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ABSTRACT: Recent studies have shown that non-heme iron _j /\N N CceV /\N N 0=0
complexes [Fe(LN*)X,], where LN* stands for a tetradentate Nnn@|/;© ”lm@]@
nitrogen based aminopyridine ligand (L™* = Pytacn, mcp or EN}'FG'\SO %’ EN;'FEV‘\\O 0
mep, Pytacn = 1-(2-pyridylmethyl)-4,7-dimethyl-1,4,7-triaza- "2° 7 J c o 1 OH;
cyclononane, mcp = N,N’-dimethyl-N,N’-bis(2- Iron (IV) L = Hy0, OH Iron (V)

pyridylmethyl)cyclohexane-trans-1,2-diamine, mep N,N'-

dimethyl-N,N'-bis(2-pyridylmethyl)ethylendiamine), and X are monodentate ligands (X = Cl, CH,CN, CF;SO;", or H,0),
catalyze the oxidation of water using cerium(IV) ammonium nitrate (CAN) as oxidant. Spectroscopic monitoring of catalytic
water oxidation with [Fe(CF;SO,),(Pytacn)] established [Fe'(O)(OH,)(Pytacn)]** as an intermediate along the catalytic
pathway, raising the question if these high valent species could be directly responsible for the O—O bond formation event.
Herein, this question is addressed by a computational analysis of the thermodynamic and kinetic parameters associated with the
reaction of non-heme iron complexes [Fe' (0)(OH)(Pytacn)]*, [Fe'V(O)(OH,)(Pytacn)]**, and [FeY(OH)(OH)(Pytacn)]**
with water. Two different mechanisms have been studied for [Fe'¥(O)(OH)(Pytacn)]*; the nucleophilic water attack assisted by
the hydroxyl group as internal base, which is the lowest energy path, and the external nucleophilic water attack. For
[FeV(OH)(OH)(Pytacn)]**, only the attack assisted by the internal base has been studied, while in the case of
[Fe"(0)(OH,)(Pytacn)]*, the only viable mechanism is the external nucleophilic water attack. Up to four water molecules
were needed to be included in modeling of the O—O bond formation event for a proper description of the external nucleophilic
water attack. The lowest Gibbs energy barrier and reaction free energy found for the direct water nucleophilic attack to the oxo
ligand are of 32.2 and 28.3 kcal-mol ™" for [Fe'(O)(OH)(Pytacn)]*, 52.0 and 40.5 kcal-mol™" for [Fe'(O)(OH,)(Pytacn)]*,
and 28.3 and 28.3 kcal'mol™ for [Fe'(OH)(OH)(Pytacn)]*, respectively. These energy barriers and endergonic reaction
energies are too high for the reaction to proceed and inconsistent with the relatively rapid reaction rates determined
experimentally (AGi(exp‘) = 17.6 kcal'mol™"). Therefore, this study provides strong evidence against the O—O bond formation by
these species. The energetic accessibilities of Fe'(O) and Fe"’(O) intermediates have also been investigated, showing that Fe" is
the higher oxidation state accessible under catalytic conditions, consistent with our previous results.

B INTRODUCTION

The oxidation of two water molecules to form dioxygen is a
highly appealing reaction because it constitutes the bottleneck
for the realization of artificial photosynthesis. Water oxidation
(WO) is a multielectron and multiproton uphill process that
requires catalysts that could mediate the challenging O—O
bond formation reaction. Nature has efficiently solved the water
oxidation in the oxygen evolving center (OEC) located at
photosystem II in algae and green plants." The understanding
of the water oxidation mechanism in the OEC could lead to the
discovery of more efficient and robust water oxidation
catalysts.

The study of the fundamental aspects of the reactivity of well-
defined iron coordination complexes in the water oxidation
reaction may bring some insight into the chemistry in the
natural oxygen evolving complex. Non-heme Fe' complexes
with tetradentate nitrogen based ligands are among the most
active water oxidation catalysts based on first row transition
metals described so far and that operate under homogeneous
conditions.'""? We have previously found that, by using cerium
ammonium nitrate (CAN) as a sacrificial oxidant, iron catalysts
with neutral tetradentate ligands and two available cis positions
are effective in the WO reaction in acidic conditions (pH = 1).
On the contrary, neutral tetradentate ligands with trans-labile

Owing to sustainability considerations, during the last years,
remarkable efforts have been directed toward the design of
catalysts based on earth-abundant and inexpensive transition
metals such as manganese,3_5 cobalt,é_10 and, more recently,
1,12 13,14 - .
iron and copper. In this line, the design of water
oxidation catalysts (WOCs) based on iron is highly attractive
because it is abundant, environmental friendly, and inexpensive.
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sites or pentadentate ligands are inactive. Experimental and
theoretical results suggest that tetradentate iron complexes with
cis-labile gositions share a common catalytic cycle (Figure
1a).'>'1® Spectroscopic monitoring showed that the initial Fe'
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Figure 1. Proposed catalytic cycles for the water oxidation reaction
catalyzed by non-heme iron complex 1. (a) The DFT catalytlc cycle
involving an Fe" intermediate previously proposed by our group.'® (b)
Theoretical proposal by Kasapbasi and co-workers which occurs
exclusively at the Fe'¥ oxidation state.'”

complexes are immediately oxidized by the addition of a slight
excess of Ce" (3 equiv at pH 1) to quantitatively form the
resting state [EeV(O)(OH,) (LN ]>* (LN* stands for ie.
Pytacn, mcp, and mep, among others). Under these conditions,
these intermediates were found to be relatively stable, with a
half-life time between 20 and 200 min. Moreover, no O, was
detected after the decay of these intermediates. At low
concentrations of CAN, the reaction rate presents a first
order dependence with respect to the concentration of both the
metal and the sacrificial oxidant. This result excludes the
possibility of a direct coupling (DC) mechanism between two
FeV=0 moieties to form the O—O bond, and the WO
reaction can be expected to occur at a single site. Therefore, the
[Fe™(0)(OH,)(L¥*)]** species could not be responsible for
the O—O bond formation. Instead, O, formation was detected
when an excess of CAN was added to a solution of
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Scheme 1. Studied O—O Bond Formation Pathways
Involving Fe'v Species®
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“The microsolvation of the iron complex was modeled by three
explicit water molecules. WNA stands for Water Nucleophilic Attack.

