler, T. L.; Riggs-Gelasco, P. J.; Kirk, M.
L.; Penner-Hahn, J. E.; Pecoraro, V.1.Am. Chem. S0d994 116,
11349. (b) Larson, E. J.; Riggs, P. J.; Penner-Hahn, J. E.; Pecoraro,
V. L. J. Chem. Soc., Chem. Commuf892 102. (c) Wieghardt, K.;
Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.; Corbella, M.; Vitols,
S. E.; Girerd, J. JJ. Am. Chem. Sod 988 110, 7398. (d) Hagen, K.

S.; Westmoreland, T. D.; Scott, M. J.; Armstrong, W.JHAm. Chem.
Soc 1989 111, 1907.

genase, ribonucleotide reductase) active $ite§ As noted in

the Introduction, the participation of @peroxo intermediate

in the OEC has been questiong8put such species are well
established in the literatuf&, 4546 and have been postulated
as intermediates in synthetic water oxidation catal§fts.
Moreover, their importance in the microscopic reverse, oxygen
activation, has been established by vibrational spectroscopy,
notably in methane monoxygenas¥d-h Finally, although there

is no direct experimental evidence concerning the site pf O
release in the OEC, a number of bimetallic complexes are
capable of reversibly binding molecular oxygen in its triplet
ground state, and, significantly, the majority have metaktal
separations in excess of 3.0*AAs a result, ferromagnetic states
will be accessible at room temperature, giving access to low-
energy electron-transfer pathways for reductive cleavage of the
sz component of the ©0 bond.
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