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Density functional calculations are used to elucidate the re-
action mechanism of water oxidation catalyzed by iron tetra-
amido macrocyclic ligand (TAML) complexes. The oxidation
of the starting TAML–Fe3+–OH2 complex by removing three
electrons and two protons leads to the formation of a key
intermediate, TAML·–Fe5+=O, which can undergo nucleo-
philic attack by either a water molecule or a nitrate ion. Both
pathways involve attack on the oxo group and lead to the
production of O2. The water attack is more favoured and has
a total barrier of 15.4 kcal/mol. The alternative nitrate attack
pathway has a barrier of 19.5 kcal/mol. Nitrate functions as

Introduction

The conversion of water into molecular oxygen and
hydrogen by using sunlight is a very promising process to
supply a clean and renewable source of energy. The oxi-
dation of water by the liberation of four protons and four
electrons is the bottleneck in this task. The reaction is not
thermodynamically favourable and is associated with a rela-
tively large energy penalty (E0 = 1.23 V, standard reduction
potential at pH 0). In addition, an efficient catalyst with
high stability and turnover number (TON) is needed to pro-
mote the O–O bond formation. Extraordinary efforts have
been devoted to the development of both heterogeneous
and homogeneous water oxidation catalysts (WOC),[1–7] but
most are based on expensive heavy transition metals such
as ruthenium[8–12] and iridium.[13–16] Therefore, it is of high
interest to develop a WOC based on abundant and inexpen-
sive first-row transition metals.[17–20] Recently, Ellis et al.
synthesized five Fe3+ complexes based on tetraamido
macrocyclic ligands (Fe3+–TAMLs, Scheme 1); four of them
(WOCB–WOCE) catalyze water oxidation in the presence of
excess ceric ammonium nitrate (CAN) at pH 0.7.[21] WOCE

gave the highest activity and showed a turnover frequency
larger than 1.3 s–1, whereas only a small activity was ob-
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a cocatalyst by first donating an oxygen atom to the oxo
group to form O2 and a nitrite ion, which can then be re-
oxidized to regenerate a nitrate ion. Three possible compet-
ing pathways result in ligand modification, namely, water
and nitrate attack on the ligand, as well as ligand amide oxi-
dation. The water attack on the ligand has a low barrier of
only 10.9 kcal/mol and leads to the opening of the benzene
ring, which explains the observation of fast catalyst degrada-
tion. The lack of activity or lower activity of other catalysts
with different substituents is also rationalized.

served for WOCA. However, for WOCE, a rapid release of
O2 could only be observed in the first 20 s, which suggests
a quite fast catalyst degradation. Kinetic studies also sug-
gest that the formation of O2 catalyzed by WOCE is first
order and, therefore, exclude the possibility of a cooperative
metal–oxo coupling mechanism, which has been found for
mononuclear Ru-based catalysts.[22,23]

Scheme 1. Five Fe3+–TAMLs used for water oxidation.[21]

Recently, Cramer and co-workers performed density
functional and multireference second-order perturbation
calculations to understand the reaction mechanism of water
oxidation enabled by the WOCE catalyst.[24] They suggested
that the reaction starts from two sequential proton-coupled
electron transfer (PCET) steps from the TAML–Fe3+–OH2

complex to form a TAML–Fe5+=O species, followed by a
one-electron oxidation of the ligand to generate a
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Scheme 2. Reaction mechanism proposed on the basis of previous calculations.[24]

TAML+·–Fe5+=O intermediate (Scheme 2). Therefore, the
key oxidizing species is formally Fe6+, but this high-valent
oxidation state is delocalized over two redox-active centres,
namely, the metal centre and the TAML ligand. A water
molecule then performs a nucleophilic attack on the oxo
group facilitated by a microsolvation shell of water mole-
cules. This type of water attack mechanism has also been
suggested for a number of mononuclear Co-, Ru-, and Ir-
based catalysts.[25–31] This step was calculated to be rate-
limiting with a total barrier of ca. 30 kcal/mol. This is much
too high compared with the experimental rate constant
(1.3 s–1) at room temperature, which can be converted to a
barrier of 17.3 kcal/mol by using classical transition-state
theory. Once the O–O bond is formed, a proton can easily
be released into solution to form a TAML–Fe4+–OOH in-
termediate. Subsequently, proton-coupled electron transfer
occurs, followed by O2 release and water binding, which
regenerates the TAML–Fe3+–OH2 species. As a technical
note, the computed barrier was very sensitive to the density
functional used; for example, B3LYP gives a barrier of
14.6 kcal/mol.[24]

In this paper, we revisit the reaction mechanism of this
catalytic reaction by density functional calculations. An al-
ternative mechanism involving a nitrate cocatalyst is pro-
posed. A full energy diagram for the whole catalytic cycle
is constructed, similarly to our previous studies on pho-
tosystem II and two Ru-based catalysts.[32–38] Possible com-
peting catalyst degradation pathways, which have not been
considered before, have also been explored. The lower ac-
tivity and lack of activity of other complexes with different
ligand substituents are rationalized by analyzing the total
barriers. The secondary pathways proposed should stimu-
late further experimental studies to obtain more stable cata-
lysts and to verify whether nitrate ions are involved in the
water oxidation for this catalyst.