[Fe™V(0)(OH,)(LN*)]**, which suggests that the formation of
the O—O bond requires a higher oxidation state of the iron
center, ie., the [Fe'(O)(OH)(LN*)]*" species. Density func-
tional theory (DFT) calculations supported the accessibility of
the [Fe'(O)(OH)(Pytacn)]** species under catalytic con-
ditions. Furthermore, the DFT free energy barrier for the O—O
bond formation mechanism involving the nucleophilic water
molecule attack (WNA) to a highly electrophilic [Fe"(O)-
(OH)(Pytacn)]*" was 18.5 kcal-mol ™', in very good agreement
with the experimental value (AG¥(.,) = 17.6 kcal'mol™). 16
Nevertheless, there is a lack of information about the kinetics of
the O—O bond formation reaction from non-heme Fe™(O)
species, which is the matter herein.

Closely related to our work, Kasapbasi et al. recently
reported a theoretical study proposing a WO catalytic cycle
accomplished by non-heme iron catalyst 1 on the basis of DFT
calculations.'” The authors suggest that all the species involved
in the catalytic cycle have the same oxidation state (Fe'") and
that the species driving the O—O bond formation event is the
[Fe'(O)(OH)(Pytacn)]* intermediate, which is formed via
deprotonation of the resting state [Fe''(O)(OH,)(Pytacn)]*"
(Figure 1b). The nitrate anions present in the coordination
sphere of the Ce' cation are proposed to act as the base for this
reaction.

Taking the proposal by Kasapbasi into consideration, in this
work we sought to investigate by computational methods the
competence of the spectroscopically detected [Fe'V(O)(OH,)-
(Pytacn)]*, its isomeric form [Fe™(OH)(OH)(Pytacn)]*,
and its conjugated base [Fe'V(O)(OH)(Pytacn)]* to perform
the O—O bond formation event (Scheme 1). We have also
analyzed under which conditions the WO catalytic cycle
proposed by Kasapbasi et al. could be viable. Finally, we have
investigated the energetic accessibility of Fe'(O) and Fe"'(O)
intermediates under catalytic conditions and their role as
possible catalytic active species in the WO reaction. The key to
our study is the inclusion of explicit water molecules in the
computed mechanism, as well as enthalpic and entropic
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corrections, which are particularly important in the estimation
of the computed pK, of the nitrate anions.

There is also the possibility that binuclear Fe' species might
participate in the O—O bond formation event. For instance,
Que and co-workers presented the first non-heme diiron(IV)
complex with the capacity to oxidize water through formatlon
of hydroxyl radicals via a hydrogen abstraction reaction.'® In
addition, Ray and co-workers have shown that a hexanuclear
iron complex supported on a stannoxane core can undergo a
facile O—O bond formation between two FeV=0 moieties,
revealing the viability of a DC mechanism.'® Moreover, the
conversion of a bis-TPA peroxodiiron(IlI) complex to
oxodiiron(IV) species via reversible O—O bond rupture was
observed by the Kodera and co-workers.”® However, kinetic
studies on complex 1 revealed a first order dependence with
respect to the concentration of both iron complex and sacrificial
oxidant, excluding for complex 1 that the O, evolution occurs
through a bimetallic reaction pathway.

B COMPUTATIONAL DETAILS

All structure optimizations were performed at the DFT(B3LYP-
D,)*'7>* level with the 6-31G* basis set for all atoms and taking into
account the solvent effects and the dispersion corrections. All the
calculations were done using Gaussian09 software.”* Spin unrestricted
B3LYP calculations were performed on all possible conformers, and all
corresponding spin states for the iron metal center were taken into
account to locate the ground state. The nature of the stationary points
was confirmed by frequency calculations in aqueous phase, where
minima have no imaginary frequencies and transition states have only
one. The connectivity between minimums and transition states was
confirmed through intrinsic reaction coordinate (IRC) calculations.
The energies were further refined by single-point calculations with the
cc-pVTZ dunning basis set for all atoms (Ecc-pVTZ)' The London
dispersion effects were introduced with the B3LYP-D, Grimme
correction (Edisp),25 and free energy corrections (G,,,,), which include
the enthalpic and entropic terms, were determined from gas-phase
frequency calculations at the B3LYP/6-31G* level on aqueous-phase
structures. The solvating effect of the aqueous medium was taken into
account through the SMD polarizable continuum model (Gyy,). 26 All
calculated solvation free energies of the solute molecules were set to a
standard state of an ideal gas at a gas-phase concentration of 1 mol-L™"
that is dissolved as an ideal dilute solution at a liquid-phase
concentration of 1 mol-L™". For the explicit solvent water molecules,
a 55.6 M standard state was employed. Thus, as has been indicated by
Cramer et al,”” we calculated the free energy associated with the phase
change from a standard-state gas-phase pressure of 1 atm to a
standard-state gas-phase concentration of 1 M (55.6 M), AG®’*, The
value of AG”* at 298 K is 1.9 kcal'mol™ for 1 M standard-state
solutes and 4.3 kcal'mol™ for 55.6 M standard-state explicit water
molecules. Then, the total Gibbs free energies (G) were given by

+G. + G + AG”

corr

G= Ecc—pVTZ + Edisp

(1)

The aqueous pK, values are calculated using the following formula,
as it was described previously:*”

solv

AG

K, = ———
P RT In(10)

)
The mean error for B3LYP calculations is around 2—4 kcal-
mol™!,”** which in the worst case translates into an error of 3 pK,
units.
Standard reduction potentials, relative to the standard normal
hydrogen electrode (SHE), were calculated by

AG® — AGgy
nF

E=- 3)
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where AG° is the free energy change associated with reduction at
standard conditions, n is the number of electrons involved in the redox
reaction, F is the Faraday constant, and AGgyg is the free energy
change associated with the reduction of a proton (—4.28 eV).** For a
proton-coupled electron transfer (PCET), where electron transfer and
proton transfer to the solvent occur simultaneously, we must include
in AG® of eq 3 the standard free energy of a proton in solution:

Gt = Guil + AGLY + AG”

gas solv

(4)

where the free energy of solvation of a proton (AGY},) was taken from
experiment as —265.9 kcal'mol™,** and the gas-phase Gibbs free
energy of a proton (Giit) is a small correction of —6.3 kecal'mol™".

