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Abstract

The urgent need for the development of carbomeutral energy conversion schemes has inspired
chemists worldwide to investigate catalytic water splitting using sunlight aghe energy source. A key
component for the preparation of devices employing this proess is the water oxidation catalyst (WOC),
and understanding the factors that govern its catalytic performance is among the major challenges.
Beyond the weltlestablished WOCs based on ruthenium, catalysts containing abundant firstw
transition metals are a desirable target but require a deeper understanding before their largecale
application is viable. Along these lines, this work focusses on both thedepth analysis of diruthenium
WOCs, as well as the search for new catalysts based on copper and ttoBaglance is also cast at
dioxygen activation by dicopper complexes, which is not only of interest on its own but can additionally
provide insight into intermediates that are relevant to water oxidation.

Two rationally designed diruthenium WOCSs are presnted bearing a compartmental ligand scaffold
with a central pyrazolate moiety and peripheral carboxylate groups, beneficially preorganizing two
metal ions in close proximity and lowering the overall charge of the complex, respectively. The two
new complexes are completed with four axial sulfonated pyridine ligands that ensure high water
solubility over a large pH range, enabling extensive water oxidation catalysis investigations and
mechanistic studies. Distinction arises from the exogenous unit in the bietallic cleft: an S,Gbridging
DMSO in 3dmso or two H20 ligands in 3H20. The complexes were thoroughly characterized
electrochemically z using standard techniques such as cyclic voltammetry and square wave
voltammetry, culminating in the construction of aPourbaix diagram for 3420 z and investigated in
regard to their catalytic proficiency in chemical, electrochemical and photdriven water oxidation.
Using ceric ammonium nitrate (CAN) as chemical oxidan8dmse and 3H20 exhibit similar turnover
frequencies(0.188 and 0.201s™, respectively) but distinct overall catalytic profiles with retardation
of catalysis by C# and nitrate from CAN. A fooiof-the-wave analysis demonstrates efficient
electrocatalytic behavior for 3H20 with a kcat 0f 22.5+2.8s" at pH5.6, and both complexes are shown
to photochemically generate @ using [Ru((COOER®bpy)2(bpy)] 2+ as photosensitizer and NeS0s as
sacrificial electron acceptor. Alhough photocatalytic activity stops after around 130 turnovers in the
applied experimental setup, control experiments suggest that this is not attributed to the degradation
of the catalyst. Surprisingly, UV/vis spectroelectrochemical measurements indicate that the DMSO
moiety in 3dmso remains intact and within the bimetallic pocket during both chemical and
electrochemical water oxidation at least for a few turnovers, implying different catalytically active
species for the two WOCs. Three possibleaohanistic scenarios are considered foBdmso based on the
well-known hemilability of peripheral carboxylate groups and bridging exogenous ligands, as well as
the potential expansion of the coordination environment of one ruthenium center from six to seven at
high oxidation states. The unexpected stability of the DMSO moiety in the bimetallic patkof 3dmso
during catalysis suggests that the role and fate of DMSO ligands in ruthenitmased WOCs should be
carefully assessed.

A set of dinuclear copper and cobalt complexes based on a bis(tetradentate) platform with a central
pyrazolate bridge and triazacyclononane (tacn) sidearms connectedvia methylene units are
introduced, differing by the substituents of the tach macrocycles (Metacn in (L28)Mor the more bulky
iPra-tacn in (L2)™ and the exogenous ligand in thén,in-position. Of the (123)Mligated complexes, the
formate-bridged dicopper(ll) compound 5H¢02 and the MeCNcontaining dicobalt(Il) complex 7MecN
were examined with respect to their ability to serve as electrocatalysts for water oxidation. Both
complexes feature an irreversible wavein the cyclic voltammogram, which could be assigned to
catalytic water oxidation by dioxygen detection experiments in combination with controlled potential
electrolysis (CPE) forsHC02(52 9 faradaic efficiency). Rinse tests after cyclic voltammetry7{e) and
CPE BHCO)) clearly reveal a catalytically active deposit on the electrode surface, suggesting that the
compounds merely act as precatalysts and quickly degrade under turnover conditions. In caséd$oz,
the deposited material could be identified via X-ray photoelectron spectroscopy as a copper
oxide/hydroxide species. The decomposition 06HC02and 7MeCN under the harsh catalytic conditions
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emphasizes the necessity for oxidatively robust ligand systems. In addition to the analysis of the
electrocaalytic water oxidation ability, magnetic susceptibility measurements were conducted for
several of the dicopper and dicobalt complexes bearing the pyrazolate/tacn hybrid ligands, viz¥eCN,
5HCO2gnd its acetatebridged congener5©4cas well as the (Bb)Mligated dicobalt analogsBHC02and 80Ac,
Interestingly, 8HC02 and 80Ac feature slow relaxation of magnetization with relaxation timeszp of
7.7-10"esMpand 3.7-10"¢sMe as well as energy barrierdJerr of 8.9 and 6.0cm™e respectively, and thus
belong to a very small circle of homodinuclear cobalt(ll) complexes with SMM behavior.

50Acand 5HCo2were further investigated in regard to dioxygen activation following the strategy: (i)
reduction of the dicopper(ll) complex for thein situ generation ofa dicopper(l) species 6"') and (ii)
addition of dry Oz to 5" for copperzoxygen adduct formation. Surprisingly, reduction o6°4cto 5"
affords a mixedvalent CUCU' intermediate (5"), characterized both by UV/vis and EPRpectroscopy.
This observation is unprecedented for dinuclear copper complexes bearing pyrazolate/tacn hybrid
ligands and is attributed to the acetate unit in the bimetallic pocket, which is proposed to change its
coordination mode from bridging to chelatng upon oneelectron reduction in order to stabilize the Ci
site. Addition of molecular oxygen to5"" monitored by time-resolved UV/vis spectroscopy in a
stopped-&£l | x OA O°C Besuhsn aMuperoxo speciesf) as primary Cu20, adduct, in linewith
a 1e"reduction of the dioxygen. The generate&s rapidly converts to a p1,2-peroxo compound &P),
distinguished by its characteristic UV/visspectroscopic features, by reduction with either an
additional 5" species or a secondS compound. On tke other hand,5P is directly formed when
exposing5" toh AT A AAT AA Al AAOOT AWA Fe fOk G redox@dupldf UAA A O
A O nCiinuMeCNThe low stability observed for the coppegoxygen adducts ob is attributed to the
highly exposed dioxygen derived ligands associated with the methylene linker between the pyrazolate
moiety and tacn sidearms as well as the compact methyl residues at the macrocycles. As previously
shown, iPrz2-tacn congeners ob bearing a methylene or ethylene hker yield significantly more stable
Cw(O: adducts with a low oxidation/oxygenation reactivity towards organic substrates, which is
assumed to be higher for the herein presented complexes.

