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The use of iron-based catalysts for the water oxidation reaction is
highly attractive due to the high abundance of iron. While many
molecular catalysts have been made, most show limited activity
and short lifetimes. An exception with higher activity was pre-
sented by Thummel and co-workers in 2015. Herein we present a
study on the feasibility of the coupling of two O centered radicals
originating from the two subunits of the dinuclear catalyst. The
reaction pathway includes the oxidation to the active species Fe'V—
O-Fe'V but avoids further high potential oxidations which previous
mechanistic proposals have relied on.

The realization of artificial photosynthesis capable of produ-
cing renewable energy is a promising approach to combat the
climate crisis resulting from the high reliance on fossil fuels
currently.' In the simplest form, artificial photosynthesis con-
sists of the water oxidation reaction that generates O, and the
proton reduction reaction that generates H,. While H, is the
product we use to store intermittent energy (e.g. solar energy)
into chemicals, much focus has been on water oxidation since
it is typically considered the bottleneck owing to the high
thermodynamic  requirement and sluggish kinetics.>
Therefore, efficient catalysts are required to boost the water
oxidation reaction. To investigate different reaction mecha-
nisms that might potentially be applied to realistic hetero-
geneous catalysis, molecular oxidation catalysts
(MWOCs) are preferred due to their well-defined structures,
flexible adjustable properties and informative characterization.
Transition metals that can reach several accessible oxidation
states are typically suitable for creating active MWOCs. Since
the first well-characterized MWOC based on ruthenium was
reported by Meyer’s group in 1982,® extensive research studies
have been conducted on Ru-based MWOCs, some of which
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possess high reaction rates with a turnover frequency (TOF)
that exceeds that of the oxygen-evolving complex in photosys-
tem I1.*"® Discovering O-O bond formation mechanisms and
isolating crucial intermediates are essential for the develop-
ment of MWOCs.”'° In addition to the two well-known O-O
bond formation mechanisms, i.e., water nucleophilic attack
(WNA) and interaction of two metal-oxo units (I2M), several
other mechanisms were presented by Cao, such as bimolecular
hydroxyl coupling (BHC), intramolecular hydroxyl coupling
(IHC), intermolecular oxo/oxyl coupling (IOC) and redox iso-
merization (RI)."* Recently, MWOCs containing first-row tran-
sition metals (e.g. Mn,">" Fe,"*'® Cu,"”"'® Co,'®'*?° Ni*"*?)
have emerged to reduce the use of scarce noble transition
metals. Among them, iron is the most attractive and promising
candidate due to its abundance, low price, low toxicity, and its
valence electronic structure resembling that of ruthenium,>?
which the most efficient MWOCSs contain.>* In 2010, Collins
and Bernhard reported the first Fe-based MWOC, Fe-TAML
(TAML = tetraamido macrocyclic ligand), with the most elec-
tron-deficient groups, which displayed a TOF of 1.3 s™' at pH
0.7 driven by ceric ammonium nitrate (CAN).>* After six years,
a pentanuclear Fe complex with a TOF of 1400 s ' was
designed by Masaoka’s group although its practical use was
limited by the special operating environment of high concen-
tration organic solvent and a high overpotential of 500 mv."*
Its reaction mechanism was proposed as intramolecular
radical coupling inside the pentanuclear core.>® Masaoka also
stated that O-O bond formation in an intramolecular fashion
is a key feature for multinuclear structures.”” Recently, Zhang
and Liao have reported three dinuclear Fe-based MWOCs and
the one with more axial rotational flexibility of two Fe-oxos in
the O-Fe-O-Fe-O species showed higher catalytic activity
owing to its larger possibility of intramolecular radical coup-
ling.*® In 2015, Thummel’s group reported a highly efficient
dinuclear Fe-based MWOC, [(H,O)-Fe™-(ppq)-O-Fe"'~(ppq)-
CIT** (ppq=2-(pyrid-2'-yl)-8-(1",10"-phenanthrolin-2"-yl)-quino-
line), with a TOF of 2.2 s~"."*> This dinuclear catalyst worked
under aqueous conditions at pH 1 driven by Ce"(NH,),(NO5)g
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(CAN). Zheng and co-workers proposed a mechanism where
the dinuclear Fe-based MWOC first decomposed into two
mononuclear moieties and the two highly oxidized moieties
(Fe¥=0) were then attacked by nucleophilic nitrate to form the
0-0 bond, which is the same as the mechanism that was pre-
viously proposed for a mononuclear Fe-based complex by
Liao.>*° Here, we revisit this dinuclear Fe-containing complex
and propose a different possible reaction mechanism for the
0-0 bond formation.