Results and Discussion

Quantum chemical calculations have been performed to
elucidate the reaction mechanism of O2 formation and the
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fast deactivation of WOCE. Two types of mechanism, in-
volving water and nitrate attack, will be presented and dis-
cussed for the water oxidation. Three types of competing
pathways that could lead to ligand modification and cata-
lyst deactivation will be shown. Furthermore, the lack of
activity of WOCA and the relatively lower activity of
WOCB–WOCD will be rationalized. Finally, the computed
energy profiles derived from the two different functionals
B3LYP*-2D and M06L will be compared.

A. O2 Formation by Direct Water Attack

As mentioned in the Introduction, Cramer and co-
workers have suggested all intermediates and transition
states for the O2 formation by a direct water attack on the
high-valent iron–oxo group.[24] In the present study, we con-
struct the full energy diagram by using the experimental
driving force, which was not done before. This will be help-
ful for the understanding of the rate-limiting step and the
total barrier.

The resting state is a pentacoordinate ferric complex (la-
belled as 1, or Fe3+–OH2, Figure 1) with a water molecule
bound to the metal. The complex has a quartet ground
state, and the sextet and doublet are 14.0 and 30.9 kcal/mol
higher in energy, respectively. The first oxidation step is a
one-electron oxidation to form the triplet species Fe4+–OH2

(2). This step is calculated to be exothermic by 15.1 kcal/
mol (Figure 2), and, thus, the redox potential for the 2/1
pair is 1.07 V (Table 1). From 2, a PCET oxidation takes
place to form a doublet TAML·–Fe4+–OH complex (4),
which is best described as an intermediate-spin Fe4+ (SFe =
1) centre antiferromagnetically coupled to the ligand radical
cation (S = 1/2). The quartet and sextet states are 1.6 and
19.4 kcal/mol higher in energy, respectively. Thus, during
the oxidation, one electron is released from the ligand,
rather than from the metal centre. The redox potential for
this step is calculated to be 1.75 V. Subsequently, another
PCET oxidation of 4 (redox potential 1.75 V) leads to the
formation of TAML·–Fe5+=O (6), which is the proposed
oxidant for the following O–O bond formation. The ground
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state of 6 is a triplet at the B3LYP*-2D level and has a low-
spin iron centre (SFe = 1/2) that interacts with the TAML
ligand radical cation (S = 1/2) in a ferromagnetic fashion.

Figure 1. Selected optimized structures along the reaction pathway of direct water attack. Distances are given in angstroms. Spin densities
for Fe and other important atoms are indicated in italics. For all structures, the spin state with the lowest energy is shown. Superscripts
indicate the multiplicity of the structure.
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The broken-symmetry singlet state with the two radicals
antiferromagnetically coupled is +3.0 kcal/mol higher in en-
ergy than the triplet state. In contrast to B3LYP*-2D, the
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M06L functional favours the singlet by 0.4 kcal/mol. Pre-
vious CASPT2 calculations showed that the singlet–triplet
gap is 3.3 kcal/mol.[24] However, this gap might be overesti-
mated as entropy corrections could favour the triplet by 1–
2 kcal/mol. This is quite similar to compound I in P450
enzymes, in which the porphyrin radical cation can interact
with the iron centre in both an antiferromagnetic and a fer-
romagnetic fashion. The electronic structure of 56, equiva-
lent to TAML·–Fe4+–O· and 8.3 kcal/mol higher in energy
than the triplet, is best described as an intermediate-spin
iron centre (SFe = 1) ferromagnetically coupled to the oxyl
radical (S = 1/2) and to the TAML ligand radical cation (S
= 1/2).

In the previous study it was shown that 6 is the active
species for O–O bond formation by water attack.[24] The
authors suggested that a proper description of this process
requires four water molecules. The main reason for the ad-
dition of more water molecules is that a proton is released
into solution during the attack, and two additional water
molecules are needed to explicitly solvate the newly formed
hydronium ion. They also tried with only three water mole-
cules, and the barrier is slightly higher. Following the pre-
vious calculations, we added four water molecules into 6 to
form complex 7, from which one water molecule performs
a nucleophilic attack on the oxo group. During the O–O
bond formation, a proton is transferred to the nearby water
molecule. The optimized transition state in the triplet state
3TSOO is shown in Figure 1. The triplet barrier is calculated
to be 12.9 kcal/mol relative to 7, whereas the quintet barrier
is 10.3 kcal/mol higher than the triplet one. This step is cal-
culated to be almost isoergonic, and the resulting interme-

Figure 2. Energy diagram (in kcal/mol at the B3LYP*-2D level) for the two possible catalytic cycles of O2 formation enabled by WOCE.
The black curve shows O–O bond formation by a water attack, whereas the red curve shows the nitrate attack.
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Table 1. Redox potentials [V] of various redox reactions at the
B3LYP*-2D and M06L levels.