The labels I-(0), TS-(0), II-(O), and II-(O) were used as short
nomenclature of reactants, transition states, intermediates, and
products involved in the O—O bond formation event by complex 1.
The labels a and b refer to the two cis-tautomeric forms of complex 1.
In tautomer a the Fe==0 moiety is in a trans relative position to one of
the Me-substituted amines. The subscripts s, t, and qt are used to
specify the singlet, triplet, and quintuplet spin state of the metal center,
and the H,0 and OH labels are related to the nature of the cis ligand
with respect the oxo group. Finally, the subscript int is used when the
cis ligand to the oxo group acts as an internal Bronsted base.

Bl RESULTS AND DISCUSSION

0-0 Bond Formation Mechanism through [Fe'V(0)-
(OHZ)(Pytacn)]2+. UV—vis, 'H NMR spectroscopy, and

Scheme 2. O, Evolution and Regeneration of the
[Fe™V(0)(OH,)(Pytacn)]** Resting State through
Hydroperoxo Intermediates
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electrospray ionization mass spectrometry (ESI-MS) show
that oxo-aqua Fe' species [Fe'V(O)(OH,)(Pytacn)]** are
formed when 3 equiv of CAN are added to a water solution of
complex 1. These species have long half-lives (>90 min), and
no oxygen evolution was observed during their decay.'”'®
These experimental observations suggest that while these
species are intermediates in the WO mechanism, by themselves
they cannot produce O,. Instead, experimentally it is found that
[Fe'(0O)(OH,)(Pytacn)]** needs to react with an excess of
Ce" (23 equiv) for O, to be detected. However, it is possible
to define a hypothetical scenario where the O—O bond is
formed (see Scheme 1) but instead of O, release the formation
of H,0, is produced. For instance, the nucleophilic attack of a
water molecule to [Fe'(O)(OH,)(Pytacn)]** would produce
the formation of the O—O bond and the Fe'OOH
intermediate (Scheme 1). Finally, the oxidation of Fe"OOH
could produce O, and regenerate the resting state [Fe''(O)-
(OH,)(Pytacn)]** (Scheme 2) or their protonation could
produce H,O,. Indeed, this process could to some extent be
operative. In this regard, we present herein DFT calculation
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Table 1. Spin States Relative Free Energies (kcal'mol™") of the Fe" Intermediates for Complex 1 in the Two cis-Tautomers a

and b
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m
I, 'N/”"'J:e'V‘N =
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an
//IIIIE,NO J:eIV ‘N =
7

N \/\N I AN
III/,,@'I: IV‘N =
EN/ |e\0H

7

N I “SOH,
o) OH

1a-(0)(OH.) 1b-(0)(OH:) 1-(OH)(OH)
S=0 10.8 (35.9) 10.0 (29.5) 21.8
S=1 0.9 (2.2) 02(2.4) 0.2
S=2 0.0° (0.0)° 2.9 (4.9) 3.5
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S=0 30.5(22.1) 29.5(28.5)
S=1 3.1(2.0) 1.3 (0.6)
S=2 0.0 (0.0)° 1.5(32)

“Free energies with respect to the most stable structure. “In parentheses, the free energy differences taking into account one solvent explicit water

molecule.

Table 2. Selected Mulliken Spin Densities and Bond Distances for the Stationary Points Obtained in the Formation of the 0—O
Bond by an External Water Nucleophilic Attack to the S = 2 [Fe'V(0O)(OH,)(Pytacn)]** Complex
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H H H o e \H
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?a i H O/ob\H
i H
LiFe—0{ Lpel_o 1
H T

TSaq-(0)(OH,) ITa,-(0)(OH,)

p(Fe) 331 338 3.82
p(0.) 047 0.15 0.04
p(Oy) 0.00 0.36 0.00
d(Fe-0,)® 1.640 1.833 2.018
d(0.-Op)® 3232 1.753 1.495
d(Ow-H.) 0.998 1.555 1.619
“L, stands for the Pytacn ligand. *Bond lengths are given in angstroms.
31-35

studies to provide an estimation of the energy barrier for the
O—0 bond formation reaction, and to address the viability of
the process.

Water nucleophilic attack (WNA) over the terminal oxo of
[Fe™(0)(OH,)(Pytacn)]** results in formation of the O—O
bond, forming a [Fe"(OOH)(OH,)(Pytacn)]* species and
releasing a proton. Attempts to model the mechanism including
only two water molecules failed. This is due to the poor
description of the strong hydrogen bonds between the formed
hydronium ion and the solvent water molecules given by the
polarizable continuum model. Therefore, the two water
molecules that form the first solvation shell of the hydronium
ion have to be included as explicit water molecules to
reproduce accurately such key hydrogen bonds during the
O—0 bond formation event. In the same line, we highlight that
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previous theoretical studies in related systems have shown
that the consideration of the explicit water molecules forming
the first solvation shell has a large influence on the energy of
the O—O bond formation event.

