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Abstract. Water exchange on Mn centers in proteins has
been modeled with density functional theory using the
B3LYP functional. The reaction barrier for dissociative
water exchange on [Mn!Y(H,0),(OH)s] is only
9.6 kcal mol~!, corresponding to a rate of 6 x 10°s7!,
It has also been investigated how modifications of the
model complex change the exchange rate. Three cases of
water exchange on Mn dimers have been modeled. The
reaction barrier for dissociative exchange of a terminal
water ligand on [(H,0)>(OH)>Mn!V(u-0),Mn!Y(H»0),
(OH),] is 8.6 kcal mol~!, while the bridging oxo group
exchange with a ring-opening mechanism has a barrier
of 19.2 kcal mol~'. These results are intended for
interpretations of measurements of water exchange for
the oxygen evolving complex of photosystem II. Finally,
a tautomerization mechanism for exchange of a terminal
oxyl radical has been modeled for the synthetic O,
catalyst  [(terpy)(H,O)Mn!Y (u-O)>,Mn"V (Oe)(terpy)*+
(terpy =2,2':6,2"-terpyridine). The calculated reaction
barrier is 14.7 kcal mol™!.

Keywords: Water exchange — Manganese — Dimers —
Density functional theory

1 Introduction

To understand the reactivity of metal ions in biology and
in solutions it is important to understand their exchange
reactions and the most essential exchange reaction is
exchange of water ligands. Results on this exchange
process in the aqueous phase are widely available and
have been reviewed recently [1]. In contrast, relatively
little is known regarding water exchange in media other
than water. This is unfortunate since knowledge about
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exchange reactions in enzymes can aid the interpretation
of complex enzymatic mechanisms.

An intriguing example of water exchange in enzymes
is given for the Mny oxygen-evolving complex (OEC) in
photosystem II (PSII) where exchange rates in the dif-
ferent S states have been investigated using '*O-labeled
water [2]. The two water molecules whose oxygens
combine to form O, exchange with different rates in all S
states. The highest exchange rate is greater than 175 s~!
and the lowest rate is 0.02 s~! (at 10 ° C), corresponding
to barriers of less than 13.6 and 18.7 kcal mol™!,
respectively. The ultimate goal of that experimental
study of exchange rates is to be able to attribute each
exchange rate to a ligand position in the Mny cluster.

The purpose of the present paper is to model water
exchange on metal ions in enzymes rather than in water.
This is to aid the interpretation of experiments like the
one just described. One difference for metal centers in
enzymes compared to the aqueous phase concerns the
charge of the complex. In water solution, the charge on
the metal complex is stabilized by the high dielectric
constant. In biological systems, the metal center is often
buried deep inside a low dielectric protein [3, 4, 5] where
it is unlikely to carry a high charge. Consequently,
neutral systems are chosen for the models in the present
study. Since many enzymes have more than one metal
ion [4, 5], the present article treats dimeric metal centers
in addition to monomeric centers. This is a novel feature
for a theoretical study at this level. Even larger com-
plexes of metal ions exist, for example, the Mng complex
in PS 1II [6]. However, most aspects of the more complex
systems are already present in the dimers. Regarding the
choice of ligands, simple water derived (aqua, hydroxo
and oxo) ligands have been used in the present models.
These ligands have previously been used in theoretical
studies of the OEC with good results [7]. Use of water-
derived ligands makes it possible to calculate exchange
rates not only for water ligands but also for hydroxo and
oxo ligands, which should be present at different stages
of the oxygen evolving reaction in the OEC.

Even though there are significant differences between
exchange in proteins and aqueous solution, important



results can be obtained from previous studies. The
standard classification of ligand-exchange reactions on
monomers divides these into three different classes: dis-
sociative (D) mechanisms, where an intermediate exists
with a reduced coordination number, associative (A)
mechanisms, where an intermediate exists with an in-
creased coordination number, and intermediate (I)
mechanisms, concerted reactions with no observable
intermediate [8]. The latter can be divided into I, and Ig,
which are concerted reactions with associative and dis-
sociative character, respectively. In the present paper,
the I mechanism requires that the reaction proceeds
through a single (and symmetrical) transition state [9].
The three mechanisms are shown schematically in Fig. 1.

Experimentally, exchange rates on first-row transi-
tion-metal ions in the aqueous phase span 15 orders of
magnitude [1]. Owing to the large range of rates, dif-
ferent experimental and theoretical methods have been
used to shed light on water exchange processes. Among
the theoretical methods, Hartree—Fock and complete-
active-space self-consistent field have been applied to all
first-row transition metals with good results [10]. Since
the present paper focuses on Mn, previous results for
this metal are of particular interest here. [Mn''(H,0)¢]**
was found to exchange with an A mechanism and the
calculated barrier AE*, was 7.4 kcal mol~' [10]. This is in
good agreement with the experimental barrier, AG*, of
7.5 kcal mol~! (rate of 2.1 x 10757 ") [11]. In the same
theoretical study it was found that exchange on
[Mn'"'(H,0)¢]** proceeds via a D mechanism with
a barrier of 12.9 kcal mol~'. An associative exchange
mode for Mn'"! has also been studied theoretically [12],
but the barrier was slightly higher. In general, the
character of the exchange mechanism changes from
associative to dissociative as the ionic radius decreases
and the number of 3d electrons increases [1, 10].

The present study uses density functional theory
(DFT). DFT calculations have previously been applied
to several water-exchange reactions [13, 14, 15, 16]. An
interesting observation from one of the studies is that
with a hydroxo ligand instead of an aqua ligand in the
first shell of Ti** the exchange mechanism (for a water
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Fig. 1. Schematic picture of the associative (A4), dissociative (D)
and intermediate (/) mechanisms for ligand exchange between first
and second coordination shells
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ligand) changed from A to D [15]. At the same time, the
reaction barrier decreased by 6 kcal mol~'. The de-
creased barrier for exchange of an aqua ligand can either
be attributed to a trans effect from the strongly bound
hydroxo or to a decrease in the charge of the metal
complex (from +2 to +1). Extrapolating this result to
the Mn'"' results mentioned earlier, an expected barrier
of 12.9 — 6.0 = 6.9 kcal mol~! is obtained for a Mn'!!
monomer with a hydroxo ligand. This result is relevant
for the present study since hydroxo ligands are used to
achieve charge neutrality.

In all the studies mentioned earlier, the first coordi-
nation shell was treated at a high level of theory.
Including also a complete second shell is more prob-
lematic. In Cr'', which has been carefully investigated,
the second shell consists of at least 12 water molecules
[17]. Including a full second shell in the quantum
mechanical calculations seems to have been attempted
[14] but no results have been presented. The most com-
mon approach is to include a single second shell water in
the high-level models and to treat the rest of the sur-
roundings in an approximative way. Deeth and Elding
[13] used simple Born approximations and molecular
modeling simulations to estimate the effect of the sur-
roundings and found that they were quantitatively sim-
ilar. Another alternative is to use polarizable continuum
model (PCM) methods that account for multipoles [18].
The present study uses a single second shell water and
treats the surroundings as a homogeneous medium using
the conductor-like PCM (CPCM) method [19, 20].