Redox Couple Redox potential [V]
B3LYP*-2D M06L[a] M06L[b]

I Fe4+–OH2 (2) + e– � 1.07 1.02 –
Fe3+–OH2 (1)

II Fe4+–OH (3) + (e–, H+) � 1.46 1.16 1.04
Fe3+–OH2 (1)

III Fe5+–OH (4) + e– � 1.36 1.44 1.02
Fe4+–OH (3)

IV TAML·–Fe4+–OH (4) + (e–, H+) � 1.75 1.58 –
Fe4+–OH2 (2)

V Fe5+=O (5) + (e–, H+) � 1.68 1.49 1.33
Fe4+–OH (3)

VI TAML·–Fe5+=O (6) + e– � 1.43 1.65 1.09
Fe5+=O (5)

VII TAML·–Fe5+=O (6) + (e–, H+) � 1.75 1.70 1.39
TAML·–Fe4+–OH (4)

VIII TAML·–Fe4+-OOH (10) + e– � 1.29 1.46 –
Fe4–OOH (9)

Mean absolute deviation (MAD) 0.14 –

[a] Present calculations with fitting. [b] Previous calculations.[24]

diate 8 is only 0.5 kcal/mol higher than 7. At 3TSOO, the
critical O–O bond is 1.73 Å, and the Fe–O bond is elon-
gated to 1.70 Å (1.58 Å in 7). It should be pointed out that
the conformation of 3TSOO is different from the previously
reported one. Owing to the presence of a hydrogen bond
between a water molecule and the fluoro group (hydrogen
bonding distance 1.93 Å), the new transition state is
1.5 kcal/mol lower in energy than the previous one. During
the O–O bond formation, one electron with β spin is trans-
ferred from a water molecule to the ligand radical cation,
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and the other electron with α spin is transferred from the
oxo ligand to the metal centre, which leads to the formation
of an intermediate-spin Fe4+ complex (SFe = 1). In the fol-
lowing step, a PCET oxidation takes place with the forma-
tion of TAML·–Fe4+–OOH (10), which is a doublet with
the quartet and sextet 5.5 and 7.2 kcal/mol higher in energy,
respectively. Further deprotonation of 10 leads to Fe3+–OO
(11), in which an intermediate-spin iron centre (SFe = 3/2)
is antiferromagnetically coupled to the triplet oxygen mo-
lecule (SO2 = 1). Partial electron transfer can be seen from
the iron atom to the O2 molecule. The liberation of O2 and
coordination of H2O can regenerate 1 and start the next
catalytic cycle.

From Figure 2, we can see that the oxidative formation
of 6 from 2 is endothermic by 1.5 kcal/mol. The O–O bond
formation step is rate-limiting and has a total barrier of
15.4 kcal/mol (3TSOO relative to 2). The experimental turn-
over frequency is larger than 1.3 s–1 at room temperature
and can be converted to a barrier of ca. 17 kcal/mol by
using transition-state theory. The calculated barrier is
slightly underestimated compared to the experimental
one.[21] It should be pointed out that previous CASPT2 cal-
culations showed that the singlet–triplet gap is 3.3 kcal/mol
in favour of the singlet state.[24] The present B3LYP*-2D
calculations suggest that the triplet is the ground state. If

Figure 3. Comparison of energy diagrams of the different methods. The black curve shows the B3LYP*-2D energies with ZPE corrections
and an empirical water binding energy of 14 kcal/mol. The red curve shows the previous M06L energies[24] including the relative energies
of 9 to 6 and 1 to 11 from the present calculations.
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the CASPT2 correction is taken into account, the total bar-
rier becomes 17.2 kcal/mol, which is in excellent agreement
with the experimental kinetic results.