Before exploring the O—O bond formation mechanism, we
examined the relative energies of all different spin states for the
iron IV species in the two possible cis-tautomers a and b. We
also studied the influence of one solvent explicit water molecule
in the spin splitting, to properly characterize the ground state
and the most stable geometry for each Fe'" species (see Table
1). The optimization of [Fe(O)(OH,)(Pytacn)]** with four
explicit water molecules yields Ia-(O)(OH,) in the S = 2
ground state, with Fe—O, and O,-O, bond lengths of 1.640 and
3.232 A, respectively (Table 2).* The difference between S = 2
and S = 1 states is only AG = 0.2 kcal-mol™", which falls into
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Figure 2. O—O bond formation profiles found for the a tautomer of [Fe™(O)(OH,)(Pytacn)]*"-4H,0O for the S = 0, 1, and 2 spin states. Gibbs
energy values are given in kcal-mol™". Figures inserted correspond to the S = 2 spin state, where selected bond distances (A) are presented.

the mean error of the used DFT methodology. On the other
hand, the S = 0 state is 10.3 kcal-mol™ higher in energy than
the spin state S = 2, and it is clearly not significant in the energy
reaction path. Consequently, the S = 1 spin state should be
carefully considered for the evaluation of the barrier of O—O
bond formation. The most stable structure for the tautomer 1b-
(O)(OH,), which has a S = 1, is 2.4 kcal'-mol ™" higher in energy
than the ground state S = 2 1a-(O)(OH,) (see Table 1). The
free energy profile calculated for the O—O bond formation
mechanism  starting from Ia-(O)(OH,) is summarized in
Figure 2.

As Figure 2 shows, the O—O bond formation steps from
[Fe"V(O)(OH,)(Pytacn)]**-4H,0 (1a-(0)(OH,)) to yield
[Fe"(OOH)(OH,)(Pytacn)]*-H;0*(H,0), (Ila-(0)(OH,))
are connected through a concerted transition state (TSa—
OH,) for all studied spin states. The transition state lowest in
energy was found to be the S = 1 TSa-(O)(OH,), which lies at
52.0 kcal'mol™ over S = 2 [Fe'V(O)(OH,)(Pytacn)]**-4H,0
(see Supporting Information, Figure SL1 for the geometries in
the S=0and S = 1 spin states). However, after a spin crossing,
the reaction evolves to the spin state most stable S = 2 Fe'l
hydroperoxo product, Ilay-(0)(OH,), which was found 9.5
and 15.7 kcal'mol™" lower in energy than the S = 1 and S = 0
products, respectively (see Figure 2). Taking these results into
consideration, the O—O bond formation pathway is not feasible
through [Fe'(0)(OH,)(Pytacn)]*". This result is indeed in
complete agreement with the experimental observation that
[Fe™(0O)(OH,)(Pytacn)]** in water does not evolve to
produce molecular oxygen. Nevertheless, we noted that the
inverse reaction S = 2 path from Fe' to Fe' species presents a
very low energy barrier of 17.0 kcal'mol ™, suggesting that the
non-heme Fe"=O species could be generated by direct

5478

reaction of Fe'l and H,0, in water. This reaction actually finds
precedent in some bioinspired synthetic complexes with related
nitrogen based ligands,37 and it is also reminiscent of the O—O
breakage mechanism operating in non-heme dependent
oxygenases.”®

0-0 Bond Formation Mechanism through [Fe"V(0)-
(OH)(Pytacn)]*. The B3LYP-D, pK, value of 10 of the water
ligand in [Fe™(O)(OH,)(Pytacn)]*" indicates that the oxo-
aqua complex is the stable species under catalytic conditions
(pH = 1). To obtain a consistent pK, value, we have studied the
effect of increasing the number of explicit solvent water
molecules, obtaining a pK, convergence value close to 10 (see
Supporting Information, Table SL.1). At the catalytic pH value
of 1, the Gibbs energy of [Fe'V(O)(OH)(Pytacn)]" is 12.0 kcal-
mol™ higher than [Fe'(O)(OH,)(Pytacn)]*". This result
implies that the formation of a O—O bond through
intermediate [Fe'V(O)(OH)(Pytacn)]* is very unlikely. Never-
theless, [Fe'V(O)(OH)(Pytacn)]* presents a OH ligand cis to
the oxo group that could aid the O—O bond formation by
acting as an internal Bronsted base accepting a proton from the
water molecule. To evaluate the kinetic viability of the
processes, two possible O—O bond formation mechanisms
were explored: an internal base assisted mechanism, where the
OH ligand acts as a proton acceptor,'**” and an external base
assisted mechanism, where a water solvent molecule acts as an
external base (Figure 3).

Internal Base Assisted Mechanism. In this case, only a
single water molecule is required to be explicitly modeled. The
most stable structure for [Fe'V(O)(OH)(Pytacn)]*H,0 was
found among the S = 2 spin-state structures (Iay-(0)(OHi,)).
Structures with spin states S = 1 and S = 0 are 2.0 kcal-mol ™
and 22.1 kcal'mol ™" higher in energy than the ground state (see

dx.doi.org/10.1021/ic500108g | Inorg. Chem. 2014, 53, 5474—5485
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Figure 3. Internal (top) and external (bottom) base assisted O—O bond formation mechanisms from the tautomer a [Fe™'(O)(OH)(Pytacn)]*
intermediate. Gibbs energy values are given in kcal-mol™". Selected bond distances in A are indicated in the figures corresponding to the stationary

points of the S = 2 reaction profile.

