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Abstract

Innocent and Non-innocent Countercation Interactions in Transition Metal Oxidation
Catalysts

By

Marika Wieliczko

Oxidation catalysis is ubiquitous in chemical transformations that are critical in modern
society, and many industrially-relevant oxidation processes have analogues in biological
systems. The effect of redox-inactive ions is essential in various biological processes and
though some corollary to artificial systems is known, the effects of non-innocent cation
interactions on transition metal oxidation catalysts remain poorly understood. Chapter 1
introduces the reader to the broad field of transition metal-catalyzed oxidation using
specific examples of organic substrate oxidation, as in the monooxygenation of aromatic
hydrocarbons, and inorganic substrate oxidation as in the conversion of water to
dioxygen. These reactions illustrate the complementary ways in which oxidative catalysis
is used to both extract energy in a downhill process, as well as capture and store energy
in an energetically-uphill process. These reactions, which are catalyzed by transition-
metal centers, are the basis for the investigations which follow. Chapter 2 illustrates the
influence of redox-inert Ca®* ions on the oxidation state of a cobalt-centered
coordination complex and explores its potential application in aromatic hydrocarbon
oxidation. In Chapter 3, the specific binding modes of K* cations to the active site of a
tetraruthenium polyoxometalate water oxidation catalyst are demonstrated to
significantly impact both redox and acid-base properties, which are critical aspects of the
proton and electron transfer steps in the multi-step mechanism of dioxygen formation
and evolution. In Chapter 4, the conversion of cobalt-based polyoxometalate water
oxidation catalysts to hydrophobic forms using weakly interacting tetraalkylammonium
cations facilitates detailed studies of these catalysts in non-aqueous media, where
electrochemical, spectroscopic, stability and reactivity studies are conducted that are
uninformative or not possible in bulk water. These studies yield unprecedented insights
into the nature of transition metal oxidation catalysts whose reactivity and stability can
be controlled by understanding the effects of both innocent and non-innocent cation
interactions.
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Chapter 1

Background and Introduction to Transition
Metal-catalyzed Oxidation
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1.1 Introduction to Oxidation Catalysis

1.1.1 Overview of Oxidation Catalysts

Oxidation is the removal of electrons or increase in oxidation state of a substance. This process
tends to occur naturally on planet Earth, where the reaction with oxygen is and all things are
moving towards oxidation, most often through the thermodynamically favored combination
with molecular oxygen, O,, with a simple uncatalyzed example being the combination of iron
with oxygen in the presence of water to form iron oxide, or rust. In most cases, where despite
being favorable the process is usually quite slow, the presence of a catalyst greatly accelerates
the reaction. Transition metals such as Fe, fellow Group 8 member Ru, and its neighbors Mn and
Co are found in some of the most active oxidation catalysts (OCs) in energy-demanding
oxidation reactions, such as alkane hydroxylation and water oxidation. When reactivity is
optimized and employed in a controlled fashion, effective OCs facilitate degradative processes
to decompose and eliminate waste products, work to capture and store energy from the sun in
chemical bonds, to functionalize feedstock molecules build complex molecular machinery, to
regulate biological functions, and to extract the energy stored in chemical bonds. For modern
human life, controlling oxidation reactions through catalysis has been essential and
transformative technology. OCs are ubiquitous in Nature, occurring in metallocofactor active
sites of transition metal-containing biological catalysts (enzymes) and in chemical industry,
typically taking place in high-temperature and/or high-pressure reactors over heterogeneous,

solid-state OCs.
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Effective oxidation catalysis is especially important now and in the imminent future due to
increasing global energy demands, which mandate more efficient chemical industry processes
and replacement of environmentally detrimental processes with improved methods based on
clean, accessible, and renewable technologies. Metalloenzymes typically operate at ambient
temperatures and pressures, using earth-abundant elements. Their metallocofactors may serve
as templates for bioinspired models in controlled catalyst design and development. Synthetic
models of these active sites can similarly prove valuable to understanding analogous biological
processes. Heterogeneous systems that are common in industry can often be modeled by
homogeneous molecules which can be more easily adapted, thoroughly characterized, and
better studied mechanistically at the molecular level. Examples of molecular OCs in Nature can
also often be related to bulk counterparts in industrial and energy applications. Valuable
information can be learned from each type of catalytic system that may be relevant to any of the
others, and a deeper understanding of molecular OCs remains a rich field of scientific interest.
Several themes that commonly appear in scientific pursuits of more effective OCs will be

described in more detail in the following sections.

1.1.2 Transition Metal-Oxo Complexes and Selectivity in Oxidation Catalysis

One of the greatest challenges that arises in oxidation catalysis is achieving selectivity, wherein a
lack thereof manifests in both catalyst degradation and substrate overoxidation. The oxidation
of strong bonds, such as unactivated C-H bonds, requires a potent oxidant, and the supporting
ligand scaffold in homogeneous catalysts must be oxidatively stable to avoid self-
decomposition.! Oxidation is often a multi-electron process that can be coupled to the transfer
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of protons. In this case, a supporting ligand scaffold must facilitate proton movement and be

simultaneously robust hydrolytically.’

Most metallocofactors utilize dioxygen in their functions in some capacity. While dioxygen, O, is
an ideal terminal oxidant, activation of O, into more reactive species that can facilitate O transfer
often results in radical chemistry which is difficult to control outside of protein environments.
When targeting oxygenation or O-atom insertion, a 2-electron process, radical reactions can
lead to undesirable side products. Furthermore, substrate oxidation yields activated products
which can be more easily oxidized than substrates. As illustrated in Figure 1.1, the
monooxygenation of benzene to produce phenol, PhOH, can be hampered by undesired 1-e
radical coupling reactions to yield biphenyl (and higher) side-products; the 2-e” oxygenation
introduces -OH, a strong electron-donating group (EDG) which activates the arene for further
oxidation at the  ortho- and para-positions yielding catechol and hydroquinone, which can be

further oxidized to ortho- and para-benzoquinone.
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Figure 1.1 Radical coupling side reaction and overoxidation examples in the monooxygenation of

benzene.

Many important chemical transformations involving oxygen atoms are mediated by transition
metals featuring oxo ligands (O%), wherein single oxygen atoms are bound to metal centers as
either bridging or more rarely, as terminal ligands. Both binding modes may be relevant to
mechanisms of oxygen mediation reactions. First-row metal-oxo complexes are recognized as
intermediates in a wide variety of important biological processes. The efficacy of these processes
in living organisms may be attributed to the controlled formation of highly reactive metal-oxo
intermediates, making the most difficult of oxidations feasible; the oxidation of methane to form
methanol, for instance, is achieved by the Fe"Y,0, diamond core of methane monooxygenase
(MMO).? The high degree of selectivity with which the cytochrome P450 (CYP) enzymes operate
in the monooxygenation of unactivated hydrocarbons can be attributed to the formation of an
Fe' terminal oxo intermediate. The CYP class of enzymes function through an intermediate
Compound | (Cpd 1) which has been identified as an Fe'Y=0 with an additional redox equivalent

stored in a Ti-cation radical on the porphyrin ring.? The preference for 2-e’oxo transfer is a
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desirable trait in a catalyst where mid- to late-metal-oxo complexes supported by oxidatively

stable ligands may impart high selectivity.

1.2 Transition Metal Catalysts for Hydrocarbon Oxidation

1.2.1 Enzymatic Fe-catalyzed Hydrocarbon Oxidation by Cytochrome P450

One of the most important classes of enzymes are the ubiquitous iron-centered CYPs, which are
found in all lifeforms.? The Fe center is supported by a porphyrin, planar N-heterocyclic ligand
commonly referred to as heme. CYPs most commonly catalyze monooxygenase reactions, i.e.
the insertion of a single oxygen atom into the C-H bond of a hydrocarbon substrate. The CYPs
catalyze the hydroxylation of hydrocarbons and the epoxidation of alkenes, and are highly
selective in the oxidation of aromatic hydrocarbons, undergoing two-electron oxidation of the
substrate, as the aforementioned presence of the non-innocent porphyrin ligand facilitates the

formation of the key Fe"'=0 intermediate, Cpdl.

Figure 1.2 The NIH shift mechanism of arene monooxygenation in cytochrome P450
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The mechanism of arene oxidation, illustrated in Figure 1.2, then proceeds through an arene
oxide intermediate upon oxo-transfer. The rate determining ring-opening step is followed by a
1,2-hydride shift (“NIH shift”) with tautomerization of the keto intermediate giving the phenol
product.* Though outside of enzymes, Fe(lll) species are much more likely to undergo a series of

linked and self-perpetuating radical reactions, collectively referred to as Fenton chemistry.

1.2.2 The Hock Process for Aromatic Hydrocarbon Oxidation in Chemical Industry

The problem of selectivity in oxidation is well-illustrated by the industrial method for phenol,
PhOH, production. PhOH is an important industrial commodity that is produced on an ~7 billion
kg scale each year to serve as a precursor for polymers such as phenolic resins, polyamides,
polycarbonates, the most important PhOH derivative being bisphenol A. Rather than proceeding
through a direct route as in biological systems, industrial-scale oxidation of benzene to produce
phenol is accomplished through an indirect three-step route known as the Hock process, or

sometimes the “cumene process” due to the isopropylbenzene intermediate that is formed.
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Figure 1.3 Industrial Hock process for production of phenol from benzene.

The first stage is the Friedel-Crafts alkylation of benzene with propylene to yield the cumene
intermediate. The cumene is oxidized in air to generate the potentially explosive cumene
hydroperoxide. Finally, acid-catalyzed hydrolysis produces the desired phenol product along
with one equivalent of acetone. Thus, the currently-employed method for benzene oxygenation
suffers not only from inefficiency due to multiple steps involved but also from high energy
demand, safety hazards, and the economic challenges of manufacturing two products in set
proportions. In this context, a direct route that operates under milder conditions in a selective

manner is highly attractive.
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1.3 Transition Metal Catalysts for Water Oxidation

1.3.1 Mn-catalyzed Water Oxidation in Photosynthesis

Virtually all life on Earth relies on photosynthesis as a source of energy, whether directly as in
plants, cyanobacteria, and some protistans which convert light energy into chemical energy by
producing carbohydrates, or indirectly when organisms convert the energy into chemical bonds
(as fuel). The capture and conversion of this light energy occurs in Photosystem Il (PSII) with
photoexcitation of chlorophyll dimers; this pigment with maximum absorption at 680 nm in the
red part of the visible spectrum is aptly named P680. Excitation of P680 generates a strong
reductant, P680*, which rapidly transfers an electron to a neighboring pheophytin molecule that
begins the transfer of electrons through the electron-transport chain. The resultant P680" is the
strongest biological oxidizing agent known, with an estimated redox potential of ~1.3 V.° The
ground state P680 is regenerated when the electron hole is replenished by the oxidation of
water in the neighboring oxygen-evolving complex or OEC.” The OEC is a small inorganic cluster
of four manganese ions and one calcium ion linked through bridging oxo and hydroxo ligands

as well as carboxylate moieties of the protein amino acid residues.?
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Figure 1.4 Schematic illustration of the oxygen evolving complex, or OEC, in photosynthesis.

While there are roles for other cations in Photosystem I, there is a very specific requirement for
Ca**in the OEC, wherein the depletion of Ca®* arrests the evolution of O,. Although other cations
are known to competitively bind the Ca** site in the OEC, limited oxygen evolution has been
observed with only Sr**, suggesting that the well-defined protein environment is highly specific
for Ca®". The OEC undergoes four visible light-induced transitions to split water molecules into
protons and electrons in steps, and the oxidized intermediates in the catalytic cycle are denoted
by their S-states, beginning with S, in the resting state and ending with S, which releases the
dioxygen waste product upon concomitant re-reduction to So. As illustrated in Figure 1.5, this is
a 4-electron, 4-proton, 4-photon process overall. The Ca®" ion is essential for advancement of

the S, state and the S, state is responsible for the elusive O-O bond forming step.
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Figure 1.5 Schematic illustration of transitions from S, through S, in the Kok cycle of the OEC in

photosynthesis.

1.3.2 Co and Ru Molecular Catalysts for Artificial Water Splitting

The quest for clean and renewable energy is arguably the most important scientific challenge of
the 21st century. Solar-powered water splitting is one of the most promising routes to clean and
renewable energy, which can be stored in energy-dense fuels such as H, or for producing liquid
fuels from CO,. Coupling of a WOC and a photosensitizer at the photoanode and a water-

reduction catalyst (WRC) to make H; at the cathode produces a photoelectrochemical cell (PEC).

Transition metal oxides based on Ru and Ir are the most well-established and extensively
studied heterogeneous WOCs, where the cubane-like metal-oxygen structural motif and high

oxidation states are common features in these systems.” Of these, iridium-based materials are
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the most active and stable catalysts.' Due to the prohibitive cost of precious metals, materials
based on abundant elements have attracted attention, with Co, Ni, and Ni/Fe oxides'' and
amorphous phosphate-containing Co materials'? emerging as promising catalysts for light-
driven water oxidation. Deciphering the mechanism of water oxidation in heterogeneous
systems is not straightforward due to the difficulty of identifying surface-adsorbed
intermediates, and thus molecular analogues of these metal-oxide surfaces are highly sought for
mechanistic studies. The first artificial homogeneous WOC, reported in 1982, the "Blue Dimer,”
or BD, [(bpy).Ru(H,0)(m-0)Ru(H,0)(bpy).]**, was used to probe the mechanism of O-O bond
formation.” Two main pathways were identified using isotopic labeling; the primary route
involves nucleophilic attack of unbound water on a high-valent Ru-oxo in the water nucleophilic
attack (WNA) mechanism. A second pathway involving ligand oxidation and hydration is less
clearly-defined, but the studies ruled out the direct oxo coupling pathway (OCP) of adjacent
Ru'=0 to form O,. In contrast, related Hbpp-Ru dimers (Hbpp = 3,5-bis(2-pyridyl)pyrazole)

were shown to undergo OCP rather than NWA.™

The highly oxidizing environment generally required to split water is typically sufficient to
oxidize all organic functions. This defines an intrinsic limit to the utility of such molecular species
as homogeneous WOCs."”® The BD loses activity due to degradation of the organic ligands.

The Hbbp-Ru catalysts evolve both O, and CO,, where the CO; is believed to result from ligand
oxidation.'® A mononuclear Ru catalyst with an [ONO]-pincer ligand achieves up to 4000
turnovers but is rapidly deactivated within 15 minutes, presumably due to facile oxidation of the
phenol group in the ligand scaffold."”” The Dismukes tetramanganese Mn,O, was shown to
decompose to manganese oxide materials under electrochemical oxidation.'® Analogous
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tetranuclear Co,04 cubane compounds have been reported as molecular WOCs" but it
subsequent studies revealed the catalytic activity emanates from a Co(ll) impurity.*°
Mononuclear cobalt porphyrins have been established as homogeneous WOCs but oxidation of

the porphyrin ligand occurs after a few turnovers.”'

Polyoxometalates (POMs) are soluble clusters of metal oxides (e.g. WO,%) that have emerged as
an extensive class of compounds that are stable over a wide range of pH, temperature, and
potentials.? In their lacunary forms, they can also be used as oxidatively stable ligand scaffolds
for transition metal-oxide fragment clusters. The resulting multi-metal complexes exhibit a wide
range of nuclearities, geometries, and chemical properties that resemble their heterogeneous
counterparts. These highly charged species are capable of multiple electron transfers and thus
have been explored as homogeneous catalysts for a variety of chemical transformations,
particularly in the realm of water oxidation and the production of green fuels.”> Due to this
combination of desirable traits, POMs have emerged as perhaps the most promising molecular
class of WOCs. Among the most well-studied of these are the [{Ru4O4(y—XW10036)2]1°", Ru,POMs
(X=Si or P, show in Figure 1.6, left panel) which is stable over a wide pH range and operates with
turnover frequencies of ~1 mol O, s at pH 7.2* Studies of specific cation effects for the for the
Si-analogue, [{Ru4O4(y—SiW10036)2]10', of this WOC are presented in Chapter 3. More recently the
[Coa(a-XWo034),]10- Co4POMSs, shown at right in Figure 1.6, where X=P? or V*®, have been
reported. These WOCs are more appealing due to both their facile self-assembly from abundant
elements and catalytic speeds of up to ~6 s and ~1,000 s, respectively, but also suffer from
electrochemical and hydrolytic instability.”” Studies on the electrochemical properties and
solution stability of the Co4POMs are presented in Chapter 4.
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Figure 1.6 General structure of Ru,POM (left) and Co,POM (right) polyoxometalates (POMs) that

are under investigation as homogeneous water oxidation catalysts (WOCs).

1.4 Non-innocent Ligands, Anions, and Cations in Oxidation Catalysis

Redox non-innocent ligands, such as the porphyrin in cytochrome P450 can act as temporary
stores for redox equivalents. In cobalt-porphyrin WOCs, ligand oxidation leads to catalyst
degradation. In contrast, a Ru quaterpyridine catalyst does not lose water oxidation activity
upon oxidation of the pyridyl groups because the ligand is converted to bis-N-oxide. ?® Thus,
ligand modification under reaction conditions may be important in dictating mechanisms of

catalytic oxidation.?®
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Anions have also been shown to play non-innocent roles in oxidation catalysis. Interestingly,
nitrate from cerium(lV) ammonium nitrate, CAN, was found to be non-innocent in the dynamics
of O, evolution by the BD. Chloride was also more recently found to participate in
electrochemical water oxidation by a mononuclear Ru catalyst by forming HOCI, which is further
oxidized to 02.%° Buffer base anions were shown to enhance water oxidation rates with
carboxylate-bipyridine Ru(ll) WOCs by direct involvement in atom-proton transfer (APT) or

proton coupled electron transfer (PCET).*

Specific alkali cation effects have been observed to have important activating properties in both
heterogeneous catalysts and molecular complexes capable of reducing dinitrogen.>’ While some
non-innocent effects of ligands and anions have been well-established in oxidation, and specific
cation effects are notable in nitrogen reduction catalysis, the countercations have largely been
disregarded as spectator ions in transition metal oxidation catalysts. Redox-inert cations have
recently begun to emerge as potential stabilizers of high-valent metal-oxo species. In
photosynthesis, both the OEC and the enzyme that catalyzes the first step in CO, fixation,
Ribulose-1,5-bisphosphate carboxylase/oxygenase, commonly known as RuBisCO, require redox-
inert ions in order to operate. The addition of CO, to a lysine residue in the active site to form a
carbamate is facilitated by proper positioning of Mg®* ions.*® On the other hand, the question
regarding the role of Ca®* in the OEC has been of major interest since the structure was first
determined in 2001 and remains without a clear answer.> Although other cations are known to
competitively bind the Ca®* site in the OEC, limited oxygen evolution has been observed with
only Sr**, suggesting that the well-defined protein environment is highly specific for Ca**.
Substitution of cadmium has facilitated '">Cd-NMR studies that suggest the Ca®* site is close
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enough to be affected by the Mn, cluster spin state.**X-ray Absorption Spectroscopy (XAS)
studies® and EPR studies® of calcium- and strontium-containing PSIl have provided some

insights into this requirement for calcium in the OEC.