As already mentioned, a theoretical study found a
labilizing effect when a hydroxo ligand was introduced
into the first shell. This effect had earlier been observed
experimentally for both monomers and dimers [21, 22,
23, 24]. Water-exchange barriers on Cr’* decreased by
4 kcal mol~! by including a hydroxo ligand in the first
shell [21]. A bridging hydroxo ligand on the Cr** dimer
had a slightly smaller effect (2 kcal mol~') [22]. A similar
trend was found for Rh!'!. A hydroxo ligand in the first
shell of the monomer decreased the exchange barrier by 3—
4 kcal mol~'[23, 24]. Ligands trans to the hydroxo bridge
in the dimer [Rh™(x-OH),Rh™]** exchanged dissocia-
tively with a barrier 1-2 kcal mol~! lower than the barrier
in the hexaaqua-coordinated monomer. No exchange of
the bridging OH groups could be detected [24]. The single
u-oxo bridge of the Ru-dimer cis,cis-[(bpy)zRu(H20)]‘2‘+
does not seem to exchange either [25, 26]. In cases where
exchange of bridging ligands has been detected, rates are
in general low. Exchange of the bridge in [Cr'M(u-
OH),Cr'"] has a barrier of 24.3 kcal mol~! (rate of
107> s~1)[22]. Finally, exchange of the u-oxo bridge in the
iron dimer of the enzyme ribonucleotide reductase has a
barrier of 21.7 kcal mol~! [27]. This is within a few kilo-
calories per mole of the barrier of the slowly exchanging
water in the S; state of the OEC and calculated exchange
barriers for u-oxo bridges are expected to be in this range.

2 Computational details

The calculations in the present study were performed in three steps.
Following an optimization of the geometry with a rather small



132

basis set, the energy is calculated using a larger basis set. In the
third step, thermal effects and the effect from the polarized sur-
rounding are added to the energy. All the calculations used the
DFT hybrid functional B3LYP [28, 29]. Gaussian98 [30] was used
for most of the calculations, but large basis set calculations on Mn
dimers were performed using Jaguar [31].

In the geometry optimizations, the LANL2DZ basis set was
employed. This basis set is a d95 basis set (double-zeta quality) [32]
with a nonrelativistic effective core potential (ECP) [33] for Mn
atom. This rather small basis set can be used with good results since
it has been shown that the final energy is rather insensitive to the
quality of the geometry optimization [34]. Optimized structures are
accepted if the Hessian (i.e. second derivatives of the energy with
respect to the nuclear coordinates) only has positive eigenvalues.
The Hessians are also used to estimate zero-point, thermal and
entropy effects on the relative energies, applying the harmonic
approximation. Transition states (TS) are obtained by full opti-
mizations following a Hessian calculation. TS are characterized by
Hessians with a single negative eigenvalue corresponding to the
reaction coordinate.

Following the geometry optimization, the energy is calculated
using the all-electron basis set 6-311+ G(d,p), with polarization
functions added to all atoms and diffuse functions added to the
heavy atoms. For the antiferromagnetically coupled dimers, it is
sometimes difficult to get convergence for the all-electron basis set.
To get consistent results, the LACV3P**+ basis set from the pro-
gram Jaguar was used for all the energy calculations on the Mn
dimers. The LACV3P basis set is of triple-zeta quality and uses an
ECP [33] for the Mn atom.

Regarding the rather small basis set in the geometry optimiza-
tion, Hartmann et al. found a TS for water exchange if they opti-
mized without hydrogen p functions that could not be localized
with the p function added [14]. This is also the case in the present
study (for reaction 8) but it is not very important since the energy
obtained from the large basis set calculation shows if the calculated
TS is not a true TS on the potential-energy surface.

The part of the surroundings that is not explicitly included in
the model is treated as a homogeneous medium with a dielectric
constant of 4. The value of the dielectric constant is chosen in line
with previous suggestions for proteins. The choice is arbitrary but
has previously been shown to give results in good agreement with
experimental data [35]. In general, the dielectric effects are rather
small and the effect of changing the € value is therefore expected to
be small. The CPCM polarizable conductor model (Cosmo) [19, 20]
is used and the radii of the solvent molecules are taken from the
parameters for water.

The inherent accuracy of the B3LYP method has been esti-
mated using the extended G3 benchmark set [36]. This test has 376
entries, and the B3LYP functional obtains an average error of
4.27 kcal mol~' [36]. However, the main part of the entries in the
benchmark test is concerned with enthalpies of formation for
molecules of various sizes. Errors in enthalpies of formation, where
many new bonds are formed, are not very relevant when studying
reaction mechanisms where no covalent bonds are formed. The
energetics of the water-exchange processes should be less prone to
errors than enthalpies of formation. In addition, the relative errors
when comparing the same type of exchange reactions should be
even less prone to errors. An estimated error from the B3LYP
treatment is 1-2 kcal mol~! for the relative barriers.

Benchmark calculations using the same methods and basis sets
as in the present paper gave a barrier 2.5 kcal mol~! too high when
applied to water exchange on Fe’t(H,0)s (10.9 versus
8.4 kcal mol~! experimentally [1]). By extending the number of
water molecules in the second coordination shell to 2 and 3, the
calculated barrier dropped, but only by 0.5 kcal mol~!. No results
were obtained for more than three water molecules in the second
shell.

Finally, DFT calculations on low-spin coupled open-shell sys-
tems, for example, antiferromagnetic coupling of two high-spin
Mn!V centers, do not give the correct energy. To be able to correct
the energy of the low-spin state, both high-spin and low-spin states
should be calculated. A J value can then be obtained using the
Heisenberg Hamiltonian formalism [37]. In principle, the correction

should be applied to all dimers with antiferromagnetic coupling. In
the present study it is assumed that the correction is approximately
constant throughout the water-exchange reactions. It is therefore
not included for dimers that keep their antiferromagnetic coupling
throughout the reaction. However, in the last part of the Results
section, exchange of a terminal oxo group is proposed to proceed
via a ferromagnetic state. For this system, the correction to the
antiferromagnetic state is calculated since the energy difference
between antiferromagnetic and ferromagnetic states enters directly
in the barrier.

3 Results

Biological systems with transition metals are diverse
with a large selection of different ligands and oxidation
states. It is not feasible to model all these variations.
Instead, the approach in the present paper is to start
with a very simple neutral Mn'Y complex with water-
derived ligands. Modifications and additions are made
for this model to estimate relative effects on the
exchange rate. In the first part, effects of changes in
ligand composition and oxidation state of the monomer
are studied. In the second part, attention is turned from
monomers to dimers and exchange reactions on the
bimetallic centers Mn'V-Mn!Y' and Mn'V-Call are
modeled. For the former, exchange rates of a terminal
water ligand and a bridging oxo group are studied.
Finally, the tautomerization exchange mechanism for a
terminal oxo group in a Mn dimer is investigated.

3.1 Ligand exchange on monomeric Mn centers

3.1.1 Water exchange on [Mn"Y(H,0),(OH),]H,O
(reaction 1)

Exchange on a Mn!Y center has not been studied
previously since this oxidation state is unstable in water.
In biology, it is proposed to be an important oxidation
state in the reaction sequence of OEC [6]. Throughout
the present study, Mn!V is modeled as a high-spin *A
state in line with previous modeling experience [38]. The
model complex is chosen to be neutral. To compensate
for the charge on the Mn ion, four negative ions
(hydroxides) are therefore included in the first coordi-
nation shell. A single water molecule is located in the
second coordination shell.

There are several possible configurations for the
reactant. The strategy for locating the global minimum
mainly takes three effects into account. The first priority
is to consider trans effects and position tightly binding
ligands (hydroxides) trans to loosely bound ligands
(water) to the greatest possible extent. The second pri-
ority is to optimize the hydrogen bond strengths. The
second-shell water makes two hydrogen bonds. It should
donate a bond to the best proton acceptor (a loosely
bound hydroxo ligand), which in the Mn!V system is a
hydroxo ligand trans to ano\ther hydroxo. The water
molecule should also receive a bond from the best pro-
ton donor (the tightest bound water). Rotations of the
ligands also create local minima that have to be avoided.
The final structure of reactant 1 is shown in Fig. 2.