Supporting Information, Figure SI2). In the water adduct

bonds between the water molecule and the oxo and hydroxo

[Fe'(0)(OH)(Pytacn)]*-H,0, the formation of two hydrogen ligands of [FeV(O)(OH)(Pytacn)]* yields the most stable
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Table 3. Selected Mulliken Spin Densities and Bond Distances for the § = 2 Stationary Points Involved in the O—O Bond
Formation Mechanism from [Fe™V(O)(OH)(Pytacn)]* Species
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p(Fe) 325 391 3.81
p(0.) 0.44 0.08 0.06
p(Ov) 0.00 021 0.00
p(0.) 0.12 0.03 0.02
d(Fe-0.)° 1.642 1.831 1.961
d(0.-0v)" 2.803 1.717 1.499
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L1||:|e|V—o; LiFe—O4H LyFe'—O4H
Iaq-(O)(OH) TSaq-(0)(OH) Ilag-(0)(OH)
p(Fe) 3.29 3.84 3.80
p(0.) 0.36 0.02 0.03
p(Ov) 0.00 -0.09 -0.01
p(04) 0.14 0.10 0.09
d(Fe-0.)° 1.656 1.933 2.075
d(0,-0v)" 3.181 1.603 1.497
d(Fe-0q)® 1.817 1.967 1.968
d(Op-H.)® 0.993 1.455 1.538

“L, stands for the Pytacn ligand. *Bond lengths are given in angstroms.

structure. From this intermediate, the reaction proceeds via
nucleophilic attack of the O atom of the water molecule to the
oxo group to form the transition state TSaqt-(O)(OH)int (AG*
= 32.2 kcal'mol ™). At this stage, a proton is transferred from
the water molecule to the OH ligand with concomitant O—O
bond formation. The reorganization enlarges the Fe-oxo bond
to 0.189 A and shortens the O—O bond distance to 1.086 A.
Mulliken population analysis of the TSaqt-(O)(OH)i“t showed
a spin density value of —0.21 at the oxygen atom of the water
molecule, a spin density decrease of 0.36 at the oxo ligand, and
an increase of 0.66 at the iron center (Table 3). These spin
density reorganizations suggest a partial electron transfer from
the water molecule to the iron-oxo moiety along the reaction
coordinate, responsible for the reduction of the iron oxidation
state. The concerted transition state leads to the formation of
the Fe' hydroperoxo product (IIaqt-(O)(OHim)) with a O—-0
bond length of 1.499 A. The process is endergonic, with a AG
value of 28.3 kcal-mol™’. Indeed, the AG* of the O—O bond
formation through [Fe'(O)(OH)(Pytacn)]*-H,O increases to
40.3 kcal'mol™ if the most stable [Fe'(O)(OH,)(Pytacn)]**
species is considered as the reactant.

To this point, we have only considered the O—O bond
formation mechanism performed by tautomer a of [Fe¥(O)-
(OH)(Pytacn)]*. The free energy difference between the
ground spin states of the two tautomers of the [Fe'V(O)-
(OH)(Pytacn)]*-H,0O intermediate indicates that Iaqt-(O)-
(OH), is slightly more stable than the Ib-(O)(OH);,, species
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(AG* = 0.6 kcal-mol™"). Therefore, to analyze the kinetic
feasibility of the process, it is important to evaluate also the
same event conducted by tautomer b. The spin-state energy
profiles for tautomer b show the same reactivity trend already
described for a, with an O—O bond formation energy barrier
slightly higher of AG* = 32.8 kcal'mol™ (see Supporting
Information, Figure SI.3). In summary, from the kinetic point
of view, the barrier of this reaction is too high to occur at room
temperature, and from the thermodynamic point of view, the
reaction is clearly disfavored due to its strong endergonic
character.

External Base Assisted Mechanism. This mechanism
requires the inclusion of at least four explicit water molecules
to correctly reproduce the stabilization of the formed
hydronium ion by means of hydrogen bonds. In the same
line, a large influence with respect to the number of explicit
water molecules composing the first solvation shell on the O—
O bond formation event has been also found in previous
theoretical studies.>'>* The [Fe!(O)(OH)(Pytacn)]*-4H,0
external base assisted O—O bond formation by the tautomeric
form a also occurs through a S = 2 concerted transition state
(TSa,~(0)(OH), AG* = 50.5 keal-mol™"), 19.0 and 20.6 kcal-
mol ™" lower in Gibbs energy than the S = 0 and S = 1 transition
states, respectively (see Figures 3 and Supporting Information,
Figure SL4). The high Gibbs energy barrier and the Gibbs
energy reaction (48.9 kcal'mol™') obtained for the Ma -
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Figure 4. Internal base assisted O—O bond formation mechanisms from the tautomer a of [Fe™(OH)(OH)(Pytacn)]** intermediate. Gibbs energy
values are given in kcal'mol™". Selected bond distances (A) of stationary points on the S = 2 reaction profile are indicated in the figures.

Table 4. Selected Mulliken Spin Densities and Bond Distances for the Stationary Points Obtained in the Formation of the O—O
Bond by External Water Nucleophilic Attack to the S = 2 [Fe'V(OH)(OH)(Pytacn)]** Complex

H oM H H H
_____ Ob H\ -7 :b _--Op \\\\ob Op
o, % q H~o H~oy" H-o;”
l LiFe—o0Y H | H |
LiFeV—0,_ 1 C\H LyFe'"—oZ] , LyFe—0Z LyFe'—oZ] H

Tag- (OH)z_im TSa(l-n)qr( OH) 2 int

Iag-(OH)2 int

Tsa(ll-lll)qt’(OH)Z_int IIIaqr(OH)z_im

p(Fe) 3.49 429
p(0.) 0.13 -0.34
p(Ov) 0.01 -0.56
p(0.) 0.18 0.13
d(Fe-0,)® 1.76 2.00
d(0.-0u)® 2.67 2.14

4.30 3.97 3.82
-0.0S 0.00 0.01
-0.79 -0.23 0.00
0.07 0.03 0.02
1.89 1.99 222
2.12 1.64 1.46

“L, stands for the Pytacn ligand. *Bond lengths are given in angstroms.