In artificial WOCs, it was shown that high surface area CaMn,0, materials are more active for
water oxidation than manganese(lll) oxide materials without calcium.?” Model complexes that
strongly resemble the manganese-oxido cluster of the OEC have recently elucidated some redox
properties that may illuminate S-state transitions in the OEC.*® Other models supported by
organic ligands have been synthesized and the substitution of various cations has allowed
extrapolation of a linear relationship between the redox potential of the manganese cluster and
the Lewis-acidity of the ion.*® A similar linear correlation between Lewis-acidity and redox
potential was observed in a mononuclear Fe"-peroxo complex that bind redox-inactive metal
ions; dioxygen release was induced by 1-e” oxidation only in the case of Ca®* and Sr** whereas
more Lewis-acidic ions rendered the complexes inert to this reaction.® Thus it has been
suggested that Ca®* is not only involved in O-O bond formation, but also facilitates catalytic
turnover, wherein a more Lewis-acidic ion (e.g. Zn**) may interfere with dioxygen release. The
strong indications that specific cations play important roles in enzymatic processes which are
not fully understood, may lead to the formation of otherwise-unstable metal-oxo species, and
can modulate electron transfer in POMs. In short, counteraction interactions offer very
substantial potential for advances in selective, efficient catalytic oxidation and our mechanistic

understanding of these processes.
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1.5 Hypothesis and Scope of this Work

Catalytic oxidation is of utmost importance to numerous chemical transformations that are
essential to life on earth, whether accomplished enzymatically in Nature or artificially through
industrial processes. Selectivity and stability of OCs still suffers from several deficiencies but a
strong and steady flow of significant developments, intermittent controversy, and numerous
unanswered questions maintain this as a scientifically lively research area. One phenomenon
which has been studied to lesser extent is the role of cations in oxidation catalysis. Examples
from natural and artificial OCs show promise that cations may be more important than

previously realized. This work spans three interrelated parts exploring the central hypothesis:

Specific interactions of redox-inert alkali metal cations impact electron, proton-
and oxo-transfer mechanisms of transition metal-catalyzed oxidation processes.

In the case of non-innocent countercation interactions, secondary sphere coordination of redox-
inactive alkali metal cations in anionic Co and Ru oxidation catalysts dictate specific effects on
the mechanism of action, kinetics, and selectivity in both catalytic arene oxygenation and water
oxidation. In contrast, weakly-interacting, hydrophobic countercations in these systems
dramatically limit reactivity in oxygen mediation reactions, i.e. both arene and water oxidation.

These innocent counteraction interactions facilitate studies of the stability, redox and acid-base
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properties of the anions, which proves to be especially valuable for comparing systems such as

isostructural POMs in different (aqueous and non-aqueous) media.

In the first chapter to follow, the effect of Ca** counterions in anionic, tripodal Co(ll) complexes
on the formation of isolable Co"-oxo species is described. This bioinspired catalyst features a
rationally-designed ligand scaffold based on molecular orbital theory and additional design
considerations aimed to impart stability and catalyst-controlled selectivity in the
monooxygenation of benzene to yield phenol. The results show that Ca** activates the Co(ll)
center for predominantly 2-electron oxo-transfer reactivity towards benzene. Spectroscopic
evidence suggests the formation of a transient Co"-oxo species, and X-ray crystallography
points to not only activation of Co(ll) by Ca**, but also participation of the sulfonamide ligand
scaffold in generating a Co(ll)-peroxysulfonimidate that may be the sole isolable precursor to

the transient terminal-oxo species.

In the following chapter, the search for an analogous counteraction effect continues in the ever-
important water oxidation reaction, where it is known to be crucial in Nature, and is
demonstrated with K* in the RusPOMs, an important and well-established class of
homogeneous WOCs. Surprisingly, the K* effects, which include cation-coupled electron transfer
(CCET), are not collectively beneficial for light-driven water oxidation catalysis and introduce
mechanistic branching by changing the speciation of equilibrated species in solution. In
contrast, K* ions stabilize reduced forms of the RusPOMs and these ions (as well as possibly

Ba®* and NH," ) may be beneficial for accessing reductive catalysis in these POMs.
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After demonstrating both beneficial (Ca** with Co) and potentially detrimental (K* with Ru)
effects of specific alkali cations that are important for oxidation catalysis, the alternative case is
explored with Co-based POMs where weakly-interacting countercations minimally impact
catalytic activity, but are essential for stabilization of these hydrolytically sensitive compounds in
non-aqueous media. Surrounding the highly anionic Co4POM complexes with alkylammonium
counterions mimics the hydrophobic environment of a protein. By limiting the reactivity with
substrate water, reactive properties of the anion that have remained elusive in aqueous media
can be probed and more thoroughly studied in organic solvents. These studies reveal several
important insights into the stability and mechanism of water oxidation in the two isostructural

Co,POM:s.

In the final chapter, some additional preliminary investigations into the roles of the smallest of
cation — proton, are presented, with studies into protonation state changes in water oxidation
catalysts and implications for proton movement dynamics in solution. An outlook and proposals
for continued research pathways and promising future directions based on the investigations
presented is provided. Countercations can facilitate, modulate, and tune the redox and acid-
base properties of the transition-metal active site to various extents. In cases where the cation is
innocent, the anion can be studied in greater detail. Countercations can act as more than just
spectator ions and may induce catalysis that is not accessible in their absence. in some cases,
they may hinder reactivity, which can be useful in many molecular studies. Therefore, the careful
studies of the innocent and non-innocent countercation interactions are insightful for catalyst

design and development.
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Chapter 2

Cobalt-Catalyzed Monooxygenation of
Benzene Activated by Non-innocent Ca”*
Countercations

With Christopher C. Scarborough, Christian M. Wallen, Bryant Chica, John Bacsa, Stephanie
Daifuku, and Michael Neidig.

Partially published in Christopher C. Scarborough & Marika Wieliczko, ‘Catalysis in the
production of phenols from aromatics’ US Patent No. WO2015142828, September 24 2015.
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sandwich complexes supported by sulfonamido ligands”, Inorg. Chem. Front., 2016, 3, 142;
DOI: 10.1039/C5Ql00233H. Adapted by permission of the Royal Society of Chemistry.

20|Wieliczko


http://discovere.emory.edu/openurl/01emory/01EMORY_services_page?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&__char_set=utf8&rft_id=info:doi/10.1039/C5QI00233H&rfr_id=info:sid/LibX&rft.genre=article

2.1 Introduction: Activation of Transition Metal Complexes by Redox-
inactive Cations

2.1.1 Selective Monooxygenation of Aromatic Hydrocarbons

Direct oxidation of aromatic hydrocarbons, e.g. the oxygenation of benzene to phenol (PhOH), is
challenging due to the necessity for a highly potent oxidant capable of activating aromatic C-H
bonds and the resultant challenge in achieving selectivity that is both catalyst-controlled and
averts over-oxidation of the more reactive product relative to substrate. Although direct
benzene oxidation using hydrogen peroxide (H,O,) and solid-state molecular sieve catalysts has
attracted a great deal of interest in recent decades, reflecting recognition of shortcomings of the
multistep Hock (cumene) process, which is nonetheless employed in >90% of global phenol
production, such heterogeneous systems are poorly understood and more thorough
investigations of catalytically relevant species are needed to elucidate mechanisms and allow the

systematic development of more effective catalysts.

In biological systems, direct and highly selective conversion of aromatics to phenols is catalyzed
by CYP enzymes through 2-electron, oxo-transfer from the Fe'V-oxo intermediate of Cpdl to the
ring via the NIH-shift mechanism.*® However, in synthetic systems Fe species with H,O, are
typically associated with unselective, radical (Fenton) reactivity and have been shown to exhibit
undesired over-oxidation. Molecular Ru and Fe complexes that are capable of catalyzing this

conversion but exhibit rapid over-oxidation to quinones and subsequent deactivation.

Two means of accessing selectivity in hydrocarbon oxidation are through catalyst and kinetic

control. Favoring 2-electron oxo-transfer processes over unselective 1-electron radical
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mechanisms would impart catalyst-controlled selectivity, and the kinetic suppression of over-
oxidation could be achieved through incorporation of functional groups capable of deactivating
PhOH for carbon-centered reactivity. The first element of a catalyst design would target a high-
valent metal oxo of the late transition metals as the O-transfer species. Beyond manganese and
iron, cobalt has shown capabilities for alkane hydroxylation*' and for electrocatalytic** and light-
driven, solution-phase water oxidation.”® The efficacy of cobalt in effecting demanding oxidation
reactions is exemplified by molecular and electrocatalytic water oxidation, and the cobalt
complexes have been shown to react with oxygen sources to generate reactive species, namely

when supported by anionic ligand fields and in the presence of secondary, redox inactive ions.

The synthesis and full characterization of a terminal cobalt-oxo complex is a challenge but also
an important and pressing benchmark, especially if it is developed in a manner that is applicable
to other metal-oxo complexes. It is evident that later metals provide a key element of instability
that allows these energetically difficult reactions to take place. The origin of this instability and
the scarcity of middle and late metal-oxo complexes is reasoned as a consequence of bond
order and accessible oxidation state*. If metal-oxo stability is ascribed to multiple-bonding,
then population of metal-oxygen antibonding orbitals is destabilizing up to a point beyond
which oxo complexes are not attainable (the “oxo wall” origin).*> This approach however, may
underestimate electrophilicity, as the prevalence and reactive propensities of known oxos are

not readily described as only functions of bond order.

If metal-oxo bond order is considered a parameter that is complemented by the electrophilic

character of the oxo, which has a dramatic effect on reactivity, these factors must be considered
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together to develop a complete picture of a stable cobalt-oxo. Without considering the effects
of geometry, a clear direction for coordination number and charge is established. As effective
nuclear charge increases, ionization energy rises and approaches that of oxygen in moving
across the transition series. As depicted in the qualitative molecular orbital diagrams shown in
Figure 2.1, the energy gap between the metal and oxygen fragment orbitals decreases, and
consequently the metal-oxo antibonding orbitals take on increasing oxygen character, i.e. the
oxo becomes more electrophilic. If this outcome is to be countered, the energy of the d-orbital
manifold must be maximized. This principle establishes the first criterion for an effective ligand
design: both coordination number and anionicity of the ligand should be maximized to increase

this energy gap and decrease oxo electrophilicity.

LUMO %0 << LUMO %0

/’ \\ Ly -
P Al -’I \\
K smaller oxo . Y
A I ¥ %
 Metal : contribution J 3 larger oxo
\ % K | contribution
\ R « Metal \
Y " \ '
A “ \\ \\
\ Oxo , \\\ _ DXO{+
kY s 4\

-
\ F

!
’
s % -
& 4 A s
A & N #

>  ncreasing Z.g

Figure 2.1 Qualitative MO diagrams depicting the effect of increasing group humber on oxo

character and electrophilicity
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strong xy-donors 0 weak xy-donors

Figure 2.2 Qualitative MO diagrams depicting the ordering of MOs for weak and strong donor

ligands in TBP geometry.

The nature of the metal-oxo can then be assessed by evaluating bond order, determined by the
electron distribution between bonding, non-bonding and anti-bonding orbitals. Hence, d-
electron count and coordination geometry largely determine the metal-oxo bond order. With
the highest possible coordination number of six, as many as four electrons can be
accommodated while maintaining a metal-oxo bond order of two or greater in octahedral
geometry. A fifth electron, however, eliminates double bond character, and limited by
accessible oxidation states, Fe''-oxo arises as the limit in octahedral geometry (the basis for the
familiar "oxo wall"). Moving to coordination number five with TBP geometry yields two doubly
degenerate e sets, one that is predominately sigma-antibonding in the xy-plane and one of pi

symmetry that is metal-oxo antibonding in nature. The ordering of these two sets is highly
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dependent on their relative energies, as shown in Figure 5, but most literature depicts strong
donor ligands, such that metal-oxo antibonding are to be filled first, eliminating TBP as a

suitable geometry.*

If the weakly metal-ligand antibonding MOs are populated first, however, six d- electrons can be
accommodated - this ordering is feasible provided the donors are exceptionally weak. This
observation leads to the second criterion, that the ligand arms in the xy-plane be unusually
weak sigma donors. Lastly, having considered electronic structure, other characteristics likely to
be important for isolation and full characterization can be drawn from reports in the literature.
Co-oxo complexes are expected to be reactive species, as transients have been shown to react
with nearby alkyl substituents* and insert into carbene ligands,”” and Fe-oxos are known to
oxidize nearby mesityl ligands for example*. The third and final stipulation therefore, is the use
of oxidatively stable functional groups that high solubility to allow reactivity studies to take

place in inert solvents such as benzene.

2.1.2 Ligand Design for Accessing Mid- and Late-metal Oxo Species

A survey shows that for anionic ligands, stronger donor ligands tend to be preferred, such as
Borovik's ureate system. Of known tripodal ligands, the sulfonamidates recently explored by
Borovik*® are the most acidic systems (pK, ~ 16) , and as such, we may establish this system as a
starting point for a spectrum of weak donor ligands with decreasing pKa (and likewise donor
strength). With the target in an ideal case being case being an isolable Co"-oxo, this ligand

system served as the first test of the validity of the presented argument that trianionic, tripodal,
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weakly donating ligands will stabilize an isolable cobalt-oxo. The introduction of divalent

counterions proved to have a pronounced effect in several cases in activating reactivity of first
row transition metal oxo species, most notably around the time these studies were began was
the mesitylene derivative shown in Figure 2.1, where in the case on Mn(ll), reduction of O, was

greatly accelerated in the presence of Ca®* to yield a Mn"-hydroxo;*® reaction with O-atom

transfer agent iodosobenzene, PhIO, in dichloromethane (DCM) led to formation of a Co"
hydroxide.*® This is strong evidence that a transient Co"-oxo species may precede this complex

which occurs through one of many potential routes for H-atom abstraction to yield the final

product. Notably, the mesitylene groups are expected to be especially susceptible.
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Figure 2.3 Reaction of the Borovik Co(ll) system with PhlO in DCM to yield a Co(lll) hydroxide.49

Isolable synthetic examples of Co terminal-oxo complexes are unknown and this is not
surprising that middle and late first-row metal-oxo complexes are rare. A handful of
crystallographically characterized Mn>" have been reported and despite successful isolation of
stable Fe complexes™, are known and to date such Co"-oxo >* and related imido>* complexes
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are typically only observed transiently. Redox inactive metals such as Sc** were also shown to
activate high-valent metal-oxo species, including Mn"-oxo ** and transient Co'-oxo species, but

recently a Sc**-stabilized Fe"-oxo was shown to be in fact Fe(lll).>

Thus the reactivity of cobalt complexes bearing the trianionic sulfonamide Tsstren ligand (Tsstren
= N,N',N"-(nitrilotris(ethane-2,1-diyl))tris(4-methylbenzenesulfonamide)) are ideal for studies of
Co(lV) oxos and related species and where the anionic nature of the resultant Co(ll) complexes
allowed the incorporation of a counterion, both weakly interacting organic ammonium and
phosphonium cations or group | and Il cations K* and Ca**. By avoiding the mesityl derivative
and opting for tosyl, the oxidatively susceptible groups are also discouraged from reaction by
steric positioning away from the reaction center. In terms of kinetic suppression of
overoxidation, a little-known but potentially valuable observation is that tetramethylene sulfone
is known to interact strongly with PhOH and even modify its reactivity against carbon-based
reactivity and over-oxidation. Kinetic suppression of PhOH may also be achieved by caging the
reactive Co'V-oxo site in an electron-rich pocket. Such caging could be improved by bridging
two electron-rich environments with a redox-inert metal ion, which is likely to have the added
benefit of electrostatically stabilizing the oxo ligand. These compounds were studied for the
catalytic oxygenation of benzene to yield phenol with high selectivity using H,O, as the O-
source. A specific, non-innocent effect of Ca** was discovered which facilitates the formation of
a reactive species that results in oxidation of the Co(ll) which has been characterized by XRD,
MS, EPR, IR, and UV-Vis spectroscopy. The possibility and likelihood of a transient Co'-oxo

forming are discussed. These species are proposed as important catalytic components in the
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direct oxygenation of benzene to phenol using H,O, for which this compound was found to be

especially active with high selectivity.

2.2 Experimental

2.2.1 General Considerations

All reagents were purchased from commercial resources (Sigma Aldrich, Alfa Aesar or Strem
Chemicals) and were used as received unless noted otherwise. lodosobenzene was prepared
according to the literature procedure.’” All synthesis and manipulations of metal complexes for
spectroscopy and characterization were carried out in an MBraun UNIlab 2000 inert-atmosphere
glovebox maintained under nitrogen atmosphere. Anhydrous solvents were purchased from
Sigma Aldrich (Sure/Seal™) and stored over 4A molecular sieves for at least 24h before use.
Molecular sieves (purchased from Sigma Aldrich) were activated by heating under vacuum in a
sand bath to 250°C for 24 hours. "H-NMR, *C-NMR spectra were obtained on an INOVA
(400MHz) instrument at 298K and referenced to residual solvent. Infrared spectra were obtained
using a Nicolet 6700 FT-IR with Thermo Smart Orbit Diamond ATR attachment, using Paratone
oil to coat samples to protect from ambient moisture and with a blank oil spectrum used as the
background. Mass spectrometric measurements were performed by electrospray ionization (ESI)
on a Thermo Finnigan LTQ-FTMS instrument. Elemental Analyses were obtained from Atlantic
Microlab Inc., Norcross, Georgia. UV-Vis-NIR spectra were measured using a Shimadzu UV-3600
UV-Vis-NIR spectrophotometer equipped with D2 and WI source lamps and
photomultiplier/PbS/InGaAs detectors using double beam measurement mode for simultaneous

reference subtraction. Electron paramagnetic resonance spectroscopy (EPR) and magnetic

28| Wieliczko



circular dichroism (MCD) spectroscopic data were collected at the University of Rochester in
Rochester, NY. Samples for EPR and MCD spectroscopy were prepared at Emory University and
shipped to the University of Rochester in advance as well as on site for comparison. Calibration
curves for quantification of phenol were prepared using the internal standard (ISTD) method
with either tetradecane (Cq4Hs0) or nonane (CgHyo) as noted with 3-5 unique standards which
were analyzed in duplicate and averaged; when appropriate, calibration curves were regenerated

to reflect scaling of reactions such that observed peak areas fell within a linear response range.

2.2.2 Ligand and Co(ll) Complex Synthesis
The synthesis of the Co(ll) complexes was reported as described herein,® were subsequently
reported with modifications and extensions.>® Presented below are examples of the original

synthetic routes that were employed prior to the latter publication.

Synthesis of HsTsstren ligand. In a 1 L round bottom flask charged with a magnetic stirring bar,
tosyl chloride (10.00 g, 0.05245 mol, 3.1 equiv) was dissolved in 100 mL of dichloromethane; the
flask was sealed with a septum and purged with nitrogen and stirred in an ice bath. Following
addition of 2.53 mL (0.0276 mol, 1.6 equiv) of triethylamine to the purged, chilled flask, 2.53 mL
(0.0169 mol, 1 equiv) was added to the stirring solution dropwise via syringe over 30 minutes,
forming a white precipitate. The reaction was allowed to warm to room temperature and stirred
overnight. The following day, the mixture was concentrated under reduced pressure to afford an
off-white residue, which was then stirred with approximately 500 mL of saturated aqueous

sodium bicarbonate, and an off white solid formed. The solution was decanted and any solid
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material was collected on a Buchner funnel. The remaining solid and residue were again stirred
with 500 mL of saturated aqueous sodium bicarbonate and the remainder of solid material was
collected on the Buchner funnel. The off-white solid was washed large volumes of water, brine,
and water and transferred to a 250 mL round bottom flask, and dried under vacuum overnight.
The white solid was then washed with ether (100 mL, 3x) to remove excess unreacted tosyl
chloride and again dried under vacuum overnight to afford 7.6048 g H;Tsstren as a white solid
(76.89%). 'H-NMR, CDCl3; 8(ppm) 2.638 (s, 3H), 2.690 (t, 2H), 3.107-3.148 (dd, 2H), 6.210 (t, TH),
7.506 (d, 2H), 8.012 (d, 2H); *C-NMR, &(ppm): 21.738, 41.016, 54.320, 127.395, 129.984, 136.978,

143.518.