Reactant 1

Mn!V has three electrons in its 3d orbitals and
according to the findings on hexaaqua-coordinated
centers [10], Mn'Y should substitute by the A or I,
mechanism. In contrast, the present study found that the
D mechanism has the lowest barrier for water exchange
on [Mn!'VY(H,0),(OH)4]H,O (reaction 1). The first TS
(TS 1 in Fig. 2) has a distance between Mnl and the
exchanging water ligand O2 of 2.95 A.

TS 1 represents the leaving water molecule (O2) going
from the first to the second coordination shell. The
barrier is 9.6 kcal mol~'. An intermediate (INT 1) is
formed with two water molecules in the second shell
(Fig. 2). This intermediate is rather stable and lies only
3.3 kcal mol~! above the reactant. A second TS on the
energy profile (TS 1*) represents the incoming water
(0O8) going from the second to the first coordination
shell. As the product is identical to the reactant, the
reaction is symmetric. The second TS (TS 1%) is there-
fore identical but reverse to the first TS (TS 1) and has
the same barrier. Throughout the present paper, struc-
tures labeled with asterisks (e.g. TS 1*) correspond to an
earlier structure on the reaction path (e.g. TS 1), how-
ever, with leaving and incoming ligands interchanged.
For the same symmetry reason, the overall reaction is
thermoneutral. The energy profile of the reaction is
shown in Fig. 3. The five species in the energy profile
correspond to the five structures shown for the D
mechanism in Fig. 1.

No other low-energy TS could be found on the po-
tential-energy surface for water exchange. To confirm
the validity of the dissociative mechanism, a 2D energy
surface was constructed by scanning the two Mn-OH,
distances (Fig. 4). The surface represents all mechanisms
for exchange of the two water molecules in different
shells (in this model), except an associative mechanism
with attack trans to the leaving water. It clearly shows a
dissociative reaction with two transition states. The
energy profile in Fig. 3 was obtained by following the
edges of the surface in Fig. 4. Preference for the D
mechanism in neutral systems is not entirely surprising.
As mentioned in the Introduction, a similar effect has
been observed with one hydroxide in the first coordi-
nation shell [14, 23, 39].

3.1.2 Water and hydroxide exchange
on [Mn'"Y(H,0),(OH);(C1)]H,O (reactions 2 and 3)

When hydroxo ligands are included in the first shell, at
first it seems reasonable that exchange rates for these
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Fig. 2. Structures of reactant, transi-
tion state (7S) and intermediate
encountered during water exchange
on [Mn'V(H,0),(OH)4]H,0 (reaction
1). The numbers represent the relevant
Mn-O distance in angstroms

Free energy
(kcal/mol)

React. 1

React. 1*

Fig. 3. Energy profile including the TS and the intermediate for the
D water exchange reaction on Mn!V (reaction 1). The general shape
of the energy profile is the same for all D mechanisms in the present
study

25

20

Potential 13
energy
(kcal/mol)

3,6
L8 34
26 3.2
Mn-H,0 32 14 6 Mn-H,0
distance (A) : 18~ distance (A)

Fig. 4. The two-dimensional energy surface for the water-exchange
reaction on [Mn!V(H,0),(OH)4JH,O (reaction 1) obtained by
scanning the two Mn—-OH, distances. Compare the shape of the
surface with the energy profile in Fig. 2. Note that for short bond
distances (1.8-2.6 A) the axes are compressed and the energy scale
does not show values above 25 kcal mol~!

hydroxo ligands can be obtained. The problem is that in
models with only water-based ligands different exchange
rates for hydroxo ligands compared to water ligands is
not a meaningful concept. Rearrangement of protons
between water and hydroxo ligands is predicted to occur
much faster than exchange, thus making the ligands
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Table 1. Energies (kcal mol™")
for structures along the reaction
path for water exchange be-
tween the first and the second

coordination shell. The values

of AE do not include correc- [

tions from solvent, zero-point [

and thermal effects %
[

Mn"V(H,0),(OH),]H,0

Metal center Reaction TS INT

AE? AG! AE AG
MnW(HzO)z,(OH)4]H20 1 76 96 1.4 33
Mn!Y(H,0),(OH);(C)]H,O 2 8.8 10.8 2.2 4.3
Mn"(H,0),(OH);]H,O 4 5.9 6.3 -1.8 -1.6
Mn!"'(H,0),(OH),(C1)]H,0O 5 7.2 9.5 0.7 3.9
(H,0),(OH),Mn" (1-0), 6 8.4 8.6 8.0 5.8

equivalent. However, adding a non-water ligand creates
a distinctly different position trans to this ligand. A
simple way to model this is to replace one of the OH™
ions with a CI~ ion. To check the effect of a CI~ ion on
water exchange, the barrier for water exchange was
calculated again, now with Cl~ cis to the exchanging
water (reaction 2). The new barrier is 10.8 kcal mol~!.
The change in reaction barrier compared to reaction 1 is
not negligible (AAG* =10.8 —9.6 = 1.2 kcal mol™}).
Results for water exchange on all types of centers are
summarized in Table 1.

Going back to hydroxide exchange on Mn!'V, a picture
of the model with atomic labels is shown in Fig. 5. The
most interesting ligand is the one trans to the Cl—, that is
O4. The complex is 3.0 kcal mol~! stables with a hy-
droxo ligand in this position compared to an aqua ligand.
It is this hydroxo ligand that will be exchanged. Since a
hydroxide ion is less stable than a water molecule in the
second shell, the exchanging hydroxide must receive a
proton during the exchange reaction. In this model, the
proton donor is a water ligand (O2) and the transfer is
mediated by the water in the second shell (O8). The
proton transfer is modeled as a separate step and has a
barrier of 5.2 kcal mol~'. The TS (TS 3a) is the structure
shown in Fig. 5. After passing the TS, O4 now becomes
a water molecule. This intermediate (INT 3a) lies
3.0 kcal mol~! above the reactant, owing to less optimal
trans effects in INT 3a compared to reactant 3. In the
second step, the “new” water molecule O4 exchanges
in a D mechanism, exactly as for reaction 1. O4 leaves
for the second shell and O8 comes in to bind to the
Mn ion. The total barrier for hydroxide (O4) exchange

Fig. 5. TS 3a represents proton transfer from a water ligand (O2)
to a hydroxo ligand (O4) via a water molecule in the second shell
(O8). The numbers represent distances in angstroms

is 13.6 kcal mol~!. This is 13.6—10.8=2.8 kcal mol~!
higher compared to water exchange on the same center
(reaction 2). All of this energy difference comes from
the energy to protonate the hydroxide. Exchange rates
of hydroxides thus depend directly on the availability
of proton donors.