In our previous studies on other systems, in which only
water binding and O2 release are involved in the catalytic
cycle, the entropy effect was not considered explicitly and
two empirical values were adopted, 14 kcal/mol for water
binding and 12 kcal/mol for the entropy effects of releasing
O2 gas.[32–38] Here, we also construct the energy diagram
(Figure 3) by using this methodology for the formation of
an O–O bond by water attack. The process for the binding
of water molecules in the second sphere of the complex is
set to be thermoneutral, which is quite a good approxi-
mation as water is the solvent. The free energy calculations
also suggest that this process is endothermic by less than
1 kcal/mol (see Figure 2). For the binding of a water mole-
cule to the metal centre, as in the final ligand exchange step
from 11 to 1, the empirical 14 kcal/mol is used. In Figure 3,
the black curve shows the B3LYP*-2D energies including
zero-point energy (ZPE) corrections. Two sets of energies
are reported. The first set uses the experimental driving
force (49.1 kcal/mol) to fit the PCET steps. The second set,
shown in parentheses, uses the experimental proton sol-
vation free energy of 264.0 kcal/mol[39] to estimate the en-
ergy gain or loss of releasing a proton, for example, from 2
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to 3. The difference between the calculated and the experi-
mental driving force then becomes 12.3 kcal/mol. In ad-
dition, the total barrier changes from 13.5 kcal/mol with
fitting to 12.0 kcal/mol without fitting. The difference origi-
nates from the extra energy cost to reach oxidant 6. The
comparison of the energy diagrams of the four different
methodologies, namely, Gibbs free energies with and with-
out fitting the experimental driving force and ZPE-cor-
rected energies with and without fitting the experimental
driving force, are shown in Figures S1–S4. The energy dia-
grams look quite similar, but the total barriers could differ
by several kcal/mol depending on the energy penalty for the
formation of 6.

An energy diagram (Figure 3, red curve) is also con-
structed by using the previously calculated redox potential
for 1 to 3, 3 to 5, 5 to 6 and 9 to 11 at the M06L level. As

Figure 4. Selected optimized structures along the reaction pathway of nitrate attack.
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the previous study did not report the relative energies of 9
to 6 and 1 to 11 (exchange of O2 by water), the relative
energies from the present M06L calculations were used. The
driving force is estimated to be 64.8 kcal/mol, which is over-
estimated by ca. 15 kcal/mol compared to the experimental
value. The M06L energies from our calculations were also
used to construct energy diagrams for comparison (Figures
S5 and S6). In the previous study, the redox potentials of
the four reported couples (1/3, 3/5, 5/6 and 9/11, Table 1)
were calculated to be 1.04, 1.33, 1.09 and 0.38 V, respec-
tively. Our calculations with the M06L functional give 1.00,
1.32, 1.29 and 0.44 V, respectively. The large discrepancy for
the 5/6 couple is caused by the CASPT2 corrections used
for the singlet–triplet gap of 6 in the previous study, in
which the triplet is 3.3 kcal/mol higher in energy than the
singlet at the CASPT2 level.[24]
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B. O2 Formation by Nitrate Attack

An alternative O–O bond formation pathway has been
considered here, in which a nitrate ion performs the nucleo-
philic attack on the oxo group of 6. The involvement of
nitrate ions in water oxidation has been proposed in Ru-
based catalysts,[40,41] but has not yet been confirmed by
theoretical calculations. As excess ceric ammonium nitrate
is used as the oxidant, free nitrate ions could be available
and could function as a nucleophile. The interaction of a
nitrate ion and 6 to form 12 is endergonic by 4.6 kcal/mol,
mainly because of the entropy lost. The optimized transi-
tion state of the nitrate attack in the triplet state (3TS1) is
shown in Figure 4. The barrier is calculated to be 18.0 kcal/
mol relative to the isolated reactants (6 and a nitrate ion).
The quintet barrier is 9.4 kcal/mol higher than the triplet
and is similar to that in the water attack. The attack leads
to the formation of a peroxynitrate intermediate bound to
the ferryl ion (13), which lies at –0.7 kcal/mol relative to 12.
From 13, N–O bond cleavage via TS2 leads to the forma-
tion of O2, which is concomitant with O2 release and the
nitrite ion binding to the metal. This step is associated with
a very small barrier of 2.9 kcal/mol relative to 13 in the
triplet state.

During the reaction, an oxygen atom is transferred from
the nitrate ion to the oxo group, coupled with two-electron
reduction to form a ferryl nitrite complex. The newly
formed nitrite complex can be oxidized to regenerate a
nitrate ion. The exchange of the nitrite ligand in 14 by a
water molecule leads to the formation of 2, which can then
be oxidized to 4. Complex 4 is able to oxidize the nitrite
ion to form nitric acid, and the corresponding transition
state TS3 is shown in Figure 4. This step is calculated to
have a barrier of only 4.8 kcal/mol. Further ligand exchange
of nitric acid by a water molecule regenerates 1.

In this mechanism, the nitrate ion acts as a cocatalyst for
the formation of O2, in which one oxygen atom in the oxy-
gen molecule originates from a nitrate ion. The total barrier
is calculated to be 19.5 kcal/mol, which is 4.1 kcal/mol
higher than that for the water attack pathway. Isotope
labelling by using H2O18 would be helpful to verify whether
nitrate is involved in the catalysis. It should be pointed out
that nitric acid may oxidize 1 to form 2 and nitrogen di-
oxide [Equation (1)]. Calculations show that Equation 1 is
endothermic by 3.5 kcal/mol. This reaction and its reverse
reaction could lead to oxygen exchange between nitric acid
and water. The isotope labelling with H2O18 will only work
if this exchange process is much slower than water oxi-
dation. Another possible strategy is to measure the kinetic
isotope effect of N15/N14 by labelling the nitrate nitrogen
atoms.