(O)(OH) indicates that O—O bond formation is kinetically
and thermodynamically unviable through this mechanism.
Unexpectedly, the energy barrier found for the external
attack of the water molecule to the oxo group on [Fe(O)-
(OH,)(Pytacn)]**-4H,0 is slightly higher than that for
[Fe'(0)(OH)(Pytacn)]*-4H,0, despite that the former is
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expected to be more electrophilic, owing to charge consid-
erations. This phenomenon could have its origin in the
hydrogen bond formed between the nucleophilic water
molecule and the cis ligand to the oxo group. The
O(nucleophilic water)—H(cis ligand) hydrogen bond is
stronger in Iaqt-(O)(OHz) (d(obss) = 1.576 A) than in Iay-
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Table 5. Free Energy Differences (AG) and pK, Values for
the Proton Dissociation of HNO; Assisted by Several Water
Clusters

AG (kcal-mol™) pK.*

HNO, 125.7 (270)® 93.5 (199.4)°
HNO, + H,0 10.0 7.4
HNO; + 2H,0 2.1 15
HNO; + 3H,0 -19 —14
exp -1.9 -1.4

“The pK, values are evaluated at room temperature and atmospheric
pressure. “In parentheses are shown the electronic energy difference
obtained from ref 17 and the corresponding pK, value. “Experimental
pK, obtained from ref 41.

(0)(OH) (d(opm) = 1.761 A), producing a less nucleophilic
water molecule and then a higher energy barrier when a cis-
aqua ligand is present.

On the other hand and more remarkably, when the cis-OH
ligand acts as an internal base, the O—O bond formation barrier
is reduced in large extent with respect to the external
mechanism (AAG* = 18.3 kcal-mol™!, Figure 3). Even taking
into account the free energy required for the deprotonation
equilibrium of [Fe'(O)(OH,)(Pytacn)]*" under catalytic
conditions (12.0 kcal-mol™), the O—O bond formation barrier
for the internal mechanism remains lower in energy by AAG* =
6.3 kcal-mol ™. This result has implications in the future ligand
design for the development of iron catalyst for the water
oxidation reaction, as the introduction of internal bases clearly
reduces the energy of the barrier. But in this case, the energy
reduction of the barrier is not enough to allow the reaction of
[FeIV(O)(OH)(Pytacn)]+ with water to occur at room
temperature. Finally, an analysis of the magnitude of the
enthalpic and entropic contributions to the O—O bond
formation free energy barrier was performed at the B3LYP/6-
31G*/SMD level to elucidate the origin of the internal base
effect. For the internal mechanism, the enthalpy and entropy of
activation are 37.2 kcal'‘mol™" and 2.9 cal'mol™K™' respec-
tively, while, for the external mechanism, they are AH* = 56.8
keal'mol™! and AS* = 0.6 cal-mol K. Indeed, this event is
mainly controlled by the enthalpic term. Therefore, it can be
rationalized by the preference of the final Fe"—~OOH-4H,0
product to act as a Brensted base (pK, = 16.0), locating the
positive charge present on the ejected proton at the complex
instead to delocalize it to the bulk water solvent.

0-0 Bond Formation Mechanism through [Fe'"V(OH)-
(OH)(Pytacn)]?*. Finally, the last Fe'¥ complex to consider is
the bis-hydroxo [Fe'V(OH)(OH)(Pytacn)]**, which is a
structural isomer of [Fe'V(O)(OH,)(Pytacn)]*". Indeed,
[Fe'Y(OH)(OH)(Pytacn)]** is 2.1 kcal'‘mol™" higher in free
energy than the Fe'V-aqua complex (one explicit water molecule
interacting with the oxygen moieties of the complexes was
considered in the models). Therefore, the O—O bond
formation mechanism through the Fe'Y-bishydroxo complex
has also been investigated (Figure 4). In this case, only one
explicit water molecule is enough to ensure a correct
description of the internal base assisted mechanism. We have
explored the mechanism for both possible tautomers a and b,
which are virtually isoenergetic (0.5 kcal'mol™). We first
explored the O—O bond formation event with the tautomer a,
allowing proper comparison with the previous mechanisms.
The [Fe'Y(OH)(OH)(Pytacn)]**-H,O complex presents a S =
1 ground spin state (Ia-(OH), ;). The S =2 and S = 0 spin
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states lie 3.0 kcal'mol™" and 11.5 kcal'mol™ higher in free
energy than the triplet ground state, respectively (see
Supporting Information, Figure SLS). The starting Ia,-
(OH), ;i includes the interaction of the two hydroxo ligands
with one hydrogen and the oxygen atom of the water molecule
through two hydrogen bonds (Figure 4). In contrast with the
previous discussed mechanism, the proton transfer and the O—
O bond formation do not occur simultaneously. Instead, we
have observed a two-step mechanism. All attempts to obtain the
concerted mechanism failed. The first step involves the rotation
of one O,H group of Ia-(OH), j, to allow the interaction
between O, and the Oy, of the water molecule, and the proton
transfer from the nucleophilic water molecule to the O H group
(TSa(I_H)qt-(OH)z et AG* = 21.8 kcal-mol™"). This yields the
intermediate Iag-(OH), ;e (AG = 20.3 kcal'mol™") (Table 4
and Figure 4). In IIaqt-(OH)Z_inv the proton is completely
transferred, forming a second water molecule. The spin
densities on the iron center of Iay-(OH), i (p(Fe) = 4.30)
and on the oxygen atom of the former nucleophilic water
molecule (p(O,) = —0.79) reveal an antiferromagnetically
coupling between O,H and {Fe(OH)(OH,)} fragments. This
suggests an electron transfer between the two previous groups
leading to a formal Fe'" center. The difference in mechanism
found among isomers could be rationalized with the electro-
philicity of the iron complex. For instance, the difference in
energy between [Fe'(OH)(OH)(Pytacn)]** and [Fe"(O)-
(OH,)(Pytacn)]** isomers is translated into a reduction
potential difference of 100 mV. Therefore, [Fe'V(OH)(OH)-
(Pytacn)]** is relatively more oxidant than [Fe'(O)(OH,)-
(Pytacn)]*, which could explain the preference for a direct
hydrogen transference transfer before the O—O bond
formation step. This is consistent with the O—O bond
formation mechanism found for Fe¥(O)(OH) species.15’16

