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ABSTRACT: The synthesis of Mn-based catalysts to mimic
the structural and catalytic properties of the oxygen-evolving
complex in photosystem II is a long-standing goal for
researchers. An interesting result in this field came with the
synthesis of a Mn complex that enables water oxidation driven
by the mild single-electron oxidant [Ru(bpy);]**. On the basis
of hybrid density functional calculations, we herein propose a
water oxidation mechanism for this bioinspired Mn catalyst,
where the crucial O—O bond formation proceeds from the
formal Mn,V"™V'™VV state by direct coupling of a Mn"-bound
terminal oxyl radical and a di-Mn bridging oxo group, a
mechanism quite similar to the presently leading suggestion

Bioinspired Mn, catalyst Photosystem I

for the natural system. Of importance here is that the designed ligand is shown to be redox-active and can therefore store redox
equivalents during the catalytic transitions, thereby alleviating the redox processes at the Mn centers.

1. INTRODUCTION

Water splitting driven by light is a promising technology for
supplying clean and sustainable fuel by production of hydrogen.
In nature, solar energy is converted into chemical energy by
abstracting electrons from water and using them to reduce
carbon dioxide to biomass. In this process, water is oxidized to
molecular oxygen, catalyzed by the Mn,Ca cluster in the
oxygen-evolving center (OEC) of photosystem II (psin).!*
The general structure of the core of the OEC, the topology of
the Mn,Ca cluster and the ligation pattern, has been established
by a high-resolution structure at 1.9 A.* The oxidation of water
to molecular oxygen is a four-electron process and proceeds
according to the Kok cycle,® which cycles via five redox states,
denoted S, S}, S,, S5, and S,. These states are produced by four
sequential releases of electrons, starting with Mn, ™™™V and
resulting in Mn,""™'™V (the S, state), in which O—O bond
formation takes place.’

During the past two decades, great efforts have been devoted
to the synthesis of biomimetic structural models of the OEC
based on Mn.””'® However, only a limited number of these
complexes have been shown to be capable of catalyzing
evolution of oxygen, using either oxygen atom donors such as
KHSOS,7’“’13 NaClO,” m-chloroperbenzoic acid,® and

BuOOH,”? or, in a few cases, the single-electron oxidant
CelV 10

We have recently prepared the dinuclear Mn,™™ complex 1

(Figure 1), which catalyzes water oxidation in neutral (pH 7.2)
homogeneous solutions, driven by the mild single-electron
oxidant [Ru(bpy);]** (bpy = 2,2’-bipyridine).17 Complex 1 also
promotes photochemical oxidation of water utilizing a
[Ru(bpy);]**-type photosensitizer and Na,$,0s as the electron
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acceptor. Attempted crystallization of the complex 1 in
methanol solution resulted in the tetranuclear cluster 2 (Figure
2). Isotope labeling using H,'®O confirmed that both oxygen
atoms are derived from water, suggesting that 1 is truly a water
oxidation catalyst, probably after conversion to complex 3 by
reaction with the phosphate buffer. Further kinetic inves-
tigations showed a turnover number (TON; defined as
produced moles of O, per mole of catalyst) of approximately
25 and a turnover frequency (TOF; defined as produced moles
of O, per mole of catalyst per unit time) of about 0.027 s,
which can be transferred into a barrier of about 20 kcal mol™
using classical transition-state theory. The TON is far from that
of the natural OEC (ca. 10°), and the TOF of this biomimetic
Mn catalyst is many orders of magnitude slower than that of the
OEC, ca. 100 s%. There is thus much room for improvement of
artificial Mn-based catalysts.

In recent years, quantum chemical calculations have proven
to be a powerful tool in the study of both natural® >’ and
artificial®®*° water oxidation catalysis. A wealth of chemical
insight has been obtained, especially in the electronic structures
of various redox intermediates and the transition states for the
critical O—O bond formation. Exploratory calculations on the
dinuclear form of complex 3 gave an activation energy of ca. 30
kcal mol™, which is far from the experimental value of 20 kcal
mol ™. However, NMR experiments suggested that complex 3
in solution was in equilibrium with a dimeric species (i.e. a
tetranuclear Mn species),'” which could perhaps be involved in
the catalytic activity. It therefore seemed interesting to perform
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Figure 1. Schematic representations of 1 and 2 and dissolution of 2 in phosphate buffer to form 3 and 4. For clarity, the two phosphate ligands in 4

are not shown.