(1)
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C. Competing Pathways

A number of conceivable competing pathways have been
studied to understand the experimentally observed degra-
dation of the catalyst, which was not considered in the pre-
vious computational study.[24] The potential energy profiles
are shown in Figure 5, and selected optimized structures are
shown in Figures 6 and 7.

Figure 5. Energy diagram (in kcal/mol at the B3LYP*-2D level) for
competing pathways.

As discussed above, water functions as a nucleophile to
attack the oxo group and leads to O–O bond formation and
reduction of the metal centre and ligand radical cation. An
alternative target for the attack would be the ligand radical
cation, which has been proposed for the blue dimer.[42,43]

Therefore, one water molecule was added to 6 to form 17.
We found that the oxo group acts as a general base and
removes a proton from the water molecule, concomitant
with a nucleophilic attack on one of the benzene carbon
atoms by the emerging hydroxide ion. No proton is released
into solution, and, therefore, no additional water molecules
are needed to explicitly solvate the system. The use of the
continuum solvation model should be capable of describing
the solvation effect. The attack proceeds in the triplet state
and is associated with a barrier of only 10.9 kcal/mol rela-
tive to 2, which is 4.5 kcal/mol lower than the desired O2

formation pathway. This could be the origin of the observed
catalyst degradation. The attack by the quintet is energeti-
cally not feasible (25.1 kcal/mol relative to 2), and the bar-
rier is, thus, ca. 14 kcal/mol higher than the triplet one. This
step was found to be exergonic by 9.7 kcal/mol (18 relative
to 17), in contrast to the attack on the oxo group, which is
close to isoergonic (+0.5 kcal/mol). In the subsequent step,
the ferryl-bound hydroxide ion abstracts a proton from the
alcohol to form alkoxide intermediate 19. Finally, the oxy-
anion performs a nucleophilic attack on one of the benzene
carbon atoms, which may lead to the formation of an epox-
ide via TS6. However, geometry relaxation results in the



www.eurjic.org FULL PAPER

Figure 6. Selected optimized structures along the reaction pathway of ligand degradation by water attack.

epoxide C–C bond cleavage with the formation of a seven-
membered ring product, complex 20, which is similar to
those found in extradiol dioxygenase,[44] intradiol dioxygen-
ase[45] and homogentisate dioxygenase.[46] The barrier for
such oxygen insertion (5TS6) in the quintet state is very
feasible (11.6 kcal/mol relative to 18). This side-reaction is
exergonic by as much as 24.0 kcal/mol (from 6 to 20), which
suggests that the catalyst degradation by this pathway
would be irreversible.

The second possible pathway for ligand modification is
that a nitrate ion could also perform a nucleophilic attack
on the ligand benzene ring. The transition state for the at-
tack at the CH carbon atom in the triplet state (3TS7) is
shown in Figure 7, and the barrier is calculated to be
21.5 kcal/mol relative to 6. Thus, when a nitrate ion partici-
pates in the reaction, it prefers to attack the oxo group by
3.5 kcal/mol rather than the ligand. This is different from
water, which prefers to attack the ligand, rather than the
oxo group.

Another possibility is the self-oxidation of the ligand
amide by the Fe5+=O group to form an N-oxide by re-
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ductive elimination. The attack can be either on the amide
group that is close to the CF2 group (TS8, Figure 7) or on
the amide group that is connected to the benzene ring (TS9,
Figure 7). The former one has a barrier of 17.6 kcal/mol
relative to 6, and the reaction is exothermic by 10.7 kcal/
mol. The latter one has a slightly higher barrier (18.0 kcal/
mol), and the reaction is close to thermoneutral.

The calculations show that the water attack on the ligand
is the main catalyst degradation pathway, and 20 is the
major product. Thus, the performance of the catalyst de-
pends on the relative barriers of the water attack on the oxo
group and on the ligand. As O2 formation can be observed
for ca. 15 cycles, the relative barrier for the ligand modifica-
tion seems to be underestimated somewhat when using both
the B3LYP*-2D and the M06L functionals.

It is also important to check whether 20 has water oxi-
dation activity. If similar barriers are observed, the modi-
fied catalyst could also contribute to the TON. The elec-
tronic structure of 20 can be described as an intermediate-
spin ferric ion antiferromagnetically coupled with a ligand
radical. Two sequential PCET oxidations of 20 lead to the
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Figure 7. Selected optimized structures along the reaction pathway
of ligand degradation by nitrate attack and self-oxidation.

formation of 27 (Figure 8), which is characterized as a fer-
ryl–oxo species. During the oxidation, one electron is re-
moved from the ligand, and the other one is removed from
the metal centre. This explains the quite different redox po-
tentials between the modified and unmodified catalyst, for
example, the redox potential of the TAML3–·Fe4+=O/
TAML2–Fe4+=O (26 to 27) couple is 0.92 V. In 24, 25 and
27, the ligand is in the diimine form and has a total charge
of –2, rather than –3 as in 6, 20 and 26.