Finally, in the second step, Ilag-(O)(OH), ;, connects with
the Ilag-(0)(OH), ;, Fe' complex via the transition state
TSa(H_IH)qt-(O)(OHLﬁim, whi__ch is the TOF determining
transition state (TDTS) (AG* = 262 kcal-mol™?), forming
the O—O bond. Considering the lowest Fe'V-oxo isomer
([Fe™(O)(OH,)(Pytacn)]**) as the starting point of the
reaction, the barrier increases up to 28.3 kcal'mol™. Thus,
this mechanism is kinetically unviable. The reaction evolves
through the S = 2 potential energy surface. For the § = 0 energy
surface, only the concerted transition state (TSa;-(OH), ;e
AG* = 51.8 kcal'mol™, Supporting Information, Figure SLS3)
has been located, which is too high in energy to be directly
involved in the O—O bond formation event. Finally, the b
tautomer of [Fe"V(OH)(OH)(Pytacn)]** presents a very
similar free energy profile with a free energy barrier for the
0-0 bond formation step of 33.3 kcal-mol™" (see Supporting
Information, Figure SL.6), which again is too high to occur at
room temperature.

Comparison with the Catalytic Cycle Proposed by
Kasapbasi et al. While our computations are quite conclusive
in showing that the iron(IV)-oxo species [Fe'V(O)(OH)-
(Pytacn)]*, [Fe™(O)(OH,)(Pytacn)]**, and [Fe'V(OH)(OH)-
(Pytacn)]**cannot form the O—O bond and oxidize the water
molecule, a recent report by Kasapbasi et al. indicated otherwise
(Figure 1b). A close analysis of this work shows that the
thermodynamic driving force of the catalytic cycle depends on
the energy gain of the protonation of nitrate anions. The
authors proposed that a nitrate anion present at the
coordination sphere of the reduced CAN acts as a Bronsted
base to form the [Fe'(O)(OH)(Pytacn)]* complex. This
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species performs the O—O bond formation event, through the
nucleophilic attack of a solvent water molecule to the Fe''=0
moiety. The protonation of the formed hydroperoxo ligand
leads to the release of hydrogen peroxide, which is oxidized to
molecular oxygen by Ce'” and generates an open vacant site on
the iron center. In the next step, the water molecule occupies
the free vacant site to form a [Fe'V(OH,),(Pytacn)]**
intermediate. Finally, the nitrate ions abstract two protons of
the Fe' aqua complex to recover the resting-state species.

From a methodological point of view, one of the main
differences between the present work and that of Kasapbasi et
al. is how the solvent effect has been computed. In the latter
case, the conductor polarizable continuum model (CPCM) was
employed,*® without consideration of any explicit water
molecule. However, this methodology cannot describe
accurately the hydrogen bonds and dispersion effects present
in the water media. The hydrogen bonding needs to be
considered, especially when protic solvents are involved directly
in the reaction and the studied mechanistic step releases or
captures protons.””*> Furthermore, the enthalpy and entropy
corrections, which may be decisive to ensure an accurate
description of the thermodynamics and kinetics of the WO
reaction, were not included in Kasapbasi calculations. To clarify
these points, we have examined and found that the DFT
reaction free energy of the nitrate protonation depends strongly
on the number of explicit water molecules included in the
proton first solvation shell. The influence of the number of
explicit water molecules of the proton first solvation shell on
the acidic character of the HNO; in the aqueous phase is
summarized in Table S (see Supporting Information, Figure
S1.7 for the proton hydrated cluster geometries).

The pK, of the gas-phase deprotonation process is very far
from the experimental value due to the description of the
proton as a free ion. This large deviation is even true if solvent
effects are included only through an implicit solvation model,
showing the weakness of the SMD model for this case of study.
Addition of neither enthalpy nor entropy corrections allows
reproducing the experimental observed behavior. The results
clearly improve the inclusion of one explicit water molecule, but
still unreliable pK, values (7.4) were obtained. A more accurate
pK, result (1.5) was obtained by the inclusion of two water
molecules, already reproducing the strong acidic behavior of the
nitric acid. But with three explicit water molecules the
experimental HNO; pK, value is nicely reproduced. Fur-
thermore, for HNO; the pK, values show a clear rapid
convergence with respect to the number of explicit water
molecules included in the proton solvation shell.

Consideration of the enthalpy and entropic corrections and
three explicit water molecules into the calculations makes
nitrate ions poor hydrogen atom acceptors, as may actually be
expected considering the low experimental pK, of HNO;
(—14). It must be emphasized that the origin of the acid/
base character of nitrate species specifically falls in the correct
description of the solvated free protons in the bulk water
solvent, not in the solvation effects on the NOj itself. The
microsolvation on the whole system (nitrate + proton) was also
explored, leading to its expected acid character when the
number of explicit molecules increases (See Supporting
Information, Table SI.2 and Figures S1.8—9). The consequence
of the inclusion of explicit water molecules in the calculations is
that the driving force for the water oxidation reaction proposed
by Kasapbasi and co-workers, i.e. the protonation of nitrate
anions, is removed. Then, the reaction of [Fe™(O)(OH)-
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(Pytacn)]* and [Fe"(O)(OH,)(Pytacn)]** with water be-
comes computationally unfeasible under ambient experimental
conditions.