3.1.3 Water exchange on [Mn"'(H,0),(OH);]H,O
(reaction 4)

Changing the oxidation state of the Mn center has
several implications. Apart from the lower charge, Mn'!!
is expected to behave differently compared to Mn!V since
it is Jahn—Teller (JT) active. The ligands that coordinate
along the JT axis are weakly bonded compared to the
four ligands in the perpendicular plane. Indeed, when
optimizing the six-coordinated structure, one ligand
along the JT axis is actually lost to the second
coordination shell, resulting in a preference for a five-
coordinated species. The final model thus includes five
ligands in the first shell and one water molecule in the
second shell. The model is designed according to the
rules mentioned earlier for Mn!'Y. The remaining ligand
along the JT axis must be a water molecule. Exactly as
for Mn'Y, the mechanism is dissociative. For Mn'™ the
reaction barrier is 6.3 kcal mol~!. This is 3.3 kcal mol~!
lower than the same reaction (reaction 1) on Mn'Y
(AAG*=6.3-9.6=—3.3 kcal mol~!). In the TS, the Mn—
OH,; distance is 2.63 A. A four-coordinated intermediate
exists 1.6 kcal mol~! below the reactant. The stability of
this low coordination number is unexpected. One
explanation is that calculations with a relatively small
basis sets overestimate the hydrogen bond strengths and
are therefore biased towards structures that form more
hydrogen bonds. If this is the case, it influences all the
calculations in the present study (see Discussion).
Another possibility is that there exists a stabler five-
coordinated structure that despite several attempts has
not been found. If this is the case, the barrier for
exchange on Mn!'' would be higher.

Starting with a five-coordinated species, the A mecha-
nism should be interesting since its intermediate is six-
coordinated. Indeed, the A mechanism is possible with
a stable six-coordinated intermediate 3.9 kcal mol™!
above the reactant. It is not straightforward to find the
TS, but it seems that it lies approximately 8 kcal mol™!
above the reactant. Since this is higher than the barrier
for the D mechanism, the A mechanism is not considered
to be very important. No TS corresponding to the I,
mechanism could be found, neither for an attack cis to
the leaving water nor trans to it.



3.1.4 Water exchange on [Mn""'(H,0),(OH),(C)]H,O
(reaction 95)

By adding a Cl~ ion instead of one of the OH™ ions on
Mn'"! the barrier increases by 3.2 kcal mol~! from 6.3 to
9.5 kcal mol~!. This is larger than the corresponding
effect on the Mn'V center, where a Cl~ ion increased
the barrier by 1.2 kcal mol~! (reaction 2 compared to
reaction 1).

3.2 Ligand exchange on dimeric centers

Many metal centers in proteins exist as dimers or more
advanced configurations of metal ions [4, 5, 6]. Modeling
dimers is sufficient at this stage since many positions in
the more complex configurations appear already in the
dimer. Several different bridging modes are possible for
metal dimers but for Mn dimers only the rather common
bis-u-oxo bridge will be considered here. A dimer with
this configuration has three distinctly different positions
for the ligands: first are the bridging ligands (u-0x0);
second are the positions trans to the bridging oxo
groups; and third are the positions cis to the bridging
oxos. All these three positions exchange differently
compared to the monomer, as shown experimentally
for the dihydroxo-bridged Rh'! dimer [24].

In the present paper, a Mn dimer is modeled using
two high-spin Mn!V centers antiferromagnetically cou-
pled yielding a 'A state. All ligands are water deriva-
tives; pu-oxo, hydroxo or water. The composition of the
ligands in the complex is chosen to keep the complex
neutral. The positions and orientations of the ligands are
chosen as argued previously. Each bridging oxo group
has two other ligands in trans positions but both of them
are not weakly bonded ligands.

One water molecule is located in the second shell. A
difference compared to the monomers is that in the di-
mer models, the position of the water in the second shell
does not always correspond to the lowest energy. For the
dimer models, the second-shell water is put in positions
where it is able to participate directly in the exchange
reactions. It is assumed that the other positions in the
second shell are already occupied by other molecules.
Reactants for exchange of a terminal water ligand

Fig. 6. Reactant used to model terminal water exchange on
[(H,0)2(OH),Mn"Y (1-0),Mn'Y (H,0),(OH),]JH,0 (reactant 6).
The numbers represent distances in angstroms
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Fig. 7. Reactant used to model exchange of a u-oxo bridge on a
Mn dimer [(H20),(OH);Mn' (1-0),Mn'Y(H,0),(OH),] (reactant
7). The numbers represent distances in angstroms

(reactant 6) and a bridging oxo group (reactant 7) are
shown in Figs. 6 and 7, respectively.

3.2.1 Terminal water exchange on
[(H20),(OH),Mn" (1-0),Mn" (H,0),(OH),]H, O
(reaction 6)

The position trans to the oxo group is rather similar to
the positions of the water ligands on the monomer. In
one of these positions, water (06) is a stable ligand. For
labels in this section see Fig. 6. A water in the second
shell (O13) is located in a position where it can easily
exchange with the terminal water. Apart from the
position of the exchanging water, it was important to
get the hydrogen-bonding pattern correct. The proton
on the water ligand O5 must point towards the leaving
water (O6) since it will form an important hydrogen
bond in the TS and in the intermediate, and it cannot
rotate easily owing to the hydrogen bond to O12. The
orientation of the other proton on OS5 is not optimal
compared to reactant 7, but the energy difference is
rather small (0.7 kcal mol~"). This modeling issue does
not appear for reactions on monomers since their water
molecules are not fixed by any hydrogen bonds.
Instead of trying all different mechanisms (D, I and
A) of the terminal water O6, it was assumed that
exchange on this position resembles that on the Mn!'Y
monomer. There is no reason to suspect that the A
mechanism should be favored when going from mono-
mer to dimer. As expected, the calculations locate a TS
(TS 6 shown in Fig. 8) corresponding to the D mecha-
nism. The barrier is 8.6 kcal mol~!. Compared to the
monomer (reaction 1), the Mn-O bond distance is
slightly longer at the TS (2.98 compared to 2.95 A)
and the reaction barrier is 1.0 kcal mol~' lower
(AAG*=8.6 — 9.6=—1.0 kcal mol™!). By following the
reaction coordinate, a stable intermediate (INT 6) is
found 5.8 kcal mol~! above the reactant. INT 6 is less
stable than the corresponding intermediate on the
monomer (INT 1), especially when looking only at the
electronic energy (Table 1). This can be explained by
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Fig. 8. TS for exchange of terminal water ligand position on a bis-
u-oxo dimer (TS 6). The numbers represent distances in angstroms

the loss of rotational flexibility of the water ligands in
INT 6 which leads to less optimal hydrogen bonds
compared to INT 1. All the results for exchange of water
ligands are shown in Table 1.

A and I, mechanisms were not as thoroughly inves-
tigated, i.e. no fully optimized transition states were
calculated. Since seven-coordination was not stable for
any monomeric Mn center, the A mechanism was ruled
out. An [, mechanism was attempted where the terminal
water ligand O6 is attacked by an incoming water cis to
the leaving ligand. This mechanism has a barrier of
approximately 14 kcal mol~!. This should be compared
to 8.6 kcal mol~! for the D mechanism and the I,
mechanism was therefore ruled out.

3.2.2 Exchange of a bridging oxo group
on [(H,0),(OH);Mn" (1-0);Mn" (H,0)2(OH),]H,O
(reaction 7)

The exchange of the bridging oxygen has no direct
analogue in the monomer. The interpretation of the
possible reaction mechanisms must therefore be differ-
ent, although some similarities exist.

To participate in an exchange reaction the oxo group
(O4 in Fig. 7) must receive two protons and the first

question is at which stage these protonations occur. It is
proposed here that the first step of the reaction is a single
protonation of the oxo bridge. The protonation could
proceed from the terminal water O6 via the water in the
second shell (O13) in analogy to TS 3a in Fig. 5. How-
ever, in the calculations the proton is taken from a water
ligand (O10) on the other Mn ion. In this way, the sec-
ond protonation of the bridging ligand can occur from
the terminal water O6. The transfer of a proton from the
terminal O10 to the bridging O4 is exothermic by
2.9 kcal mol~!, i.e. a protonated bridge is the stablest
configuration. This is different from the experimental
results obtained for the highly oxidized Mn dimers in
PSII which are known to have unprotonated bridges.
The preference for a protonated bridge in the present
model is probably not an error in the DFT calculations
but is due to the choice of ligands. A comparison is made
with the Mn dimer [(terpy)(H>,O)Mn(O),Mn(OH,)(ter-
pY)I"t (terpy =2,2:6,2"-terpyridine) which has a triden-
tate terpyridine ligand and a water ligand at each center.
The complex is further investigated in a later section of
the present paper. For this terpy-Mn dimer protonation
of the bridge was endothermic (by 3.9 kcal mol~! in the
Mn"V-Mn'"' oxidation state), which is in line with
experimental data.