From 27, water continues to perform a nucleophilic at-
tack on the ligand seven-membered ring (TS10) to form an
alcohol intermediate 29. During the attack, a proton is
transferred to the oxo group. The barrier for this step is
calculated to be only 5.0 kcal/mol (Figure 9) in the triplet
state, which is even lower than that for the initial water at-
tack (TS4). In the following step, the metal-bound hydrox-
ide ion abstracts a proton from the alcohol intermediate,
coupled with the opening of the seven-membered ring. This
step is also associated with a very low barrier of 3.7 kcal/
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mol in the quintet state. The reaction is exothermic by more
than 50 kcal/mol (from 28 to 30).

We also tried water oxidation from 27. However, owing
to the relatively low oxidation state (Fe4+=O) of 27, much
higher barriers of 26.0 and 27.8 kcal/mol are obtained for
both the water attack and the nitrate attack, respectively.
These results suggest that when the ligand is modified,
water oxidation to form O2 becomes even more difficult. To
increase the TON of the catalyst, one needs to modify or
design a more stable ligand to prevent the destructive water
attack.

It should be pointed out that further oxidation of 30 is
rather difficult. Our calculations show that oxidation of 30
to form an Fe5+=O species by removing two protons and
one electron is endothermic by 11.1 kcal/mol (Figure S10),
which corresponds to a redox potential of ca. 2.2 V. The
main reason for the high redox potential is that the π conju-
gation of the ligand is broken, which makes the oxidation
of the ligand difficult.

Of course, we cannot rule out other possible changes
from 30 that could recover some water oxidation activity.
An extensive investigation on this issue is beyond the scope
of the present study.

D. O2 Formation by Other Ligands

To rationalize the lack of activity of WOCA and the rela-
tively lower activity of other catalysts, we optimized all rel-
evant intermediate and transition-state structures and con-
structed the corresponding energy diagrams, which are dis-
played in Figures 10–13. A summary of the total barriers is
shown in Table 2.

Table 2. Summary of total barriers (in kcal/mol at the B3LYP*-2D
level) for various pathways for all five catalysts.

Total barrier for Total barrier for
O2 formation ligand oxidation
Water attack Nitrate attack Water attack C–H activation

WOCA 19.7 23.4 9.8 12.5
WOCB 20.9 25.0 8.7 –
WOCC 16.3 18.7 9.3 –
WOCD 15.8 17.2 14.0 –
WOCE 15.4 19.5 10.9 –

In WOCA and WOCB, R1 is electron-donating, which re-
sults in lower redox potentials compared to that of WOCE.
This can be confirmed from the larger exergonicity during
the complex oxidation. In WOCE, the generation of 6 from
2 is slightly endergonic by 1.5 kcal/mol. In WOCA and
WOCB, it is exergonic by 1.5 and 3.9 kcal/mol, respectively.
In WOCC and WOCD, R1 is electron-withdrawing, and
their redox potentials are higher than those for WOCA and
WOCB. WOCD has a nitro group attached to its benzene
ring and, thus, has the highest redox potential. Conse-
quently, the generation of 6 is endergonic by 2.6 kcal/mol,
which will contribute to the total barrier for this catalyst.

In WOCA, R1 is a methyl group, which can undergo
C–H activation to generate an alcohol. The transition state
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Figure 8. Selected optimized structures along the reaction pathway of ligand degradation by the second water attack.

is shown in Figure 14, and the calculated energy barrier is
12.5 kcal/mol relative to 6A. In addition, the barrier for O2

formation by water attack is 19.7 kcal/mol. This is 4.3 kcal/
mol higher than that of WOCE, and the difference is very
similar to that found in the previous calculations.[24] These
two factors could explain why only a small activity can be
observed for WOCA. The C–H activation side-reaction can
be avoided by introducing –F or –CH2 substituents, as
shown in WOCB to WOCE.

In WOCB, both pathways that lead to O2 formation have
significantly higher barriers than those for WOCE, whereas
the barrier for the water attack on the ligand is 2.2 kcal/
mol lower than that that for WOCE. WOCC and WOCD

have slightly higher barriers for the water attack on the oxo
group, but somewhat lower barriers for the nitrate attack
on the oxo group. As the water attack will be the dominant
pathway for O2 formation for all of them, the calculations
reproduce quite well the trends for the relative reactivities
of these catalysts.
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The electronic properties of the ligand are crucial for the
catalyst efficiency. Electron-donating substituents favour
the thermodynamics of the oxidation but disfavour the re-
ductive O–O bond formation. In contrast, electron-with-
drawing substituents make the oxidation thermodynami-
cally less favourable but facilitate the subsequent O–O bond
formation. Therefore, the substituents need to be well-bal-
anced to achieve the highest turnover frequency.

