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ABSTRACT: We introduce a new family of complexes with the general formula [Ru"(tda)(py),]™" (n
=2,m=0,1;n=3m=125n=4 m=2, 3), with tda’ being [2,2":6',2"-terpyridine]-6,6"-
dicarboxylate, including complex [Ru'V(OH)(tda-x-N*O)(py),]*, 4H', which we find to be an
impressive water oxidation catalyst, formed by hydroxo coordination to 3% under basic conditions. The
complexes are synthesized, isolated, and thoroughly characterized by analytical, spectroscopic (UV—vis,
nuclear magnetic resonance, electron paramagnetic resonance), computational, and electrochemical
techniques (cyclic voltammetry, differential pulse voltammetry, coulometry), including solid-state
monocrystal X-ray diffraction analysis. In oxidation state IV, the Ru center is seven-coordinated and
diamagnetic, whereas in oxidation state II, the complex has an unbonded dangling carboxylate and is
six-coordinated while still diamagnetic. With oxidation state III, the coordination number is halfway
between the coordination of oxidation states II and IV. Species generated in situ have also been
characterized by spectroscopic, computational, and electrochemical techniques, together with the
related species derived from a different degree of protonation and oxidation states. 4H* can be
generated potentiometrically, or voltammetrically, from 3**, and both coexist in solution. While
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complex 3** is not catalytically active, the catalytic performance of complex 4H" is characterized by the foot of the wave analysis,
giving an impressive turnover frequency record of 8000 s™' at pH 7.0 and 50000 s™* at pH 10.0. Density functional theory
calculations provide a complete description of the water oxidation catalytic cycle of 4H', manifesting the key functional role of

the dangling carboxylate in lowering the activation free energies that lead to O—O bond formation.

B INTRODUCTION

tion on the nature of reaction intermediates and activation free

Fundamental understanding of the electronic and structural
factors that determine the ultimate performance of water
oxidation catalysts (WOCs) is critical for the development of
catalytic systems for energy conversion.' ® Efficient function-
ality for fast and oxidatively rugged”® performance at neutral
pH can provide durability for sufficiently long times as
necessary for practical applications.g’10 Here, we introduce
and characterize a new family of Ru complexes, including
compound [Ru"Y(OH)(tda-k-N*0)(py),])* with tda’" being
[2,2":6",2"-terpyridine]-6,6"-dicarboxylate, which is found to be
an impressive water oxidation catalyst under both neutral and
alkaline conditions.

Transition metal complexes provide an excellent platform for
mechanistic studies based on ligand design.n_13 In particular,
Ru—aqua complexes with polypyridylic ligands'*~"” are robust
catalysts that allow the analysis of mechanisms much more
accessible than those of first row transition metals with labile
ligands.'®~** When combined with the theoretical analysis, via
density functional theory (DFT) calculations, spectroscopic
and electrochemical measurements provide detailed informa-
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energies along the catalytic cycle of water oxidation.>> 3¢

Strong ¢ donation groups such as carboxylate ligands in 2,2’-
bipyridine-6,6'-dicarboxylic acid (H,bda; see Chart 1 for a
drawing), together with seven coordination, have allowed easy
access to reactive species in high oxidation states such as
[Ru"(0)(bda)(pic),]* (pic is 4-picoline), where the metal
center is at a formal oxidation state of V.>' Additional tuning of
the activation energy barriers can result from supramolecular
interactions, based on 77— stacking of ligands with 7-extended
conjugation such as isoquinoline and its derivatives, favoring
formation of dinuclear peroxo intermediates.’”** Furthermore,
hydrogen bonding interactions can play a significant role in the
kinetics, as demonstrated with strategically substituted fluoro-
2,2"-bpy ligands.***® Finally, the presence of an external base
can also strongly influence the kinetics of the water oxidation
reaction by facilitating proton-coupled electron transfer
(PCET) and deprotonation of the incoming water molecule
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Chart 1. Ligands Used and Discussed in This Work with Carbon Atoms Labeled for Nuclear Magnetic Resonance Assignment
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Figure 1. X-ray ORTEP plots of [Ru"(tda-x-N>0)Py,], [Ru™(tda-x-N*>O*)Py,]*, [Ru"(tda-k-N*0)Py,]*, and [Ru"(tda-x-N>0O*)Py,}*". Ellipsoids
are plotted at 50% probability. Broken lines indicate contacts. Color codes: Ru, cyan; N, blue; O, red; C, black. H atoms are not shown.