In the experimental study, complex 1 [Cl-Fe™-O-Fe™-
OH,]*" characterized by a crystal structure analysis was pro-
posed to be the initial state of the catalyst (Fig. 1). The catalytic
mechanism was proposed to be initiated in two steps.
Complex 1 [Cl-Fe™-0-Fe""-OH,]*" first undergoes a two-elec-
tron oxidation to generate [Cl-Fe™V-O-Fe"V-OH,]>*. Two
protons are then transferred to the solvent along with an
internal electronic rearrangement to obtain the reactive
species [Cl-Fe'"-O-Fe"=0]** which was proposed to be the
species forming the O-O bond."”> However, the reduction
potential to transfer two electrons in the above mechanism to
generate complex 1 was calculated to be 2.18 V, which is much
higher than the onset potential of the operating system. The
calculated potentials reported in this study were against the
Ag/AgCl reference electrode at pH 1 which was the same con-
dition as the experiment. Consequently, we propose an alterna-
tive mechanism where complex 1 undergoes two proton
coupled electron transfers (PCET) to produce complex 3 [Cl-
Fe™V-0-Fe™=07*", and we expect that complex 3 is responsible
for initiating the O-O bond formation while at the same time
following the first-order kinetics with regard to the initial rate
of O, evolution and the catalyst concentration.

The first PCET process for complex 1 was calculated to
occur at 1.66 V to generate [Cl-Fe'"-O-Fe™V-OH[**, as shown in
Table S2.f Similarly, the second PCET process requires a
potential of 1.44 V to generate complex 3 from 2. The lower
potential of the second oxidation indicates that the two steps
occur simultaneously driven by a potential of 1.66 V, which
reasonably matches the experimental onset potential of 1.25 V,
given that the onset potential is typically considered lower
than the exact limiting water oxidation potential.>® We tested
the possibility of a further oxidation step to [Cl-Fe™-O-
Fe'=0]""; however, it requires a potential of 2.15 V which is
far too positive to be possible. After the two PCET processes,
the O2-Fe1l bond distance increased to 1.98 A from 1.74 A,
while the O2-Fe2 bond distance shortened to 1.67 A from

Fig. 1 Structures of complex 1 (ICl-Fe"-0-Fe"-OH,I*"), 2 ([Cl-Fe"'-
O-Fe!V—OHI**) and 3 ([Cl-Fe'V-O-Fe'V=0]3"). The values above and
below are the bond distances of O2—-Fel and O2—Fe2 in A.
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1.84 A, as indicated in Fig. 1. The uneven distribution of the p-
oxo between two Fe centers in complex 3 indicates the unequal
bond strengths of O2-Fe1l and O2-Fe2. Next we will consider a
viable reaction mechanism that consists of the decomposition
of [Cl-Fe"V-0-Fe"V=0]*" into two subunits by chloride nucleo-
philic attack and radical coupling of two [Cl-Fe™'=0]".

Fig. 2 shows the spin density distribution of complex 3 (O1:
—0.99, Fel: —1.04, O2: 0.69, Fe2: 1.31). Together with the
longer bond distance of O2-Fel (1.98 A) than that of O2-Fe2
(1.67 A) compared with complex 1 or 2 shown in Fig. 1, it indi-
cates that the unrestricted singlet complex 3 could be con-
sidered as a combination of two triplet Fe™’ =0 units that are
antiferromagnetically connected by the weakly coordinated
02-Fel bond. [Cl-Fe"-O-FeV=0]’" has a 3+ charge and is
likely to be surrounded by multiple counter ions to avoid too
large charge separation, similar to [Cl-Fe'"-O-Fe"'=0H,]**
which is accompanied by three Cl™ in its crystal structure.
Consequently, CI™ is more probable to attack the weaker O2-
Fel bond to generate two identical triplet [Cl-Fe"V=0]" sub-
units to initiate the O—O bond formation rather than to attack
the O2-Fe2 bond. With the decrease of the Cl1-Fel distance
from 4.89 A (reactant) to 3.71 A (transition state) and then to
2.40 A (product), the O2-Fel bond was broken and two identi-
cal triplet [Cl-Fe™=0]" subunits were generated, as shown in
Fig. 3. The activation and reaction Gibbs free energies of this
chloride nucleophilic attack process are 19.9 and 5.6 kcal
mol ™', respectively. In addition, similar calculations on the
other two nucleophiles nitrate and water attacking the O2-Fel
bond were performed, respectively. The Gibbs energy barriers
and reaction Gibbs free energies for nitrate attack are 22.4 and
11.8 keal mol ™", and for water attack, 23.2 and 11.7 kcal mol™.
Both nitrate attack and water attack show higher energy bar-
riers and reaction energies than the chloride attack, which
supports the decomposition of complex 3 attacked by the
chloride. For the stepwise dissociative pathway, the Gibbs

Fig. 2 Spin density distribution of complex 3 [Cl-Fe'V-O-Fe'V=0]** at
an isovalue of 0.05 electrons per bohr>.