Figure 2. Crystal structure of the tetranuclear Mn complex 2 generated from complex 1. Reprinted with permission from ref 17. Copyright 2011

Wiley-VCH Verlag GmbH & Co. KGaA.

detailed calculations on the related tetranuclear cluster 4, in
particular because its structure resembles that of the natural
Mn,Ca cluster in the OEC.

In the present study, density functional calculations have
been employed to elucidate the mechanism of water oxidation
promoted by the bioinspired Mn catalyst 4. We propose a PSII-
like water oxidation mechanism, in which the crucial O—0O
bond formation takes place in the formal Mn,™™™V state
(known as S, in OEC) by direct coupling of a Mn"-bound
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terminal oxyl radical and a di-Mn bridged oxo group. This is
very similar to a mechanism suggested by model calcula-
tions'® 2 for PSIL There is strong spectroscopic evidence that
this mechanism is indeed true for PSIL*'7>* All other
mechanistic pathways studied, including coupling of the oxyl
radical and bridging oxo ligands in other states (corresponding
to the S, and S; states), were found to be associated with higher
barriers. These results will undoubtedly help the design of more
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Figure 3. Optimized structures of important intermediates and the transition state for O—O bond formation. For intermediates 1’ and 3’, spin
densities on Mn for the nonet are shown in italic font and relative energies are given in kilocalories per mole. Distances are given in angstroms, and
spin densities on Mn and O1 (only for Intl and TS1) are shown in red italic font. The position of the ligand radical is also indicated.

efficient and stable Mn-based water-oxidizing complexes methoxide, methanol, and acetate ligands are probably replaced
(WOCs) in the future. by hydroxide, water, and phosphate to give the Mn,"™™
complex 3. This is supported by the fact that no electron

2. RESULTS AND DISCUSSION paramagnetic resonance (EPR) signal can be seen at 77 K.
2.1. Formation of the Mn, Cluster. On dissolution of Additional support for the formation of a tetranuclear Mn
complex 1 in phosphate buffer in the presence of air, the species was obtained from high-resolution mass spectrometry.
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Dissolving Mn complex 1 in an aqueous solution, in the
presence of 3 equiv of K;PO, (conditions similar to those used
in the catalytic experiments), under an air atmosphere resulted
in the generation of the tetranuclear Mn complex 5’ (see the
Supporting Information, Figure S1), which clearly shows
phosphate binding to the metal and displacement of the
bridging methoxide by hydroxide.

Our investigation therefore starts with conversion of the
Mn,"™™ form of 1 (labeled as 1’ (with two water ligands rather
than two methanol ligands); see Figure 3) to complex 3 (Figure
3). The calculations show that this conversion is slightly
endergonic by 4.0 kcal mol™'. However, because the
concentrations of water and phosphate are considerably greater
than that of the catalyst (on the order of millimolar), the
equilibrium should be driven toward the formation of complex
3. As suggested by NMR data'” and the mass spectrometry
measurements, complex 3 can be partly dimerized to form a
tetranuclear Mn,""™ ™ complex, which is labeled as 4
(Figures S4 and SS, Supporting Information). In 4, both
Mnl and Mn2 centers are pentacoordinated, and the two water
molecules dissociate from the metal centers and form hydrogen
bonds with the two bridging hydroxides.

2.2. Redox Intermediates of the Catalytic Cycle. To set
up the energy diagram for the whole catalytic cycle, the
experimental total driving force was used to fit the proton-
coupled electron transfer (PCET)>**° redox potentials. This
strategy has already been successfully applied in the study of
water oxidation of both PSII'*™>! and synthetic catalysts.**™>°
The experimental redox potential of the electrolytic water
oxidation at pH 7.2 is 0.804 V vs the standard hydrogen
electrode (SHE) and 1.26 V for the [Ru(bpy);]*" oxidant. The
whole water oxidation process involves four PCET oxidation
steps, and therefore, the total driving force is —42.1 kcal mol ™!
{4(0.804 — 1.26) X 23.06}. This experimental value is used to
obtain the thermodynamics of each of the four PCET steps.