at the O—O bond formation step, as has been recently
proposed using phosphate, borate, or carboxylate as a base.
Also, a direct interaction of OH™ with the Ru high-valent
reactive s7pecies at high pH has also been shown to enhance
kinetics.””**

Using the knowledge accumulated over recent years, we have
designed new Ru complexes that could potentially benefit from
most of the considerations mentioned above. In particular, the
new catalyst [Ru'Y(OH)(tda-x-N*O)(py),]* combines the
various types of interactions responsible for redox leveling
effects and exhibits an impressive catalytic performance of water
oxidation with turnover frequencies (TOFs,,,,) of 8000—50 000
s”' depending on pH. To the best of our knowledge, these
TOFs,,, are the highest ever reported under analogous
conditions. We describe the synthesis, spectroscopic, electro-
chemical, and theoretical characterization of the series of Ru
complexes with the pentadentate ligand [2,2':6',2"-terpyri-
dine]-6,6"-dicarboxylic acid (Htda; see Chart 1). This ligand
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can potentially coordinate to a metal center, in a k-N*O? fashion
in the equatorial zone. The auxiliary axial positions are
coordinated by pyridine ligands that are generally not directly
involved in the electron transfer and/or proton transfer or in
the O—O bond formation.

B RESULTS AND DISCUSSION

Synthesis and Solid-State Structure. The synthesis of
the Ru complexes described in this work is summarized in
Scheme 1. Reaction of [Ru"Cl,(dmso),] with H,tda,*” in the
presence of NEt; as a base at reflux with MeOH, followed by
addition of pyridine and further reflux in a mixture of water and
pyridine produces complex [Ru"(tda-x-N*0)(py),], 1, in 50%
isolated yield. Treatment of the latter with 1 equiv of Ce(IV) as
an oxidant generates the [Ru"(tda-x-N*0?)(py),](PFy)
complex, 2(PF;). Subsequent addition of another 1 equiv of
Ce(IV) to 2' generates [Ru"'(tda-k-N*0?)(py),](PF),,
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Figure 2. Left: "H NMR spectra in a phosphate buffer, pD 7.0, solution for [Ru"(tda-x-N*0)Py,], 1 (red), [Ru™(tda-x-N*0?)Py,]*, 2* (green), and
[Ru"(tda-k-N30*)Py,}**, 3** (orange). Right: EPR of 2* at pH 7.0. The assignment is keyed in Chart 1.

3(PFy),, in 39 and 32% isolated yield, respectively. All of these
new complexes are characterized analytically and spectroscopi-
cally by UV—vis, electron paramagnetic resonance (EPR), and
1D and 2D nuclear magnetic resonance (NMR) in solution, as
presented and discussed in the following section. In addition,
monocrystal X-ray diffraction analysis has been carried out to
characterize the complexes in the solid state. ORTEP drawings
of 1 and those of the cationic moieties of 2* and 3*' are
presented in Figure 1.

Complex 1 displays the typical distorted octahedral geometry
around the Ru center, as expected for low-spin d® Ru-
(I1).>*3>*%*" The pyridine monodentate ligands occupy the
axial positions, whereas tda’~ binds as an equatorial ligand.
With Ru in oxidation state II, tda®~ binds in a tetradentate k-
N30 fashion with a nonbonding dangling carboxylate, as shown
in Figure 1. In oxidation state III, two different structural units
are found in the unit cell of complex [Ru'(tda-x-N>0%)(py),]*,
2*. One of these structures has the tda’~ ligand bound in a «-
N?0” mode with the central pyridyl of this ligand formally
nonbonded, although at a “contact” distance (Ru—N distance =
2.38 A). The other Ru(Ill) structure also has tda’~ as a
tetradentate ligand, although bound in a k-N*O mode, with the
two carboxylates weakly bonded with long Ru—O distances of
2.33 and 2.23 A, respectively (typical Ru(III)_Ocarboxylate bonds
are in the 1.9-2.1 A range)."’l’ﬂ*2 Given the fact that the five
N>0? atoms are all partially involved in bonding at 100 K, we
label the complex “tda-k-N*O*”, although the 18-electron rule is
satisfied when only four of the atoms are effectively bound to
Ru(III).* As the axial pyridines are always fully bound to Ru,
we expect that the Ru—N and Ru—O bonds are simultaneously
made and broken very quickly at room temperature, as
represented by the dashed lines in Scheme 1. DFT calculations
based on the M06-L** and M11-L* functionals (see Computa-
tional Methods in Supporting Information (SI) for details)
provide optimized structures for the Ru—tda complexes at
different oxidation states (Figure S25 in the SI). Comparison of
the calculated and X-ray bond lengths indicates good
agreement (Table S2 in the SI). For the Ru" oxidation state,
we carried out optimizations for both [Ru"(tda-x-N*0)(py),],
1, and [Ru"(tda-x-N*0*)(py),] conformers and found 1 to be
more stable by 5.6 kcal/mol, in line with the experimental
observations. For oxidation states III and IV, the DFT
calculations favored one conformer, namely, [Ru"(tda-«-
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N?0%)(py),]", and [Ru"(tda-k-N*0?)(py),]**, 3**, which will
be discussed in the following sections.