Intriguingly, the reduction of 5HCO2 monitored by NMR spectroscopy does not generate a
dicopper(l) species bu instead an oligonuclear copper(l) hydride cluster 9H) under carbon dioxide
release. Isotopic labeling studies proceeding from the DQ@5PC02) gnd HBCQM(5H{13CI02) congeners
of 5HCOZ reveal that both the H'ligands and CQ@ originate from the pu 3-bridging formate molecule.
Formate decarboxylation and hydride abstraction can be imagined happeningia a transient
[(L22)Cu2(u-OCH)] species or a mixedralent [(L22)CuCu!(u-O2CH)] species followed by further
reduction. The exact rearrangement of ligandstrands and metal ions to the hexacopper(l) product
[(L28)2Cus(H)2]2* containing two Cuw(ts-H) subunits remains unclear, however the full reaction
equation of this process could be determined, further comprising a free ligand molecule (identified by
ESI mass spectrometry and NMR spectroscopy) and an unbound formate unit (detected by NMR
spectroscopy) on theproduct side. Typical hydride reactivity of9H is demonstrated by the reaction

MT

with phenylacetylene retaining the [(129.CuY AT OA AOO OADPI AAET CMigaldd EUAOEAAC

bridging two Cu ions in end-on fashion and serving as a siden alkyne liganrd {bonding) to the more
distant third Cu' center (9¢8H5). By means of DFT calculationgour different isomers for both 95 and
9ceHs were identified featuring trans- and cis-arrangement of both the tacn sidearms of (#)™and the
HMF 0 E #kngieties with respect to the pyrazolate plane in all possible combinations, which aid in
explaining the dynamics observed in solution by variable temperature NMR spectroscopy. Control
experiments performed with the (L2°)Manalogs of5°Acand 5HCOZ viz.69Acand 6HCOZ highlight that the
formation of the mixed-valent CUCU' species ') as well as the hexacopper(l) hydride clusterg-)
are unique for the reduction of the Me-tacn complexessuggesting that steric hindrance is too high
with isopropyl residues atthe tacn moieties to accommodate the respective coordination motifs.
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General Introduction

The continuously growing world population and expanding global economy, as well as higher
standards of living are all factors which severely impact the global energy demand. In fact, according
tothe) T OAOT AGET 1T Al %l AOcCU ! cCAT Auh OEA x1 01 AgO AT AdOcCU
by 1.3% until 2040.111 The dramatic energy thirst is currently, for the most part, met by fossil fuel
combustion. However, with fossil resources slowly depleting, new technologies are necessary to
comply with these future energy demands. The search for an energy solution is ciered as one of
the most important challenges of the 21st centur{?

In order to ensure a secure energy supply, new methods of using existing carbbased fuels are
necessary. Nevertheless, this is not sufficient as it neglects the vast environmental damages that are
connected to energy-related carbon dioxide emissions. Current government plans fail to reach
emission reduction needs in order to limit the longterm global average temperature rise to well below
2 °C compared to preindustrial levels as stated in the Paris Agreemeraf 2016. However, according to
the Intergovernmental Panel on Climate Change, this is necessary to avert the most severe implications
for our climate system associated with global warmindf! In order to reach this goal with 66%
probability, anthropogenic CQ emissions must be linited to a total of 790gigatonnes between 2015
and 2100. On the prevailing path, this C{budget will have been exceeded by 203%5 Consequently,
there is an urgent need for the development of new and amplification of existing schemes for carbon
neutral energy production.

Among these are nuclear power and renewable energy sources such as photovoltaics (PV), wind
and biomass. In 2019, 6.4 and 14% of the primary energy consumption in Germany came from
nuclear and renewable energy, respectivelifl Increasing the amount of nuclear power in the total
energy mix would involve the rapid construction of multiple new power plants. Due to the
exhaustibility of terrestrial uranium sources, it also nerely postpones the approaching issuél
Additionally, nuclear power is a constant topic of public debate, espally in regard to its safety and
the storage of radioactive waste products. On the other hand, the current renewable energy
technologies have significant drawbacks and limitations. Accordingly, PV and wind are sensitive to
fluctuations in solar radiation and wind strength, and demand efficient transport and storage.
Furthermore, biomass can be considered a competitor to food production as it requires the widespread
use of agricultural landi® Finally, the current renewable technologies all provide electricity, which
merely accounts for 20% of the energy consumption?] Alternatives to fossil resources are required,
especially in the fuel and heat sector.

By far the most abundant source of renewable energy is provided by theirs. In fact, within just
over an hour of sunlight enough energy strikes the earth to cover the current global energy
consumption of an entireyeaf ( | x AOAOh OEA 00180 AT AOCU EO AEAAOOA
large amounts. Additionally, the diurnal cycle of the sun limits its use as a primary energy source for
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society. Accordingly, schemes are necessatty store solar energy in order to use it whenever and for
whatever desired.

Nature demonstrates the storage of solaconverted energy to generate a fuel by means of
photosynthesis (see Sectiod.1q8 )1 OEEO bBOI AAOOh OEA 0061860 Al AOCU
concomitantly providing reducing equivalents to convert C® into carbohydrates. Inspired by
photosynthesis, its artificial replica (se= Sectionl.2) aims at storing solarconverted energy in the form
of chemical bonds using water as the raw material. The oxidative half reaction (s8ection1.3), known
as the oxygen evolution reaction (OER), is considered the bottleneck in this endeal8il
Consequently, the development of catalysts to facilitate this reaction is of great interest. As both the
OER and its reducing counterpart, the oxygen reduction reaction (ORR), are suggested to involve
metalzoxygen intermediatesi!213 an investigation of dioxygen activation at transition metal
complexes can also bring forth fruitful insight (see Sectiof.4).