To start the catalytic cycle, structure 4 (the Mn,"™M!"W0
complex) is oxidized via PCET to the formal Mn,"" ™MV
complex S (Figure 3), which is similar to the S, state in the Kok
cycle. A spin population analysis suggests that all four Mn ions
are high-spin Mn" (3d*) and a ligand radical is formed lying
close to the Mn2 center. The generated ligand radical is
delocalized over the phenolate and the deprotonated
benzimidazole. The reason for the generation of a ligand
radical is that both the phenol oxygen and the imidazole
nitrogen adjacent to Mn2 are deprotonated (see further below),
which makes this ligand electron-rich and thus redox-active.
The electronic structure of § can best be described as
Mn,PIM_1* i which L* denotes a ligand radical. This is
different from the OEC, where no ligand radical is formed and
a “true” Mn'" center is present at S;. The redox potential of the
Mn,WIVILY /pfp HPIWILIL (5 /4) transition was calculated to be
1.17 V, which is 0.09 V lower than the redox potential of the
[Ru(bpy);]**/[Ru(bpy);])** oxidant (1.26 V), suggesting an
exergonic process for the formation of species 5. One should be
aware that a large number of tautomers, where the protons are
located at different positions, need to be calculated to find the
tautomer with the lowest energy. For example, 22 tautomers
were considered for 5, and the detailed structures are given in
the Supporting Information (Figures S6—S10). Until otherwise
specified, only the tautomer with the lowest energy will be
discussed in the text below. If all imidazole nitrogen atoms were
protonated in the Mn, ™™V /N WL (5 /4) transition,
the electron would be removed from a Mn center rather than
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from the ligand. However, this process is less favorable,
corresponding to a redox potential of 1.26 V. The imidazole
ligand can thus store a redox equivalent and also lower the
redox potential of the complex by avoiding the oxidation of the
metal center.

The oxidative transition from complex 5 to complex 9, which
initiates O—O bond formation, proceeds through four PCET
steps. This is slightly different from the OEC, in which the S, to
S, transition has been suggested to be just a one-electron
oxidation while the other transitions are all PCET oxidations.*
In the conversion of 5 to 6 (Figures S11—S18, Supporting
Information), Mn4 is oxidized from Mn" to Mn" and a proton
is released from the hydroxide that bridges Mn2 and Mn4. The
redox potential for this transition was calculated to be 1.27 V,
almost the same as the redox potential of the oxidant (1.26 V).
However, further intramolecular proton transfer from the Mn1-
bound imidazole to the Mn2-bound imidazole is exergonic by
2.0 keal mol™". This proton transfer process is believed to be
very fast in solution and lowers the redox potential to 1.18 V. In
complex 6 (analogous to the S, state in the OEC), the ligand
radical is preserved, and the oxidation state can be interpreted
as Mn,"MV_L* The corresponding Mn, "™V state (no
ligand radical), where one imidazole nitrogen has been
protonated by proton transfer from the Mnl-bound water
molecule, is higher in energy by 5.3 kcal mol™.

Next, a PCET oxidation leads to the formation of species 7
(analogous to the S, state in the OEC; see Figures S19—S26,
Supporting Information). During this transition, the Mn3
center is oxidized to Mn" and a proton is released from the
Mn3-bound water molecule. The corresponding redox
potential for this process was calculated to be 1.41 V. However,
intramolecular proton transfer from the Mnl—Mn2 bridging
hydroxide to the Mnl-bound imidazole is exergonic by 3.5 kcal
mol ™!, which lowers the redox potential to 1.25 V. Since all
imidazole nitrogen atoms are protonated, the formation of a
ligand radical is not favored and thus not formed, and the
oxidation state of 7 can be described as Mn, ™YV,

The subsequent step is the transition of complex 7 to
complex 8 (analogous to the S; state in the OEC; see Figures
$27-S30, Supporting Information), which is associated with a
redox potential of 1.16 V. In this transition, one electron is
removed from a ligand and one proton from the Mn2-bound
imidazole. The oxidation state of complex 8 can be described as
Mn,"VVIV_1° The generation of the Mn,V™V™ state by
transferring a proton from the Mnl-bound water molecule to
the imidazole nitrogen is endergonic by 6.1 kcal mol™". The
redox-active character of the designed ligand strongly alleviates
the oxidation process, making the oxidation exergonic rather
than endergonic.