Synthesis of Co(ll) complex 1. In the glovebox, in a 100 mL Schlenk tube charged with a magnetic
stirring bar, 2.0070 g (3.297 mmol, 1 eq.) of H3Tsstren was combined with 427.2 mg of CoCl,
(3.290 mmol, 1 eq.) and dissolved in 10 mL of DMF to afford a dark blue solution. To the
solution, 231.7 mg (5.50 mmol, 1.7 eq.) CaH, was added in portions and a small amount of gas
evolution was observed and the solution became darker in color. When gas evolution had
ceased, the flask was removed from the glovebox and the stirring solution was heated to 80°C in
a shallow oil bath, with periodic venting by rapid cycling of the side-arm stopcock to relieve
pressure. Once substantial gas evolution at elevated temperature had ceased, the reaction was
allowed to continue without venting overnight. The following day, the dark purple solution was
concentrated under reduced pressure and the flask was returned to the glovebox. The residue
was then dissolved in toluene (20 mL) to afford a purple solution and some pink precipitate.
Approximately 1-2 mL of DMF was added until all the pink precipitate had dissolved. The
solution was allowed to stand and colorless crystalline precipitate began to form. The purple
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solution was filtered and a small amount of diethyl ether was added, the solution was allowed to
stand, and additional colorless precipitate that formed was filtered off. The remaining solution
was layered under diethyl ether and a purple precipitate that formed over night was collected
on a fine-porosity glass fritted funnel. The precipitate was redissolved in dichloromethane to
afford a violet solution. Molecular sieves were added to the solution and upon standing
overnight, X-ray quality blue-violet crystals of Ca[Co(Tsstren)], (1) formed, leaving a clear,
colorless solution. The crystals became pink in color and became unsuitable for X-ray crystal
structure determination when exposed to ambient moisture. Elemental analyses were consistent
with incorporation of four water molecules into the extant structure. Anal. Calcd for
Cs4H74CaCo02Ng016Se : C, 44.99; H, 5.17; N, 7.77. Found: C, 44.32; H, 5.20; O, 7.70. Crystal Data for
Cs4HesCaCo,Ng01,Ss (M =1369.44): monoclinic, space group P2, (no. 4), a = 13.9236(11) A, b =
13.3642(10) A, ¢ = 17.2950(13) A, B = 112.3550(10)°, V = 2976.3(4) A*>, Z = 2, T = 109.01 K,
u(MoKa) = 0.921 mm™, Dcalc = 1.528 g/mm?, 22136 reflections measured (3.162 < 20 <
58.432), 14778 unique (Rin: = 0.0328) which were used in all calculations. The final Ry was 0.0476
(I > 20(l)) and wR, was 0.1149 (all data). ESI-MS, [M-], (m/z): calcd for (CoTsstren’): 664.08942;
Found: 664.09036 (A=1.4ppm); [M+] (m/z): calcd for (Ca®*)(CoTsstren )(H,0): 722.06258; Found:

722.06121 (A=-1.9ppm).

Synthesis of Co(ll) complex 2 ®“Ph,P[Co"(Tsstren)]. In the glovebox, 1 (549.3 mg, 0.90mmol) was
dissolved in DMF (8mlL). To this stirring solution, solid KH (118.0 mg, 2.94 mmol) was added in
portions and the solution formed an off-white suspension. When gas evolution had ceased,
CoBr,(197.0 mg, 0.90 mmol) was added. The suspension rapidly became clear and the initially

blue solution became deep purple. ®'PPh,Br was added (191.2 mg, 0.91 mmol). The reaction was
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allowed to stir overnight and then concentrated under reduced pressure and filtered over celite
to remove KBr. Upon addition of a small amount of pentane, the complex precipitated from
solution as a microcrystalline blue-purple solid, which after storing at -35C was collected on a
medium porosity glass fritted funnel (557.2 mg, 78%). The aqua complex was generated by
removing the solid from the glovebox, after which it quickly turned pink. Single crystals of both
complexes were grown by vapor diffusion of pentane into THF. UV-Vis, MeCN: A2, 535 nm, 411
nm, 690 nm. ESI-MS [M] ™~ Exact mass calculated for C,7H33CoN.406S3:664.08942, Found:
664.09023. Elemental analysis calculated for 2, C;7H35CoN4O,S3: C:47.50 H:5.17 N: 8.21% Found:

C:51.85 H:6.83 N: 8.51%.

2.2.3 Catalytic Oxygenation of Benzene

Catalysis experiments were carried out by preparing stock solutions of 1 in benzene. The poor
solubility of 1 under strictly anhydrous conditions relative to hydrated environments rendered
exact concentration calculations difficult; thus, the mass of 1 was either weighed in the glovebox
under anhydrous conditions and combined with benzene outside the glovebox, wherein the
dissolution was allowed to continue in the presence of moisture prior to catalysis experiments,
or the molecular weight of 1441.53 g/mol incorporating 4 water molecules was assumed

(consistent with elemental analysis).

Standards for phenol were prepared by dissolving known masses of the analyte, phenol and
ISTD, tetradecane in 10 mL of benzene. The standard solutions were analyzed by 20.0 split ratio

injection (1.0 uL volume) followed by gas chromatographic separation. A method for suitable
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chromatographic separation with efficient time profile was developed with parameters as
follows: injection temperature: 300°C; detector temperature: 300°C; initial oven temperature of
80°C held for 2.00 minutes, 50°C/min ramp to 280°C, and a final hold of 280°C for 2.00 before
cooling to 80°C at a rate of 50°C/min to 80°C. The peak areas of target analyte and ISTD were
measured and fitted as shown in Table 2.1 through linear regression with a 1/C* weighting
scheme and without forcing a zero point for the analyte and ISTD. The obtained parameters
through this method were as follows: function: f(x)=0.776129x-0.0269103; mean response
factor(RF): 6.932032e-001; RF standard deviation(SD): 4.242677e-002. Rr1=0.9992282

Rr’=0.9984570 RSS=8.125280e-004.

Table 2.1 Calibration curve generation for phenol with C;,H3,ISTD

STD# [ PhOH (mg) | C14H2 (mg) | Conc.(Ratio) | Mean Area Ratio
1 1.96 11.46 0.1710297 | 0.106668
2 3.99 11.21 0.3559322 [ 0.245922
3 4.82 12.64 0.3813291 [ 0.263814
4 6.08 13.42 0.4530551 [ 0.323007
5 12.14 23.33 0.5203601 [ 0.388516

Due to poor resolution of tetradecane and biphenyl under said conditions, the absence of

biphenyl was verified both by using nonane as internal standard and by GC-MS.
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The identities of compounds from benzene oxygenation catalysis experiments were confirmed
by gas chromatography-mass spectrometry using a Hewlett Packard HP-5987 gas
chromatograph coupled to electron ionization (El) mass spectrometer. The injection volume
used was typically 10-15 uL. Samples were manually injected using the air gap method. The
mass spectra of constituent components were compared to published spectra obtained online
through NIST Mass Spectrometry Data Center. The presence or absence of benzene oxygenation
products not readily apparent in the chromatogram was assessed by selective ion searching for

fragment ions characteristic of products reported in El ionization.

2.2.4 EPR and Magnetic Circular Dichroism Spectroscopy

All samples for EPR spectroscopy were prepared in an inert atmosphere glove box equipped
with a liquid nitrogen fill port to enable sample freezing to 77 K within the glove box. EPR
samples were prepared in both THF and 1:1 (v:v) THF:2-MeTHF to form low temperature optical
glasses. EPR spectra were collected using a Briiker EMXplus EPR spectrometer with liquid helium
cooling to 10K and analyzed using the Bruker Xenon software suite. All samples for MCD
spectroscopy were prepared in an inert atmosphere glove box equipped with a liquid nitrogen
fill port to enable sample freezing to 77 K within the glove box. MCD samples were prepared in
1:1 (v:v) THF:2-MeTHF (to form low temperature optical glasses) in copper cells fitted with quartz
disks and a 2 mm gasket. Low temperature MCD experiments were conducted using two Jasco
spectropolarimeters. Both instruments utilize a modified sample compartment incorporating
focusing optics and an Oxford Instruments SM4000-7T superconducting magnet/cryostat. This
set-up permits measurements from 1.6 K to 290 K with magnetic fields up to 7 T. A calibrated

Cernox sensor directly inserted in the copper sample holder is used to measure the temperature
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at the sample to 0.001 K. UV-visible MCD spectra were collected using a Jasco J-715
spectropolarimeter and a shielded S-20 photomultiplier tube. Near-infrared (NIR) data were
collected with a Jasco J-730 spectropolarimeter and a liquid nitrogen cooled InSb detector. All

MCD spectra were baseline-corrected against zero-field scans.

2.2.5 Resonance Raman Spectroscopy

In the glovebox, 70 mg of 1 was combined with 1T mL of THF in a 20 mL scintillation, affording a
pale violet solution with the majority of the solid remaining undissolved. tert-
Butylhydroperoxide (TBHP) (~5.5M in decane) was slowly added dropwise to the stirring
solution. The solution instantly became intensely deep green in color and some gas evolution
was observed; the dropwise addition was continued until gas evolution had ceased and
undissolved violet solid was no longer apparent, affording an intensely dark green solution. The
mixture was allowed to continue stirring at room temperature. Meanwhile, a small volume (2-3
drops) of the dark solution was removed from the solution and diluted in 3 mL of THF and its
UV-Vis absorption spectrum was measured to verify completion of the reaction. Subsequent
measurement of the spectrum did not show significant changes after 5 minutes and the solution
was exposed to 530 nm LED light at maximum power of 980mA for 30 minutes and the
spectrum re-measured. The reaction was effectively terminated 20 minutes from initiation by
flooding of the bulk solution with pentane, immediately yielding a fine green precipitate. The
precipitate was allowed to settle from the solution, and was separated from the faintly colored
supernatant by collection over a fine-porosity glass fritted funnel and washed three times with

pentane (2 mL) and briefly held under reduced pressure to remove residual solvent. The fine
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green powder was collected into a borosilicate glass NMR tube. Within 30 minutes, the tube was
irradiated with 514 nm or 633 nm laser radiation and the Raman absorption spectrum was

measured.

2.2.6 X-ray Crystallography

Single crystals of 1-O were grown by layering of pentane onto a THF solution of 1-O prepared
from urea-H,0, following filtration of urea. Dark green, nearly black crystals formed over several
days upon standing with 4A molecular sieves (on the solid surface of the molecular sieves). The
crystals were porotected from moisture at all times and a suitable crystal was selected, mounted
in Paratone oil and immediately mounted on a Bruker APEX-II diffractometer with CCD area
detector. Data was collected using MoKa radiation (A = 0.71073 A) and the crystal was
maintained at 100(2) K during data collection with an Oxford Cryosystems Cryostream 700 liquid
nitrogen controller. Using Olex2®, the structure was solved with the XT °' structure solution
program using Intrinsic Phasing and refined with the XL* refinement package using Least

Squares minimization.

2.3 Results and Discussion

2.3.1 Synthesis of Co(ll) Complexes

The preparation of the dimeric Ca[Co(Tsstren),] complex, denoted as 1, was achieved in a facile
manner using CaH; as a base in organic media. The mixture of Co(ll) and ligand likely leads to

coordination of cobalt that increases the acidity of the sulfonamide ligand, accounting for the
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observation that the ligand deprotonation reaction proceeds much faster if Co(ll) is present.
Otherwise the deprotonated ligand is extremely insoluble in solvents such as DMF and THF. The
complex crystallizes as a dimer due to the monoanionic charge of the [Co(Tsstren)]” moiety, as
shown in Figure 2.4. The complex 2 is a monomer and features a non-interacting bulky
counterion. This complex was prepared using KH as the base with subsequent addition of the

counteraction as it's bromide salt and removal of KOAc or KCl.

J
Q;N \) PPh;

Figure 2.4 Schematic drawings of complex 1 and 2 and the X-ray crystal structure of 1. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. Carbon

atoms shown in grey, nitrogen in blue, oxygen in red and sulfur in yellow.

2.3.2 Reactivity of Complexes towards Oxygen Atom Transfer Agents

A variety of O-atoms transfer agents were explored to probe means of forming a Co'-oxo

species. Initial investigations showed no sign of reaction with mild reagents such as N-
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methylmorpholine N-oxide. The use of a hypervalent iodine reagent, iodosobenzene (PhlO),
however, yielded more promising results, but the choice of solvent and counterion played a
significant part in the observed reactivity. As shown in Figure 2.4, addition of one equivalent of
PhlO to solutions of 2 which features a bulky, non-interacting arylphosphonium counteraction in
the absence of Ca®* in THF or THF/MeOH results in no apparent reaction. In benzonitrile,
however, a color change from deep purple to dark red-brown was observed (shown in Figure 2.5

""_aqua species but could not be isolated. In the

in red). This spectrum is consistent with a Co
presence of K* ions in various solvents, reaction with PhlO or peroxides results in a rapid color
change to dark brown and this species decayed to a new red-orange species over time,

particularly in the presence of toluene and ether solvents, and also could not be isolated long

enough to fully characterize. This species is most likely a Co"

-OH species, which is known to
decompose to the Co"-OH,.* In stark contrast, upon addition of two equivalents of
iodosobenzene, PhlO, solutions of 1 which feature Ca®* counterions rapidly became intensely
deep forest green (Figure 2.5). The reaction is accompanied with changes in the UV-Vis
spectrum, which shows a dramatic rise of a strong band centered near 425 nm and a near-IR
band centered near 708 nm. This intense color fades as the species decays with approximately
first-order kinetics, showing a half-life of approximately four days in benzonitrile (Figure 2.7).
Addition of a single equivalent to the dimeric complex showed incomplete conversion by UV-
Vis, suggesting two oxygen atoms are transferred. Furthermore, in agreement with this

observation, GC confirmed the formation of 2 equivalents of iodobenzene upon reaction with 2

equivalents of PhIO.
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An identical absorption spectrum resulted upon addition of tert-butylhydroperoxide (TBHP)
(Figure 2.5, inset). Reaction with TBHP is rapid and the intense green species quickly begins to
lose intensity, but this is deferred if the cobalt complex is precipitated from the reaction solution
and washed with pentane, suggesting the new species continues to react either with the reagent

or with by-products of the reaction, presumably tert-butanol.
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Figure 2.5 Comparison of UV-Vis spectra of complex 1 and 2 and the products of reaction with PhlO

in benzonitrile. The product from complex 2 matches the spectrum of Co"-aqua complex.”’
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Figure 2.6 Reaction of ~0.5 mM 1 (purple) with 2 equivalents PhlO to form 1-0 in benzonitrile. The

inset shows a comparison of 1-O formed from TBHP (blue) and PhIO (pink).
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Figure 2.7 Linear fit of the decay of absorbance bands associated with decomposition of 1-O formed

from reaction of 1 with PhIO.
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The stability of 1-O was evaluated in a variety of solvents as illustrated in Figure 2.5. There was
no correlation between bond dissociation energies and the half-life, suggesting H-atom
abstraction was not the preferred route of decomposition as 1-O decays to 1-OH,. The longest

half-like observed was for THF, giving 270 hours as shown in Table 2.2.
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Figure 2.8 Comparison of half-life of 1-O formed from PhIO in various solvents. The longest T;,,

observed for THF was ~10 days.

This suggested that this would be the ideal solvent for isolation of 1-0 in the solid state, and
thus THF was explored as crystallization solvent in efforts to structurally characterize the
unstable 1-O prior to regeneration of 1. As shown in Figure 2.5, in the absence of K* or Ca**
ions, no reaction of the [Co'(Tsstren)]” anion was observed with PhlO or peroxides. However
both UV-Vis and GC suggest the transfer of two O atoms is possible to the dimeric complex. The
presence of this species, 1-O, cannot be distinguished from 1-0 and is likely to exist in
equilibrium with the singly oxygenated species 1-O.
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2.3.3 Characterization of 1-O

As described above, the instability of 1-O rendered it extremely difficult to isolate as a single
crystal suitable for structure determination. The PhlO and TBHP oxidants were abandoned due
to the difficulty of purification of by-poroducts before decomposition. In the case of aqueous
H,O,, rapid disproportionation and the presence of excess water led to incomplete formation of
1-0 and rapid reformation of 1. Rather urea-H,0,, as a solid source of H,O, proved to be ideal
because the urea could be easily filtered away. As summarized in Table 2.2, the half-life of 1-O
was measured in a variety of solvents. Having identified THF as the ideal solvent for isolation of
1-0 due to the long half-life of 270 h in this solvent, a variety of conditions were employed
using THF. In all cases crystals visibly decomposed upon exposure to moisture within seconds. In
order to structurally characterize 1-0, a solution of 1 was allowed to react with an excess of
urea-H,O, in THF for ~ 5 minutes until visible bubbling ceased. The urea was filtered off and
activated 4A molecular sieves were added before pentane was carefully layered over the
solution. X-ray crystal structure determination of crystals obtained from reactions aimed at
producing 1-0 revealed an unexpected oxygen atom in the ligand environment which is also
coordinated to both Co and Ca?*in ~20% occupation. It was later determined that this complex

is most likely a small amount of Co™-OH which forms with O-atom transfer and H-atom

abstraction, presumably from adventitious solvent. Interestingly the Co"

species is not observed
in the absence of Ca®", suggesting that the ion changes the mechanistic pathway for formation

of the Co'"-OH; final product.
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Table 2.2 Half-life of 1-O generated from urea-H;0; in various solvents and C-H bond dissociation

energies.

solvent [ T C-H BDE
506 MeOHInCH:Cl: | 7h 412 k}/mol
50 MeOH in CH:CN | 18h | 393 k}/mol
5% MeOH in DME ! 38h 389 ki /mol
5% MeOH in toluene | 27 h 370 Kk} /maol
5% MeOH in PhH i 33h 465 kj /mol
5% MeOH in THF i 235h | 385 kj/mal
MeOH . 25h | 402 kj/mol

PhCN | 96h e
THF [ 270h | 385 k]/mol

Although the isolable product is Co™-OH, a non-isolable intermediate may exist prior to H-atom
abstraction. Various methods were explored in efforts to determine if the Co"-OH species forms
via a Co"-oxo species. The IR spectrum of the oxidized cobalt species, 1-O is remarkably
unchanged in comparison to that of the precursor 1 as shown in Figure 2.11. The vibrational
spectrum of 1-O shows a slight increase in the Co-N frequencies (~2 cm™) but the most
apparent change is in the position of the N-S stretch that occurs at 922 cm™, which shifts to 933
cm™'. Also shown in the spectrum is the absence of a prominent O-H stretching vibration as was
reported for the related bridging hydroxo complex®. This suggests the Co"-OH stretching band
is broadened by coordination to calcium, and upon decomposition to Co"-OH, the band
becomes more prominent. Neither additional bands for the new Ca-O interaction, such as
bands between 578 — 606 cm™' that are characteristic of the Ca-O stretching mode in Ca(OH),,

nor bands suggesting ligand decomposition are observed. The CH, bending modes associated

with the ethylene bridge of the ligand remain unchanged and no alkene vibrations are observed.