The energy of the first protonation step is important.
If the step is endothermic, the protonation energy enters
directly into the barrier for water exchange. Since the
origin of the proton is not known and the energy of the
step depends on the unknown ligands, it is assumed to be
thermoneutral. In this way, the energy required to pro-
tonate the bridge can simply be added to the barrier.

Going back to the model structure which now has a
bridging hydroxo ligand (INT 7a in Fig. 9), there are
several possibilities for the exchange of this hydroxo
group. All these mechanisms start from reactant 7,
shown in Fig. 7.

Guided by the experience from the studies on the
monomer, a D mechanism was initially investigated: this
is the ring-opening mechanism shown in Fig. 9. In the
first step, the bridging ligand (O4) leaves one of the
centers (Mn2) and coordinates only to the other. To

[Ring opening mechanism]

Reactant 7 Hi INT 7a H TS 7b H. INT 7b H
A0y O O 0%
. H ~"T~H
0|H 'th H* OlH ,H'l,zo / OH yoy I—hfo / OH }}O_-H HTO /
HO 0 HO OH OH \ OH
~ ~ N HO_\ / 0
P M /Mn/\ /Mni — n_ Mn . HO—Mn— ,Mn/
1,07 | Yo7 | N HO™ | Yo7 | “on Ho” | Yo7 | SoH /\ | SoH
H0  OH H H0  OH H,0  OH HO H,0 on
Reactant 7% l
INT 7c TS 7c H,
OH HO-H- 0HH20 OH HO™" :H‘zar
INT 7a* TS 7b* = INT 7b*<—— TS Tc* <— \," =—— \/ /
HO—Mp— g—Mn—H20 HO—Mmnp— 5—Mn—OH
/ \ 7/ \ / N\

HO H,0 OH ©OH

HO H,0 oH OH

Fig. 9. The suggested mechanism for exchange of a bridging oxo group in a Mn dimer



Fig. 10. TS (TS 7b) for exchange of a bridging oxo group. The
numbers represent distances in angstroms. The reaction coordinate
is the bond between Mn2 and the leaving hydroxide O4

reach that structure, the TS shown in Fig. 10 (TS 7b)
must first be passed. The reaction barrier is
19.2 keal mol~! and the distance between Mn2 and the
leaving ligand O4 is 3.08 A. By following the reaction
coordinate from TS 7b, INT 7b is reached at an energy
of 11.9 kcal mol~!. INT 7b has a six-coordinated Mn
(Mn1) and a five-coordinated Mn (Mn2). The Mn ions
are bridged by a single oxo group (O3). This first step is
identical to the mechanism proposed for exchange of the
bridge in [Cr'(u-OH),Cr'] [22].

In INT 7b, the five-coordinated Mn2 is “open” for
attack by the external water ligand (O13). This attack
corresponds to the incoming ligand in the D mechanism
on the monomer and in the dimer model it proceeds over
a barrier of 19.1 kcal mol~! (TS 7c shown in Fig. 11).
Passing the TS results in a third intermediate (INT 7c)
where both Mn are six-coordinated but there is still only
one bridging oxo group (O3). In this structure, a proton
is almost equally divided between the incoming water
(O13) and the formerly bridging ligand (O4). INT 7c lies
4.9 kcal mol~! above reactant 7.

From INT 7c, the reaction is proposed to proceed in
a symmetric fashion. O4 takes the proton shared with
O13 in INT 7c and leaves the direct coordination to
Mnl. O4 ends up in the second shell followed by a
closing of the ring by turning O13 into a bridging ligand.
The overall result is that the water in the second coor-
dination shell (O13) has become a bridging ligand, while
the former bridging ligand (O4) now resides in the sec-
ond shell. The energy profile of the entire reaction is
given in Fig. 12.

Free energy
(kcal/mol)

19.2 19.1 19.1

React. 7 INT 7a

INT 7b*
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Fig. 11. TS (TS 7c¢) for exchange of a bridging oxo group. The
numbers represent distances in angstroms. The reaction coordinate
is the bond between Mn2 and incoming water O13

Several other mechanisms for exchange have been
investigated, although not as thoroughly as that just
described. Studies were made on even more D mecha-
nisms where two five-coordinated Mn-centers are cre-
ated. From INT 7a one alternative is to supply the
bridging hydroxo O4 with a second proton, this time
from the terminal water O6. The cost of protonating the
bridging oxo group a second time is 14 kcal mol™!
(LANL2DZ basis set). The bridging water can now
move directly to the second shell. This step has an esti-
mated barrier of 12 kcal mol~!, rendering a total barrier
of 14+ 12=26 kcal mol~! higher than the ring-opening
mechanism. Another possibility follows the suggestion
for the Cr dimer [22]. The first steps leading to INT 7b
are the same as for the previously described ring-opening
mechanism. At INT 7b the hydroxo ligand O4 receives
its second proton. This is followed by rotation of Mnl
around the single oxo bridge before the ring closes. O4
has now become a terminal ligand. In the present model,
rotation of Mnl is hindered by two strong hydrogen
bonds between the ligands on Mnl and Mn2. This
barrier, which has not been estimated, should be added
to the energy of INT 7b that already lies more than
11.9 kcal mol~! above the reactant. Even if the rotation
can be accomplished, terminal exchange of O4 would
have a barrier approximately 8.6 kcal mol~! above
INT 7b. Compared to the reactant, the total barrier
for this mechanism is thus around 21 kcal mol™'
(8.64 11.9 kcal mol~"). This indicates that the rotation
mechanism is not significantly better than the ring-
opening mechanism previously described.

Fig. 12. Potential-energy profile
for the ring-opening mechanism
for exchange of a bridging oxo

group on a Mn"V-Mn!V dimer

(reaction 7)

0.0
INT 7a* React. 7%
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Two different I, mechanisms have been attempted. Both
start from the structure with the bridging hydroxo (INT
7a). The first is similar to the I, mechanism of the
monomer with a water (O13) attacking directly at Mn2.
Since the seven-coordinated A intermediate is not stable,
the desired result is a concerted cleavage of the bond
between Mn2 and the bridging hydroxo O4. That would
lead to the direct creation of INT 7c with two six-
coordinated Mn ions. It should be noted that an asso-
ciative attack by a water in the second shell easily causes
the terminal water O6 to be ejected before the bridging
ligand leaves. This is expected because exchange of a
terminal ligand is easier than exchange of a bridging
ligand. To explore the I, exchange of a bridging ligand,
the potential-energy surface was scanned by varying the
Mn2-04 and Mn2-O13 bond distances. The relevant
part of the potential-energy surface is the one where
ejection of the terminal water O6 is avoided. The TS is
the lowest stationary point on this surface and this point
is estimated to lie 25 kcal mol~! above the reactant.

The second I, mechanism that was investigated is
more symmetrical with regard to the two different metal
centers. Here water in the second shell attacks the
bridging hydroxo O4 in the plane perpendicular to the
Mn-Mn bond. In the TS, the incoming (O13) and
the leaving ligand (O4) are symmetrically bonded to the
two Mn centers. Since the two ligands are indistin-
guishable at this point, one of the protons that initially
resided on the incoming water O13 is divided equally
between O4 and O13 in the TS. A rough investigation
of the potential-energy surface gave an estimate of
30 kcal mol~! for the barrier.