The final transition from intermediate 8 to intermediate 9
(analogous to the S, state in the OEC; see Figure 3 and Figures
S31—S34, Supporting Information) is endergonic by 5.3 kcal
mol™!, which corresponds to a redox potential of 1.49 V.
During the oxidation, an electron is removed from the ligand
close to Mn4 coupled with the release of a proton from the
imidazole. This leads to the formation of a second ligand
radical, and the oxidation state of 9 can thus be described as
Mn, "V _1°—1°, Under the catalytic conditions, 8 will be
the resting state for O—O bond formation. This is similar to the
OEC, in which an oxyl radical is developed during the
formation of S, with an associated redox potential calculated to
be 1.63 V without a membrane gradient.”> However, no oxyl
radical is formed in 9 in the present case, and further
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Figure 4. Energy profile for O, formation catalyzed by the Mn, complex.

intramolecular redox processes must take place to generate an
oxyl radical for the subsequent formation of O,. It should also
be pointed out that the redox potentials for the four oxidations
(from complex 4 to complex 8) lie in the range of 1.10—1.30 V,
which is close to the onset potential where O, evolution starts.
This makes it difficult to assign the redox potential peaks in the
cyclic and differential pulse voltammetry experiments.

2.3. 0—0 Bond Formation. From species 9, an oxyl radical
can be created by transferring a proton (H,*) from the Mn3-
bound hydroxide to an imidazole nitrogen atom. Calculations
show that an additional transfer of a proton (Hg") from the
Mnl-bound water molecule to a second imidazole nitrogen
atom results in a less endergonic process (from 11.7 to 9.8 keal
mol™"), labeled as Int1 (Figure 3). When going from complex 9
to Intl, the electronic structure of the complex changes from
Mn VY1 to Mn,VVVIV_Q°, For Intl, nine
different spin-coupled states were calculated (Table S1,
Supporting Information) and the most stable state is a sextet.
In this state, the electron of the oxyl radical has an unpaired
electron (1 f3), the same as the three unpaired /3 electrons (3 )
at Mn4, while each of Mn1, Mn2, and Mn3 has three unpaired
a electrons (3 «). The oxyl radical (spin density of —0.72) is
thus antiferromagnetically coupled with Mn3 (spin density of
2.84), and this spin coupling pattern has also been suggested
for other Mn—O complexes.”***~* A Mn™—oxyl radical is
equivalent to the quintet state of Mn'=0. In addition, any
attempt to optimize a triplet Mn"—oxo (2 @ on Mn) leads to a
more stable Mn" —oxyl state (3 @ on Mn and 1 8 on O), and
spin delocalization on the oxygen moiety is preferred. The
energy of this intermediate is 9.8 kcal mol™" higher than that of
9, which shows that generation of the oxyl radical state from 8
is endergonic by 15.1 kcal mol™" and corresponds to a redox
potential of 1.91 V for the direct transition from 8 to Intl,

346

which is about 0.3 V (7 kcal mol™") higher than that for the
OEC.

There are seven other states where the oxyl radical (1 f§)
interacts antiferromagnetically with Mn3 (3 «), while the spin
of all the other three Mn ions can be either parallel (3 «) or
antiparallel (3 f) to the three a electrons at Mn3. These states
are all of higher energy but within 4 kcal mol™". There is also a
14-tet state, in which all four Mn'Y ions have three « electrons
and the oxyl radical (1 «) interacts ferromagenetically with
Mn3. The 14-tet state was calculated to be 19.1 kcal mol™
higher than 9.

From Intl, the O—O bond can be formed between the oxyl
radical (O1) and the Mn1—Mn2 bridging oxo moiety, which is
similar to the proposed reaction in the OEC.'*?° In Intl, the
relative positions of the two oxygen atoms are held by the
bridging oxo group and the hydrogen bond between the Mn1-
bound hydroxide and the Mn3—Mn4 bridging oxo group. Due
to these two important factors, the structure of the complex is
well-organized for O—O bond formation with a distance
between O1 and O2 of 2.21 A. The optimized transition state
(TS1) is shown in Figure 3, and the corresponding intrinsic
reaction coordinate (IRC)* profile is displayed in Figure S37
(Supporting Information). The sextet (333n3n1; see Table S1
for details) was calculated to be the most favorable state with an
associated O—O bond formation barrier of only 7.3 kcal mol™
relative to Intl and 17.1 kcal mol™ relative to 9. This translates
into a total barrier from intermediate 8 of 22.4 kcal mol™!
(Figure 4). The experimental turnover frequency has been
measured to be 0.027 s™,'” which can be converted into a
barrier of about 20 kcal mol™ and shows that the calculated
barrier is in good agreement with the experimental one. At TS1
(sextet, 333n3n1), the nascent O—O bond distance is 1.66 A,
and the Mn3—O1 bond is elongated from 1.71 A in Int1 to 1.78
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Table 1. Calculated Redox Potentials (V vs SHE) of Various Redox Couples for the Artificial Mn, Complex”