43|Wieliczko



- 110

- 100
O-H stretching [ 20
region .
80 3
- 105 %
o
=
70
17 am L 100
60
o
——+ 95 N-S 50
3,700 3,400 3100 |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, s !
) ‘ S0, Ca-0
T L T T T T T 40
4,030 3,530 3,030 2,530 2,030 1,530 1,030 530
Frequency (cnrf)
3
8
g
5
%
T
o
=
1,530 1,330 1,130 930 730 530

Frequency (cnr?)

Figure 2.9 Comparison of the IR spectra of 1 (purple) and 1-O (green). Full spectrum (top) with inset

showing O-H band that appears over extended periods and zoom of the fingerprint region (bottom).

The reaction of 1-O with the electron donor dihydroanthracene (DHA) results in formation of
anthracene as evidenced by UV-Vis spectroscopy as shown in Figure 2.10, along with

concomitant formation of 1-H,0. The result agrees with the observation that the Borovik
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group’s Co"

-OH is capable of H-atom abstraction to form the final product 1-H,0. The
formation of the hydroxo was observed in only one Co of the dimeric complex by XRD. However
since UV-Vis and GC both suggested that 2 equivalents per dimer can be transferred, it is
possible that the species in solution is a dimeric form, 1-O, but that this decomposes (possibly

through interaction with other 1-0, species) and is not isolable in the crystalline solid state, and

only 1-0 is observed.
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Figure 2.10 Reaction of 1 equivalent of 1-O generated from PhlO with DHA yields 1 equivalent of
anthracene per Co(ll) and regenerates 1.

The negative mode electrospray ionization (ESI) mass spectrum (MS) of 1-O showed both the
starting compound 1 and a signal for 1 + the mass of O atom with the A of 0.47 ppm for H,0,
and 0.71 PhlO is in excellent agreement with that calculated for m/z for [CoTST]+O = 680.08434,
strongly suggesting this is the signal for the 1-0 anion. The intensity of the spectrum was

dependent on the time, and was no longer observable as 1-O decayed by UV-Vis, consistent
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with the observation that only 1 is re-isolated and no signs of incorporation into the ligand (via
the benzylic tosyl group for example) were detected. These inconclusive MS results presented
the interesting question of whether the oxygenated signal that is observed in the absence of
Ca®* ion is still a Co" center with oxygen incorporation into the ligand or a transient Co"-oxo,
which would have the same mass and charge. The difference cannot be distinguished by mass
spectrometry. Thus, a more suitable technique for determining the electronic structure of 1-O
was explored, namely electronic paramagnetic resonance (EPR) spectroscopy. The spectrum of 1
in frozen THF solution shows an interesting 9:1 mixture of two species. The nature of these is not
entirely clear, but may be related to aqua coordination or fluxionality in solution that reveals two
coordination structures at cryogenic temperature. The spectrum of 1-O shows only one signal,
which accounts for ~90% of the integration of the 1 signal and is indistinguishable from the
majority signal of 1 (Figure 2.11). This suggests the majority species present remains in the Co(ll)
state. The alternative conclusion would be that the Co(ll) and Co(IV) species have identical

parameters which does not seem likely.
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Figure 2.11EPR spectrum and simulation of frozen THF solution (4 K) of 1, left; Simulation 65%
gx=gy= 4.45, gz= 2.02 (Az = 9.7 x 10-3Hz) and 35% gx= 4.95, gy= 3.95, gz= 2.02 (Az = 9.5 x 10-3 Hz), (1-
O, right) EPR spectrum of 2 after reaction with excess H202 in THF, Simulation 100% gx=gy= 4.45, gz=

2.03 (Az = 9.5 x 10-3Hz)

The nature of the Co-O bond in 1-0 was further probed by resonance Raman (rR) spectroscopy
as shown in Figure 2.12. Excitation with both 514 and 633 nm radiation produced a very weak
signal at 797 cm ™. The absorbance is relatively weak for 1-O at this excitation wavelength and
so the lack of enhancement is not entirely surprising. At 514 nm excitation, an additional band is
observed at 1594 cm™. The 514 nm excitation wavelength is in a weaker tailing region of the
intense Anax at 425 nm of 1-0. The presence of these two bands is very similar to the vgo pair at
798 cm ™' band + 1598 cm™ overtone observed in the rR spectrum of the Fe'-oxo supported by

tetramethylcyclam (TMC) ligand with an oxygenated trans-MeCN, [Fe'(O)(TMC)NC(O)CH;]".%°
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Figure 2.12 Resonance Raman spectra of 1-O generated from TBHP at 514 nm and 633 nm

excitation.

Despite efforts to improve the resolution of the rR spectrum, the signal was not reproducible in
the same sample over several exposures to the excitation laser. In order to examine whether the
complex may be photosensitive, 1-O was exposed to high intensity (900 mA) LED light at 455
nm and it's spectrum measured. As shown in Figure 2.13, the intensity of the 425 nm and 708
nm bands increases with light exposure up to a maximum after 5 hours. Subsequently, the signal
decays into that of 1 over 48 hours. This suggests that the high intensity laser of excitation leads
to rapid decomposition of 1-0; thus, further rR studies may require low temperatures. It is not
clear if the excitation involves formation of a Co'-oxo and the possibility of this transient

species forming cannot entirely be excluded.
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Figure 2.13 UV-Vis spectrum of 1 + ‘BuO,H in THF to form 1-0 (light blue) with exposure to 455 nm

LED (900 mA) over 5 h (medium and dark blue lines) and final product after 48 h (purple).

2.3.4 Preliminary Reactivity Studies for Catalytic Monooxygenation of Benzene

The possibility of a transient Co"-oxo suggested that the compound may be active for
oxygenation reactions and preliminary studies were conducted to probe its utility in the catalytic
oxidation of benzene. Heating 1 in benzene in the presence of urea-H,0, or aqueous

H,O, showed clean formation of PhOH; however, disproportionation of H,O, was evident from
the vigorous bubbling observed. Nonetheless, PhOH was formed as the sole detectable product
based on gas chromatography (GC). The undesired over-oxidation products ortho-quinone, 1,4-
benzoquinone, biphenyl, hydroquinone, catechol, maleic anhydride, maleic acid, and
trihydroxybenzene were undetectable by GC-MS. The yield of PhOH revealed that the cobalt

species was catalytically active, providing 10 turnovers in the initial test, but yield of PhOH based
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on H,0, was only 0.4% because of the competitive disproportionation. Conditions were
improved by altering the catalyst and H,O, concentration and the temperature to achieve a
maximum of 27,000 turnovers in 72 hours, with PhOH as the sole detectable product (Figure
2.14). This selectivity for oxidation of benzene to phenol was encouraging. Addition of 100,000
equivalents of phenol based on catalyst at the start of the reaction resulted in continued
formation of phenol without concomitant formation of phenol oxidation products, showcasing
an unprecedented selectivity against over-oxidation (Figure 2.15, top). In contrast, simple Co(ll)
salts exhibit rapid overoxidation in only 4 hours (Figure 2.15 bottom, red) compared to
negligible oxidation of PhOH in a 24 hour period for 1. The lack of over-oxidation may be
attributable to interaction of the sulfonamide ligand with PhOH which would effectively hinder
further reaction. Although overoxidation does occur over longer periods of time due to
uncatalyzed reactions, these results suggest that 1 is capable of suppressing these side
reactions, possibly via the competitive disproportionation which may eliminate some of the

reactive species in solution.
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Figure 2.14 Phenol detected by GC from catalytic monooxygenation of benzene with H,0,.
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Figure 2.15 Overoxidation of phenol from CoCl, detected by GC. Reaction conditions: 0.006umol
catalyst (Co atom), 80°C, 10mL benzene, Tmmol H,0,. Catalyst 1 after 24 h (top, blue) and CoCl,

after 4 hours (bottom, red).
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Although 1 exhibits excellent catalytic properties in the selective monooxygenation of benzene
to PhOH using H,0,, the system suffers from several deficiencies: (a) low yield based on H,0,
due to competitive disproportionation (b) inhibition of the reaction below temperatures of 80° C
due to H,O coordination at Co that is unavoidable due to H,O formation from deficiency (a) as
noted and (c) catalyst deactivation over time. Unlikely is it that this deactivation occurs to ligand
degradation or hydrolysis of the anion, but rather due to urea buildup as shown in Figure 2.16.
This product is isolated from reactions of 1 with urea-H,O, in attempts to isolate 1-O. The
strong coordination of urea to the Ca®* ions most likely prevents the interaction required to

form the reactive intermediate, instead resulting in mainly H,O, disproportionation.

Figure 2.16 Crystal structure of 1-urea adduct isolated from urea-H,0; solutions of 1 in attempts to

isolate 1-0.
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2.4 Conclusions

The prevalence of transition metal terminal-oxos in selective oxygenation reactions in Nature
suggests that artificial counterparts may serve as valuable catalysts and biological models.
Cobalt complexes bearing trianionic, tripodal sulfonamide ligand scaffolds were targeted due to
the molecular orbital theory arguments suggesting this geometry and electronic environment
would be amenable for supporting late-metal terminal-oxo complexes. The secondary sphere
binding ability of the sulfonamide in the Tsstren ligand scaffold proved ideal for exploring the
effects of strongly-interacting alkali cations K* an Ca®" in the reactions of Co(ll) complexes with
O-atom transfer agents. Although spectroscopic evidence suggests the ligand scaffold may be
promising, the specific effect of Ca®* cations on oxygenation of the ligand scaffold is of
particular interest. The Ca** ion appears to activate oxidation of Co(ll), while MS and rR studies
suggest formation of a transient Co'-oxo. EPR studies corroborate the presence of a majority
Co(ll) species in 1 but the disappearance of the ~10% secondary species is difficult to interpret.
The spectrum after reaction is not consistent with any of the known coordination modes in this
scaffold. The Co(lll) species would be expected to be EPR silent so it is possible that the 1-O
signal is extremely similar to that of 1 with only a portion of Co(lll) species captured in the
frozen THF solution before reformation of the Co(ll). More EPR studies would be valuable, as
would magnetic circular dichroism (MCD) studies. These were explored but suffered difficulties

in sample preparation due to water from H,O, disproportionation.
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This complex proved to be catalytic active with high selectivity in the monooxygenation of
benzene to yield PhOH using H,0,, although low yields based on H,O, and catalyst deactivation
remain as barriers to further application of this catalytic system. Ultimately a stable Co"-oxo was
not isolated in the solid state, although the significant effects of the redox-inert cation Ca®* were
revealed to have a specific effect in generating the reactive species. In the following chapters,
the studies of redox-inactive cations are extended to the artificial catalytic oxidation of water to

yield dioxygen.
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Chapter 3

Specific Cation Interactions and Effects on
Redox and Acid-Base Properties of the

Homogeneous Ru,POM Water Oxidation
Catalyst

With Guibo Zhu, Alan M. Bond, and Yurii Gueletii
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3.1 Introduction to Cations in Water Oxidation

3.1.1 Redox-inactive Cations in Photosynthesis and OEC Models

The origin of all life-sustaining oxygen on Earth is the four-electron oxidation of two water
molecules by an inorganic Mn,CaOs cluster. This oxygen-evolving complex, or OEC, is the only
biological molecule known to catalyze this reaction and is found in photosystem Il (PSII), the
pigment-protein complex where photosynthesis occurs, embedded in the thylakoid membranes
of plants, green algae and cyanobacteria. The high potentials required for this reaction (Equation
3.1) are achieved by conversion of light energy from the sun. One of the most peculiar aspects

of the cluster is the requirement for the redox-inert Ca** ion in the cubane core.®®

2H.0 + 4hv -> O, + 4H* + 4¢ (3.1)

X-ray diffraction (XRD) methods of increasingly higher-resolution capabilities have been applied
successfully to determine the structure of the OEC and in order to study the mechanism of water
oxidation. Synchrotron radiation (SR) source data at 1.9A resolution revealed an outer Mn with
two coordinating water molecules connected to the distorted cubane Mn3;CaO, structure and via

bridging oxo ligands, as well as two water molecules that coordinate to Ca**.*’

Analysis of high resolution crystal structures can elucidate protonation and oxidation states.
Structural analysis of bond lengths and Jahn-Teller distortions in the OEC of crystals of PSII

without radiation-damage at 1.95A resolution, achieved using femtosecond X-ray pulses,

60|Wieliczko



suggests the oxidation states (Il IIlIV,IV) and that one oxygen atom of the Mn,OsCa cluster,
which features bond distances to Mn of 2.2-2.7A, is protonated in the S; state, in contrast to four

bridging oxo ligands with bond distances of 1.8-2.1A. 8

Although model systems featuring organic ligand scaffolds share some commonalities with the
OEC, none of these function as water oxidation catalysts (WOCs). Analogous cation effects have
not been previously in synthetic WOCs, and thus neither the true nature of Ca®" in the OEC nor
implications for artificial photosynthesis for large-scale solar energy capture have been
completely established. Indeed, the specific requirement for Ca®" in the OEC suggests that
judicious choice of cation may be critical in artificial WOCs, wherein specific redox-inactive
cations may activate or enhance activity in some systems and inhibit or passivate catalysis in
others. Thus a fundamental understanding of non-innocent cation interactions in water

oxidation is relevant and important to both biological and artificial processes.

3.1.2 Transition Metal-substituted Polyoxometalate WOCs

Artificial water-splitting technology has been recognized as a potentially unlimited replacement
for fossil fuels that currently are unsustainable due to long-term environmental and economic
costs. Efficient and sustainable water oxidation is a key success-limiting factor in artificially
achieving clean and renewable energy. Metal oxides based on Ru, Ir and Co are the most well-
established and extensively studied heterogeneous WOCs, where the cubane motif and high

oxidation states are common features in these systems. Molecular analogues of these bulk
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materials can be supported by polyoxometalate (POM) ligands, which are oxidatively robust

unlike organic ligand scaffolds (Chapter 1).

One of the most well-established POM WOCs and the first to be reported is [RusO4(OH),(H,0),4
(SiW19034)>]", RusPOM, which has been likened to a minimally-hydrated RuO, nanocrystal, and
whose cubane core can be compared to the Mn,O, core structure of the OEC. The most

significant difference between these two important WOCs is the presence of the redox-inactive

ion, Ca** in the OEC, for which an analogous feature in RusPOM had not yet been identified.

Despite the advent of more active and faster COPOM WOC's, which are described further in
Chapter 4, the slower kinetics, rich electrochemistry, and stability of Ru,POM over a wide pH
range have facilitated numerous studies into the nature of water oxidation. Recent
electrochemical studies of RuyPOM over the pH range 2 - 12 revealed some unusual cation-
specific effects in measurements of the pH-dependence on redox potential; among various
group | and Il cations, the pH dependence of the first 1-e” reversible potential is independent of
the identity of the electrolyte, except in the case of KNOs, which shows a plateau in the pH
range 4 to 7 with oxidation potential ~0.2 V higher than the plateau for all other electrolytes,
which is observed in the pH range of 6 to 8.2 One hypothesis is that the smaller hydrodynamic
radius of potassium ions in solution leads to greater electrostatic interaction, and the observed
deviation is the result of ion-pairing. An alternative hypothesis which was tested here is that a
specific cation binding mode near the active tetraruthenium core results in changes in the redox
and acid base properties of this WOC, much akin to the way specific binding of Ca®* ions in the

OEC may do the same.
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3.1.3 Specific and Non-specific Cation Effects in POMs

There have been some quantitative studies of ion-pairing effects on electron transfer in POMs
that are attributable to changes from outer sphere to inner sphere mechanisms, which leads to
faster rates of ET when ion-pairing is favored.”” Bond et al reported the electrolyte cation
dependence of electron transfer kinetics in voltammetric studies on the POM [a-SiW;,040]™
(n=4-6), with k values increasing LINO; < NaNO; < KNO; = NH,NO;. "° As the Keggin POM is
highly symmetrical, this effect on electron-transfer kinetics is presumably non-specific and
dependent on the extent of ion-pairing between the anionic POM surface and the cation. In
contrast, specific cations are known to be important to the formation and isolation of POM
species from solution via crystallization.”' Specific binding of K" and NH," cations to crown-ether
like POM clusters has been observed with binding constants similar to that of 18-crown-6." In
the oxidation of alcohols with H,O, by sulfate-containing Preyssler ions, Na* and K* showed
similar catalytic activity.”” The rate of electron transfer between charged reactants strongly
depends on ionic strength but generally do not show specific effects of electrolyte ions.”
However, the self exchange rates of reactions between anions show a strong specific effect of K*
in [Fe(CN)s*’* (™) and [AIW;,04])°”® couples . It has been proposed that cation catalysis
involves the formation of a bridge between two reacting anions by a cation that has been

partially dehydrated. "7

In addition to ions pairs with alkali cations, RusPOM (as well as others) forms a strong ion pair

3]3+/2+

with one or several [Ru(bpy) cations?’®”’. This ion-pairs are poorly soluble in water and
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may result in a decrease of overall [RusPOM] in solution ?* "8 It also decreases the quantum
yield in light driven water oxidation reactions '”®. Furthermore, these ion-pairs might be involved

" center of [Ru(bpy)s]** resulting in a decrease of O,

in a catalytic bpy-ligand oxidation by Ru
yield based on initial [Ru(bpy)s]** concentration. The ion-pairing of [Ru(bpy)s]** with POMs can
be quantified by measuring a quenching of [Ru(bpy)s]**" photoluminescence by POM, the effect

of counteraction on this process had not been clarified.

The detailed electrochemical studies of Ru,POM had shown that well defined voltammograms
are only obtainable when Frumkin double layer effects are suppressed by the presence of a
sufficient concentration of additional supporting electrolyte ®® ”° and that K* behaves differently
than NaNQO;, LiINOs;, Ca(NOs),, Mg(NOs),, MgSO, or Na,SQOy in altering the pH dependence of

1.8 However, since correlations or trends were not observed

RusPOM reversible redox potentia
among the other cations, a specific binding interaction of K* to the tetraruthenium core of
Ru,POM, as opposed to ion-pairing with the polyoxotungstate ligands, could not be ruled out.
Commonly, the effect of electrolyte ions on the thermodynamics and rate of electron transfer
processes are studied by cyclic voltammetry in electrochemistry and homogeneous kinetics of
electron transfer reactions. The relationship between these techniques has been reviewed by
Swaddle. ™ In the ideal case, electron transfer between molecules in solution and a solid
electrode is mechanistically equivalent to the reaction in homogeneous solution. Generally
experimental challenges and interpretational difficulties are associated with electrochemical
measurements, as the apparent values of rate constants for electrode reactions often depend on

the manner in which the measurements are made. In this context, the studies of the kinetics of

homogeneous electron transfer reactions is beneficial.
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Thus, since the pH dependence of redox potentials could not be conclusively explained by the
electrochemical data and known ion-pairing effects, the alternative hypothesis was brought
forth that a specific interaction near the active site is responsible for the observed deviation for
K* ions. Presented in the following sections are studies conducted in order to give a more

definitive account of the interaction between Ru,POM and K* and its implications for catalysis.