1.1 Photosynthesis

Natural oxygenic photosynthesis is the biochemical process that paved the way for more complex
life forms on earth. Initially emerging around two and a half billion years ago, this energy consuming
process provided both reduced carborbased compounds (including fossil resources) and vital
dioxygen, which allowed for the formation of the ozone layer and the evolution of aerobic respiration.
Overall, water and carbon dioxide are converted to carbohydtas (with CHO stoichiometry) and
molecular oxygen, using sunlight as energy (efj1). As the energy content of the products exceeds that
of the reactants, the photosynthetically formed carbohydrates represent chemically stored solar
energy[14

(1 #/ ww iE#(/ / (11)

Photosynthesis is a membranespanning process that takes place in the thylakoidhembrane in
chloroplasts in cyanobacteria, green plants and algae. Its light reactions can generally be -sliNdded
into four steps: light harvesting, charge separation by electron transfer, water oxidation and the
formation of energy carriers. The lattercomprise adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide phosphate (NADPH), which provide chemical and reducing power, respectively.
These are subsequently inserted into a complex reaction cycle, known as the Calvin cycle, in which they
are used for the conversion of atmospheric GOnto carbohydrates in the soecalled dark reactions of
photosynthesis[14.15]

The light-driven processes take place at the photosystems PSI and PSittfemel.1). Here, sunlight
is harvested by antenna pigments, and the energy is transferred to reaction center chlorophylls (P700
and P680). At the PSII, the photoexcited P680* transfers an electron to pheophytirh@), generating
the cation radical P680* (charge separation). In turn, Pheo reduces the proteibound plastoquinone
Q», which passes on the electron to €) The plastoquinone @ cycles between an oxidized (§ and
doubly-reduced plastoquinol (H:Qg) form, the latter of which is released into the hydrophobic region
of the membrane. This allows Qs to be in exchange with the secalled quinone pool of the membrane,
enabling electron transfer outside of the proteiri16.17]

Subsequently, the pathway of the electrons crosses the cytochronbef complex (cyt bsf), which
mediates the electron flow from PSII to PSI. This transmembrane complex transfers electrons from
H2Qs to plastocyanin (PC), concomitantly pumping mtons from the outside (stroma) to the inside
(lumen) of the thylakoid membrane. The thus generated proton gradient drives the phosphorylation
of adenosine diphosphate (ADP) to ATP by the enzyme ATP synthase. Thereupon, the watéuble PC
reduces the ralical cation P700+ at PSIi16]

EO



1.1 Photosynthesis

Light triggered charge separation at PSk responsible for electron transfer from PC to ferredoxin
(FD) via a series of ironsulfur clusters (FeS). The higkpotential electrons stored in two FD molecules
are ultimately used for the reduction of NADPto NADPH catalyzed by ferredoxirlNADP reductase
(FNR). This proceeds in the stroma and, thus, contributes to the generation of the proton gradient along
the thylakoid membrane, as it involves the uptake of an el

On the other side of the electron transport chain (PSIl), the electron deficiency at P680s
compensated by the oxidation of water at the oxygen evolvingomplex (OEC)via a redoxactive
tyrosine (Yz). The oxidized ¥* is stabilized by reversible proton transfer to an adjacent histidine
moiety, thus generating a neutral tyrosyl radical. Concomitant to the reduction of;Yby the OEC, it is
re-protonated by the neighboring histidine [17z21]
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Scheme1.1: Simplified Z-scheme of the light reactions of natural oxygenic photosynthesis (OEC: oxygen evolving
complex, ¥: tyrosine z, PS: photosystem, Pheo: pheophytin, Q: plastoquinone, lmft cytochromebsf complex, PC:
plastocyanin, FeS: irorsulfur cluster, FD: ferredoxin, FNR: ferredoxiANADP reductase, NADPH: nicotinamide
adenine dinucleotide phosphate). The short black arrows denote the direction of the electron flow.

The OEC acts as a charge accumulator, coupling lighduced one-electron transfer to the multi-
electron catalytic process of oxidizing water to dioxygen. Only through the combination of the two
photosystems, a sufficient potential can be obtained to enable this extremely energy intensive reaction.
An essential feature of the OEC is that itrpvents the formation of detrimental free reactive oxygen
species (ROS), such as the hydroxyl radic&@H, hydrogen peroxide HO, and superoxide Gf MAs the
formation of molecular oxygen is accompanied by the release of four protons on the lumersidie of
the thylakoid membrane, water oxidation by the OEC also contributes to the generation of the proton
motive force for ATP synthesigt6.22]

The central unit of the OEC is a [Mi€aQ)] cluster (Figure 1.1, left) with a chair-like structure, the
base ofwhich, a distorted cube, is formed by three manganese (Mg) and one calcium ion linkedvia
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t -OH"and t -Os Migands (O1z3, O5). Accordingly, Mn4 and O4 constitute the back of the chair. The
metal ions are further coordinated by several carboxylate and a histidine residue from the peptide side
chains of the protein. Several water molecules, representing the subste of the OEC, are situated in
close vicinity to the cluster cord?3!

In 1970, Koket. al. reported a fourstep mechanism for the oxidationof water to dioxygen at the
OEC Figure 1.1, right).241 The respective five intermediates, known as the-States $to Sy, are fomed
by the successive storage of four oxidizing equivalents (as indicated by their subscript). Whereas the
calcium ion is redox inactive, the manganese ions toggle between Mmand MnV throughout the
process. Concomitant to the oxidation of the metal i@) protons are removed from the cofactor in so
called proton-coupled electron transfer (PCET) steps in order to avoid charge accumulation. In the last
transition of the so-called Kok cycle ($° &), dioxygen is released. The exact mechanism of this
process has not been elucidated thus far; however, multiple suggestions are in debate (see Section
1.3.3).121.25228)
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Figure 1.1: Water oxidation at the OEC. Left: Molecular structure of the OEC at the P&ttracted from
Thermosynechococcus vulcanasa resolution of 1.9 (manganese: purple, calcium: yellow, oxygen: red, nitrogen:
blue). Reprinted with permission from reference{23]. Right: Schematic diagram of the Kok cycle for water splitting
at the OEC involving five intermediates,c30 .