Spectroscopic Characterization Based on NMR, EPR,
and UV-Vis. Figure 2 shows the 'H NMR spectra of
complexes 1, 2%, and 3** in pD 7.0 solutions of phosphate
buffer. As expected, the high-field octahedral d° Ru(II) complex
1 is diamagnetic, and all resonances could be easily assigned
based on integrations, multiplicity, and the combination of 1D
and 2D NMR (see SI for a complete set of spectra). For 1, the
resonances due to the tda’” ligand are symmetric, indicating a
fast dynamic behavior at room temperature. Further, the room
temperature 2D '"N—'H heteronuclear multiple bond
correlation (see Figure S6) of 1 shows that all of the N
atoms of tda?~ are bonded to the metal center. Therefore, the
dynamical ligand exchange behavior is limited to the
carboxylate sites, as indicated by eq 1.

1

Complex 3** is also diamagnetic, as expected for a low-spin
d* Ru(IV) ion with a (dwd},z)4 electronic configuration and
pentagonal bipyramidal geometry. When compared to those in
the "H NMR spectra of the Ru(II) complexes, the resonances
of the Ru(IV) complex are shifted to a lower field in accordance
with the higher oxidation state of the Ru center. In contrast,
complex 2" is paramagnetic, as expected for an octahedral low-
spin d* ion with an unpaired electron. As can be observed in
Figure 2, all resonances are broadened and highly shifted with
regard to those of the Ru(II) analogue, partly due to the
paramagnetic effect of the unpaired electron over the nuclear
spin. On the other hand, complex 2% shows an axial EPR
spectrum with gy = 2.10 and g, = 2.0, which is in agreement
with the presence of two py ligands occupying the axial
positions of the octahedron (Figure 2). Both Ru(II) and
Ru(IV) are EPR-silent, as expected for complexes with no
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Figure 3. Left: UV—vis spectra of [Ru(tda-x-N*0)Py,] (1) (red), [Ru™(tda-x-N*0O)Py,]* (2*) (green), and [Ru"(tda-x-N*0,)Py,]** (3**)
(orange), in a 0.1 M triflic acid aqueous solution. Right: Stability of high oxidation states monitored by UV—vis spectroscopy at pH 1.0 and 7.0. UV—
vis spectra of pH 7.0 phosphate buffer solution of 50 M [Ru" (tda-k-N>0?)Py,]**, 3**, after 1 min of its preparation (cyan) and subsequent spectra
after, 0.5 (pink), 1 (gray), 2 (blue), and 4 h (green). Inset: Plot of molar absorbance (&) vs time for A = 243 and 315 nm (squares and triangles,

respectively) at pH 1.0 (black) and pH 7.0 (red).

unpaired electrons. The EPR experiments were carried out at 4
K on frozen solutions by using an X-band spectrometer.

The UV—vis spectra of complexes 1, 2*, and 3>, dissolved in
0.1 M triflic acid aqueous solutions (pH 1.0), are shown in
Figure 3. Analogous spectra could be obtained by spectropho-
tometric redox titration of 1 with Ce(IV), exhibiting isosbestic
points as displayed in the SI. Typical Ru—bpy metal—ligand
charge transfer bands are observed in the 420—620 nm range
for 1, whereas a single transition at 420 nm is observed in that
range of the spectrum for Ru(Ill), which is essentially
featureless for Ru(IV).

It is important to mention that complex 3>* is very stable at
pH 1.0, as evidenced by the UV—vis spectrum, which remains
unchanged for several days. However, at pH 7.0, the spectrum
decays slowly (in about 3 h) back and cleanly to oxidation state
III to form 2* through isosbestic points, as shown in Figure 3
(right). The spectral decay is associated with slow oxidation of
water by 3% because, at neutral pH, the redox couple IV/III is
above the thermodynamic potential for water oxidation,
consistent with previous observations for related Ru com-
plexes.* "

Stability of High Oxidation States and Formation of
Ru—Aqua Species. We have analyzed the redox properties of
the complex [Ru"(tda-N*0)(py),], 1, in aqueous solutions at
different pH by the electrochemical measurements based on
cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and coulometry. The CV and DPV experiments were
carried out using glassy carbon disk working electrodes, a
platinum wire as auxiliary, and mercury sulfate as reference
electrode (MSE) and was reported vs NHE.