artificial Mn, complex

OEC

redox state

5 (M n4111,111,m,111_Lo) /4 (M n4111,m,111,111) 1.17
6 (Mn4IILIII,III,IV_L0) /5 (Mn4III,III,III,III_Lo) 1.18
” (Mn4III,IV,N,IV) /6 (MD4III,III,III,IV_L0) 125
8 (Mn4IILIV,IV,IV_L-)/7 (Mn4III,IV,IV,IV) 1.16
9 (Mn,WVVIV_[2_1,)/8 (Mn,WVIVIV_1,2) 149 (1.91)°

calcd redox potential

redox state calcd redox potential”

$1/So 0.64 (0.67)
S,/S, 0.86 (1.15)
S5/, 1.00 (1.15)
S4/S; 1.63 (1.68)

“As a comparison the previously reported redox potentials for the OEC are also shown. “For the OEC, data in parentheses are calculated with a
membrane gradient (3 pH units). “The redox potential for the generation of an oxyl radical is shown in parentheses.

A in TS1. The O—O bond is formed by combining the
electron from O1 and an « electron from O2. In addition, a
electron from O2 is transferred to Mn2. This can be seen from
the spin density on Mn2, which changes from 2.79 at Intl to
2.36 at TS1. Since Mn2 has three a electrons, this electron
transfer leads to Mn2 in an excited state (intermediate-spin
rather than high-spin Mn™) in the product. Therefore, a spin
crossing is needed after the formation of the product. This
situation is different from the one in the OEC where no spin
crossing is required. If the d-electrons on Mn2 would have had
the same spin direction as the oxyl radical, the electron transfer
to Mn2 would have resulted in the ground-state product, in
which Mn2 (Mn™) is high-spin rather than intermediate-spin.
However, the lowest barrier (sextet, 3n333n1) was surprisingly
found to be 4.3 kcal mol™" higher in that case. At the transition
state, the O—O bond distance is 1.79 A, slightly longer than the
one mentioned above.

In the resulting intermediate Int2 (Figure S38, Supporting
Information), a peroxo is formed, which bridges Mnl, Mn2,
and Mn3. The energy of Int2 is 2.7 kcal mol™" lower than that
of 9, and its oxidation state can be described as Mn, ™™™V,
From Int2, there is a dissociation of the peroxo group from
Mn3 via TS2 (Figure S38), coupled with a one-electron transfer
from the peroxo unit to Mn3. This step was calculated to be
barrierless, with the resulting intermediate Int3 (Figure S38),
6.1 kcal mol™! lower in energy than 9. At the Int3 state, a
superoxide radical is formed, and the oxidation state can be
described as Mn,""™VV_0,*~, From Int3, O, can be released,
and two water molecules bind to the Mn centers, thus
regenerating complex §

We have also investigated a large number of other possible
transition states for the O—O bond formation, but the barriers
were all found to be higher than the one discussed above. If a
ligand radical is maintained by transferring a proton from the
imidazole to the Mn3—Mn4 bridged oxo group, four
possibilities can be envisioned (Figure S39, Supporting
Information), and the species with the lowest barrier (TS1y)
was calculated to be 17.4 kcal mol™", slightly higher than that
for TS1. An alternative scenario is to eliminate a water molecule
from 9 to generate an oxo group that bridges Mnl and Mn3
(10, Figure S40, Supporting Information). The oxidation state
of 10 can be seen as Mn,""™V™V'!V—L* and a direct coupling of
the two bridging oxo groups appears as a viable possibility.
However, the barrier was found to be as high as about 40 kcal
mol™!, ruling out this possibility. One possible reason is that
one bridging oxo must dissociate from one Mn to generate an
oxyl radical for the following O—O bond formation step to
occur, and this process is quite energy demanding. The
mechanistic scenario (direct coupling of two bridging oxo
groups) is reminiscent of the O—O bond formation mechanism
in the artificial Mn, catalyst reported by Dismukes and co-
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workers.'*** A barrier of about 30 kcal mol ™" was found in that
case,®® and indeed, light is needed to provide the extra energy
to overcome the high barrier.'*