Although the present study discards the WNA mechanism on
a Fe'V=0 moiety, we cannot ignore the possible involvement
of CAN species in the O—O bond formation event. Kasapbasi
et al. proposed that [Ce™(NO,;)s]*” could accept the two
electrons transferred during the WNA on the oxo moiety of
[Fe!V(O)(OH)(Pytacn)]*, allowing the formation of a
[FeV(OOH)(OH,)(Pytacn)]*" intermediate (eq 1). Thus, to
corroborate the viability of this process, we evaluated the free
energy of this reaction at our more accurate level of calculation,
obtaining indeed the exergonic character observed by Kasapbasi
et al. (AG = —283.0 kcal-mol™"). However, as explained above,
the free energy of solvation for a free proton is not correctly
described in the SMD model, and the experimental value must
be used, which strongly decreases the exergonic character of the
reaction (AG —23.1 kcal'mol™). Nevertheless, from a
thermodynamic point of view, this reaction is feasible at room
temperature.

[FeV(0)(OH)(Pytacn)]* + H,0 + 2[Ce"V(NO,)*~
+ 2H* — [Fe"V(OOH)(OH,)(Pytacn) **

+2[Ce"™(NO,), I~ + 2HNO, (eq 1)

But the nature of Ce nitrate species in aqueous solution is
not well-known, and then the free energy change obtained from
the DFT calculation of [Ce™(NO;)¢]*” and [Ce™(NO,)(]*~
may not be reliable. A more realistic energy balance can be
obtained by taking into account the free energy obtained from
the experimental Ce(IV) reduction potential (E° = 1.61 V vs
SHE at pH = 1), giving a slightly endergonic but still feasible
process when the deprotonation step is considered (egs 2 and
3, AG = 3.4 kcal'mol™'). However, as we have previously
shown, the O—O bond formation catalyzed by [Fe'(O)(OH)-
(Pytacn)]*, is kinetically not allowed at catalytic conditions.

[Fe'¥(0) (OH,) (Pytacn) **

— [Fe"V(0)(OH)(Pytacn)]* + H* (eq 2)
[Fe"V(0)(OH)(Pytacn)]* + H,0 + 2Ce"
— [Fe'V(OOH)(OH,) (Pytacn) P + 2Ce™ (eq 3)

The theoretical data suggest a WO catalytic cycle where the
oxidizing power of the Ce'" is the driving force of the reaction.
This sacrificial oxidant may allow the generation of highly
electrophilic FeY=0 species, which catalyzes the O—O bond
formation event. This hypothesis was corroborated evaluating
the energetic accessibility of the V oxidation state through the
calculation of the PCET redox potential from [Fe™V(O)(OH,)-
(Pytacn)]** to [FeY(O)(OH)(Pytacn)]** species. The
E°(PCET) value at pH = 1 does not change significantly
between tautomer a (1.69 V vs SHE) and b (1.74 V vs SHE),
and falls into the interval of 1.6—1.7 V vs SHE associated with
the reduction potential of Ce' under catalytic conditions.'®
Therefore, CAN presents enough oxidizing power to reach the
[FeV(0)(OH)(Pytacn)]** species. We had previously pre-
sented that [Fe'(O)(OH)(Pytacn)]*" species have a viable
energy barrier for the O—O bond formation of 18.5 kcal:
mol~'.'® Finally, the oxidation potentials to reach the
[Fe'(0)(OH)(Pytacn)]** and [Fe'’(0)(O)(Pytacn)]** spe-

cies were also calculated, obtaining values of E° = 3.11 and 2.26
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V, which are far from the oxidizing capacity of CAN (E° = 1.61
V at pH = 1). Altogether, the data presented clearly illustrate
that the O—O bond formation likely could not directly occur by
the {Fe"(Pytacn)} nor by {Fe""(Pytacn)} species. Thus, both
experimental and DFT evidence point to [Fe'(O)(OH)-
(Pytacn)]** species as the most likely responsible for the O—
O bond formation event under catalytic conditions.

B CONCLUSIONS

Our computational results confirm the kinetic unviability of
[Fe'V(0)(OH)(Pytacn)]*, [Fe(O)(OH,)(Pytacn)]*, and

Scheme 3. Summary of All the O—O Bond Formation
Pathways Involving Fe'V(O) and Fe'(O) Species®
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/\ N N /\ N N
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/ OH 28.3 keal-mol™! / OH, |
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EN/l <0 N/ | <0

C
7
“The lowest energy barrier for the O—O bond formation starting from
{Fe™} species is around 28 kcal'mol™". In addition, we also reported
that the redox couple Fe'/Y! is not accessible under catalytic
conditions. The redox values are relative to the SHE electrode at
pH = 1. The free energies of the TS are relative to the
[Fe™(O)(OH,)(Pytacn)]** and [Fe'(O)(OH)(Pytacn)]**, respec-
tively. WNA stands for Water Nucleophilic Attack.

[Fe'V(OH)(OH)(Pytacn)]** species to perform the O—O
bond formation event at room temperature, as well as the high
endergonic nature of the intermediates formed after the O—O
bond formation. These results are in complete agreement with

5484

the experimentally observed inactivity of [Fe'V(O)(OH,)-
(Pytacn)]*" species in aqueous solution, and discarding the
formation of H,O,. Thus, our results also discard the viability of
WOC cycles based on the feasibility of FeV(O) species to
catalyze the formation of the O—O bonds. Our results also
show that Fe"" species are not accessible under catalytic
conditions. On the contrary, our investigations have previously
highlighted the need to access the high-oxidation-state
[FeV(O)(OH)(Pytacn)]** species>'® in order to yield the
O-0O bond formation, providing more confidence on the
WOC mechanistic proposal involving Fe'(O) as the active
species (Scheme 3). Moreover, the results indicate that the
introduction of an internal base in the coordination sphere of
the iron complex reduces the energy of the O—O bond
formation barrier. These results clearly have implications on the
future design of iron based catalysts for WO.

This work also highlights the importance of the explicit
treatment of the hydrogen bonding network between the
solvent molecules and the protons to achieve a good correlation
with experimental data. Although our results demonstrated that
the proposed catalytic cycle of Kasapbasi et al. does not
correctly describe the WO mechanism performed by iron
complex 1 in the condensed phase, albeit it may be useful to
gain insight about the gas-phase reactivity, such as the
conditions found in mass spectrometry experiments.
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