Two chemically reversible and electrochemically quasirever-
sible waves are observed at E;,, = 0.52 V (AE = 60 mV) and
1.10 V (60 mV) as detected by CV at pH 7.0 and as shown in
the left image of Figure 4. Both waves are pH-independent in
the pH 2—10 range and are assigned to two consecutive metal-
based one-electron oxidation processes, namely, Ru(ll) —
Ru(IlI) — Ru(IV). It is interesting to analyze the scan rate
dependence (v = 20, 10, and 7.5 mV/s) in the 1.35—1.45 V
zone. As can be noticed in Figure 4, the current intensity at 1.4
V increases as the scan rate decreases, relative to the current
intensity of the second anodic wave at 1.10 V, suggesting the
presence of a new electroactive process that is favored at longer
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Figure 4. Left: Cyclic voltammetry of approximately 1.7 mM
[Ru"(tda-k-N*0)Py,] (1), in a pH 7.0 aqueous phosphate buffer at
a scan rate of 20 (black), 10 (red), and 7.5 (green) mV/s, and
differential pulse voltammetry (black dashed line) using a glassy
carbon was used as working electrode. Right: Normalized differential
pulse voltammetry for 1.7 mM 1, at pH 6.5 (blue), 7.5 (black), 8.0
(purple), and 10.0 (brown).

time scales. A similar phenomenon can be detected by DPV
under analogous conditions while changing the pH (Figure 4,
right). As the pH increases from 6.5 all the way to 10.0, the
intensity of the current increases dramatically in the 1.35—1.45
V range. This phenomenon is attributed to the coordination of
the hydroxide anion to the metal center, followed by a one-
electron oxidation as indicated in eqs 2 and 3. This assumption
is further supported by electrochemical and spectroscopic
evidence as will be described.

[Rulv(tda-K-ZI:ﬁOz)(py)2]2+ + OH —
3

[Ru""(OH)(tda-x-N*0) (py), ]*

4H* ()
[RuN(OH)(tda-K—N3O)(py)2]+ —¢ —H' >
4H"
[Ru"(0)(tda-k-N0) (py),]*
s (3)

Complex 4H" has a pK, = 5.5, as shown in the Pourbaix
diagram discussed below. Therefore, at pH >5.5, 4H' is
deprotonated to form [Ru"'(0)(tda-k-N0)(py),], 4. Further
oxidation of 4H" or 4 (depending on the pH) forms the Ru(V)
species that is a highly reactive water oxidation catalyst that can
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Scheme 2. Redox Process of Ru—Aqua Complexes Including a Square Cycle at Oxidation States II and III*
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Figure S. Left: Repetitive cyclic voltammetry experiment (v = 20 mV/s) showing the generation of the Ru—aqua species from a pH 7.0 phosphate
buffers solution of 1.7 mM of complex 1, using a glassy carbon disk as a working electrode. The red dashed line represents the first scan, whereas the
green solid line represents the last scan with 333 cycles between. Right bottom: CV of 3**/4 (2:1) mixture at pH 8.2 generated potentiostatically
(see SI for details). The potential scan is swept cathodically starting at E; = 1.25 V reversed at E, = 0.25 V and back to the initial potential. The
dashed vertical lines indicate the assignment of the redox couples of the newly generated Ru—aqua species. Right top: cathodic (E; = 1.10 V; dashed
red line) and anodic (E; = 0.40 V; solid red line) and DPV sweep of the same solution.

be detected in very small concentrations. These electrochemical
experiments clearly show that two set of species coexist at high
pH, including species with hydroxo or oxo terminal ligands
(4H*, 5%, 6), named from now on “Ru—aqua”, and others not
containing these ligands (1, 2*, 3**), called from now “Ru—
non-aqua” species, as shown in Scheme 1. The redox properties
of the Ru—aqua species are summarized in Scheme 2, and their
spectroscopic and catalytic properties are discussed below.
Complex 4 can also be generated potentiostatically and
monitored voltammetrically in a pH 7.0 phosphate buffer
solution using a bipotentiostat in a two-compartment cell, as
shown in Figure S (see SI for further details). For this
experiment, a glassy carbon disk is used as a working electrode
for the CV experiments, whereas a Pt grid is used as working
electrode to potentiostatically generate 4 at an applied potential
of 1.25 V for 10 h. As can be seen in Figure S, only 1, 2, and