2.4. Catalyst Degradation. The relatively low TON of
catalyst 3 suggests that fast deactivation occurs. The
decomposition of Mn complexes may lead to MnO, nano-
particles that promote water oxidation, as found for a number
of cases.*® However, for the present catalyst, it has been
demonstrated to be a true homogeneous catalyst,'” with no
activity observed after catalyst decomposition. However, a
possible degradation pathway could be water attack on a ligand
radical, which we have recently studied in iron-catalyzed water
oxidation.*® Here, we considered attack of water at the carbon
center attached to the phenolate oxygen, which should be the
most active site. The optimized reactant complex (9 + OH,),
transition state, and product are shown in Figure S41
(Supporting Information). The barrier for the water attack
was calculated to be 18.7 kcal mol™" relative to the reactant
complex, and the reaction is exergonic by 3.8 kcal mol™". The
barrier is thus only 1.6 kcal mol™" higher than that of the O—O
bond formation pathway occurring from intermediate 9. The
small barrier difference could explain why a limited TON is
achieved for the artificial Mn catalyst. To increase the TON of
the catalyst, future ligands have to be designed to avoid water
attack on the ligand scaffolds and related side reactions that
lead to catalyst deactivation. Interestingly, a tetranuclear Mn
water oxidation catalyst has very recently been synthesized
using inorganic tungstosilicate as a ligand,45 in which the ligand
modification by water attack or oxidation can be avoided.

2.5. 0—0 Bond Formation from Intermediates 7 and
8. Oxidation states of the Mn,Ca cluster in PSII, which differ
from the one normally assumed, have also been suggested, in
which S, has been assigned as Mn, ™™™V #74 This oxidation
state is actually the same as for intermediate 7 in the present
study. To compare the relative reactivities of 7, 8, and 9 that
have different oxidation states, the barriers for direct O—O
bond formation from 7 and 8 were also calculated. For species
7, which is in the Mn,"™™!V redox state, the generation of an
oxyl radical (Mn,""""™VV_Q°; Figure S42, Supporting
Information) is endergonic by 24.0 kcal mol™', and the
following O—O bond formation step has a barrier of 27.2 kcal
mol ™" relative to 7, which is 4.8 kcal mol™" higher than that
from 9 (Mn,""™VVV_L*—L°). Similarly, the generation of an
oxyl radical from 8 (Mn,™™"™V—0°; Figure S43, Supporting
Information) is endergonic by 22.9 kcal mol™, and the barrier
for O—O bond formation was found to be 24.7 kcal mol™),
which is 2.3 kcal mol™ higher than that from 9. These results
suggest that O—O bond formation in the artificial Mn complex
takes place preferentially from 9, which has the same oxidation
state as the generally accepted S, state in the OEC."*™’
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Figure S. Comparison of the catalytic cycles, transition-state structures, and schematic mechanisms for O—O bond formation in the artificial Mn,

complex and the OEC.

2.6. Comparison of the OEC in PSIl with the
Bioinspired Mn Complex. Our calculations show that the
studied Mn, catalyst has great structural and mechanistic
similarities to the OEC. To the best of our knowledge, this is
the first synthetic metal complex based on Mn that follows the
leading mechanistic suggestion for the O—O bond formation in
the OEC. By comparing the electronic structures and energies
of various intermediates of the Mn, complex and the OEC, we
can find the following similarities and differences.