E. Comparison of B3LYP*-2D and M06L

The calculated redox potentials of various couples in
WOCE at the B3LYP*-2D and M06L levels are listed in
Table 1. The mean absolute deviation is 0.17 V, and the
largest deviation is 0.36 V for the PCET oxidation of
Fe3+–OH2. In both methods, the highest redox potential is
close to that of CAN (1.72 V), which suggests that the gen-
eration of oxidant 6 is possible. It should be pointed out
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Figure 9. Energy diagram (at the B3LYP*-2D level) for various
pathways starting from the modified catalyst 20. The energy of 20
is set to 0. L is the modified ligand.

Figure 10. Energy diagram (in kcal/mol at the B3LYP*-2D level)
for WOCA.

that the reference Ce4+/Ce3+ couple for M06L is shifted
from 138.4 to 130 kcal/mol. Consequently, the reported
one-electron redox potential is shifted by +0.36 V.

The energy diagrams at the M06L levels for all five cata-
lysts are summarized in the Supporting Information (Fig-
ures S5–S8 and S11–S17), as are the total barriers for vari-
ous pathways (Table S13).
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Figure 11. Energy diagram (in kcal/mol at the B3LYP*-2D level)
for WOCB.

Figure 12. Energy diagram (in kcal/mol at the B3LYP*-2D level)
for WOCC.

For all catalysts, the nitrate attack becomes the preferred
pathway in the O2 formation at the M06L level. For exam-
ple, the barrier for the water attack on the oxo group is
calculated to be 26.0 kcal/mol in the triplet state, which is
very close to the barrier reported previously (about 30 kcal/
mol) when the singlet–triplet gap at the CASPT2 level
(3.3 kcal/mol) is included. Instead, the nitrate attack on the
oxo group has a barrier of 19.7 kcal/mol, which is ca.
6 kcal/mol lower than that for the water attack. Thus, these
two functionals predict different favoured pathways for the
O2 formation. However, as the catalyst degradation by
water attack on the ligand also has a lower barrier
(16.6 kcal/mol) at the M06L level, both functionals suggest
that the ligand modification proceeds faster than the de-
sired O2 formation.
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Figure 13. Energy diagram (in kcal/mol at the B3LYP*-2D level)
for WOCD.

Figure 14. Optimized ligand C–H activation transition state for
WOCA.

Conclusions

In the present study, we have investigated the reaction
mechanism of water oxidation catalyzed by iron–TAML
complexes by using DFT calculations. Several possible reac-
tion pathways were considered and full energy diagrams
were constructed.

Two feasible pathways on the basis of a single metal site
have been found for the O2 formation. Catalysis involving
the formation of a dimer, which has been proposed for po-
tassium ferrate[47] and Ru-based catalysts,[11,22] was not con-
sidered as the water oxidation by this catalyst is first order.
The key oxidant is TAML·–Fe5+=O, which in agreement
with the previous study,[24] is formed from TAML–Fe3+–
OH2 by the removal of three electrons and two protons.

In the following step, a water molecule or a nitrate ion
can perform a nucleophilic attack on the metal–oxo group,
which leads to O–O bond formation. The water attack, here
modelled by adding three additional water molecules, leads
to the formation of a ferryl peroxide intermediate. This step
is calculated to be rate-limiting and has a total barrier of
15.4 kcal/mol in the triplet state. Further oxidation by re-
moving two protons and one electron gives a TAML–Fe3+–
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O2 complex, which undergoes ligand exchange with water
to regenerate the starting TAML–Fe3+–OH2 complex. The
alternative nitrate attack results in the formation of a ferryl
peroxynitrate intermediate, from which N–O bond cleavage
occurs and is coupled with O2 release and binding of the
nitrite ion to the metal centre. The attack is calculated to
be rate-limiting with a barrier of 19.5 kcal/mol in the triplet
state, which is only 4.1 kcal/mol higher than that for water
attack. From the ferryl nitrite complex, ligand exchange
with water occurs, followed by oxidation to TAML·–Fe4+–
OH, which can oxidize the nitrite ion to regenerate a nitrate
ion. In this mechanism, the nitrate ion functions as a cocat-
alyst for O2 formation, in a process in which one of the
oxygen atoms in the generated O2 molecule originates from
a nitrate ion. Further isotope labelling of water and nitrate
would be helpful to confirm whether nitrate ions are in-
volved in the catalysis.