3%" are initially present in solution, as shown by the red dashed
line. As time elapses (333 scans at a scan rate of 20 mV/s), the
waves due to first and second oxidation of 1 decrease in
intensity and new waves are formed at around 0.7 and 0.9 V. In
addition, a large electrocatalytic wave develops at 1.30 V. From
the relative integrated charge, obtained under the cathodic wave
for the TV/III couple (3** + le~ — 2*) versus the new cathodic
wave at 0.7 V, the ratio of Ru—non-aqua versus the Ru—aqua
complexes is about 2:1. The generation of the Ru—aqua species
was found to be much faster when the initial non-aqua complex
1 was dissolved at higher pH, in agreement with the DPV
shown in Figure 4 (right).

The redox properties of Ru—aqua species were analyzed
based on CV experiments and are shown in Figure S (right) at
pH 82. A summary of the redox processes of Ru—aqua
complexes is given in Scheme 2 and can be easily rationalized

DOI: 10.1021/jacs.5b06541
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following the reduction process starting from the most oxidized
seven-coordinated species [Ru'(O)(tda-x-N*0)(py),]*, 5%,
and keeping in mind that the geometry of the ligand tda®~
together with the different electronic nature of Ru(Il) and
Ru(III) fosters linkage isomerization processes.** >’ Complex
S* is responsible for the catalytic water oxidation reaction that
will be described in the next section, and its formal V/IV redox
couple at this pH is obtained by DPV (E, ,* = 1.43 V; Figure
$20). The one-electron reduction of 5% (Scheme 2) generates
[Ru"(0)(tda-k-N*0)(py),], 4, that in turn can be further
reduced by a one-electron process (E, ,* = 0.87 V) to generate
[Ru"(OH)(tda-x-N*0)(py),], 6. The latter has Ru—O and
Ru—N bonds that form and break very quickly because Ru(III)
is now six-coordinated. Subsequent reduction to Ru(Il) (E, '
= 0.70 V) generates a Ru(Il)—aqua complex, [Ru"(H,0)(tda-
k-N*0)(py),], 7, that is highly unstable and isomerizes to form
[Ru"(H,0)(tda-x-N*)(py),], 8, a process denoted by K" in
Scheme 2. Oxidation of the latter to Ru(Ill) (E,,* = 0.77 V)
forms a very unstable species, [Ru"'(OH)(tda-x-N*)(py),], 9,
that quickly isomerizes to form 6 (K™ in Scheme 2), closing the
thermodynamic square cycle. This square mechanism is further
corroborated by DPV in the oxidative and reductive scans,
shown in Figure 5 (top right).

We studied the redox behavior of the Ru—aqua species
derived from complex 1, as a function of pH, to generate the
Pourbaix diagram that defines the zones of equilibrium between
species with different oxidation and protonation states (Figure
6). For comparison, the pH-independent redox potentials of
the Ru—non-aqua species are included (solid blue line)
together with the thermodynamic potential of the 4e” water
oxidation to dioxygen (green broken line). Several interesting
features of the Pourbaix diagram are worth mentioning: (i) The
change in slope for the Ru(V)/Ru(IV) redox couple (E,,*)
gives a pK, of 5.5 for Ru(IV)—OH to Ru(IV)—O species. (ii)

17
1 Ru(V)=0
39 \\
] -———a aasaa
JRu(Iv)-OH
1.3 {Ru(iv)}-0 Ru(IV)-0
S11 1 .\ Ru(1V)/Ru(lll)
W JRuflli)OH,
0.9 A N
07 Ru(n)-oH,
] . |o/m,0
0.5 4 = Ru(lll)/Ru(11)
0.3 T T T T
2 4 6 8 10 12
pH