1.2 Artificial Photosynthesis

I xET ¢ O1 OEA00 AW -carB0a0d intgrmittent (sensitive to daytime, weather and
geographical location) natureof solar energy, effective capture, conversion and storage methods are
necessary to make it compatible with human energy requirements. Existing options include the
conversion of sunlight to electricity (PV), and its storage in batteries or by transformatin to
mechanical energy (to drive turbines). However, the latter is not suitable to compensate the diurnal
cycle of the sun and current batteries are far too expensive to compete with fossil resources. Thus, in
order to make use of the sun as a primary emgy source, the emulation of natural photosynthesis by
conversion of solar energy into chemicalg,e. to generate secalled solar fuels, is the most promising
approach[229]

Storing solar energy in chemical bonds can be achies by both direct and indirect methods. The
latter include biomass to biogas conversion and the use of electricity generated from solar energy to
drive electrocatalytic reactions. In the direct pathway, referred to as artificial photosynthesis (AP),
sunlight is converted to a solar fuel in an integrated system, without intermittent energy carriers. The
successful imitation of the natural energystoring procedure requires the orchestration of several
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intricate processes. These include light harvesting, chaggseparation and electron transfer, as well as
coupling the onephoton/one -electron charge separation events with multielectron catalysis(2®!

In principle, a device capable of AP, also referred to as a photoelectrochemical cell (PEC), consists
of the same components as its natal counterpart: a photosensitizer responsible for light harvesting,
as well as catalysts for water oxidation and the fuelorming reaction. Hydrogen gas is considered an
ideal fuel as it combines a high gravimetric energy density with a netoxic byproduct upon
combustion, viz. water. However, a transition to an klbased economy bears significant challenges. As
an alternative, the electrons resulting from water oxidation can be used for the formation of a carben
based fuel by reductive fixation of C&)e.gin an alcohol. Although this might be more compatible with
the current energy sector, the catalysis involved is significantly more challenging due the inherent
structural stability of CQ.. Furthermore, this pathway would maintain the carbon dioxide cycl&9.30]

A schematic representation of a PEC for water splitting is illustrated iBchemel.2. The two half
reactions (anode: water oxidition, cathode: proton reduction) are located in different compartments,
connected through an external circuit for electron flow but physically separated by a proton exchange
membrane (PEM). The latter allows protons to pass from the oxidative to the rediixe module, while
keeping H and & well separated. This simplifies product collection and simultaneously prevents their
potentially detrimental backreaction to HO. Each compartment comprises an electrode, of which at
least one is coupled to lightibsorption (photoactive).311
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Scheme 1.2: Representation of a photoelectrochemical cell (PEC) for water splitting (SC: semiconductor, CB/VB:
conduction/valence band, P: photosensitizer, WOC: water oxidation catalyst, PEM: proton exchange membrane,
HEC: hydrogen evolving catalystl

Light harvesting can either be achieved by a semiconductor (SC) wim appropriate band gaj#2.33!
or sensitized with a suitable chromophore (P)34z36] as known from dye-sensitized solar cells
(DSSCsk7:38l High photochemical stability, extended absorption in the visible region, longved
excited states, as well as a suitable redox potential to oxidize the water oxidati catalyst (WOC) or
reduce the hydrogen evolving catalyst (HEC) constitute the demanding requirements for light
absorbers. The SC is coupled to the catalyst, which would favorably be of heterogenous nature. This
includes immobilized molecular catalysts orchromophore-catalyst dyads, as well as nomolecular
systemsl39z41]

Given the high complexity of the artificial photosynthetic procesg the thermodynamic and kinetic
conditions of numerous chemical reactions have to be matched to prevent back elexst transfer and
unwanted side productsz a reasonable approach for the construction of a PEC is to divide the overall
process into its two half reactions. Along this strategy, the two catalyst systems for oxidative &nd
reductive Hz production can independently be developed. Initially, the catalytic proficiency is studied
by means of a chemical redox agent or by applying a potential with a potentiostat. A suitable catalyst
can then be coupled to light absorption, with a sacrificial electron acceptor (fét-O oxidation) or donor
(for H* reduction) mimicking the complementary half reaction. Here, the typically irreversible nature
of the sacrificial electron agents, as well as their large excess provide a strong driving force for forward
electron transfer. Aternatively, one module can be replaced by a counter electrode and a suitable
potential applied to probe the desired half reaction. Once separately optimized, the modules need to
be combined in the final devicd?29.31.42]
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Although these steps may seem straightforward, harmonizing all involved reactions to achieve
efficient light harvesting, fast electron transfer, and ultimately high substrate (kD/H*) conversion is
far from trivial. Accordingly, only few systems capable of artificial photosynthesis have been produced
thus far. Due to the high complexity of assembling two photoactive modules, most current devices are
single-photoelectrode cells[39.43:44]

1.3 Water Oxidation Catalysis

As an essentially inexhaustible, environmentally benign, inexpensive and widely available material,
water is the ideal feedstock for generating a sofduel. However, in order to develop sustainable energy
conversion schemes based on water splitting toCand H by sunlight, the underlying processesyiz.
water oxidation and proton reduction, must be fully understood. Whereas the latter is already
successfully conducted by catalysts based on both noblee(g.rhodium, platinum)“5z48l and earth-
abundant metals €.g.nickel, cobalt, iron, molybdenum)49z511 the most efficient and stable molecular
HECs being nicketontaining complexes bearing diphosphine ligands with pendant amind®z5sl the
oxidation of water to dioxygen (eql.2) remains the major challenge. 8en the complexity of this
reaction, the development of efficient and robust WOCs is considered the bottleneck in this
endeavor/10.11]

c(/°/ 1( TA (12)

1.3.1 Requirements and Evaluation Criteria of WOCs

The oxidation of water to molecular oxygen is both thermodynamically and kinetically challenging.
This expresses itself in a high standard redox potential of 1.23 (all redox potentials herein are
reported against the normal hydrogen eletrode, NHE) at pH 0, which corresponds to a Gibbs free
energy of 237kJ-mol®, as well as the enormous complexity of the reaction from a mechanistic
perspective. Accordingly, two protons and electrons must each be removed from two water molecules,
and an @O double bond must be formed. As this multielectron catalysis must happen in one step in
order to avoid the formation of highly reactive radical oxygen species, a suitable catalyst is required to
accumulate four electron holes in close proximity. In othewords, the metal centers in WOCs must have
access to high oxidation states. Given the high thermodynamic energy associated with the water
oxidation process, catalysts must further comply with a high oxidative stabilityi,e. possess oxidatively
robust and substitution resistant ligands. If this is not the case, the initial WOC could unknowingly be
transformed to another species or all the way to the respective metal oxide, leaving the nature of the
actual catalyst unknown. Finally, a potential WOC shouldedture an aquo ligand or an open
coordination site at which a water molecule can bind in order to generate the crucial metaxo entity
necessary for QO bond formation (see Sectioi.3.3).[31.56]