Three possible ligand modification pathways have been
located to understand the low stability of this catalyst. The
calculations demonstrate that water can perform nucleo-
philic attack on the ligand in a process that is associated
with an even lower barrier (only 10.9 kcal/mol) than those
for the desired O2 formation pathways. The oxidative for-
mation of a ligand radical opens the possibility for ligand
modification and, thus, might become a drawback of the
catalyst. Future ligand design for water oxidation should
try to prevent this side-reaction. Further oxidation of the
modified ligand leads to the second water attack, which re-
sults in the ring-opening and deactivation of the catalyst
owing to the rather high redox potential for the following
oxidation. Two additional pathways involving a nitrate at-
tack on the ligand and a self-oxidation by reductive elimi-
nation to form an N-oxide have higher barriers. The ligand
oxidation in this mononuclear iron catalyst should be one
of the bottlenecks for electrochemical water oxidation in
industrial applications. In addition, ligand oxidation should
also be concerned for other homogeneous transition-metal-
based catalysts[8–16] in future studies.

An examination of the WOCA catalyst shows that the
two O2 formation pathways have higher barriers than those
of WOCE, whereas the water attack on the ligand is even
lower in energy. In addition, C–H activation of the methyl
substituent to form an alcohol is another possible ligand
modification pathway. These two competing pathways may
explain why only a small activity has been observed for
WOCA. For other catalysts, we find that the barrier for the
O2 formation by water attack decreases from a ligand with
more electron-donating substituents to a ligand with more
electron-withdrawing substituents. However, the oxidation
becomes more difficult and an extra energetic penalty needs
to be added to the total barrier. Therefore, a ligand must be
optimized with a balance of electron-donating and electron-
withdrawing substituents.

Computational Details
The geometry optimizations presented here were accomplished
with the M06L[48] functional by using the resolution-of-the-identity
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(RI) approximation[49] as implemented in the Gaussian09[50] pro-
gram package. An automatically generated density-fitting basis
set[48] was used for all RI-M06L calculations. The SDD[51] pseudo-
potential was used for Fe, and 6-31+G(d) was used for all other
elements. On the basis of these optimized geometries, more accu-
rate energies were obtained by performing single-point calculations
with a larger basis set, in which all elements, except Fe, were de-
scribed by 6-311+G(2df,p) at both the M06L and the B3LYP*
functional (15% exact exchange) levels.[52–54] Solvation effects from
the water solvent were taken into account by employing the
SMD[55] continuum solvation model at both the M06L and the
B3LYP* levels, in the former case with the medium basis set and
in the latter with the larger basis set. Analytical frequency calcula-
tions were performed at the same level of theory as the geometry
optimization to obtain the Gibbs free energy corrections and to
confirm the nature of the various stationary points. For all species
except water, the concentration correction of 1.9 kcal/mol
[RTln (24.5)] at room temperature was added, which is derived from
the free-energy change of 1 mol of an ideal gas from 1 atm (24.5 L/
mol, 298.15 K) to 1 m (1 mol/L). In the case of water, the concen-
tration correction is 4.3 kcal/mol as the standard state of water is
55.6 m. In addition, the experimental solvation free energy of water
(–6.3 kcal/mol) was used.[56] Unless otherwise specified, we report
the B3LYP* energies including Gibbs free energy corrections from
M06L and dispersion corrections proposed by Grimme (B3LYP*-
2D).[57] The M06L relative energies are reported in the Supporting
Information.

To build the energy diagram for the full catalytic cycle, the total
exergonicity derived from experiment was used. In the present case,
the redox potential for the O2/H2O couple is 1.19 V at the working
pH (0.7). The redox potential for the Ce4+/Ce3+ couple is 1.72 V
and is pH-independent as no proton is involved in the redox reac-
tion. Thus, the whole water oxidation reaction is exothermic by
49.1 kcal/mol. Four electrons and four protons are released during
one catalytic cycle of water oxidation. As the species before and
after the removal of one electron and one proton at each step have
the same total charge, the solvation free energy difference of the
redox couple is quite small and can be well-captured by the contin-
uum solvation model. Therefore, the relative redox potentials of
the four PCET oxidation steps can be calculated quite accurately.
The absolute redox potentials can be derived by a fit to the above
experimental driving force (49.1 kcal/mol). The individual redox
potential for the releases of only one electron and the pKa for the
removal of one proton are difficult to model with quantitative accu-
racy because the total charge of the system changes and the sol-
vation from the environment will then play an important role. The
absolute redox potential of the Ce4+/Ce3+ couple (1.72 +
4.281 V)[58] corresponds to an electron affinity of 138.4 kcal/mol,
and this value was used to set up the thermodynamics of such steps
from the B3LYP*-2D results. For the M06L results, this value was
shifted to 130.0 kcal/mol to adjust the redox potential to the total
driving force (49.1 kcal/mol). For WOCE, the total barrier does not
depend on this empirical value and, thus, it will not alter the pres-
ent conclusion.

Supporting Information (see footnote on the first page of this arti-
cle): B3LYP*-2D and M06L data, structures and Cartesian coordi-
nates of WOCE.
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