Fig. 3 Structures of the reactant (complex 4), transition state (4TS) and
product of [Cl-Fe"V-O-FeV=0]** (4IM) attacked by one nucleophilic
chloride ion. The unit of distance is A.
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energy required to directly split the O2-Fel bond was calcu-
lated to be 32.0 kcal mol™", which is much higher than that
(19.9 kcal mol™") of the concerted dissociative mechanism
assisted by chloride insertion. A similar decomposition of this
dinuclear Fe-based MWOC via the water nucleophilic attack
was proposed by Zheng’s group. The activation and reaction
Gibbs free energies were calculated to be 13.7 and 7.2 kcal
mol " with the ®B97XD functional, using the LANL2DZ basis
set for the Fe atoms and the 6-31G(d,p) basis set for other
atoms. Hetterscheid and co-workers also experimentally
suggested that a p-oxo bridged dinuclear Fe-based MWOC is
likely to be decomposed when oxidized to high valence
states.>®!

The generation of two identical [Cl-Fe"™"=0]" subunits indi-
cates the possibility of forming an O-O bond via the more
efficient radical coupling pathway, similar to the Ru(bda)L,
(bda®" = 2,2"-bipyridine-6,6'-dicarboxylate, L is typically a nitro-
gen heterocycle) series of MWOCs.*>* The potential energy
surface during the scan of the O-O bond distance from 4.09 A
to 1.20 A at the antiferromagnetic open-shell singlet state ([Cl-
Fe™V=0..-0=Fe"V-CI]*", triplet-triplet) is presented in Fig. 4.
The structures of the reactant (O-O distance 4.09 A), transition
state (2.03 A) and product (1.41 A) are shown in Fig. 5, from
which the electronic energy barrier and reaction energy are
obtained as 13.2 and —7.4 kcal mol ™, respectively. After taking
solvation free energy and thermal corrections into account, the
Gibbs free energies for activation and reaction are 12.1 and
—8.6 kecal mol™?, respectively.

The energy profile of the decomposition of complex 3 via
chloride nucleophilic attack and the following radical coupling
is presented in Fig. 6. These two processes are energy demand-

42 39 36 33 3 27 24 21 1.8

Relative energy (kcal/mol)

-9
Energy profile with the decrease of O-O distance

Fig. 4 Energy profile of the [CI-Fe'V=Q]* dimer via the radical coupling
pathway.

Fig. 5 Structures of the reactant (complex 5), transition state (5TS) and
product (5IM) of the [Cl-FeV=OIl* dimer via the radical coupling
pathway after [Cl-Fe'V-O-FeV=OJ]** was decomposed by chloride
nucleophilic attack. The unit of distance is A.
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Fig. 6 Energy profile of decomposition of complex 3 and radical coup-
ling of the [Cl-Fe"V=0]* dimer.

ing with energy barriers of 19.9 and 16.4 kecal mol ™, respect-
ively. Although the energy barrier for the breakage of complex
3 is 19.9 keal mol™?, some effects, such as the explicit solvent
effect, are not included to obtain more accurate values, which
is challenging for this large complex. Moreover, the energy
barrier of the similar decomposition via water nucleophilic
attack in Zheng’s computational study is 13.7 kcal mol™,
which indicates that the activation energy of the decompo-
sition attacked by nucleophiles in the solution could be as low
as 13.7 kcal mol™ and then the energy barrier for the whole
process given in Fig. 6 will be 16.4 kcal mol ™. Considering the
accuracy of the chosen computational methods, both 19.9 and
16.4 kcal mol™" are reasonable energy barriers that are within
the range of 17.1 kcal mol™" converted from the TOF value of
2.2 s7". Since the resting state of the investigated mechanism
contains the same atoms as the transition state, it is expected
to follow first-order kinetics.

This study proposed an alternative reaction mechanism for
the efficient dinuclear Fe-based MWOC [(H,0)-Fe™~(ppq)-O-
Fe™-(ppq)-CI]**. Unlike the already proposed mechanism
where the decomposed mononuclear catalysts need to be oxi-
dized to Fe"=0 species to evoke the O-O bond formation by
nitrate nucleophilic attack, our mechanism shows that the
dinuclear Fe-based MWOC only needs to undergo two PCET
processes to generate [Cl-Fe™V-O-Fe'Y=—0]*" with a potential of
1.66 V vs. the Ag/AgCl reference electrode at pH 1. [Cl-Fe™V-O-
Fe™V=0]** then reacts with a Cl~ counter ion to break one of
the Fe-O bonds generating two identical monomers. The O-O
bond is then formed via the radical coupling pathway of the
two Fe™V=0 species. The activation free energy for the
decomposition to two monomers was calculated to be
19.9 kecal mol™ and that for the O-O bond formation was cal-
culated to be 16.4 kcal mol™, relative to the dinuclear
complex. The calculated potentials, activation free energies,
and first-order kinetics agree with the observed experimental
data.
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