Various criteria can be applied for the evaluation of WOCs. These include the turnover number
(TON) and frequency (TOF), the faradaic efficiency (FE), aswellastheoyjes @ AT A AAOAI UOEA DI
(Eca) of water oxidation. Whereas the former two are used to evaluate the chemical, electrochemical
and light-driven water oxidation proficiency of WOCs (see Sectioh.3.4), the latter three are only
relevant to electrocatalystsl>7]

The over and catalytic potential are measures to assess the ability of a WOC to decrease the kinetic
AAOOEAO &£ O xAOAO 1T EAAOETT AT A AOA 1T OA T0O0 1AOGO
Ecat and the thermodynamic potential of water oxidation at a iyen pH. However, the definition ofEca
differs between publications, designating the potential at the onset of the catalytic wave, or at half
maximum or maximum catalytic current and thus comparisons between WOCs regarding these
parameters should be madewith caution. Herein, the onset and catalytic potential are used as

synonyms/[s7]

(@)
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The TON andTOF of a catalyst are defined as the number of dioxygen molecules produced by a
catalyst molecule in total (before degradation or inactivation) and per unit time, respectively. They
provide a measure of the stability/lifetime (TON) and catalytic proficieng (TOF) of a WOC. It is
important to note that the methodology and experimental conditions strongly influence the TON and
TOF parameters and thus should be taken into consideration when comparing WO&E.

Finally, the FE describes the efficiency with which a catalyst utilizes charge to drive an
electrocatalytic reaction. It corresponds to the ratioof the experimentally achieved and theoretically
possible (assuming that 100% of the charge is transferred to water oxidation) number of catalytic
cycles mediated by a WOC.

1.3.2 Molecular vs. Non-Molecular, Precious vs. Base Metal WOCs

The search for highperformance WOCs has led to the development of a large body of both
homogenous$884 and heterogenou#5:79 catalysts. A big emphasis in this field has been put on
molecular WOCs due to their distinct advantages over nemolecular systems. These includ&? .39

() tunability z rational design of WOCs through deliberate synthetic modifications. This entails
the choice of transition metal, oxidation state, geometry, and the introduction of functional
groups to vary the solubility and electronic properties of the WOC, as well as enable anchoring
on solid supports. Subtle variations in catalysts can provide inghtful structure-activity
relationships.

(i) mechanistic elucidation z full comprehension of the catalytic process on a detailed level.
Various spectroscopic techniques can be used to identify intermediates on the way to the
desired reaction. This is especia)l useful in combination with the tunability of molecular
WOCs as adjustments can be made based on the gained knowledge to generate more efficient
catalysts.

(i) metal -atom economy z efficient utilization of metal atoms (especially relevant for catalysts
based on rare metals). In contrast to nommolecular systems, in which catalysis only takes
place at a small number of metal atoms situated at surfaces, edges, corners or heterojiord,
metal utilization in homogenous molecular catalysts can reach 10%. This is especially
relevant in regard to the desired largescale application of WOCs in devices for AP. Note that
in homogenous electrocatalysis only the catalyst molecules at théeetrode surface are active.

In contrast, nornrmolecular systems often possess a higher stability as they are less susceptible to
degradation or inactivation. In order to combine the advantages of both the molecular and non
molecular fields, the heterogeniation of molecular WOCs by anchoring on solid supports is a useful
technique. Various strategies exist to accomplish this, including physisorption, electrostatic
interaction, encapsulation and chemisorption. The major challenge is to maintain the intrinsigigh
activity of the homogenous catalyst after immobilization. Next to a prolonged stability, the decreased
translational mobility of the molecular component also bears the benefit of providing deeper insight
into potential deactivation pathways[39.71]

Ruthenium-based complexes provide the largest and besharacterized body of molecular
WOC4J?>7.71z74] The extensive application of ruthenium in this regard results from its richness in terms
i £ AOAEI AAI A T QEAAOGEIT OOAOGAG jM)) Oi c6)))qh
Additionally, ruthenium-based compounds are frequently sufficientiong-lived to enable detailed
mechanistic investigations.

Although good catalytic activities (TON and TOF) have been achieved with WOCs based on noble
metals, such as ruthenium and iridium, the limited supply and high cost of these metals restrict their
widespread application. Consequently, enhanced research is going towards the incorporation of
abundant and cheap firstrow transition metals in water oxidation catalysts. Inspired by the OEC,
manganesebased compounds were among the first group of WOCs déaped in this regard. Although
the structural imitations of the OEC exhibit a rather low proficiency for the oxidation of water to
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dioxygen, they give an insight into the dynamics of such structuré®] Nowadays, the field of WOCs
based on base metals has expanded, including complexes with iron, cobalt, nickel and copjiéfz80l

A large drawback of firstrow transition metal WOCs istheir poor stability in comparison to those
of precious and rare metals. Accordingly, a significant number of such catalysts have been shown to
decompose under turnover conditions to the respective heterogenous metal oxides or nanoclusters,
which are often still active towards water oxidationI81z89 This poor robustness is largely an effect of
the substitutional lability of base metd complexes in comparison to their precious metal congeners.
Correspondingly, HO exchange in [M(EHO)s]™ is up to eight orders of magnitude higher for both Fe
and Fé'' than their respective RU and RU" counterparts.[90.91 Whereas the RgOH: bond is the only
reactive site in the typical polypyridyl-type catalysts, HO competes with the ancillaryligands for
coordination sites in base metal WOCs. The stability of the latter thus strongly depends on the co
ligands, and also the solution pH has a large effect. At too low pH, donor groups of auxiliary ligands can
be protonated leading to decoordinaton9293 At too high pH, base metal complexes are likely to
degrade to the respective metal oxids or hydroxides, which can form thin films on the electrode
surface or precipitate from the solution as colloids, thus providing an additional driving force for
decomposition[®4 Given that the pH can dramatically ltange during water oxidation catalysis (see eq
1.2), the use of a buffer is crucial. Furthermore, especially for firgbw transition metal WOCs, the
homogenous nature of the catalysis must be investigatd®.64