Figure 6. Pourbaix diagram for the Ru—aqua species derived from 1.
The black solid lines indicate the redox potentials for the different
redox couples, whereas the dashed vertical lines indicate the pK,. The
zone of stability of the different species is indicated only with the Ru
symbol, its oxidation state, and its degree of protonation of the aqua
ligand. For instance, “Ru(V)=0" is used to indicate the zone of
stability of [Ru¥(O)(tda-k-N*0)(py),]*. The III/II redox couple
represents that of E; ,' (see text for details). The redox potentials for
the pH-independent IV/III and III/II redox couples of the Ru—non-
aqua species 1, 2*, and 3?* are shown in blue. Finally, the dashed green
line represents the thermodynamic potential for the 4¢~ oxidation of
water to dioxygen.
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Above pH 4.0, the redox potential for the couple “3*" + le~ —
2" (Ru(IV) + le — Ru(IIl), in blue in the diagram) is higher
than the potential of the four-electron oxidation of water to
dioxygen. Thus, it is in agreement with the stability of complex
3*" at pH 1.0 and the decay to lower oxidation states at higher
pH due to water oxidation.*® (iii) For the Ru—aqua complex
system, a plot of the III/II couple associated with E, ' is
presented. The E, ,> potential is roughly 100 mV greater than
that of E, ,' and is not shown. (iv) The label Ru—OHj refers to
the complex [Ru"(H,0)(Htda-x-N*0)(py),], 7, with one of
the dangling carboxylate ligands protonated, 7H". Again, as in
oxidation state III, the tda®~ ligand only provides three
coordination positions.

Finally, addition of a chemical reducing agent such as
ascorbic acid to the solution containing a 2:1 ratio of Ru—non-
aqua/Ru—aqua species generates a solution with 1 as the only
present species, as demonstrated by '"H NMR spectroscopy
(see SI for details). These results suggest a slow equilibrium
between 1 and 8 that is thermodynamically favored toward the
former.

.
~

[RuH(HZO) (tda'K'N3) (PY)z]
8

[Ru'(tda-k-N*0)(py),] + H,0 K> 1

1 4)

In addition, the full recovery of 1, with no other species in
solution, highlights the ruggedness of the system with no
deactivation pathways detected (see Figure S21 in the SI)

Spectroscopic Characterization of Ru—Aqua Species
Based on NMR and EPR Spectroscopy. The Ru—aqua
species were characterized by NMR and EPR spectroscopy, as
shown in Figure 7. A solution with § mM/1 mM Ru—non-
aqua/Ru—aqua species was generated potentiostatically by
applying 1.25 V for 1.5 h to a 7.0 mM solution of 1 in a D,0
phosphate buffer at pH 10.5. After the bulk electrolysis, the
final pH was reduced to 7. The solution was then exposed to
additional bulk electrolysis at several applied potentials to
generate species with different degrees of oxidation and
protonation. The NMR spectra were recorded after 7 min of
sample collection. For EPR analysis, the samples were frozen
after 30 s and measured as frozen solutions at 4 K. Figure 7
(center) includes a CV of the solution, where the applied
potential is indicated with vertical arrows as a guiding reference.
For comparison, Figure 7 also includes the NMR and EPR
spectra of [Ru™(tda-x-N*0?)(py),]*, 2*, (black line).

The red spectra were obtained at applied potential E,,, =
1.25 V until the current flow was below 5% of the initial current
(approximately 1S min). At this potential, two diamagnetic
species were generated, the [Ru"(tda-x-N*0?)(py),]*, 3%,
and [Ru"(0O)(tda-x-N*0)(py),], 4. The latter decays to
[Ru"™(HO)(tda-x-N*0)(py),], 6, whose EPR spectrum is
shown in red. This spectrum shows a rhombic signal with g
= 212, g, = 2.08, and g3 = 1.85. The larger spin anisotropy
found in 6 compared with that found in 2 is in agreement with
the larger distortion of the octahedral Ru™ site upon OH~
coordination. The instability of Ru(IV)=0 species, [Ru"'(O)-
(tda-x-N*0)(py),], 4, decaying to Ru(III) is unlikely due to
direct water oxidation by this species because the oxidation
potential of Ru(IV) is not sufficiently high to drive that
reaction. However, upon disproportionation, it can generate
Ru(V) and Ru(IIl). The Ru(V) species in [Ru'(O)(tda-k-
N30)(py).]*, 5%, is a very powerful oxidant that can oxidize
H,0 to O, very quickly, as will be shown in the next section,
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Figure 7. '"H NMR (left) and EPR (right) of the species generated by bulk electrolysis at the indicated applied potential for a solution containing 3**
(5.0 mM) and 4 (1.0 mM) at pD 7.0 phosphate buffer solution in D,O. Center: CV of the initial solution where the applied potentials are indicated
with an arrow. The spectra of 2* obtained independently, as indicated in Figure 2, are shown in black for comparison. The NMR spectra were
recorded after 7 min of extraction of the aliquot, whereas EPR samples were measured in frozen solutions after 30 s.

and thus is the driving force for the disproportionation. A
similar mechanism was proposed recently for related
mononuclear complexes.*”*" Furthermore, such a mechanism
based on disproportionation of 4 is consistent with the lack of a
returning wave for the IV/III redox couple, as shown in the CV
in Figure S (right).