3.2.3 Exchange of a bridging hydroxo ligand
on [(H,0)(OH)3;(Cl)Mn!'Y(OH)Ca''(H,0),(OH)]
(reactant &)

In addition to the homometallic dimer, a dimer with two
different metal centers was studied. A Mn!'V—Ca!l dimer
was chosen, mainly because both metals are present
together in the OEC of PSII.

Owing to the rather weak interaction between the
metals, it is predicted that formation of a Mn—Ca dimer
does not change the exchange rate significantly for those
ligands that do not reside between the metal ions. Only
exchange of a bridging ligand was investigated and the
present Mn!'Y—Ca!l dimer has only one bridging ligand.
This position is occupied by a hydroxo group. Exchange
of a hydroxo group was previously modeled for the
Mn'Y monomer with C1~ added to the complex (reaction
3). To get a similar system, Cl~ is added as a ligand to
Mn'V also in the Mn'V—Ca'' dimer. The reactant is
shown in Fig. 13. In this reactant, no water molecule
is added to the second shell. Calculations show that it is
more favorable if the incoming ligand is a ligand to Ca
(O9 in Fig. 13) rather than a second-shell water. Ignor-
ing the second shell also avoids artificial changes in
hydrogen bonding during the final stages of the reaction.

By analogy with the exchange of a hydroxo ligand on
the monomer (reaction 3), the first step is to protonate
the bridging hydroxo group (O4 in Fig. 13). A reaction
mechanism was modeled where the proton donor is the

Fig. 13. Reactant used to model exchange of bridging hydroxo
ligand (reaction 8). The numbers represent distances in angstroms

Fig. 14. TS (TS 8b) for exchange of bridging hydroxo ligand. After
passing the TS, the water ends up in the coordination sphere of Ca,
a position from where it can easily exchange. The numbers represent
distances in angstroms

water ligand O6. In order to get a TS for this reaction, a
water molecule must be present in the second shell and
such a water molecule was therefore added for this
specific step. The TS (TS 8a) is very similar to the TS for
proton transfer on the monomer (Fig. 5). After passing
the TS, O4 becomes a water molecule and leaves its
coordination to Mnl. This second reaction step is
modeled without a water molecule in the second coor-
dination shell as already mentioned. The structure passes
through TS 8b shown in Fig. 14 with a barrier of
10.4 kcal mol~!. After this TS is passed, an intermediate
(INT 8b) is formed where O4 coordinates to Ca. Now
the Ca-coordinated O9 attacks the five-coordinated Mn
and becomes the bridging ligand after losing its proton
to 06. O4 that was initially bridging now resides in the
first coordination shell of Ca, a position from where it
can easily exchange.

Comparing the two results for exchange of a hydroxo
ligand (reactions 3 and 8) shows that Ca actually
decreases the barrier by 13.6 — 10.4=3.2 kcal mol~'. A
summary of the results for hydroxo ligands is given in
Table 2.

3.3 Exchange of the terminal oxyl radical in the Mn-dimer
[(terpy) (H20)Mn" (-0 )>Mn' (Os) (terpy) ]+
(reaction 9)

In the last part of the present study, a completely
different type of exchange mechanism was modeled.
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Table 2. Energies (kcal mol~") for structures along the reaction path for exchange of a hydroxo ligand. The attribution of structures (i.e.
the existence of TS 8a and INT 8a) are made on the LANL2DZ energy surface. The values of AE do not include corrections from solvent,

zero-point and thermal effects

Metal center Reaction TS a INT a TS b

AE! AG! AE AG AE? AG!
[Mn"V(H,0),(OH);(CI)]JH,O 3 6.3 5.2 2.1 3.0 8.6 13.6
[(H,0)(OH)3;(ChMn!Y (OH)Ca''(H,0)4(OH)] 8 9.5 8.2 8.1 7.8 7.1 10.4

Tautomerization mechanisms for water exchange have
been suggested for oxo groups on Mn porphyrins and
Mn dimers [41, 42]. To continue on the Mn dimer theme,
the [(terpy)(H,O)Mn'V (u-0),Mn!V (Oe)(terpy)]** dimer
was chosen as a model. In the calculations, a smaller
model has been used, see Fig. 15 for details. This
modification did not change the structure of the dimer
significantly. This dimer has two major differences
compared to all previous models in the present paper.

Fig. 15. Structure of the Mn dimer [(terpy)(H,O)Mn'(u-0),
Mn'V(Oe)(terpy)]*t. The numbers represent distances in angstroms.
The reported distances as well as other results are from a smaller
model that was obtained by replacing the circled fragments by
terminal protons

The ligands are not water-derived and the complex
carries a charge since it is solvated in water.

The complex has been suggested as a functional
model for photosynthetic water oxidation [42]. The ac-
tive \s}pecies in O-O bond formation is proposed to be a
Mn'"V-MnV dimer with a terminal oxo group. The cal-
culations in the present study show that it is better de-
scribed as a Mn!Y-Mn!V oxyl radical complex since the
spin on the terminal oxygen is 0.82. In the following
paragraphs, terminal oxyl radical will be used instead of
terminal oxo group to describe this species. Mulliken
spin populations of the structures involved in the tau-
tomerization mechanism are shown in Table 3. The spin
populations reported are from gas- phase calculations
but values in a solvent do not differ by more than five
hundredths in any case.

Isotope experiments using H,'®O suggest that the
oxyl radical can exchange with water. The tautomer-
ization reaction path proposed here is shown in Fig. 16.
The reactant is the Mn!V-Mn!V oxyl radical complex
shown in Fig. 15. The result of the tautomerization
procedure is an inversion of the oxo and water ligands of
reactant 9 where O3 becomes the oxyl radical and O5
becomes a water ligand that can exchange with solvent
water. The product of the inversion is INT 9e in Fig. 16.
Owing to the symmetry of the system, with reactant 9
and INT 9e being mirror images, the TS for the inver-
sion is proposed to have at least C; symmetry.

To simplify, no external proton donors or acceptors
have been included in the study of the tautomerization
mechanism. Both protons supplied to O5 are provided
by the other water ligand O3. The first step in the
reaction is to shuffle a proton from the water ligand O3
to the oxyl radical O5. With the present model, it is not
possible to calculate the barrier for this step. The result
is a dimer with two terminal hydroxo groups (INT 9a)
that lies 7.8 kcal mol~! above the reactant. Still no MnV
appears. Instead a radical has been created on the
bridging oxo group O6. The Mn dimer couples antifer-
romagnetically with Mn1 having three o spins and Mn2
having three f spins. The radical on O6 has « spin. The

Table 3. Mulliken spin popula-

tions from gas-phase calcula- State Atom labels from Fig. 15

tions (LACV3P**+ basis set)

for structures along the reaction Mnl Mn2 03 04 05 06

gi;ﬂ‘ for exchange of a terminal g oy etant 9 2.80 277 0.00 ~0.06 0.82 0.15
INT 9a 2.58 -2.85 -0.29 0.33 —-0.06 0.70
INT 9b 2.75 2.66 0.29 0.25 0.20 -0.97
TS 9¢ 2.86 2.86 0.06 -0.36 0.06 -0.36
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Reactant 9 INT 9a INT9b
Free energy TTT ()¢¢¢ Of TT? o ¢¢¢ OH TTf fTT OH
kcal/mol MnZL  SMn” Mnl  Mn” MnZ  Mn”
( : H,0” Yo~ HO” Yo7 HO™ Yo7 :
\ : T ¢ T Unpaired
electron
20 Fig. 16. Free energy diagram for
16 14.7 the suggested tautomerization
exchange mechanism of a Mn'Y
,.§~_6.\ ,?;@, oxyl radical on a Mn dimer. The
58/ \ energy for the final exchange of a
D mechanism 0.0 termjnal water is.taken from_
- for terminal water \----- previous calculations of terminal
Reactant 9 INT 9e water exchange (reactant 6)

radical is associated to the O6-Mn2 bond since the
distance between O6 and Mn2 is longer than the distance
between O6 and Mnl.