Both systems require the cooperation of four Mn ions to
efficiently catalyze the oxidation of water. The O, evolution
from complex 4 starts with § with the formal oxidation state
Mn, MV corresponding to the Sy state in the catalytic Kok
cycle and ends with 9 with the formal Mn, ™™V state,
corresponding to the S, state. The transition from § to 8 (S, to
S,) is exergonic, while the transition from 8 to 9 is endergonic,
and intermediate 8 is the resting state in the catalytic cycle. For
the synthetic Mn, complex, the ligand framework is redox-
active, which can facilitate PCET processes and significantly
lower the redox potentials for the various transitions. As shown
in Table 1, the redox potentials for the synthetic Mn, complex
are higher than those for the OEC, except for the 8 to 9 (S, to
S,) transition, for which the potentials are about the same for
the synthetic Mn, complex and the OEC. However, the
generation of an oxyl radical requires a significant amount of
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energy which is much higher for the synthetic Mn, complex
(15.1 kcal mol™) than for the OEC (3.6 kcal mol™). The
structure of the S, state in the OEC consists of six bridging oxo
ligands, while there are only three in the synthetic Mn, complex
in addition to two phenolate ions. The involvement of a
multinuclear Mn—oxo core has been suggested to be important
for the design of a successful Mn water oxidation catalyst.*”*°
In the Mn, complex, the Mnl and Mn2 centers are bridged by
an oxo and a phenolate and the Mn3 and Mn4 centers have the
same bridging coordination pattern, while Mn4 and Mn2 are
bridged by only one oxo group. In the OEC, Mn2 and Mn3 are
bridged also by an oxo group, which is absent in the synthetic
Mn core. The critical O—O bond formation step in both the
synthetic Mn complex and the OEC proceeds via a direct
coupling of an oxyl radical and a di-Mn bridging oxo group (see
Figure S), and during the O—O bond formation, one electron is
transferred from the bridging oxo group to the Mn center.
However, for the synthetic Mn, complex this transfer leads to
an excited-state product (intermediate-spin Mn') rather than
to a ground-state product (high-spin Mn™) as in the OEC. A
spin crossing is therefore needed in the former case. A plausible
reason for this difference is that, in the synthetic Mn, complex,
after the reduction of Mn2, the ligands on the Jahn—Teller axis
are the bridging phenolate and the terminal carboxylate. In
addition, O2 maintains a strong interaction with Mn2. By
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contrast, O2 (Figure S) is situated on the Jahn—Teller axis in
the OEC and dissociates from Mn1 after O—O bond formation.
In both cases, the barrier is low (less than 8 kcal mol™") starting
from the oxyl radical state. However, the total barrier for the
synthetic Mn, complex 4 is still about 10 kcal mol™ higher
than that for the OEC due to the greater energy penalty for the
formation of the oxyl radical state.

O, release starts from the peroxide intermediate by breaking
the bond between Mn3 and O1, coupled with a one-electron
transfer from the peroxide to Mn3 (Figure 4) and the
generation of a superoxide radical as a bridging ligand to
Mnl and Mn2. This process is exergonic and is different from
the endergonic step in the OEC.2! Compared to the OEC,
the redox potential for the Mn'"/Mn"" couple is higher in the
synthetic Mn, complex, and thus, the reduction of Mn3 by
electron transfer from the peroxide is facilitated. In the OEC,
direct cleavage of either Mn3—O1 or Mn2—02 would result in
the formation of a terminal superoxide radical bound to one
Mn center, which seems to be energetically less favorable.
Indeed, recent calculations show that the dissociation of O1
from Mn3 is coupled with binding of 02 to Mn3.** In the
catalytic cycle of complex §, O, release is coupled to the
binding of two water molecules to regenerate 5. This is
different from the OEC, in which only one water molecule
binds to regenerate S, while the second water molecule enters
the catalytic cycle during the S, — S; transition.*

3. CONCLUSION

In summary, the water oxidation mechanism has been
investigated for a synthetic, bioinspired Mn complex. Both
monomeric (dinuclear Mn, complex) and dimeric (tetranuclear
Mn, complex) forms have been considered as potential
catalytic entities, which experimentally have been shown to
exist in equilibrium in solution. Other intermediates cannot be
excluded, such as a dimer, a different tetramer, or even
manganese oxide. However, a dimer seems unlikely according
to the calculations. Manganese oxide is also unlikely because
manganese acetate and similar simple precursors fail to catalyze
water oxidation. Also other tetramers are in principle possible,
but the chosen one appears most likely because it is actually
formed on crystallization. An OEC-like mechanism is proposed,
involving the cooperation of four Mn centers. The catalytic
cycle is similar to the redox transitions in the OEC, going from
a formal Mn,™™™Y complex to a formal Mn,V™™V species.
The catalysis starts from complex S, in which a ligand radical is
present and all four Mn centers are in the Mn' state. Four
sequential PCET oxidations result in the formation of 9, with 8
as the resting state. From 9, intramolecular proton transfer
leads to the generation of a Mn"-bound oxyl radical, which
then generates the O—O bond with the Mn1—Mn2 bridged
oxo group. This mechanism is very similar to the leading
suggestion for the OEC™® but different from the nucleophilic
water attack mechanism on a mononuclear'” or a dinuclear”®
Mn complex and also the radical coupling mechanism observed
for Ru-based catalysts.>> The total barrier was calculated to be
224 kcal mol™" and is in good agreement with the experimental
results (20 kcal mol™"). During the O—O bond formation, one
p electron from the bridging oxo group is transferred to Mn2 (3
@), leading to a product in the excited state. If the spin of the
transferred electron is parallel to those of Mn2, like the OEC,
the barrier is about 4 kcal mol™ higher, even though the
resulting product is in the ground state. O—O bond formation
by coupling two bridging oxo groups was found to have a
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significantly higher barrier, suggesting that further dehydration
to bridge Mnl and Mn3 leads to an inactive form. Since a
ligand radical is present in 9, the calculations suggested that a
water molecule could attack the ligand, leading to catalyst
deactivation, similarly to that found in our previous study on
iron-catalyzed water oxidation.>® One may also suspect that the
metal could be extracted from the ligand by phosphate, which
binds fairly strongly to Mn ions and leads to deactivation. O—O
bond formation at the lower oxidation states, starting from 7 or
8, was also investigated, but the barriers were found to be
higher than the one from 9.