The blue spectra were obtained with E,,, = 0.95 V until
reaching 5% of the initial current flow. The reduction generates
[Ru"(tda-x-N*0?)(py),]*, 2%, and the diamagnetic complex
[Ru"(0)(tda-k-N*0)(py),], 4, that decays to [Ru"'(HO)(tda-
k-N°O)(py),], 6. In the NMR, the Ru(IIl) species 2" was
identified by intense resonances at 12.0 and 13.2 ppm. New
resonances at 9.5 and 20.2 ppm are assigned to 6. The EPR also
showed a mixture of the spectra of 2" and 6. The green spectra
were obtained with E,, = 075 V and showed that the
predominant species was 2" with a small amount of 6. Finally,
at E,,, = 025 V, all species were diamagnetic and no EPR
resonances were obtained or NMR in the 11-21 ppm range,
indicating formation of 1. This is again fully consistent with the
chemical reduction carried out with ascorbic acid, where the
only species present was 1, as described in the previous section.

Catalytic Performance of the Ru—OH, Complex and
Proposed Mechanism Based on DFT Calculations. Figure
8 shows the CV of a solution of 0.30 mM [Ru"(tda-x-
N0%)(py), ], 3%, and 0.15 mM [Ru"(0)(tda-<-N"0) (py),),
4, at pH 7.0. It is impressive to see the large electrocatalytic
wave of roughly 10 mA/ cm? in the 13-14 V range,
considering the small amount of the precursor species 4
present in solution that have a reductive III/II wave with a peak
intensity of approximately 25 uA/cm® This electrocatalytic
wave is due to one-electron oxidation of 4 and formation of the
highly active species [Ru"(O)(tda-x-N*0)(py),]*, 5" (E; ;" =
1.43 V). To quantitatively characterize the kinetics of the water
oxidation catalysis, a foot of the wave analysis (FOWA) was
carried out following the procedures proposed by Saveant et
al.>>=>* A plot of i/ip versus 1/(1 + e(F(E° — E)/RT)) (see
Figure 8) gives an impressive scan-rate-independent TOF,,, of
8000 s, which is the highest ever reported at neutral pH. It is
actually 1 order of magnitude higher than the best one reported
so far at pH 1.0, based on the Ru—bda type of complexes (see
Chart 1).*>* Further, at pH 7.0, the complex [Ru(bda)(pic),]

10792
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Figure 8. Left: CV of a mixture of 0.3 mM [Ru"(tda-k-N*0?)(py),]*,
3?*, and 0.15 mM [Ru"(0)(tda-k-N>0)(py),], 4, at pH 7.0 phosphate
buffer. Inset: FOWA plot of the catalytic current. The red dashed line
in both cases represents the experimental data used for the FOWA
analysis, and the black solid line shows the experimental data used for
the extraction of TOF,,,.. Right: CV obtained at pH 7.0, 8.0, and 10.0
under identical conditions. Inset: Enlargement of the 0.2—1.2 V zone
in the CV showing both the full recovery of catalyst and cathodic shift
of the Ru—aqua wave, due to the pH change after the proton
generation during the electrocatalytic process.

under exactly the same conditions as in 3* is about 3—4 orders
of magnitude slower (see SI), assuming a first-order behavior of
the catalyst at pH 7.0, as has been recently proposed.”® In
addition, the performance of 4 was evaluated at pH 8.0 and
10.0, giving impressive TOFs, ., of 25000 and 50000 s,
respectively, indicating a significant rate enhancement as the
pH increases. Finally, bulk electrolysis experiments using glassy
carbon rods (S = 82 cm?) as working electrodes further
confirm O, evolution with Faradaic efficiency around 92% (see
Figure S22). To calculate the turnover number (TON), we
used the methodology also develop by Saveant et al.>” that
takes into account only the amount of catalyst that is
surrounding the electrode. This gives a TON in the range of
27 million for 1 h electrolysis (see the Supporting Information

for further details).
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Scheme 3. Proposed Reactions Involved in the Water Oxidation Catalysis Mechanism at pH 7.0 Based on DFT Calculations”
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The catalytic cycle was also studied via DFT calculations. We
started with the Ru—aqua complex [Ru'(H,O)(tda-x-N°)-
(py).), 7 (Scheme 3). From 7, a PCET results in the formation
of 6, followed by another PCET step to generate 4. Further
oxidation forms the seven-coordinated complex §* (Figure 9),