3.2 Experimental

3.2.1 General Considerations

Reagents were purchased from commercial sources in the highest purity available and used
without further purification unless noted. The POM ligand K;o(y-SiW,034) was prepared
according to the literature method.®* Ru,POM was prepared by the literature method**" and
the 2-electron reduced Ru,POM(2°) was isolated by modification of this procedure (vide infra)
and its purity assessed by IR and elemental analysis. FT-IR spectra were obtained on a Nicolet
6700 FT-IR spectrometer with a Smart Orbit diamond ATR attachment. UV-vis spectra were
obtaining using an Agilent 8453 spectrophotometer with a diode-array detector. Voltammetric
data were acquired using a BAS CV-50W Voltammetric Analyzer potentiostat and CH
Instruments electrodes. Nanopure water was obtained from a Metrohm Milli-Q system with
resistance of 18.2 MQ-cm'. Stopped-flow measurements were obtained using a HI-TECH
Scientific KinetAsyst sample handling unit.

Synthesis of Ru,POM(2’). The polyanion Rus,POM(2°) was synthesized by slight modification of
the literature procedure as follows: to a stirring solution of K;o(y-SiW10034) (2.00 g in 10 mL DI

H,O) was added RuCl; in one portion. The solution immediately became black in color. The
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solution was allowed to stir for 15 minutes before addition of approximately 2.0 g of KCl. The
solution was filtered over a medium-porosity fritted glass funnel and concentrated to
approximately 10 mL. To the solution, ethanol was added slowly until the solution was slightly
cloudy. The mixture was refrigerated overnight to afford thin black elongated prism crystals in
55% yield. Subsequent crops were obtained from the mother liquor by additional concentration

and addition of ethanol.

3.2.2 X-ray crystallography

Singles crystals of Ru,POM®@K; were obtained by dissolving in the K;Rbg salt in ~1 M KCl and
allowing the solution to slowly evaporate. Singles crystals of Ru,POM(2-) were obtained by
layering of ethanol onto an aqueous solution of RusPOM which had been prepared according to
the literature procedure and substituting KCl for RbCl. A suitable crystal was selected and
mounted on a nylon loop using paratone oil. Data were collected on a Bruker APEX2
diffractometer using Mo Ka radiation and a CCD detector. The crystal was kept at 109(2) K
during data collection with an Oxforford Cryosystems liquid nitrogen controller. The structure

was solved using charge flipping and refined using least-squares minimization.

3.2.3 Electrochemical and Electrocatalytic Behavior

Solutions for cyclic voltammetry were prepared by addition of solid electrolytes LiCl, NaCl, and
KCl to TmM solution of Ru4POM in 2,6-lutidine buffer. The lutidine buffer was prepared by
preparation of 50 mM lutidine in Nanopure H,O and subsequent pH adjustment to 7.00 using 6

M HCI. Electrochemical measurements were conducted using a standard 3-electrode setup, with
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a 3 mM glassy carbon working electrode, Ag/AgCl reference electrode, and platinum wire as

counter electrode. Solutions were purged with Ar and maintained under Ar.

3.2.4 Titrations

Acid-base titrations were carried out on 1 mM solutions of Ru4POM in Nanopure water which
were purged with argon prior to and maintained under positive argon atmosphere during
titration. The solutions were first acidified using 0.1 M HCl and titration conducted with 0.01 M
NaOH which was standardized against 0.1M HCI. UV-Vis titrations were conducted in 1 cm

quartz cells by addition of solid electrolyte to solutions of Ru,POM.

3.2.5 Stopped flow kinetics measurements

Stopped-flow measurements were conducted using freshly prepared Ru(bpy)** and a stock of 1
mM solution of Rus,POM in Britton-Robinson buffer at pH 7.00, to which solid electrolyte was
added in order to probe the effect of cations. The absorbance of the main feature associated

with [Ru(bpy)s]*" at 670 nm was monitored over time.

3.3 Results and Discussion

3.3.1 Specific Binding of K" in the X-ray crystal structures of RusPOM

Initial attempts to isolate pure K;o[RusPOM] by simply substituting a K* source for RbCl in the

original method were not successful, as the elemental analyses showed low Ru even after
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multiple recrystallizations. Aggregation is known to occur with K* in lacunary POMs, and POMs
are known to sometimes require isolation from solution via crystallization, after which they can
be redissolved and remain stable. Therefore it is not surprising that Rb*™ and Cs™ were required
to isolate the POM. However, recrystallization with ethanol, EtOH, afforded K1o[RusPOM].>* The
structure is shown in Figure 3.1 and shows a remarkable hexadentate binding of two K* ions by
the tetraruthenium core and W=0 groups of the tungstate ligands. The structure may be
denoted as Rus,POM@K; to signify the binding of 2 K* ions. Much like the specificity for certain
ions by crown ethers of varying ring sizes, Ru4POM in this structure can be described as a

chelator analogous to 18-crown-6, which is highly specific for K*.

Bond valence sum (BVS) calculations show that there are two distinct Ru centers that differ in
oxidation state and protonation state. Around the same time, the electrocatalytic oxidation of
alcohols by RusPOM was reported; oxidation of ethanol yields 1,1-diethoxyethane and ethyl
acetate formed from condensation of acetaldehyde or acetic acid with excess ethanol.®' As
shown in the scheme in Figure 3.2, reduction results in protonation of two p-oxo ligands. This
novel structure suggests that the K™ may be stabilizing the 2-electron reduced tetraruthenium
core, The 2-electron reduced Ru,POM, denoted as Ru,POM(2°) has only been observed in air

free solutions (Claire Besson, unpublished at the time of this work).

68|Wieliczko



Figure 3.1 X-ray crystal of Ru,POM@K; .The additional K counterions are omitted for clarity and
are disordered over interactions with the tungstate ligands. Thermal ellipsoids are shown at the

50% probability level.

K*, aq. EtOH
[Rug O4 (OH)2(H20)4(y-SiW40036),] " ------ > [Ruy Oz (OH)4(H20)4(1-SiW1036)]""

{RUIVRUIVRUIVRUIV} {RU“IRU”IRUIVRUIV}

Figure 3.2 Schematic of the 2-electron and 2-proton change that results in the same net charge

upon reduction of Ru,POM in aqueous EtOH.
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Since pure K;o[RusPOM] could not be obtained via direct isolation following synthesis with K*
salting-out, the K;Rbg salt was recrystallized from neutral high [K*] aqueous solutions to avoid
reduction and presumably isolate a ‘resting-state’ complex. Slow evaporation of these solutions
gave the desired all-Ru" complex and the X-ray crystal structure this time showed binding of
three K* ions (Figure 3.3). The structure also reveals that three terminal-hydroxo (Ru-O bond
lengths of 2.156, 2.155, and 2.207 A) ligands which are considerably shorter than the sole

terminal aqua ligand (Ru-O bond length of 2.405 A).

Figure 3.3 X-ray crystal structure of Ru,POM@K;. Seven additional K* counterions are omitted for

clarity. Thermal ellipsoids are shown at the 50% probability level.

In summary, both of these X-ray crystal structures of [Ru4sPOM] reveal a K*-specific binding

interaction with the tetraruthenium core and possible stabilization of reduced states. The core
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and POM ligands are capable of chelating K* ions in the solid state. These ions interact closely
with water ligands, which may be involved in water oxidation in solution. The structure of the
Ru,POM@K"* bears many similarities to the OEC, as illustrated in Figure 3.4. The K* ions
coordinate water molecules to complete their coordination sphere, similarly to the way in which
the Ca®* ion coordinates water molecules that may be positioned for nucleophilic attack or

dioxygen displacement.
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Figure 3.4 Schematic drawing similarities in the coordination of K* ions in Ru,POM (right) and Ca**

ion in the OEC (left).

Additionally, K+ ions facilitate contact ion pairing between two RusPOM molecules as shown in
Figure 3.5. This interaction is specific to the ionic radius of K*, which facilitates dimerization
through bridging of the Ruy core to an adjacent POM. This predicts changes in both rates of
electron transfer (ET) as well as redox couples, particularly if these are proton-coupled. The
solution-state behavior of Ru,POM was examined further to test if the specific binding of K*

could be measured and agreed with the solid-state observations.
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Figure 3.5 Dimerization of two Ru,POM in the crystal structure of Ru,POM(2’).

3.3.2 Cation-specific Deviations in Acid-base Properties

Titrations of RusPOM with OH" in the presence of various cations show that K* ions have a
specific effect on the pK, values of the complex. Titrations with varying [K*] show this effect is
dependent on [K*] and the curves suggest that protonation is hindered in the presence of

K*. Figure 3.6 shows the impact of alkali metal cations on the acid-base titration curves for
Ru;POM. The curves in the cases with either Li* (LiCl) or Na* (NaCl) added do not deviate from
that in the absence of electrolyte. In contrast, the addition of K* (KCI) shows an unexpected and
quite pronounced deviation from this behavior. Compared to the other cations, the data
showing more base needed to increase the pH suggest that in the presence of K,
deprotonation of Ru,POM by OH" is more facile.
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Figure 3.6 Change in pH of T mM solutions of Ru,POM during titration with 10 mM NaOH with no

added electrolyte (blue), 0.5M LiCl (orange), 0.5M NaCl (green) and 0.5M KCI (purple).

In order to further probe this effect, the concentration dependence of the deviation were
explored as shown in Figure 3.6. The deviation from typical acid-base behavior is more
pronounced with increasing [K*]. This suggests that K" and H3;O" compete for the same site
which is in agreement with the observation of K™ binding by the POM in the solid state. As
described earlier, the Ru,POM@K" interaction resembles the specific binding of K* by 18-
crown-6. In addition to K*, 18-crown-6 is known to bind hydronium ions, as shown in Figure 3.7,
as well as protonated primary amines.*” Consistent with this description, we observe that

protonation (i.e. hydronium binding) is hindered in the presence of K* ions, as described below.
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Figure 3.7 Binding of K* and hydronium (H;0") by 18-crown-6 ether chelator.
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The electronic absorption spectrum of Ru,POM exhibits a broadened and indistinct feature at
neutral pH. This feature sharpens with decreasing pH with the molar extinction coefficient, € of
Amax @t 455 nm reaching a plateau (¢ = 4.8x10* M 'em™)at pH~2 (in 0.1TM HNO3). This suggests
that the band is associated with protonation of an oxygen atom in proximity to the
tertaruthenium core. As shown in Figure 3, the intensity of this band in the electronic absorption
spectrum is dependent on the identity of the cation. This feature is associated with
Ru40,4(0OH),(OH,)4 and at pH > 4.0 is not observed for RusOs(OH,),. However, other experimental
observations suggest that this band may be associated with Ru-OH,. Thus, at higher pH, Ru-OH

is the dominant species and the feature is not present.

In the absence of an added electrolyte, the absorption maximum is observed. The presence of
an additional electrolyte results in a decrease in the extinction coefficient for this feature (Figure
3.8); this suggests that the protonation that results in this feature is prevented to different
degrees by different cations. The most significant decrease in absorption in the presence of K*
ions is consistent with the observation that K* has specific effects on acidity of RuyPOM, namely
by competing for the site where protonation would occur in the absence of this cation. The
observation that ammonium ions have a similar effect is expected if the POM can chelate

protonated primary amines similarly to 18-crown-6.
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Figure 3.8 Changes in the UV-Vis spectrum of 0.02 mM Ru,POM in the presence of alkali cations.
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Figure 3.9 Protonation state changes associated with electronic absorbance spectral features where
(a) at low pH all terminal aqua ligands are protonated and (b) increased pH or cation binding leads
to proton transfer and loss of the associated 455 nm absorbance band.

The solid-state data indicates that the POM tends to equilibrate to maintain overall charge of

10". Upon K" chelation, the anion charge decreases by 1. This change in charge is compensated
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by the loss of H*. Therefore the absorbance band is most likely associated with the protonation
state changes shown in Figure 3.9. In the presence of K* the deprotonation occurs to some

extent even in 0.1 M HNO:s.

3.3.3 Effects of Cations on Kinetics of Oxidation

As only the first reversible one-electron redox couple was amenable to a thorough analysis of
the pH dependence of potential, the presence of K" was probed under turnover conditions to
test if this specific binding has a measurable effect on catalytic activity. The kinetics of water
oxidation by Ru4POM can be monitored by the consumption of the pre-generated oxidant
[Ru(bpy)s]** by stopped-flow UV-Vis; this is the pre-oxidized form of the photosensitizer
typically used in light-driven water oxidation, and the rate of water oxidation can be extracted
from the rate of decay of the absorption band associated with the oxidant using stopped-flow

UV-Vis spectroscopy.
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Figure 3.10 Kinetics of [Ru(bpy):]’* consumption in the presence of electrolytes. Conditions: 5uM

Ru,POM, TmM [Ru(bpy) 3J°*, 40 mM Britton-Robinson buffer, pH 7.

In order to measure the effects of K cations on water oxidation by RusPOM, the WOC was
exposed to an excess of the oxidant in Britton-Robinson buffer at pH 7 and the consumption of
oxidant was measured by decrease in the absorption band at 670 nm. As shown in Figure 3.10,
[Ru(bpy)g]3+ self-decomposition occurs at a known rate in the absence of catalyst (dashed line.)
As [Ru(bpy)s]** is not stable in aqueous solution, a background self-decomposition reaction is
observed by the decay of the band at 670 nm in the absence of a catalyst. This self-
decomposition is partially mitigated by the presence of supporting electrolytes and is not
strongly dependent on cation identity (a non-specific cation effect). In the presence of 1 mM

Ru,POM, the increased rate of decay is due to catalytic water oxidation, which is a 4-electron
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process. Significant differences between the rates of water oxidation as measured by the decay

of A = 670 nm are observed between cations Li*, Na* and K*.

While the rate of self-decomposition of Ru(bpy)s®* in water is also mitigated by the presence of
cations, however this is primarily an effect of ionic strength. At the same ionic strength, a more
significant inhibition of RusyPOM is observed for K* compared to Na*, although the effect could
not be modeled quantitatively due to the competing self-decomposition reaction. These
individual aspects of redox properties and acid-base are both expected to be contributing

factors to the kinetics and thermodynamics of the overall water oxidation process.

In the presence of RuyPOM, the absorbance of the oxidant decays rapidly as water oxidation
occurs until the oxidant is consumed. In the presence of added electrolyte, the rate of self-
decomposition is lower overall and the cation-dependence of this process is likely to be
important but is beyond the scope of this work. Although quantitative values for the effect of
the cation are difficult to extract due to the confounding self-decomposition of [Ru(bpy)3]3+, it is
evident from Figure 3.10 that at constant ionic strength below that at which self-decomposition
is markedly affected, K™ have a significantly more pronounced effect on water oxidation than

Na*.

3.4 Conclusions

Unlike OEC mimics which do not catalyze water oxidation, neither redox potentials nor pKa’s
correlate to countercation identity or Lewis-acidity for the Ru,POM WOC. The specific binding of

K* ions to the tetraruthenium core of Ru4,POM has significant effects on the Ru redox potential
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and pKa of the associated u-oxo and terminal aqua ligands. The presence of K* stabilizes the 2-
electron reduced POM Ru,POM(2’) and facilitated its isolation in the solid state. The binding of
K* in the resting state results in deprotonation of associated terminal aqua ligands in the solid
state, as revealed by XRD. Features in the UV-Vis spectrum associated with pH increase are also
reproduced by K* ions, strongly suggesting this interaction and deprotonation takes place in

solution as well and this is responsible for the pH-dependence of this absorption band.

Although quantitative parameters are difficult to obtain due to the many complicating factors,
including background reactions, the kinetics of water oxidation appear to be significantly slowed
in the presence of K*. This would be in agreement with other observations that the redox
potential and pKa are affected by K* binding. This suggests both CCET and PCET exist in the
presence of K* (Figure 3.11) and the CCET process may be slower overall, possibly due to the

strong binding of K* stabilizing reduced states.

Ultimately, the binding of K" ions was demonstrated to have a detrimental effect if the target is
rapid water oxidation kinetics. The binding of K* shifts the speciation of POMs in solution due to
effects on both redox potential and pKa of associated aqua ligands. However, since the steps
where K" interaction has the strongest effect are not rate-limiting, more studies on the
individual steps — i.e. each oxidation and protonation state towards dioxygen evolution — would
be extremely valuable. Despite slowed kinetics, the mechanistic branching, illustrated in Figure
3.10, that is introduced by K*, e.g. testing for CCET and effects on catalysis, opens many avenues
for continued mechanistic, computational, and kinetic studies. After all, the blue dimer is still a

major subject of mechanistic studies decades after first being reported as a homogeneous WOC.
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Figure 3.11 Speciation of Ru,POM when K" ions result in cation-coupled electron transfer and

resultant shifts in equilibration.

A major highlight of these studies is the correlation between insights from solid-state structure
determination and solution-state dynamics that has been similarly valuable in studies of the OEC
structure under different catalytically relevant states to probe the mechanism of water oxidation.
These studies demonstrate that K* may serve as a valuable tool for probing proposed roles of
Ca®" in the OEC under conditions where water catalytic oxidation actually occurs. A key
difference is that water oxidation in the OEC takes place in the hydrophobic protein
environment. In the following chapter, the non-innocent effects of countercations in WOCs will
be contrasted with the hydrophobic experimental landscape of innocent, weakly-interacting

counterions for studies of hydrolytically unstable Co-based POM WOQOCs.
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Chapter 4

Stability and Reactivity of Cobalt
Polyoxometalate Water Oxidation Catalysts
with Hydrophobic Counterions in Non-
agueous Media
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4.1 Introduction to Cobalt-catalyzed Water Oxidation

For large-scale energy-harvesting applications, the use of abundant, inexpensive, and readily
available elements is preferable over those based on rare and precious elements like Ru. In this
realm, cobalt-based materials are especially attractive, as they can often be prepared through
self-assembly — even and exhibit self-repair - from abundant elements and have shown
considerable promise for efficient and fast water oxidation. The most effective Co-based
heterogenous WOCs are CoO, and amorphous CoPi type materials. As described in earlier
chapters, heterogeneous systems are useful for catalyst stability and recycling but also present
significant challenges for logical and effective modification to improve desired reactivity and
properties. In contrast, molecular catalysts can facilitate detailed studies of mechanistic aspects
and properties and lead to improved catalytic activity through rational and/or systematic design.
In principle, the activity of a homogeneous catalyst which mimics a metal-oxide type
heterogeneous catalyst could be much faster because of the maximized surface area and
exposure of catalytically active sites to molecular collisions. Thus, both heterogeneous and
homogeneous catalysts are valuable tools for designing amenable energy-harvesting systems.
This chapter describes electrochemical studies of the P and V derivatives Co-based POM WOCs,

primarily in non-aqueous media, and studies of stability and reactivity in solution.

4.1.1 Heterogeneous Cobalt Catalysts for Water Oxidation
Heterogeneous materials based on Co oxide have shown promise as effective materials for

energy-harvesting through water oxidation, for example in the so-called artificial leaf. This
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system self-assembles from Co(ll),q with sodium phosphate buffer at neutral pH. The cubane

motif is a common feature in cobalt WOCs 2

Figure 4.1 Simplified schematic illustrating general composition of some heterogeneous CoWOCs.
The purple atoms can represent Co(lll) in a Co(ll, 1ll) oxide CoO, material with the green atoms
representing tetrahedral Co(ll) moieties. In a CoP; material the purple atoms correspond to Co(ll)

and the green atoms to P043' moieties.