1.3.3 Mechanistic Considerations

The mechanism of water oxidation to dioxygen by transition metal complexes with a bound:&
molecule can be separated into thee main phases: (i) generation of higlvalent metalzoxo species, (ii)
OzO bond formation, and (iii) Q evolution. In the first step, the WOC is activatedia a series of PCET
steps, a phenomenon first discovered by the Meyer group in the late 19785%! transforming the
initial [M T M2OH] to an [Mr=0] entity. The simultaneous removal of electrons and protons from the
catalystallows the formation of the critical high-valent metalzoxo species at comparably low potential
in comparison to the exclusive transfer of electrong”

The effect of PCET is nicely exemplified by the related mononuclear ruthenium complexes
[Ru''(bpy)2Ck] and cis-[Ru''(bpy)2(py)(OH2)]2* j A B U dpipytidine,&y: pyridine). Whereas in the
chlorido complex, the RU/Ru" and RUY/Ru'" redox events are situated at 0.56 and 2.23/[%]
respedively, the separation between these couples is reduced to 0.M upon oxidation and
concomitant deprotonation in the aquo complex (0.66 and 0.7Y, respectively, at pH?).[%
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The beneficial effect of PCET stepgz. reaching high oxidation states at the metal centers in WOCs
at relatively low potential, results from two main contributions.®”l On the one hand, simultaneous
eMH + removal prevents charge accumulation and the formation of high energy intermediates. On the
other hand, the successive deprotonation of the aquo molecule gradually generates a ligand with higher
electron-donating character (HO< HO"< O Ythat is capabk of stabilizing the high oxidation states of
the metal ion. The oxidative activation of a WOC can thereby be achieved by using either a chemical
oxidant, applying an external potential or by using sunlight as an energy source (see SectloB.4).

The thus generated metaoxo units trigger oxygerzoxygen bond formation, the key and often rate
determining step (RDS) of water oxidation catalysis. For thigrocess, two major mechanistic pathways
exist, involving either an external water molecule (water nucleophilic attack, WNA) or a second [¥O]
unit (interaction of two MzO entities, 12M). In the WNA pathway $cheme1.3), a substrate HO
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molecule attacks the electrordeficient high-valent metalzoxo group, resulting in a formal tweelectron
reduction of the metal center and the formation of a hydroperoxo irdrmediate. Further oxidation and
deprotonation of [M' MgOOH] leads to the liberation of @and reformation of the initial reduced
complex on aquation(61.99]

In the typical WNA mechanism, the formation of the hydroperoxo species proceeds a concerted
two-electron pathway in a single step. Recently, a slightly modified WNA mechanism was reported to
be operative in a few coppetbased WOCsyiz. single electron transfer (SET) WNA. In this case, the
oxygerroxygen bond formation occursvia two one-electron transfer steps involving an intermediate
with an (HO---OHJ)" radical anion fragment featuring a partial @O bond. The second SET then
generates the hydroperoxide group (H@OH)/[100.101]

The WNA mechanism is favorable if the metabxo fragment is sufficently electrophilic to be
attacked by a nucleophilic substrate and the accessibility of the 2D moiety for a water molecule is
given. As hydroxide is a far better nucleophile than an4® molecule, the rate of water oxidatiorvia
WNA can significantly be ehanced by the strategic introduction of a proton acceptor/base, which
simultaneously deprotonates the incoming substrate. This is often referred to as atom proton transfer
(APT) WNA. The concentration of hydroxide nucleophiles in the aqueous solvent envimment is also
increased at high pH, thus rendering WNA more likely under these conditiofr$]
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Scheme1.3: Generalized @O bond formation mechanisms involving highvalent metal oxo species (WNA: water
nucleophilic attack, I2M: interaction of two MO entities, RI: redox isomerization). The oxygen atoms in blue and
black are chosen to indicate a different degreef 180-labeling in the transition metal complex and solvent water.

By contrast, the I2M pathway Schemel.3) involves the radical coupling of two metatoxo units
and can occur in an intraand intermolecular manner. In both scenarios, the gD bond is formed in an
[MT MpOzOzM! Mpspecies, which undergoes further oxidation to produce £ Requirements for this
mechanistic pathway include that the [M=0]fragment bears significant radical character, such that it
might better be defined as [M M2O-], and the geometric state of the complex is compatible with such
an interaction. Accordingly, the respective complexes generally contain flexible ligand scaffsldo
accommodate the two metatoxo units in a distance and angle suitable forZ® bond formation|62.99]

While WNA is the most widely proposed mechanism for both molecular and metal oxide based
WOCs, few examples have been reported to operatia 2M.[1022105] Despite this mechanistic progress,
a precise understanding regarding the parameters that favor one mechanism over the other, including
ligand-dependent preferences (flexibility/rigidity, electron donating/withdrawing abi lity, possible H
bonding interactions to substrate HO), remains one of the major challenges in the field of water
oxidation catalysis. This endeavor is complicated by the fact that the energy difference between these
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two mechanisms can be minimal and onlysubtle changes regarding the structural or electronic
properties of the catalysts can have a large impact on the reaction pathw@§i.

Quite recently, a third possible @O bond formation pathway was introduced designated redox
isomerization (RI, Schemel.3). This mechanism has thus far only been reported for coppdrased
WOCs and resembles the extensive biomimetic chemistry of copper complexes with dioxydéfi.

I AAT OAET Cl Uh -oho) chrpouhdEEON | AREOGE} Ui Xperdxd spekiest featuring an @0
bond and two oneelectron reduced metal centers. Further oxidation of the peroxo unit leads to the
release of @and regenerates the starting point of the catalytic cycléd]

Experimentally, the @O bond formation pathway can be elucidated by means of kinetic and
spectroscopic techniques, as well as reactivity tests. Particularly useful are labeling experiments where
the transition metal complex (M¢OH) and the aqueous solvent have a different degree éfO-
labeling/103.108z111] Here, the two major mechanistic pathways (WNA/I2M)can unambiguously be
differentiated by isotopically analyzing the molecular oxygen generated in the first turnover using
online mass spectrometry (see&schemel.3). For validation, these experiments should be performed at
different degrees of catalyst and solvent labeling. In regard to this experimental procedure,
mechanistic elucidations require transition metal complexes that are soluble in an aqueous diam.
The experimental investigations are often complemented by theoretical calculations.