Figure 9. Optimized structures of (A) [Ru"(tda-x-N>0")(py),(0)]%,
5* and (B) associated water nucleophilic attack transition state at the
MI1-L level of theory for the reaction, “5* + H,0 — [Ru"™(OOH)-
(Htda-x-N*0")(py),(0)]*”. Color code: Ru, turquoise; C, gray; N,
blue; O, red; H, white. Hydrogen atoms on the ligands are omitted for
clarity.

with a calculated potential of 1.32 V, in very good agreement
with the onset of the electrocatalytic wave in the 1.3—14 V
range. It is worth noting that for complex 5" we found the «-
N0 conformer to be more stable than the k-N* conformer by
13.6 kcal/mol, showing the enhanced stability of the seven
coordination mode due to the tda®~ ligand framework. Next, we
considered the O—O bond formation step and located a
transition state (TS) structure that features a water nucleophilic
attack (WNA) to the oxyl radical Ru"V—0 (formally a Ru'=0
unit), with concomitant proton transfer to the dangling
carboxylate group of the tda*~ li§and (Figure 9). The calculated
free energy of activation (AG*) is 19.5 and 16.8 kcal/mol,
respectively, at M11-L and MOG6-L level of theories. The
calculated activation free energies are significantly lower than
those calculated for other mononuclear ruthenium catalysts at
same level of theory””*>*® due to the intramolecular proton

transfer to the dangling carboxylate, next to the oxyl radical.
While previous examples have shown this effect, intermolecu-
larly increasing rates by 2- or 3-fold,””** we find that the
intramolecular proton transfer has a much more dramatic effect
leading to an extraordinary increase of the overall kinetics. The
resulting product of the WNA step is [Ru"'(OOH)(Htda-«-
N?0")(py),])* (AG = 3.5 kcal/mol), which could undergo a
PCET step (E = 0.66 V) to generate [Ru"'(OO)(Htda-«x-
N?0")(py),]" (see Figure 9 and structures in blue in Scheme
3). In the final step of the mechanism, O, evolution with
concomitant loss of proton and addition of H,O (AG = —3.5
kcal/mol) regenerates the initial [Ru'(tda-x-N*)(py),(OH,)]
species and completes the catalytic cycle.

It is interesting to compare the catalytic rates of water
oxidation catalyzed by the related complex [Ru(bda)(pic),],
analogous to 4 but without the dangling carboxylate. At pH 7.0,
a kops = 6 57! has been reported,” and at pH 12.2, the kg,
increases up to 14 000 s™'. It is impressive to see that complex
4, with the capacity to undergo proton transfer, intra-
molecularly boosts the rate up to 8000 s™' at pH 7.0 and
50000 s™" at pH 10. Thus, an increase of more than 3 orders of
magnitude in rate is achieved at pH 7.0 with regard to the
current benchmark catalyst. The increase of catalytic rate based
on intramolecular proton transfer is reminiscent of other
catalytic systems that also exploit acid—base functional groups
in the second coordination sphere of the metal center,
including Ni complexes introduced by Dubois et al,”” where
the ligands have pendant amines that function as proton relays.

B CONCLUSIONS

We have introduced a new family of complexes where the
pentadentate tda’~ coordinates to the Ru metal center as an
equatorial ligand, while monodenate pyridine ligands coor-
dinate to the axial positions. The strong ¢ donation of the
carboxylate moieties of tda’” stabilizes a seven-coordinate
Ru(IV) complex, [Ru"(tda-x-N*0?%)(py),]**, 3**, both in
organic solvents and in water or in acidic aqueous solutions.
In basic solutions, hydroxide displaces one of the carboxylate
groups, forming [Ru"'(OH)(tda-x-N*0)(py),]*, 4H*, with pK,
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= 4.5, where the displaced carboxylate is dangling although
functionally important because it is cis to the Ru—OH group.
Species 4 turns out to be a very robust catalyst with an
impressive TOF,,,, = 8000 s~ at pH 7.0, which is the best ever
reported at this pH, and is about 3—4 orders of magnitude
better than that of [Ru(bda)(pic),] at the same pH, the best
reported so far. The key for fast reactivity is mainly due to two
factors: (a) the easy access to high oxidation states, provided by
the tda®~ ligand through the anionic nature of the carboxylate
moieties and the capability of stabilizing a seven coordination
to Ru in high oxidation states; and (b) the functionality of the
dangling carboxylate as a proton acceptor in an intramolecular
fashion, while the incoming substrate water molecule undergoes
a nucleophilic attack to the oxyl radical during the critical O—O
bond formation step, as shown by our DFT calculations.
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