Our present results suggest the following physical design
principles for future water oxidation catalyst mimics of the
OEC: (1) A Mn-bound terminal water molecule should be
present to generate the essential Mn'—O®. If all Mn ions are
saturated by organic ligands and bridging oxygen species (oxo
or hydroxide), an extra energetic penalty needs to be overcome
to generate the oxyl radical. (2) A nucleophilic water attack on
the Mn"V—O® seems to be less favorable than a mechanism
involving coupling between a bridging oxo and the MnV-0°,
in which no proton transfer occurs in the O—O bond formation
step. Therefore, a minimum of three Mn ions are needed to
allow an OEC-like O—O bond formation mechanism. (3) A
redox-active ligand is helpful to lower the redox potentials for
each oxidation step and alleviates the metal centers from being
heavily oxidized.

4. COMPUTATIONAL DETAILS

The quantum chemical calculations were made using density
functional theory (DFT) with the hybrid B3LYP*® functional, as
implemented in the Gaussian09 program package.>* For geometry
optimizations, the SDD>* pseudopotential was used for Mn and 6-
31G(d,p) for the P, C, N, O, and H elements (labeled as BSI). On the
basis of these optimized geometries, more accurate energies were
obtained by performing single-point calculations using the B3LYP*
functional (15% exact exchange)56 and a larger basis set, where all
elements, except Mn, were described by 6-311+G(2df,2p) (labeled as
BSII). Very recent comparison of the performance of different
functionals on the energetics of water oxidation by OEC suggested
that B3LYP* gave the most reliable results.’” The water solvation
effects were taken into account by employing the SMD*® continuum
solvation model at the B3LYP*/BSII level. Analytic frequency
calculations were carried out at the same level of theory as the
geometry optimization for all structures to characterize their nature as
either minima or transition states and also to compute the Gibbs free
energy corrections. The reaction pathway for the O—O bond
formation was subjected to IRC* analysis to trace its path and to
confirm that the optimized TS structure connects the reactant and
product. For all species except water, the concentration correction of
1.9 keal mol ™! at room temperature was added, which accounts for the
change of standard state from 1 atm (24.5 L mol™", 298.15 K) for the
ideal gas to 1 M (1 mol L") in solution. For water, the correction is
4.3 keal mol™ as the standard state of the water solvent is 55.6 M. In
addition, for the solvation free energy of water, the experimental value
of —6.3 keal mol™" is used.*® The final free energies reported are the
B3LYP* energies including the Gibbs free energy correction from
B3LYP and dispersion correction using the D2 method developed by
Grimme.®

To calculate the redox potentials of various oxidation steps, the
experimental absolute redox potential of the [Ru(bpy);]**/[Ru-
(bpy);]** couple (1.26 + 4.281 V) was used as a reference,®’ which
corresponds to an electron affinity of 127.8 kcal/mol. For PCET
oxidations, the experimental driving force (4(0.804 — 1.26) X 23.06 =
—42.1 keal mol™") was used to derive the reference redox potential,
which corresponds to 405.9 kcal mol™ for the release of (H, ™) (for
more details on the methodology, see ref 39). For the PCET redox
potentials without fitting, the experimental value of —264.0 kcal mol™"
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for the solvation free energy of a proton is used.** Comparisons with/
without fitting and the use of different functionals are shown in the
Supporting Information (Figures $44—S46).
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