Given the lack of experimental data, the operating pathway forzZ® bond formation in the OEC is
still unknown. Nevertheless, different mechanistic proposals exist demding on whether the oxidation
from Sto S (Kok cycle, sedrigure 1.1) is ligand- or metal-centered (Schemel.4). In the former case,
the generation of an Mi¥zoxyl moiety is expected and @O bond formation is assumed to proceedia
a radical coupling mechanism in either an open (A) or closed (B) cubane structure. In case of a metal
oxidation event, the @O bond is presumed to be formedia nucleophilic attack of an HO molecule,
e.g.bound to the calcium ion, to an electrophilic M¥izoxo entity (C). Here, the [MM=0] unit could
alternatively be attacked by a neighboring oxo groug!
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Scheme1.4: Three potential structures of the 3 state in the Kok cycle preceding g0 bond formation in the OEC.
The oxygen atoms involved in @O bond formation are marked in red. Coordinating amino acids are omitted for
clarity reasonsl21]

1.3.4 Investigation Strategies of WOCs

Essentially three different methods exist for the evaluation of the water oxidation capability of
transition metal complexes in the homogenous phase. These involve the chemical, electrochemical and
photochemical oxidation of the potential catalysts to gemate the crucial metakoxo fragments for
OzO bond formation. Rapid screening of WOCs is most easily performed using chemical oxidants in
bulk solution. However, this technique is far from mimicking the conditions employed in artificial
photosynthetic devices. By contrast, electrochemical studies most closely resemble the conditions
found in a PEC. In light of the future goal of generating such a practical device, a promising WOC must
be capable of the lightdriven oxidation of water to dioxygen, which carbe probed in combination with
a photosensitizer.

10
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Chemical Water Oxidation

Typically, the sacrificial oxidant is added to an aqueous solution of the WOC or the other way
around, and the generated dioxygen is measured in the solution or gas phase usindalCelectrode,
mass spectrometry or gas chromatography. The most common oxidizing agent applied in this regard
is ceric ammonium nitrate (CAN), a strong onelectron oxidant with a redox potential of 1.75V at
pH 0.9 in an aqueous perchlorate solution (~B mM).[1121 The ability of CAN to act as a onrelectron
oxidant is advantageous, as it enables the successive oxidation of the catalyst as observed in the natural
system (see Sectiori.1). However, a large drawback in the application of CAN as sacrificial oxidant is
its instability in aqueous solutions with pH>1, thus limiting its use to screening aid resistant
catalysts[®® Furthermore, studies have shown that Q& can interact with the catalyst and have an
influence on the mechanistic scenarif13z116]

Alternatively, a number of strong twoelectron oxidants can be applied for the catalytic
investigation of WOCSs, including sodium hypchlorite (NaClO), sodium periodate (Nal@) and
potassium peroxymonosulfate (KHS€).[112.117.118] The main advantage of these sacrificial oxidants is
their activity under neutral or alkaline conditions. However, a large concern exists regarding the use
of two-electron oxidants to screen WOCSs, due to their ability to serve as ekansfer reagents(119.120]
Consequently, the liberated @ could contain an oxygen atom from the chemical oxidant, thus
guestioning their practicability to probe actual water oxidation. Studies have also shown that CAN can
act as an oxygen atom transfer reagent, however examples are ré8.121]

An alternative and attractive oneelectron oxidant is [Ru(bpy)s]3*, which features a potential of
1.26V and can be applied at near neutral pH. However, its relatively high cost and low thermodynamic
potential have rendered it quite uncommon for evaluating molecular WOCs. Nevertheless, as
[Ru(bpy)s]3+ can be photogenerated from the [Ru(bpy]?* complexes, it has found widespread
application in probing light-driven water oxidation (see below)[ It should be noted that attention
must be paid when using chemical oxidants as an external driving force for water oxidation, tse
typically large excess of the oxidant relative to the WOC provide highly oxidizing conditions, which can
promote catalyst decomposition processes.

Electrochemical Water Oxidation

Electrochemical methods provide a useful analysis technique for the instgation of both
heterogenous and homogenous WOCSs. In addition to the characterization of the catalyst, they provide
a valuable tool to extract thermodynamic and kinetic information for electrocatalytic processes.
Conventionally, the catalytic proficiencyof electrocatalysts has been evaluated using the classical
catalytic plateau current analysis, providing the observed rate constankons for the homogenous
reaction according to equation1.3 (ip: catalytic plateau current,ip: forward current in absence of
substrate, n: electrons transferred in catalytic processnd d, Al AAOOTI 1 O OO0OAT OAAOOAA
catalytic processR: ideal gas constant]: temperature, F: faraday constanty: scan rate)l*22l However,
the application of this method requires the forward and backward scan of the cyclic voltammogram
(CV) to be fully superimposed (S$haped voltammogram), whichis rarely observed experimentally.

£ YYQ

T g 00T (13)

0
0

In 2012, Costentinet al. developed an improved methodology for the evaluation of electrocatalysts,
the so-calledfoot-of-the-wave analysis (FOWA}23.1241 An advantage of this method is that it does not
require an Sshaped response in the CV. Furthermore, FOWA is not affected by common side
phenomena such as catalyst deactivation or substrate consumption at the electrode surface, which
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1 General Introduction

usually preventthe extraction of kinetic information, as it is based on the analysis of the first few points
of the catalysis where the catalytic response is unperturbed by such processes.

The mathematical FOWA equation was adapted to the investigation of molecular WQiysMatheu
et al. for cases in which the RDS is firs{eq 1.4) or secondorder (eq 1.5) in catalyst concentration,
corresponding to a WNA or intermolecular 12M pathway of @O bond formation, respectively {p:
forward current of a reversible electrochemica process,E°: potential of water oxidation catalysis,
which can be determined by differential pulse voltammetry,6 : initial bulk concentration of
catalyst).[1251 Accordingly, next to the extraction of kinetic information, this methodology, when applied
to concentraion dependent measurements, allows the elucidation of the operating reaction
mechanism (WNA or intermolecular 12M). It should be noted that a distinction between WNA and
intramolecular I2M cannot be made, as both pathways are firgirder in catalyst concentration.