4.1.2 Homogeneous Cobalt Catalysts for Water Oxidation

Organic systems that are known to catalyze homogeneous water oxidation tend to suffer from
ligand degradation as described in Chapter 1. For this reason, the POM-supported WOCs like
Ru,POM, studies of which are described in detail in Chapter 3, have emerged as superior

systems in terms of oxidative stability. The growing interest in earth-abundant metal-catalysis
and heterogeneous cobalt-based systems presents tetracobalt POMs as promising WOCs with

potential for large-scale applications, as they do not rely on precious elements. The Tourné-
Weakly ions®* of the general form [M,X,W;504s]'"®" feature four 3d metal atoms (M = Mn, fe, Co,

Ni, Zn or Cu; M,M’, mixed-metal systems are also possible) arranged between two trivacent
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lacunary Keggin ions. The [Co,P,W150¢s]'" derivative, Co4P,W;5 was reported as a fast, all-
inorganic homogeneous light-driven WOC capable of TOF of ~6 s™' (units are mol O, mol

catalyst™ s™).

Figure 4.2. Solid-state structure of the Tourné-Weakly ion [M,X;W;504s] % \where the central belt is

composed of four first-row transition metals.

Similarly to the way in which the tetraruthenium core of the RusPOM WOC can be likened to a
minimally hydrated RuO, nanocrystal, the Co,P,W,5 resembles a monolayer of CoO, sandwiched
between the two trivacent Keggin ligands as illustrated in Figure 4.2. The presence of the PO,*
parallels the proposed structure of amorphous CoP; nanoparticles of the Nocera-Kanan catalyst

system which self-assembles from Co(ll),q in phosphate buffer at pH 7.
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The substitution of heteroatom, X, is a common modification in POM plenary structures.
Substitution of the P of Co4P,W;s with V to yield the isostructural [Co,V,W150es] ' derivative,
Co,V, W,z was reported to result in a nearly 200-fold increase in the rate of water oxidation
activity with TOF approaching 1000 s as measured by rate of consumption of oxidant in the
commonly-used Ru(bpy)s**/S,0s” photo-assay. Despite being isostructural, the compounds

exhibit remarkably distinct stability and reactivity. However, the origin of such stark differences
remains unclear. It has been proposed (Folkman and FInke 2016) that the considerably longer
V-0 bond length compared to the P-O bond distance in the respective crystal structures may

indicate this bonding motif allows a more labile Co(ll) center. Thus the difference between the
rates of water oxidation could not be fully explained and continues to be debated, although this
discovery suggests promising new routes for probing contributing factors to catalytic activity

and stability.

Figure 4.3 Tetracobalt core of Co,X;W;3 POM WOCs shown in (a) side-on~9.5 A across from Co-Co
terminal ligands coordinating atom and (b) top-down view, the highlighted area ~6.0 x 9.5 A at its

widest.
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While the POM ligands impart considerably greater oxidative stability than organic ligand
scaffolds, on the other hand, hydrolytic stability becomes problematic for these aqueous
systems. The electrochemical properties of these sandwich POMs in aqueous solution are poorly
understood, as only a large catalytic wave is observed at high potentials, but the stability of the
molecular species is a subject of contention. Given the clear parallels between the compositions,
structures, and activities of these POMs and their heterogeneous counterparts, the distinction
between catalysis by the molecular species and decomposition to known, heterogeneous
catalysts is an important and continued topic of debate with many questions about the identity
of the true catalyst remaining. The importance of distinguishing heterogeneous and
homogeneous catalysts is described in the following section.

4.1.3 Stability of Homogeneous Catalysts in AqQueous Media

The enhanced reactivity of Co-based systems introduces a problematic issue in that these
systems are considerably more hydrolytically unstable than Ru systems like Ru,POM. This is
generally due to the propensity of inorganic POM ligands towards hydrolytic rather than
oxidative degradation. It was shown that under electrochemical conditions, the Co(ll).q which is
leached into solution from Co4P,W15 under electrocatalytic conditions (i.e. sustained high
potentials in NaPi or NaB buffers) led to formation of CoO, on the electrode surface for both
glassy carbon and fluorinated tin-oxide (FTO). Therefore, a key hypothesis explored here is that
the initial oxidation step of a terminal Co(ll)-OH, to Co(lll)-OH, results in formation of Co(lll)-
hydroxide species which aggregate and bind to cathodic surfaces. This immobilization may

interfere with the solution dynamics that allow catalytic turnover at the molecular level and
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instead shift the equilibrium towards further decomposition through deposition of insoluble
CoO, or other amorphous Co-based material.

POMs in aqueous solution are equilibrated systems and are thus, in bulk water, are highly
susceptible to hydrolysis; it is not entirely surprising that sustained potentials at electrode
surfaces lead to heterogeneous catalyst deposition. This contrasts with a homogeneous system
which allows molecular collisions in three dimensions without the influence of a surface-applied
potential. Electrochemical studies such as the extensive experiments that have been conducted
with the robust Rus,POM would be valuable in ascertaining WOC mechanisms or for elucidating
some of the reasons for their differences in reactivity and stability of the CoPOM WQOCs, but
have been entirely impeded by their hydrolytic degradation. POMs are known to be significantly
stabilized against hydrolysis in non-aqueous media. In photosynthesis, water oxidation by the
OEC occurs in the hydrophobic protein environment and not in bulk water. The reported
reaction rates of the Co,POMs (6 — 1000 s™') are on par with those of the OEC (up to 400 sT).
While the estimates for the P derivative are reasonable, the TOF reported for the V analogue was
recently brought into question, especially in aqueous conditions where its stability has not been

fully established.

In the following studies, the aqueous synthesis, reactivity and stability of Co4V,Wq5 under
conditions that are also relevant to Co,P,W;g were investigated. Next, the hydrophobic protein
environment was mimicked to prevent hydrolytic instability of Co-POM WOCs by introducing
alkylammonium cations that weakly interact with the anions, and the alkyl chains can facilitate
solubility of these anions in non-aqueous media. The observation and characterization of
catalytically relevant intermediates was explored in organic media where it has not been

91|Wieliczko



observed in water. The reactivity of the more well-established Co4P, W45 towards electrochemical
and chemical oxidation as well as competitive inhibition by the terminal ligand was investigated,
the stability and reactivity of Co4V,W,gin solution were established, and the

electrochemical properties of both Co4P, W45 and Co,4V,W1g hydrophobic derivatives and their

stability at electrode surfaces were examined.

4.2 Experimental

4.2.1 General considerations

Materials, reagents and solvents were purchased from commercial sources in the highest purity
available and used without further purification unless otherwise noted. The acetonitrile-soluble
tetra-n-butylammonium (TBA) salt of Co4P,W,5 and Co,V,W,5 were prepared according to
modifications of the literature procedures85 as described below, from the water-soluble sodium
salt, for which preparations have been described elsewhere® ®. The optimized procedure based
on extensive modifications of the published procedures for synthesis of and Co,V,W,3 are
described in detail below.The identity and purity were verified using EA, IR and UV-Vis, and °'V
NMR in the case of Co,V,.W;gwhere EA, UV-Vis, and IR had been shown to be inconclusive in
assessing purity. Infrared spectra were recorded on a Nicolet 6700 FT-IR with Smart Orbit
Diamond ATR accessory. Elemental analyses for C, H, N, Cl, and Br were conducted by Atlantic
Microlabs (Norcross, Georgia) and analyses for Co, P, and W were conducted by Galbraith
Laboratories (Knoxville, Tennessee). UV-Vis spectra were obtained on an Agilent 8453 diode-
array spectrophotometer equipped with an Agilent 8909A Peltier temperature-control unit.

Dioxygen concentrations were measured in situ in both headspace and solution using an Ocean
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Optics Neofox system with a FOXY-R with FOXY-AF-MG coating and FOXY-PI600 oxygen-

sensing probe. Air-saturated solutions were taken as the background.

4.2.2 Synthesis of POMs

Synthesis of Na; [Co4V,Wg]. The sodium salt of Co,V,W,3 was prepared by modifications of the
literature procedure # as follows. In a 150 mL beaker, Na.WO, 2H.0 (2.97g, 9 mmol) and V.O. (91
mg, 0.5 mmol) were dissolved with stirring in 50 mL NaOAc buffer (1.0 M, pH 4.8) at 70 - 80°C to
yield a slightly turbid brownish yellow solution. The solution may be filtered at this point,
however we found that it did not significantly affect the yield versus filtration at a later stage. To
the stirring heated solution was added Co(OAc), « 4H.0 (498 mg, 2 mmol) and immediately the
solution became deep brown. The stirring solution was maintained at 70 - 80°C for 40 - 60
minutes uncovered, until the solution was concentrated to approximately half the original
volume. The solution was filtered while hot over a medium-porosity fritted funnel. We observed
that the use of a coarse-porosity funnel did not sufficiently trap the fine precipitate that is likely
some insoluble V.0, impurities. Within minutes upon cooling to room temperature, dark brown
crystals began to form. The solution was allowed to cool completely before ~5mL EtOH was
slowly added (to avoid the crystals turning a fine powder that is difficult to collect.) The crystals
were allowed to grow for 24 — 72 hours and then collected on a coarse-porosity fritted funnel
with aspiration and the brown crystals were washed gently with EtOH. The material was allowed
to dry with aspiration for ~30 minutes until it could be transferred to dry overnight on a piece of
filter paper to afford the compound in 46-58% yield based on W. Some additional details:
addition of 1 g NaOAc increased yield to 66-70%, however required additional purification to

remove acetate; IR was used to verify that excess acetate had been removed. In cases where
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acetate was still present (indicated primarily by the presence of strong bands at 1413 and 1563
cm™ and medium bands at 1640 and 1690 cm™") washing the material with EtOH again was
effective although it did tend to turn crystalline material into a fine powder. As pointed out in
FF1 and FF2, the previously-reported FT-IR spectra and elemental analyses may not be sufficient
for determining purity and thus *'V NMR was used to assess purity as discussed in the main text.
Monitoring of the spectra over time showed that slow decomposition to side-products takes
place at ambient conditions. In accordance, the isolation of the target POM from solution in a
timely fashion is important. After 72 hours, isolated yields did not increase and >'V NMR showed

a greater degree of side-products present in the bulk material.

4.2.3 Conversion to hydrophobic salts

Synthesis of TBAsH,[Co4P,W1g]. An aqueous solution of 532 mg of
Na10[Co4(H20)2(PWg034),]-20H,0 (0.1 mmol in 20 mL) was extracted with three 10mL portions of
a solution of TBABr in 1,2-dichloroethane (1.5 g in 30 mL). Light brownish precipitate formed
immediately. The organic extract and precipitate were collected and separated by suction
filtration. The solid was washed with three 5mL portions of water. The air dried powder was
redissolved in a minimal volume of MeCN (~10 mL) in a 20mL scintillation vial. The solution was
layered with diethyl ether and allowed to rest overnight, wherein pink prismatic crystals formed,
leaving a clear solution. The crystals were collected by decanting the solution, washed with
diethyl ether and allowed to air dry, noticeably becoming opaque upon drying. The crystals were
allowed to dry for several minutes until the mass measurement was stable in order to afford 458
mg of the title compound in 74% yield. Molecular Weight of CogH220NsC04P,W150¢s: 6153.565

g/mol. Mass with L = H,O : 6189.595 g/mol. Elemental analyses: Found (Calculated % for
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Co6H224N6C04P,W15070). C: 18.96% (18.63); H: 3.67% (3.65); N: 1.38% (1.36); Co: 3.76% (3.81); W:

52.7% (53.46); P: 0.904% (1.00).

Synthesis of TBAsH,[Co4V.W;g]. The TBA salt of Co,V4Wq3was prepared via the method used to
prepare the Co4P4W,s analogue ® which was based on modifications of literature procedures
as follows. An aqueous solution of 537 mg of Na1o[Co4(H,0)2(VWyO3,4),]-26H,0 (0.1 mmol in 20
mL) was extracted with three 10mL portions of a solution of TBABr in 1,2-dichloroethane (1.5 g
in 30 mL). Some brown precipitate formed which largely redissolved upon stirring of the
biphasic mixture. The organic extracts were combined, filtered with suction, and washed with
three 5mL portions of water. The solution was layered with diethyl ether and dark brown crystals
formed over 2-3 days. When allowed to stand in solution over long periods of time, the dark
brown crystals of Co,V,;Wsg separated from a dark green supernatant. Attempts to isolate solid
crystalline product from this solution were largely unsuccessful, however a combination of UV-
Vis and preliminary X-ray diffraction suggest the solution contains CoBr,* and cis-VoW,046>
anions with TBA cations. This phenomenon is not observed with Co4P4Wg and these
observations suggest that Br” anion may accelerate decomposition of Co,V4W,s in solution.
Thus, the timely isolation of the crystals may be important for high yield when Br is present or a
different anion may be more suitable for the extraction procedure. The crystals were washed
with water and allowed to dry until the mass measurement was stable to afford 358 mg of the
title compound in 58% yield. For both Co4Ps;W;5 and Co,V,;Wys, the IR spectra are similar to

those of the Na™ analogues with additional bands due to TBA (Figure 4.4).
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Figure 4.4 Comparison of the FT-IR spectra from 500-4000 cm™ (top) and zoom of the POM

fingerprint region from 500-1200 cm’’ (bottom) of hydrophobic TBA derivatives of Co,P,W;s (blue

dashed lines) and Co,V,W;z (solid brown lines)
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4.2.4 X-ray crystallography
Single pink crystals of Co,PsW,5 as its TBAgH, salt were obtained by vapor diffusion of diethyl
ether into a concentrated acetonitrile solution. Single red prism-shaped crystals of TBAgH,[Co4V4W1g]

were grown by layering diethyl ether onto a concentrated solution of TBAgH4[Co4V,Wg] in MeCN.

The crystals of both compounds were unstable at room temperature and were coated
immediately with Paratone upon removal from the solvent. The absence of nitrile stretching bands

in the IR spectra (~2250 cm™) confirm the loss of co-crystallized and coordinated MeCN upon drying
(Figure 4.3) and so the crystals were coated and mounted quickly to avoid crystal decomposition due to

loss of solvent of crystallization. Suitable crystals were selected and quickly mounted in on a nylon
loop on a Bruker APEX-II diffractometer with CCD area detector. Data was collected using MoKa
radiation (A = 0.71073 A) and the crystal was maintained at 100(2) K during data collection with
an Oxford Cryosystems Cryostream 700 liquid nitrogen controller. Using Olex2®, the structure
was solved with the XT ®' structure solution program using Intrinsic Phasing and refined with the
XL% refinement package using Least Squares minimization. Crystal Data for
C114H245Cl4C04N14065P2 W1 (M = 6652.01 g/mol): monoclinic, space group P2:/n (no. 14), a =
14.3539(13) A, b = 32.702(3) A, ¢ = 20.2799(19) A, B = 109.9725(14)°, V = 8946.8(14) A*, Z = 2,
T = 100(2) K, pu(MoKa) = 12.034 mm™, Dcalc = 2.469 g/cm? 92049 reflections measured (3.046°
< 20 < 54.966°), 20452 unique (Rin: = 0.0544, Rygma = 0.0447) which were used in all calculations.

The final R, was 0.0679 (I > 2a(l)) and wR, was 0.1745 (all data).

A suitable single crystal (0.42x0.28x0.18 mm®) was selected and mounted on a loop with
paratone oil on an APEX2 Mo source diffractometer equipped with a Oxford Cryosystems low-

temperature device, operating at T = 100(2) K. Data were measured using w scans of 0.5 per
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frame for 20.0 s using MoK, radiation (fine-focus sealed X-ray tube, 45 kV, 35 mA). The total
number of runs and images was based on the strategy calculation from the program APEX2

(Bruker). The maximum resolution that was achieved was © = 29.575'.

The diffraction patterns were indexed using SAINT (Bruker, V8.37A) and the unit cells were
refined using SAINT (Bruker, V8.37A) on 50248 reflections, 76 % of the observed reflections.
Data reduction, scaling and absorption corrections were performed using SAINT (Bruker, V8.37A)
and CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015) with a spherical absorption
correction using equivalent radius and absorption coefficient. Empirical absorption correction

using spherical harmonics was implemented in SCALE3 ABSPACK scaling algorithm software.

The final completeness is 99.70 out to 29.575 in ©. The absorption coefficient u of
TBA¢H,[Co4P;W;3] is 12.034 mm ™' and u of TBAgH;[Co,V4W4g] is 11.958 mm at this wavelength

(A = 0.71073 A) and the minimum and maximum transmissions are 0.00773 and 0.02831.

The structures were solved and the space group P2:/n (# 14) determined by the ShelXT *
structure solution program using the Intrinsic Phasing solution method and by using Olex2 * as
the graphical interface. The model was refined with version 2014/7 of ShelXL-2014/7 (Sheldrick,
2014) using Least Squares minimization. All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding model.
CCDC 1509618 contains the supplementary crystallographic data for TBA¢H4[Co4PsW5] and
CCDC 1540222 contains the supplementary crystallographic data for TBAgH4[C04V4Ws]. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retreiving.html, or

from the Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK.

98 |Wieliczko



4.2.5 Electrochemistry

Electrochemical data were obtained using a BAS CV-50W voltammetric analyzer using 3-mm
diameter glassy carbon (BAS) working electrode, polished with alumina and rinsed with acetone
prior to experiments and a Pt wire as auxiliary electrode. A silver wire was used as a pseudo-
reference electrode which was calibrated against the ferrocene/ferrocenium couple in the same
solvent/electrolyte system. All potentials (from this study and literature studies) are reported
relative to the Fc/Fc* couple. Experiments were carried out on freshly prepared 1 mM solutions
of TBAsH4[Co4P4sW1g] and TBA¢H,[Co,V,W,g] at room temperature with 0.1 M TBAPF¢ as
supporting electrolyte. Bulk electrolyses were conducted in a two-compartment electrochemical
cell separated by a glass frit. A carbon glassy plate with S = 1 cm? was used as a working
electrode. At a required time 2 mL of solution from the electrochemical cell were transferred to
an optical cell and the spectrum was recorded immediately, after which the solution from the

optical cell was returned to the electrochemical cell.