To associate the radical to Mnl instead of Mn2 the
radical must move or spin flipping must occur. Either
the spin on the radical or the spin on the Mn can flip.
If the spin on O5 is flipped in reactant 9, this costs
3.5 kcal mol~! more than going to ferromagnetic cou-
pling. Therefore it is proposed that from INT 9a the Mn
spins change to a ferromagnetic coupling and INT 9b is
formed. No rate has been calculated for this spin tran-
sition but it is proposed to be reasonably fast owing to
the large spin—orbit coupling of Mn. The sextet structure
INT 9b lies 8.8 kcal mol~! above reactant 9. The free-
energy difference between INT 9a and INT 9b is only
1.0 kcal mol~!. Looking at the electronic energy, the
difference is 3.5 kcal mol~! and it is corrections from
solvent, zero-point and thermal effects that bring the
energies of the two structures within 1 kcal mol~! of
each other. The spin on O6 has now increased to 0.97
and is antiparallel to both Mnl and Mn2; however, the
bond distance to Mn?2 is still longer than the distance to
Mnl.

To find the TS in the tautomerization mechanism, a
symmetric solution is required where the bridging radi-
cal is equally associated with both Mn ions. This is
accomplished by making the structure symmetric (Cyy,
symmetry) and keeping the symmetry during the geom-
etry optimization. This gives the lowest possible energy
of a symmetric solution and this should be the TS for
transfer of the oxyl radical between the two Mn centers.
The procedure led to TS 9c 13.7 kcal mol~! above the
reactant where the two bridging oxygens have equal
spins. The reaction is an electron transfer where the
electron moves from the bridging O6 to the bridging O4.

After passing TS 9c, the complex falls back into the
unsymmetric ferromagnetic minimum INT 9c, which is a
mirror image of INT 9b with the radical moved from O6

to O4. It then makes a transition back to antiferro-
magnetic coupling (INT 9d). Now a second proton can
be transferred from O3 to OS5. This is the exact reverse of
the first proton-transfer step. The result is no protons at
03 and a doubly protonated O5. The former oxyl radical
has become a water ligand and can now exchange with
the water solvent. Without performing any calculations,
it is proposed that the exchange proceeds via a D
mechanism, in exact analogy with reaction 6. The ener-
gies for this step are taken from the previously modeled
exchange of a terminal water ligand. The barrier is not
expected to be significantly different compared to the
complex with only water ligands. The terminal water is
in both cases located trans to a bridging oxo group. The
ligands that differ between the complexes are located cis
to the water and are expected to have a lesser influence
on the barrier than the common trans ligand.

As pointed out in Sect. 2, it is known that DFT
does not treat open-shell low-spin states correctly.
The error can be corrected as outlined in Sect. 2. For
reactant 9 shown in Fig. 15, the computed J value is
0.67 kcal mol~! and the correction to the low-spin state
decreases the energy by 1.0 kcal mol~!. Although the
J value may differ between different structures, this
correction is applied to both low-spin states (reactant
9 and INT 9a). The reaction barrier therefore in-
creases by the same amount and becomes 13.7 + 1.0 =
14.7 kcal mol~!. Since the spin on the radical is anti-
parallel to the spin on Mn, a similar correction should
in principle be performed also for these spin states;
however, it is assumed that this correction remains
constant between reactant 9 and TS 9b since the oxygen
and Mn spins stay antiparallel throughout the reaction.
The potential-energy surface including the low-spin
correction is shown in Fig. 16.

The AE' and AG' values for the exchange of a
bridging oxo group and a terminal oxyl radical are
shown in Table 4.

Table 4. Energy barriers (kcal mol~!) for exchange of a bridging oxo group and a terminal oxyl radical (oxo group). The values of AE* do

not include corrections from solvent and thermal effects

Metal center Reaction AE! AG* Comments
[(H>0),(OH),Mn!Y (4-0),Mn!Y (H,0),(OH),] 7 19.1 19.2 Bridging oxo
[(terpy)(H,0)Mn"Y (u-0), MnY (O)(terpy)]** 9 14.5 14.7 Terminal oxo




Unfortunately, it is not possible to compare the cal-
culated barrier with any direct experimental measure-
ment. What is known is that O, bond formation occurs
with a barrier lower than 18 kcal mol~!' and that the
exchange rate of the terminal oxyl radical is comparable
to the rate of O, bond formation [2]. The calculated
barrier is therefore consistent with experimental results
although it must be admitted that the test is not very
selective.

4 Discussion

The goal of the present study has been to model water-
exchange reactions in proteins. However, several issues
must be considered before a comparison with a real
system is made.

First, metal centers in proteins have a large variety of
ligands. This and previous studies have shown effects of
ligand composition on exchange rates. Without specific
knowledge of the ligand composition the effect remains
unknown. Second, the treatment of the second coordi-
nation shell is incomplete. Hydrogen bonds between the
first and the second coordination shell are likely to
influence the energetics of the process. Dielectric cavity
methods cannot be used as a substitute for explicit
hydrogen bonds at the active site [35]. Exactly the same
problem exists when exchange reactions are modeled in
aqueous solution. Third, metal centers in enzymes may
be subject to some strain from the surrounding protein,
even though the effect is not expected to be very large.
The fourth issue regards the inherent accuracy of the
B3LYP method [36] as discussed in Sect. 2. Fifth, the
calculations show a higher stability of the intermediates
with low coordination than expected as shown by the
predicted four coordination of Mn!!!, If the calculations
overestimate the stability of low-coordinated complexes,
owing to an overestimation of hydrogen-bond strengths
and the small size of the models, they introduce a bias
towards the D mechanism. The result would be barriers
that are too low. Sixth, processes other than exchange
may be rate-limiting in proteins, among them diffusion
of solvent water to the active site. The fast rates calcu-
lated for the monomers and terminal water ligands on
dimers may never be detected experimentally. In con-
clusion, the present study cannot be directly compared
to experimental rates at this level of modeling.

Instead the merit of the computational study is to
provide results regarding effects on water-exchange rates
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when the metal complex is changed. All of the issues
discussed in the previous paragraph are likely to have
similar effects on all the modeled exchange reactions.
The relative rates calculated in this work will therefore
be more accurately calculated than absolute rates. All
effects on the exchange rates from changing the metal
complex are summarized in Table 5.

The difference between the fastest (reaction 4) and the
slowest (reaction 7) exchange reaction is 12.9 kcal mol~!,
but many effects are in the 2-3 kcal mol~! range. Are these
effects significant? To answer this, the computational
accuracy of the present treatment must be discussed. A
previous study of the computational procedure [40] shows
that adding polarization functions in the geometry opti-
mization had only a small effect, and additional basis
functions in the energy evaluation had even smaller
effects. Taken together, the error is approximately
1 kcal mol~! on relative energies. Another modeling
problem regards the issue with multiple minima. A slightly
different orientation of the hydrogens on the water and
hydroxo ligands can have an effect of up to 1 kcal mol~!.
The stablest structure as calculated using the small basis
set does not always have the lowest free energy when all
corrections are added. Although many attempts have
been made both for dimer and monomer reactants, there is
no guarantee that the stablest structure has been found. A
related problem regards the choice of reactant. As already
stated, different choices of reactant were made for the
monomer and the dimer. For the monomer, the global
minimum was chosen and the complex was allowed to
rotate its ligands as it approaches the TS. The same free-
dom of rotation is not always available for the dimers. In
these cases, the choice of reactant was the lowest-energy
structure on the potential surface that leads directly to
the TS.