4.2.6 SEM-EDX Measurements

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM/EDX) data were
gathered at the Clemson University Advanced Materials Center using Hitachi variable pressure
scanning electron microscope, S3400N equipped with EDX with 3nm resolution at 30 kV.
Samples were prepared using either glassy carbon or FTO in the electrochemical setup

described above.
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4.3 Results and Discussion

4.3.1 Synthesis of Co4,POMs and Conversion to Hydrophobic Forms

One of the most challenging aspects of COPOM studies is the synthesis and purification of the
target POM because in aqueous solution POMs are equilibrated systems and are thus highly
susceptible to changes in speciation based on concentration, pH, and temperature. This has led
to continued debates regarding the formation of CoO, under electrochemical conditions and
the identity of the true catalyst in solution under light driven conditions. Thus, any studies
seeking to establish the nature of the molecular catalyst must begin with high purity samples of
the desired POM. A primary criticism made in recent reports is that the syntheses outlined in the
2014 were unsuccessful in yielding Co4V,Wis in its pure form. In agreement with the
observations of Folkman and Finke, our group experienced difficulty reproducing results from
the original reported method of Wu.?” This original synthetic route employed a 3:2:9 atomic
ratio of V:Co:W - three times the stoichiometry for V in the target POM. We observe that the
products of this reaction are primarily V-containing Lindqvist ions such as cis-[VoW,010]% (VW)
and [VWsO1o]*” (VWS). Considering the large formation constant for V,W, the excess V in
solution reacts with the available W, shifting the equilibrium towards a mixture of V,W,and
VW, 2 It is likely that the bulk material obtained via this synthetic method is largely comprised
of these anions and not the target POM. The modified 2014 synthesis employed only a slight
excess of V, but led to significantly lower yields than the original report from Wu (12.5%
compared to 70% originally reported). Our group has continued making efforts to improve the
synthetic methodology, and has successfully reproduced the procedure many times with typical

yields of 48 - 58% within 24 - 72 hours.
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The purity of samples is imperative for quantitative work, and while pure solid phases of POMs
can be obtained through crystallization, the purity of POM solutions is defined by the relative
ratios of equilibrated species present upon dissolution in aqueous media. Vanadium NMR is a
useful spectroscopic technique for identifying and tracking V-containing species in solution. In
Folkman and Finke's 2016 work *”°, the authors correctly point out the *'V NMR signal that was
attributed to the title compound, CosV,Wss, is indeed due to V,W,. From >'V NMR experiments
of the material obtained via the newly developed synthetic method, both V,W,and VW5 are
present after the bulk solid is dissolved in both H,O and sodium borate buffer (Figure 4.5). As
the vanadium atoms in Co,V,W,5 are located adjacent to four paramagnetic cobalt centers, the
>V signal for Co4V,Wis is expected to be significantly shifted and broadened compared to
structurally similar, diamagnetic vanadium-containing species. One approach employed was
attempting to identify the °'V NMR spectrum of the diamagnetic Zn analogue Zn,V,W;s but this
compound could not be successfully prepared and only V,W,and VW5 could be isolated from

these reaction mixtures.

Revisiting >V NMR as a spectroscopic handle for Co,V,W,5 and expanding the spectral window
far beyond the expected region for V-containing POMs reveals a significantly shifted peak
located at +320 ppm, which represents a chemical shift difference of greater than 800 ppm
relative to V,W, and VW5 (at -511 and -526 ppm, respectively). This peak is significantly
broadened, with a linewidth of 680 Hz, relative to the ~20 Hz linewidth of these diamagnetic
vanadium POMs (Figure 4.4). The substantial chemical shift difference and line broadening is
highly suggestive that this peak is due to Co,V,Ws3in solution. To confirm this assignment, the

spectrum was compared to the tetrabutylammonium (TBA) salt of Co4V,Wg (Figure 4.10). This
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hydrophobic POM is soluble in acetonitrile (MeCN), where it is not susceptible to hydrolysis and
speciation. The °'V NMR spectrum of this compound reveals a single peak located at +370 ppm,
with no signal observed for the hydrolytic breakdown products at -511 and -526 ppm. The
linewidth for this +370 ppm signal for the TBA salt in MeCN (vq,, = 690 Hz) is similar to that of
the +320 ppm signal observed for the Na™ salt in water (v;,, = 680 Hz). This chemical shift
difference of 50 ppm is reasonable, considering 'V spectra are known to shift significantly
depending on the nature of the solvent, counterion, and intermolecular interactions.”® The X-ray
crystal structure reveals MeCN coordination to cobalt in the solid state, which may contribute to
the shift observed in solution (Figure 4.10). The presence of this peak as the primary signal for
the Na™ salt, and the exclusive signal for the TBA salt, leads to the conclusion that Co4V,Wg is

the dominant species in solution under these conditions.
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Figure 4.5. The °’V NMR spectra of Co,V.W;sand [V,W;.]*"™ POMs (top to bottom); 5 mM
Co,V,;W;gas TBA salt in MeCN/CD;CN (purple) and as Na” salt in 10%D,0/H,0 (green); 5 mM

K4V2W4019 (ye"OW) and 5 mM TMA3VW5019 in 10% DzO/Hzo.

The discovery of this characteristic peak is significant, considering examples of *'V spectra of
paramagnetic molecules are exceedingly rare.’® This spectroscopic handle allows us to more
thoroughly investigate the purity, stability, and solution behavior of Co4V,Wss. The °'V NMR
spectrum taken 30 minutes after dissolution in 10% D,0O/ H,0 reveals ~2% cis-[V,W,4040]* and
[VWs0,6]*". After aging 50 days in the same NMR tube at room temperature, signal integration

for these side products increases to ~30% with the predominant side product being V,W,
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(Figure 4.6). Thus, though conversion to side products occurs over an extended timescale,

Co,V,W,;is remarkably stable when dissolved in water.
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Figure 4.5. The TV NMR spectrum of Co,V,W ;s taken 30 minutes after dissolution. 5mM
Na;p[Co,4V,W:5065]+26H>0 in 10% D,0/H,0. 600 MHz NMR, 512 scans, relaxation delay = 0.5 s,

pulse width = 10 us, acquisition time = 0.08 s
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Figure 4.6. The 'V NMR spectrum of Co,V,W,;g taken after aging 50 days in the same NMR tube at
room temperature. 5mM Na;o [Co,V,W:50g]+26H;0 in 10% D,0/H,0. 600 MHz NMR, 512 scans,

relaxation delay = 0.5 s, pulse width = 10 us, acquisition time = 0.08 s

Water oxidation experiments are typically conducted in buffered basic media. Accordingly, the
Sy spectrum of Co4V,W,s dissolved in 240 mM sodium borate buffer (pH 8.3) shows ~98% pure
starting material both 10 minutes and 30 minutes after dissolution, a substantially longer
timescale than typical WOC catalysis experiments (Figures 4.7 and 4.8). However, the extremely
low concentrations used in water oxidation catalysis preclude the use of >’V NMR to follow
speciation under turnover conditions, and requires additional studies to identify the stability of

the species under these conditions.
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Figure 4.7. The : 1Vspectrum of Co,V,W,s in borate buffer 10 minutes after dissolution. 2.5mM Na,
[Co,V>:W;13045]+26H,0 in 240mM sodium borate buffer (pH 8.26) with D;0 in coaxial insert. 600

MHz NMR, 512 scans. Relaxation delay = 0.5 s, pulse width = 10 us, acquisition time = 0.08 s.
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Figure 4.8. The 51Vspectrum of Co,V,W,s in borate buffer 30 minutes after dissolution. 2.5mM
Na;oCo,V,W;50,5:26H,0 in 240mM sodium borate buffer (pH 8.26) with D,0 in coaxial insert. 600

MHz NMR, 512 scans. Relaxation delay = 0.5 s, pulse width = 10 us, acquisition time = 0.08 s.
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4.3.2 Solid and Solution State Structures of Co,POMs

The crystal structures of the TBA¢H, salts of Co4P,W1s and Co4V,W,3 had not been previously
reported. Vapor diffusion or layering of diethyl ether into MeCN solutions afforded X-ray quality
single crystals that allowed for structure determination. The crystal structures of Co,P,W;g and
Co,V, W5 show the POMs crystallize with six TBA cations per anion and MeCN in place of water

(aqua) as the terminal ligand on the external cobalt centers as shown in Figures 4.9 and 4.10.

In the Co4P;Wig structure, the Co-N distance of 2.107(13) A is comparable to the Co-O bond
length in the aqua complex (2.113(7)A)°". Bond valence sum (BVS) confirms the Co(ll) oxidation
states and the presence of two p-hydroxo bridges (protonation of atoms 027 and 036) of the
polytungstate ligands. The W-O bond lengths (2.010(10) and 1.998(10) A) at these positions are
elongated compared to the other W-O bonds in this coordination geometry (1.806(10) and
1.817(10) A) consistent with protonation of these oxygen atoms. Thus the centrosymmetric
anion of Co4P,W,3 is, in the solid-state crystal structure, more accurately described as
[Cos(MeCN),(H,PWo034),]°  wherein two distinct cobalt centers are observed. It is not entirely
evident whether this exact structure is maintained or whether the protons may be transferred to

other moieties in solution.

The anionic charge in the crystals is balanced by the six TBA cations, as illustrated in Figures 4.9
and 4.10, which form weak hydrogen bonds with the tungsten-oxo atoms and surround the
POM, effectively encapsulating the POM in the hydrophobic counterion shell. The crystals do not
contain any waters of hydration and only co-solvated MeCN molecules are present. This differs

from typical POM structures which feature alkali cations that interact directly with the POM and
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facilitate inter-POM bridging by coordinating water. That is to say, the anion is isolated from
contact with other anions as well as water molecules. Interestingly, the structures reveal a small

cavity that serves as a binding pocket for the co-crystallization of MeCN

000000600
$v0z90IO0O

Figure 4.9 X-ray crystal structure of Co,P,W ;g shown as its [ Co,H,P,W;504]% anion coordinating
two MeCN molecules (left) and surrounded by hydrophobic n-Bu,;N* counterions. Thermal ellipoids

are shown at the 50% probability level.

The Co,V4W, g structure is isostructural to that of the Co4P4W,ganalogue and the two show
extremely similar crystal parameters as summarized in Table 4.1; however the Co,V,;W1g
structure exhibits significantly more disorder. As described in the Experimental section, after
prolonged periods in solution, signs of decomposition are evident in the Co4V,;Wg that may
contribute to the lower yield upon conversion to the TBA salt. This susceptibility may contribute
to the lower overall quality of the Co,V,W;g structure. The difference in structure quality can be

visualized in the comparison of the thermal ellipsoids of the structures shown in Figures 4.4 and
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4.5. The ellipsoids in both figures are shown at the same (50%) probability level, and the increase
in positional uncertainty is reflected in the size and shape of the ellipsoid which represents the
experimentally-measured electron density. The alkyl chains of the TBA cations show some
disorder that is typical of TBA while the anion is fully disordered into more than two
components; all nine W atoms were split into only two components where the second

component is ~5% occupied.
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o
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Figure 4.10 X-ray crystal structure of Co,V,W;g shown as its [Co4H4V2W13068]6' anion coordinating
two MeCN molecules (a) and surrounded by hydrophobic n-Bu,N* counterions (b). Thermal

ellipsoids are shown at the 50% probability level.

Due to the significant disorder, the overall quality of the structure model is much lower for the
Co,V,W,;5 Therefore, the bond distances of the Co,V4W,5analogue are not as precise, but the
distinction is still clear with distances 2.045(15)/2.019(15) vs. 1.853(15)/1.816(15) A for the

analogous p-hydroxo and p-hydroxo bond lengths, respectively. Thus the bond lengths of the p
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-OH bonds in the V analogue are similar to the P derivative considering the disorder of this
structure, although there is a slight lengthening of the bonds in the V compound. This would be
in agreement with some recent proposals that the lengthened bond distances in the V derivative
are indicative of a weaker ligand — the VW, being a more labile ligand than the PW,, suggesting
a rationale for decreased stability of the V derivative, particulary when ligands capable of
binding Co(ll) are present. More detailed studies on the stability of Co4V,W,gin solution are

presented in section 4.3.6.

Figure 4.11 Solvent-accessible cavities in the X-ray crystal structure of Co,M,W;s, shown here as its

[Co4H4V2W18068]6' anion. Thermal ellipsoids are shown at the 50% probability level.
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Table 4.1 Crystal parameters for Co,P,W;3and CosV,Wig

Anion Co,P,W5 Co,V,W;s
Crystal System monoclinic monoclinic
Space Group P2:/n P2:/n
a/A 14.3539(13) 14.4162(2)
b/A 32.702(3) 32.8597(6)
c/A 20.2799(19) 20.2434(4)
of 90 90
ik 109.9725(14) 109.886(2)
i 90 90
VIA® 8946.8(14) 9017.7(3)

The coordination of MeCN that is observed in the solid state is corroborated in solution by
changes observed in the UV-Vis spectrum. As shown in Figure 4.12, the spectra in MeCN are
distinct from those in non-coordinating solvents DCE and THF (Figures 4.13 and 4.14) where
terminal aqua ligands are present. MeCN coordination is indicated by a blue-shift of the d-d
bands in the UV-spectra, which are similar for Co,V4,W1g and Co,P,W,35 although detail of the d-
d bands is obscured by the strong V-centered transitions at <500 nm for Co,V4W,3. Therefore
the P analogue is better suited for assessing changes in the UV-Vis spectrum and additional

spectral experiments on this compound are discussed in the following section.
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Figure 4.12 UV-Vis spectra comparison of Co,P,W s (dashed blue line) and Co,V,W s (solid brown

line) in MeCN solvent.
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Figure 4.13 UV-Vis spectra comparison of Co,P,W s (dashed blue line) and Co,V,W,; (solid brown

line) in 1,2-dichloroethane (DCE) with 0.1 M TBAPF;.
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Figure 4.14 UV-Vis spectra comparison of Co,P,W s (dashed blue line) and Co,V,W s (solid brown

line) in tetrahydrofuran (THF) with 0.1 M TBAPF.

4.3.3 Chemical and Electrochemical Oxidations of Co,P,W;g in MeCN
In agreement with the previous report [28], redox events were observable for CosP,Wyg in
MeCN with 0.TM TBAPF¢ as supporting electrolyte. Unlike the previous study employing a Pt foil

working electrode which showed two one-electron Co""

redox couples at +721 mV and +1033
mV, the cyclic voltammetry of Co4P,W;5 using a glassy carbon working electrode shows one

reversible redox couple at +1040 mV. Beyond this redox couple, additional events are observed

as shown in Figure 4.15, but neither these nor the first couples are reversible when sufficiently

113|Wieliczko



high potentials are applied. As POM charge may be balanced by protons in addition to TBA
cations in solution, variance in POM protonation likely facilitates proton-coupled electron
transfer. The addition of hydroxide anion, as TBAOH, results in resolution of the single feature
into multiple events occurring at lower potentials as illustrated in Figure 4.16. Although this
shows that the protonated POM is more difficult to oxidize and may undergo multi-electron
PCET rather than individual ET, quantitative studies are precluded by the fact that Co,P,W;s is
electrochemically unstable in the presence of alkaline H,0[46-48]. Although similar behavior was
observed for Co,V,W,5 and additional studies to probe the stability of Co4,P,W43 and Co,V, Wi
under electrochemical conditions were carried out in anhydrous media as described in section

4.3.5.

i/ pA

1.3 1 0.7 0.4 0.1
E/V vs. Fc+/Fc

Figure 4.15 Cyclic voltammetry showing single reversible redox couple observed for 500 uM of
Co,P,W,;s at a glassy carbon working electrode in MeCN; 0.1 M TBAPFg; scan rate, 25 mV/s (blue
dashed line) and 100 mV/s (black solid line).
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Figure 4.16 Cyclic voltammetry showing irreversible oxidation events observed for 2.0 mM Co,P,W;s
in MeCN (solid blue) and resolution of additional features in presence of hydroxide; 0.1 M TBAPFg;

scan rate, 50 mV/s.

The UV-Vis spectrum of Co,P,Ws; is also expected to change significantly upon oxidation of
Co(ll) to Co(lll), and thus bulk electrolysis of the solution was used to generate the oxidized
species which was then monitored spectroscopically. Bulk electrolysis at constant +1300 mV
showed spectral changes associated with oxidation, namely broad increases in the absorption
spectral regions around 450 nm and 650 nm as shown in Figure 4.17. The current during bulk
electrolysis does not stabilize over the time period of 60 minutes and then plateaus. The time
dependence of the UV-Vis spectra confirmed that the oxidation product, 2, was unstable, as
indicated by an exponential decay (kspp = 5.3 x 10 s) of the novel absorption features as

shown in the inset of Figure 4.18. The spectrum reverted to that of the original, and thus ?"2,,
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could not be isolated under these conditions. The addition of water did not significantly affect
the decomposition (re-reduction).
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Figure 4.17 Changes in spectra of Co,P,W; in the process of bulk electrolysis of Co,P,W;s in dry
MeCN at constant potential, E, in mV, as a function of charge passed through the solution.
Conditions: 1 mM Co,P,W;g 0.1 M TBAPF,, total volume 15 mL, after 0 (pink), 0.4 (orange), 0.56

(red), and 0.8 (black) coulombs were passed. The spectra are recorded in 15-20 min time intervals.
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Figure 4.18 Spectral changes of the solution after bulk electrolysis of Co,P,W ;g in MeCN. The
kinetics of re-reduction is monitored at 560 nm (inset, a solid line is a fitting to an exponential

decay with k,,, = 5.3 x 10*s7).

In order to characterize the oxidized species further, Co,P,W15 was exposed to a variety of
chemical oxidants in attempts to chemically generate {Co4P.W1s}ox AMmong various oxidants
including N-oxides, PhlO, H,O, and oxone, the most promising results were observed with a
high-potential chemical oxidant that does not absorb in the visible region,
[bis(trifluoroacetoxy)iodo]pentafluorobenzene, (FPIFA). Monitoring of the spectral changes as
shown in Figure 4.19 shows rapid similar broad increase followed by slower decay, and the
spectra of the unstable {Co4P,Wis}ox intermediate formed in bulk electrolysis and in the reaction

of Co4P,W,g with FPIFA are very similar (Figure 4.20).
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Figure 4.19 (a) Changes in spectra of 0.25 mM FPIFA and 0.5 mM Co,P,W;s in MeCN. (b)

Dependence of absorbance at 470 nm as a function of time.
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Figure 4.20. The spectra of intermediates (normalized per absorption at 525 nm) generated

electrochemically (red) and in the reaction with FPIFA (blue).

Although the oxidized complex could not be isolated from bulk electrolyisis or stoichiometric
chemical oxidation by FPIFA, the spectra indicate the reformation of Co4P,W,gover time rather
than complex decomposition. In contrast, Co4P,W,gin aqueous media either shows no signs of

reaction or decomposes. To explore the kinetics of oxidation under catalytic conditions, the well-
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known [Ru(bpy)s]** system was employed.[3] Mixing of 0.48 mM [Ru(bpy)s]** with 0.05 mM
Co,P,W,;g results in spectral changes depicted in Figure 4.21(a). The changes of absorbance with

time at three different wavelengths are shown in Figure 4.21(b).
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Figure 4.21. (a) Changes in spectra of 0.46 mM [Ru(bpy) 3]3+ and 0.05 mM Co,P,W,s in MeCN, total
reaction time 100 s. (b) An increase of absorbance at different wavelengths as a function of time:

680 nm (green); 470 (red); and 450 (blue).

Consumption of [Ru(bpy)g]3+ is expected to decrease the absorbance at 680 nm, but an increase
is observed due to formation of the oxidized form of the complex, {€Co4P,W1g}ox Which also
absorbs at 680 nm. The [Ru(bpy)s]°" has a strong absorbance band at 450 nm (g = 1.42x10* M’
'em™). Therefore the increase in absorbance at 450 nm can be assigned to the formation of
0.014 mM of [Ru(bpy)s]**. Based on the reaction stoichiometry in eq 2, the concentration of
{Co,P,Wg},x formed is also 0.014 mM. The difference in standard oxidation potential of
[Ru(bpy)s]**/[Ru(bpy)s]** (1.29 V vs. SCE, or 0.92 V vs. Fc*/Fc) and {€Co4P;W1g}ox/CosP. W13 (1.04 V
versus Fc/Fc* from CV data in Figure 4.15) is 0.11 V. This difference estimated from the data in

Figure 4.21 is 0.115 V, which in excellent agreement with the theoretical value. Thus,
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[Ru(bpy)s]** is too weak an oxidant and the equilibrium in eq 1 is shifted to the left. [Ru(bpy)s]**
is not stable towards TBAOH and therefore the proton-dependence could not be explored using
the same procedure as in the electrochemical experiments. Thus we tested a non-coordinating
organic base, 2,6-lutidine, and observed that consumption of [Ru(bpy)s]** takes place in the
absence of Co,P,Wys. In the presence of Co4P,W,5, consumption is accelerated, as shown in

Figure 4.22.

[Ru(bpy).]* + CosP.W1g 2 [Ru(bpy).]* + {C0sP2Wig}ox (M)
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Figure 4.22. Catalytic consumption of [Ru(bpy);]** in MeCN in 2% H,0, 0.01 M 2,6-lutidine in the

absence of Co,P,W,;s (dotted line) and in the presence of 5 uM Co,P,W,s (blue line)
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4.3.4 Dioxygen formation inhibition and pKa modulation in Co,P,W;g by MeCN

Under the conditions employed for stopped-flow measurements in H,O (pH 8), dioxygen
formation is quantified using a FOXY probe; however, in all of the experiments in MeCN as
described, no dioxygen formation was detected, despite catalytic oxidant consumption
comparable to that in aqueous media associated with water oxidation. Therefore, although the
kinetics suggest a catalytic reaction is taking place, it is not the same water oxidation reaction
that is observed in aqueous conditions. Considering the MeCN coordination revealed by the X-
ray crystal structure, this suggests the MeCN coordination in solution may be blocking the active
site. Thus the effect of MeCN as a competitive binding ligand on water oxidation and dioxygen
formation in water was probed. The presence of MeCN (up to 2.5%) does not significantly affect
the kinetics of oxidant consumption as shown in Figure 4.23(a). However, it results in almost an

order of magnitude decrease in the yield of dioxygen (at 2.5% of MeCN) as shown in Figure

4.23(b).
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Figure 4.23. (a) The kinetics of [Ru(bpy) 3]3+ consumption measured at 680 nm in 80 mM sodium

borate buffer (pH 8.0) in the presence of 2.5 uM Co,P,W ;s at 0 (blue), 1 (green) and 2.5 (red) MeCN
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(%, v/v). Conditions: 0.36 mM initial [Ru(bpy);](ClO,)s 25 °C. Black line: no catalyst, no MeCN. (b)

The final yield of O, per initial [Ru(bpy);](ClO4); (in %) as a function of added MeCN.

UV-Vis shows spectral changes in the presence of OH" that suggest MeCN, H,O, and OH" can
compete as terminal ligands on the two exterior Co atoms. As shown in Figure 2, the spectrum
of CosP,W;g in MeCN is slightly blue-shifted with An.x = 555 nm compared to that in water
where Amax = 580 nm (¢ = 158 L mol™ cm™), indicating possible coordination of MeCN. Spectra
were not significantly affected by the water content of the MeCN (i.e. anhydrous vs. “wet”
MeCN), indicating a strong binding of MeCN to Co4P,W,s. Titration with 0.1 M OH" results in
shifting of the absorption feature towards that observed in water. The maximum absorption was
observed with 5 equivalents of OH™ at 585 nm with ¢ = 170 L mol™" cm™. These changes in the
UV-Vis spectrum are consistent with the spectrochemical series where the ligand-field-splitting
parameter follows the pattern OH™ < H,O < MeCN. The strong effect of OH™ addition implies

that OH" ligand binds much more strongly to Co4P,W;5than MeCN or H,0.
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Figure 4.24. Visible spectrum of Co,P,W;g in MeCN with 0.1 M TBAPF; during titration with
hydroxide (0.1 M TBAOH in MeCN). In MeCN without OH (pink, solid line) A,,.x = 555 nm (¢ = 160
L mol’’ cm"); with 2.5 equivalents of OH (purple dashed line), Ap,qx = 581 nm (€ = 150 L mol’’ cm");

with 5 equivalents OH  (solid blue line) A, = 585 nm (e = 170 L mol’’ cm").

In aqueous solution, Co,P,W,g does not follow simple acid-base behavior. Addition of base
results in prolonged pH drift relative to typical pH meter response times, particularly near pH 7.
At this pH, the readings are no longer stable or reliable. The nature of this phenomenon is not
yet fully clear and is currently under investigation. Interestingly, the presence of MeCN
dramatically decreases the drift in pH readings that are observed in pure H,O and extends the
titratable pH range in a concentration-dependent way. Increasing the percentage of MeCN
results in a shift in the quantity of OH" titrant required to achieve the same pH (Figure 4.25).
Such behavior is consistent with competitive binding of MeCN to the external Co-centers in
aqueous solution, as acetonitrile decreases the percentage of [Co4P,W13-OH'] and therefore

allows normal titration to higher pH in the presence of MeCN.
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Figure 4.25 Titrations of Co,P,W ;g with 0.01M NaOH in the presence of 0 (blue) 1 (red) and 3 %

MeCN (green) in H,0.

In order to elucidate molecular structure and factors impacting the stability of
[Co4(MeCN)2(PW5034),]'", Co4P2W1g-(MeCN),, and [Cos(H,0)2(PW3034).]'", Co4P2W1g-(H,0);,
DFT calculations were performed on the lowest ferromagnetically coupled "*A-electronic states
of these complexes. These calculations show that MeCN ligand coordination to Co in Co,P,W13
is 2.1 kcal/mol stronger than for H,O. Close examination indicates that the stability of
Co,P,W,3-(MeCN),, and Co4P,W13-(H,0); is a result of Co-N (or O) and several H-bonding
interactions between ligands and the POM tungsten-oxo sites. The calculated O-H distance
between the methyl H of MeCN and the tungsten-oxo O is 2.57 A. The shortest corresponding

H-bond observed in the crystal structure is 2.890 A. The calculated stronger coordination of
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MeCN to Co4P,W;g compared to a water molecule is in a good agreement with the observation

that MeCN effectively competes with water for coordination to the external Co atoms.

4.3.5 Stability and Reactivity of CosV,Wagin Solution

It has been well-documented that Co-containing POMs are unstable towards certain buffer
anions. This phenomenon is particularly notable in phosphate buffer, where strong
complexation of Co by phosphate buffer anions results in a shift of speciation of Co(ll)
complexes and could lead to decomposition of Co,P,W,; 2. The isostructural Co,V,Wig system

is both more active (TON, TOF) and less stable than CosP,Wis.

The sustained applied potentials intrinsic to the use of electrochemical methods also affect the
observed stability of a POM system and frequently lead to POM decomposition. Therefore,
observations made through electrochemical methods are not always an accurate reflection of
system stability or reactivity under non-electrochemical conditions. Chelating reagents, such as
dimethylglyoxime (DMG) or 2,2'-bipyridine (bpy), have been used in conjunction with adsorptive
cathodic stripping to quantify and sequester Co(ll),q in solution, including studies of CosP,Ws.
However, the significantly lower relative stability of Co,V,Wssis reflected in its reactivity towards
DMG and bpy. These complexing agents may perturb the speciation of Co4V,W13 by

coordinating Co(ll) atoms in the POM and increasing rates of decomposition.

To examine the applicability if these methods in the V system, the reaction between Co,V,W;s
and DMG was studied using stopped-flow kinetics. The exemplary kinetic curves, are shown in
Figure 4.26. Addition of DMG to Co4V,W,g results in changes in the spectrum in less than 0.1 s,

suggesting rapid complexation with Co centers of the POM. Subsequent changes in the
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spectrum are associated with decomposition of Co,V,W1s. Therefore, an adsorptive cathodic
stripping procedure used to quantify free Co(ll),q in the presence of CosV,Wss in borate buffer

at pH 9.0 is problematic.
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Figure 4.26. The dependence of absorbance at 450 nm versus time after mixing 0.25 (blue) or 1.0
(red) mM Co,V,W;;g in water and 1.0 mM DMG in 180 mM NaB buffer (pH 9.0). The dashed line is

after mixing of 1.0 M Co,V,W;s with 180 mM NaB buffer (pH9.0). The dashed line is after mixing of

1.0 M Co,V,W,;s with 180 mM NaB buffer (pH 9.0).

Instantaneous mixing of the POM with bpy results in reduced light-driven water oxidation
activity as seen in Figure 4.27 (a), but with aging together in buffer, the activity is slightly

restored to the formation of a new complex and possibly excess Co(ll).q from the decomposition
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of the POM as shown in Figure 4.27 (b).
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Figure 4.27. Light-driven water oxidation oxygen measurements of Co,V,W g (blue circles) and
Co,V,W,s mixed with 1 equivalent of bpy per Co atom (a) with 0 minutes of mixing and (b) aging
for 1 hour. Conditions: 2 uM Co,V.W;58 uM of bpy, 1.0 mM [Ru(bpy);]Cl,, 5.0 mM Na,S,05 80 mM

sodium borate buffer, pH 9.0.

Figure 4.28 X-ray Structures of Lindqvist ions (a) VW; and (b) VW, formed as side-products in

synthesis and decomposition products of Co,V,Ws.
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The major decomposition products that could be isolated from solutions of Co,V,Wg are the
cis-[VoW,010]* and [VWsO4o]? Lindqvist ions, V,W, and VW5 shown in Figure 4.28, which are
also observed by *'V NMR. Preliminary X-ray diffraction data for crystals which form from this
solution have identified at least one major decomposition product as (Co(bpy)s)2[V2W4O1q]
(Figure 4.29). The VW5 and V,W, decomposition products, like Co(bpy)s**, are catalytically

inactive as shown in Figure 4.30.

Figure 4.29. Structure of the major product of decomposition of Co,V,W s with 2,2’-bipyridine in

borate buffer at pH 9.
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Figure 4.30. Light-driven oxygen measurements for (a) Co,V,W,;s (blue circles) and with aging for 2
hours (red x’s) and (b) cis-[ V2W4O19]4' (magenta stars) and [ VW50,9]3' (black open circles). Inset
shows zoomed in oxygen measurements. Conditions: 8 uM POM, 1.0 mM [Ru(bpy):]Cl;, 5.0 mM

Na,S;05 80 mM sodium borate buffer, pH 9.

The large formation constants of VW5 and V,W, are major contributors to this instability
observed with Co4V,Ws3in the presence of ligands that coordinate Co(ll), such as bpy and
DMG. In the conversion of Na salts of the POMSs, bromide ion is introduced into the solution.
UV-Vis and suggests the formation of CoBr,*” anions even in organic solvents with preliminary
XRD showing V,W, and VW5 (figure 4.28) with a contamination of Co(ll) counterions. Therefore
some of the data regarding bpy are inconclusive as to what the catalytically active species that
forms with aging may be. In addition to being isolated in higher yields as its hydrophobic salt,
Co,P,W,g does not shows similar signs of decomposition in the presence of coordinating

ligands. Although Co4P,W;g was isolable as its methylamine and DMF adducts (shown in Figure
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4.31) this is not true for Co4V,W,s which shows a different UV-Vis spectrum in DMF, shown in
Figure 4.32, which resembles Co,P,W,3 when titrated with OH’, suggesting that even DMF (or

possibly MeNH, that forms in DMF) lead to ligand dissociation.

Figure 4.31 X-ray crystal structure of the (DMF),Co,P,W,; derivative with N-coordination of DMF
solvent molecules. DMF binding was not observed in the vanadium analogue.
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Figure 4.32. UV-Vis spectra of Co,V,W,; (solid brown line) and Co,P,W s (blue dashed line) in DMF.

4.3.6 Electrochemical Stability of Co4POMs in Anhydrous Media

Although the V analogue of the Co4sPOM WOCs is reportedly much faster than the P analogue,
its instability is problematic as clearly demonstrated by its susceptibility towards decomposition
under various conditions that are often employed in WOC studies. Therefore, no clear
explanation for the difference in reactivity has been established. Electrochemistry was shown to
be effective in MeCN although the coordination of solvent appeared to significantly change the
redox potentials and reactivity relative to H,O coordination. Furthermore the difficulty in
maintaining anhydrous conditions limited the extent of experiments in this solvent due to
decomposition at the electrode surface. Therefore, electrochemistry was carried out in
anhydrous non-coordinating DCE solvent with TBAPF¢ as supporting electrolyte. The cyclic
voltammogram for Co,P,Ws5 is shown in Figure 4.33 and exhibits three events, one 2-electron
event at +856 mV and two 1-electron events at +1188 and +1480 with a reduction wave
appearing at +1320 mV on the reverse scan. This is in contrast to the cyclic voltammogram for
Co,V,W,g, shown in Figure 4.34, which features four single-electron events. The first three are
separated by ~300 mV while the final potential of +1426 mV approximately 200 mV beyond the
third. The first event at +576 mV is nearly 300 mV lower than the first potential for and this may
be related to a difference in protonation state, as similar splitting of multi-electron peaks was

observed in MeCN in the presence of base.
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Figure 4.33 Cyclic voltammetry of Co,V,W ;s in anhydrous DCE. Conditions: T mM POM, 0.1 M

TBAPF, scan rate = 50 mV/s
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Figure 4.34 Cyclic voltammetry of Co,V,W,g in anhydrous DCE. Conditions: 1T mM POM, 0.1 M

TBAPF, scan rate = 50 mV/s
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Figure 4.35 Electrochemical film formation on glassy carbon from Co,P,W;g in anhydrous DCE.

Conditions: 1 mM POM, 0.1 M TBAPF,, scan rate = 50 mV/s

q:
3 4
5 4
7
9 T T T 1
1.9 1.4 0.9 0.4 0.1
E/V vs. Fc+/Fc

133|Wieliczko



Figure 4.36 Electrochemical film formation on glassy carbon from Co,V,W;g in anhydrous DCE.

Conditions: 1 mM POM, 0.1 M TBAPF,, scan rate = 50 mV/s

In previous cases where decomposition of CoPOMs to form CoO, has been suspected, the use of
SEM-EDX to analyze the surface composition has proven valuable. In the formation of CoO,,
SEM-EDX shows only Co signatures, with the complete lack of W indicating no POM was intact.
SEM-EDX was employed here to establish whether the film formed on the glassy carbon
electrode surfaces corresponds to the POM or if there is significant decomposition to the oxide.
Examination of the images shows no particle formation and instead a smooth film is visible as
shown in Figure 4.37. EDX analysis shows the overlapping W and Co signatures, as well as V for
Co,V,W,; The observed W/V and W/Co atomic weight ratios of 30.98 and 14.00 correspond well
to the expected values (32 and 14.03, respectively) for Co4V,Wss; the observed W/Co ratio of
15.00 for Co4P,W,g, is also in good agreement with the predicted value but W/P or Co/P
measurements are obscured by the excess P from PF; electrolyte employed for cyclic

voltammetry.
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Figure 4.37 Scanning electron microscopy image of film formed on glassy carbon from Co,P,W s in

anhydrous DCE.

This suggests the POM is largely intact as opposed to decomposition to CoO, or other W or V

oxide species. The ratios are in good agreement with the stoichiometry of the parent POM.

Therefore, these studies show that under these electrochemical conditions, Co4P>W1g and
Co4V,;Wig are most likely remaining intact and adsorbing onto the glassy carbon
surface. The disappearance of the first oxidation event on multiple cycles may indicate
deprotonation upon oxidation, which results in adsorption and a decrease in the redox

potential. Thus, upon reversal, the reduction is not observed which would be consistent in

the absence of a proton source.
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Figure 4.38 Elemental mapping of glassy carbon electrode surface from scanning electron

microscopy image of film formed on glassy carbon from Co,P,Ws.

The slower rate of desorption of Co,V,W43 may be related to protonation state. The change in
the voltammogram for Co,V,W,35 over time suggests that the POM undergoes a slow structural
equilibration once dissolved into solution. However the strong resemblance to the Co,P,W1g

suggests these structures are similar if not identical in solution. Similar dependencies on
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aging time have been observed in aqueous media and are currently the subject of

intense studies.

4.4 Conclusions

Co-based POMs are promising as homogeneous, molecular WOCs, but suffer from hydrolytic
instability that renders detailed studies under catalytic conditions difficult, and little is known
about the water oxidation mechanism by CoPOM WOCs Co4P,W+1g and CosV,Wig in bulk
water. In Nature, on the other hand, water oxidation occurs at the OEC in an isolated
hydrophobic protein environment, and X-ray crystallographic studies of the OEC have led to
significant advances in mechanistic understanding of this important reaction center by
elucidating different protonation states of the active site. In these studies, solution state and
solid state X-ray diffraction studies reveal significant insights into the stability and reactivity of
the isostructural Co4P2W1g and CosV, W13 POM WOCs. Differences between the stability of
these compounds are evident in aqueous media, and significant differences in stability were also

revealed in organic media.

0) A fast, efficient and high-yielding method for the synthesis of and Co,V,W;gwas
developed and the purity established by *'V NMR. Conversion of alkali metal salts of
Co,P,W,gand Co,V,W,3 polyoxoanions to their hydrophobic, TBA salts was
employed to study these POM WOCs in conditions where their hydrolytic instability

was significantly diminished and reactivity could be better controlled. In MeCN,
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Co,V,W,;is indefinitely stable and showed no signs of decomposition compared to

~30% decomposition in H,O.

(D)} In organic solvent MeCN Co4P,W,s shows reversible oxidation of Co(ll) to generate
Co(lll) in one 2-electron step, which shifts to lower potential and splits into two 1-
electron couples in the presence of base, indicating proton-coupled electron transfer.
The presence of aqueous hydroxide in excess leads to a catalytic wave and
decomposition on glassy carbon, indicating likely CoO, deposition as in aqueous
media. One additional 2-electron redox couple is observed for a total of 4-electron
oxidation. However, no dioxygen is observed under electrochemical or chemical
oxidation conditions in MeCN. The inhibition of oxygen evolution by 1-3% MeCN in
H,O indicates that binding to the external Co(ll), which was confirmed in the solid
and solution state, competitively inhibits O, formation. This provides two possible
interpretations into the mechanism of water oxidation, either that binding at this
position either blocks coordination of substrate water or that reaction with MeCN

proceeds more quickly than reaction with water to form O..

(1 In anhydrous solvent like DCE, distinct and rich electrochemistry was discovered that
had never before been explored. The data suggest that Co,V,W,3undergoes a slow
equilibration or structural change in solution over time to resemble that Co,P,Ws.
After this stage, the CVs are indistinguishable. Prior to this stage, the first 2-electron
oxidation occurs at a potential that is ~300 mV lower and appears to be proton-

dependent. The disappearance of the initial event in both cases suggests proton-
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coupled electron transfer following the fir two Co(ll) to Co(lll) events. This
deprotonation appears to be the first step in adsorption to form a film on the glassy
carbon surface. The film dissolves in the absence of applied potentials, and SEM-EDX
shows atomic ratios in agreement with the POMs remaining intact. Therefore, these
results show that electrochemical studies of these POMs are indeed possible and
show extremely interesting potential for better understanding the properties,

stability, and mechanism in the POM WOCs.
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