Taken together, the errors for any given change in the
barrier when the metal complex is modified may be
around 1-2 kcal mol~'. This is accurate enough to draw
general conclusions regarding the differences shown in
Table 5.

First looking at the monomers, the Cl~ ligand raises
the barrier by 1.2 (Mn'Y) or 3.2 kcal mol~! (Mn'"). An
interpretation is that the high electron affinity of Cl
draws electrons towards this ligand. This increases the
charge on the Mn center and stabilizes the other ligands.
The magnitude of the effect is reasonable for Mn!V but it
is very large for Mn'!'. This indicates an error in any of
the two structures compared as argued previously. The
barrier for exchange on Mn!!' is 3.3 kcal mol~' lower

Table 5. Effects on the reaction
barriers (kcal mol™") of the
different modifications modeled

in the present paper. The values
of AAE* do not include correc-
tions from solvent and thermal
effects

Modification Reactions AAE} AAG
compared
Add CI~ ligand to Mn'Y 2 and 1 1.2 1.2
Exchange OH™ instead of H,O 3and 2 -0.2 2.8
Exchange on Mn'!l instead of Mn'Y 4 and 1 -1.7 -33
Add CI~ ligand to Mn'!! 5and 4 1.3 32
Exchange water on dimer instead of monomer 6 and 1 0.8 -1.0
Exchange bridging oxo instead of terminal water 7 and 1 10.7 10.6
Exchange OH~ when Ca chelates 8 and 3 -1.5 -3.2
Exchange terminal oxyl radical instead of terminal 9 and 6 6.1 5.4

water
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than on Mn!V. The effect is expected both owing to the
lower oxidation state and owing to the presence of a JT
axis in Mn'"". The absolute value of the Mn'"! exchange
barrier (6.3 kcal mol™!) is rather close to the guess from
the Introduction (6.9 kcal mol~'). Exchange of a hy-
droxo ligand has a reaction barrier that is 2.8 kcal mol™!
higher than the barrier for exchange of water on the
same center. Looking only at the electronic energy, the
energies are almost the same for exchange of water and
hydroxide. This is difficult to explain but the result is
more reasonable when the solvent effects are added. The
difference in rates between water and hydroxide depends
on the available proton donors in the surroundings. By
adding Ca, the barrier for exchange of OH™ decreases
significantly (AAG* = —3.2 kcal mol™"). The effect of Ca
is interesting. It seems to stabilize the TS by providing a
flexible coordination.

Continuing to dimers, the terminal ligand of
the Mn!"V-Mn!Y dimer exchanges with a barrier
1.0 kcal mol~! lower compared to a water ligand on the
monomer. This may be due to the trans effect of the
bridging oxo. Comparing exchange rates between
bridging and terminal positions is difficult. Looking at
the model complex, the oxo bridge exchanges signifi-
cantly more slowely than the terminal water (barrier of
19.2 versus 8.6 kcal mol~!). When looking at complexes
with other ligands, the result for exchange of the
bridging oxo is very uncertain. It should be remembered
that if the energy to protonate the bridge to a hydroxo
group is endothermic, it should be included in the bar-
rier. In this study, it has been shown to vary by
approximately 7 kcal mol~! between the two complexes
studied, although only 4 kcal mol~! would have an ef-
fect on the barrier. The availability of proton donors in
the protein will also have an effect on the rate. In con-
trast, the barrier for exchange of a terminal water should
be stable when it comes to a change in ligand composi-
tion. The exchanging terminal water in a u-oxo dimer
will always have an oxo group in the trans position,
despite the ligand composition. Ligands in cis positions
have a smaller effect on the exchange rate. Exchange of a
terminal oxyl radical is also slow compared to exchange
of a terminal water (AAG*=6.1 kcal mol™!).

Since most effects obtained when changing the metal
complex seem reasonable, it is interesting to compare the
results with the water-exchange experiments performed
on the Mng complex in PSII [2]. Most significant is a
discussion of the changes when going between various S
states. To make any interpretations from the models, it
must be assumed that other processes, i.e. large changes
in the protein environment, are not the origin of the
changes in exchange rate.

The two water molecules that are oxidized during the
reaction exchange independently and with different
rates. One of the water molecules exchanges more slowly
than the other one, in all S states. Beginning with the S
state, the slowest of the two exchanges with a barrier of
15.4 kcal mol~!. Despite using caution when comparing
experimental and calculated rates it seems unlikely that
this is a terminal position. The experimental barrier is
7 kcal mol~! higher than the calculated barrier for ter-
minal water exchange and it is not likely that a terminal

ligand is highly oxidated in the S, state. It has been
argued already that the results for terminal exchange are
less prone to errors due to unknown ligand compositions
than other barriers and an error of 7 kcal mol~! or more
seems unlikely. The remaining alternatives are exchange
of a hydroxo group or a bridging oxo group. In the S;
state, the barrier increases to 18.7 kcal mol~!. The in-
crease in barrier when going from Sy to S; is consistent
with a change in the oxidation state of Mn or the loss of
a proton. The match between the barrier in the S; state
(18.7 kcal mol~!) and the calculated 19.2 kcal mol~! for
a bridging group in a Mn'V-Mn!V dimer must be re-
garded as somewhat circumstantial. In the next transi-
tion (S; to S,) the exchange rate increases and the barrier
drops by 2.6 kcal mol~!. This result is maybe the most
interesting of all the results obtained, but it is difficult to
explain. A tentative explanation is that in this step, Ca
changes its coordination and binds to the ligand. The
exchange rate stays the same in the S, and S; states,
which indicates that oxidation occurs at a position far
from the exchanging water.

The rapidly exchanging water molecule is a different
case. In all different S states, the barrier is lower than
14.5 kcal mol~!. A suggestion is that this water molecule
is a terminal ligand or does not bind significantly until
later S states. Processes other than exchange from Mn
will then be rate-limiting, for example, diffusion of water
to the active site. The changes in the barrier are too small
to be well described by the present models. The idea that
the two water molecules bind to significantly different
positions is supported by the entropy effects that can be
obtained from exchange data recorded in the S; state
[43]. The slowly exchanging water ligand has an entropy
effect that decreases the barrier by 2 kcal mol~!, while
the rapidly exchanging water has an entropy effect that
raises the barrier by almost 5 kcal mol~!. In the present
calculations, the entropy effect lowers the barrier for
exchange of a u-oxo bridge by 2.4 kcal mol~'. This is
rather close to the value obtained by experiments. On
the other hand, no calculation in this study has repro-
duced the large entropy effect observed for the rapidly
exchanging water.

5 Summary

Reaction barriers for water exchange on metal centers
have been calculated. The most interesting results regard
exchange of oxo groups and water ligands on Mn dimers.
A bridging oxo group exchanges with a ring-opening
mechanism and the reaction barrier is 19.2 kcal mol~!.
This value is uncertain but compares favorably to the
exchange of one of the oxygens in the S; state of the
OEC in PSII. Terminal water ligands and water ligands
on monomers are predicted to exchange very rapidly.
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