P rl&r%g‘b

S (14)

p A

Y -
o TAET m\fm »
=

(15)
p A

From equationsl.4and 1.5, the apparent WNA pseudgate constantkwnaor dimerization constant

ko can be extracted by plotting—vs. or , respectively. Whilekwna corresponds to

the maximum achievable TOF for electrocatalytic water oxidan via WNA, TOmax for the
intermolecular 12M pathway can be obtained by multiplication okp with -¢ 12251

Light-Driven Water Oxidation

A general scheme for the processes occurring during photdriven water oxidation is depicted in
Schemel 5. Apart from the WOC itself, a photosensitizer (P) and a sacrificial electron acceptor (SEA)
are necessary to probe thg@hotocatalytic performance. Water oxidation is thereby typically triggered
by [Ru(bpy)s]3+-type oxidants, which are generatedin situ by light absorption of the respective
[Ru(bpy)s]?+-type complexes and subsequent oxidative quenching by the SHBepending on the
substitution pattern of the bipyridine units, these oxidants feature redox potentials between 1.10 and
1.54 V59

Sodium persulfate is commonly used as the SEA to provide oxidative equivalents. Upon reduction
of $0s¢ ™y a photoexcited [Ru(bpy}]2** complex, t generates a sulfate molecule as well as a sulfate
radical, which in turn can thermally oxidize another [Ru(bpy}]2* to [Ru(bpy)s]3+.[126.127] Consequently,
two equivalents of photons and persulfate are necessary to generate four equivalents of the oxidant.
Given the high thermodynamic potential of the generated diate radical (E> 2.40V)[128] it is capable
of oxidizing the WOC itself. Consequently, when conducting ligdtiven water oxidation experiments
a significantly higher concentration of the photosensitizer relative to the WOC should be used. As an
alternative SEA, C8 has been applied!29

12



1.3Water Oxidation Catalysis

Scheme 1.5: General scheme for the processes occurring during photdriven water oxidation catalysis. A dark
chamber in which the experiments can be performed as well as the Clatype electrode for Q detection are shown
on the left.

1.3.5 Blue Dimer

blue dimer

Scheme1.6: Representation of the diruthenium WOC [{Ru(bpy)(H20)}:j {O)]4*, also known as thédlue dimer.

In the early 1980s, Meyer and coworkers reported the first molecular compounaapable of
mediating the four-electron oxidation of water to dioxygeni30 The dinuclear complex
{Ru(bpy)2(H20)}j 1O)]**, referred to as theblue dimer due to its characteristic blue color, is
comprised of two pseudeoctahedral cis-[Ru'(bpy)2(H20)] units bridged by a dianionic oxo ligand
(Schemel.6).131] The presence of the oxo bridge was consided advantageous, as it promotes strong
electronic coupling between the two ruthenium centers, thus facilitating the stabilization of high
oxidation state species by electronic delocalization. In the presence of CAN as sacrificial oxidant, the
blue dimer reaches a TON of 13[22 and a TOF of 4.2-1@ s™.[133] Although these values suggest a
rather moderate catalytic proficiency, they provided a proofof-concept that dinuclear ruthenium
complexes are indeed capable of oxidizing2@ to Q.

Extensive mechanistic insight has been gained on thxue dimerby means of structural and kinetic
studies in combination with theoretical calculations, however the results from 18C-labeling
experiments are rather controversial Schemel.7). In the latest mechanistic proposal by Meyer and
coworkers (top), OzO bond formation is suggested to proceedia WNA at a [O=R¥OzRu=0F+
species (bipyridine ligands are omitted for clarityreasons), which is generated by a series of PCET
stepslt34.135] The thus formed hydroperoxo intermediate releases ©upon further oxidation by the
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1 General Introduction

second ruthenium centerll34 By contrast, labeling experiments by Hurst and coworkers propose
ligand participation in the mechanistic pathway (bottom). Accordingly, a bipyridine ligand in the high
molecules. Subsequent reduction of the ruthenium centers results irgO bord formation between the
two hydroxide substituents. Upon liberation of dioxygen, the aromaticity in the pyridine moiety is
recovered, thus providing the driving force for this stepg!3¢l Whereas Q generation according to the
latter mechanism seems improbable and additional support is lacking, this type of nucleophilic
addition reaction has been considered a possible degradati pathway for polypyridyl complexes
under oxidative conditions[t37.138] Overall, the mechanistic pathway bwater oxidation by the blue
dimer is still a subject of intense debate.

The extensive investigations regarding the mechanism of water oxidation performed by thHaue
dimer have further provided detailed insight into degradation pathways responsible fortie low TON.
Next to the oxidation of the polypyridyl ligands as mentioned above, possible decomposition processes
for the blue dimerand its derivatives include reductive cleavage of the bridging oxo ligand, particularly
in the RU'RU" statel131.139] gnd oxidative cleavage of the oxo bridgeia peroxidation of [RuvzOzRu'] to
Ru 1401 which both lead to a breakdown of the dimeric structure into nonactive monomeric
ruthenium complexes. Another factor that negatively influences the catalytic activity is a process called
anation, i.e. the binding of allegedly innocent counter ions to the bimetallic complethus displacing
water from the coordination sphere of the ruthenium centerg!34.141] |t is assumed that the coordination
of only one anion can prevent the formation of the catalytically active [RgOzRu'] species.

o OH O—H_
g OH, g OH ﬁ ?

RuvV_~_Ru"—nN” <«— RuV_~_ RuV—N” <— Ru/—~ Ru/'—N”
O \N == (0] \N = O \N =
H,O
024&‘ 2 % H,O

v
4Ce\ ﬁ (H)
» \") V. 7
\ » Ru \O/RU\ N
N
ace'l + 4H" —
H,0
OH

Schemel1.7: Mechanistic scenarios discussed for thielue dimerbased ont80-labeling experiments (top: proposal
by Meyer and coworkers, bottom: proposal by Hurst and coworkers). Neparticipating bipyridine ligands have
been omitted for clarity reasond137]

For over twenty years, theblue dimer AT A X0 Qigated derivatives were the only wel
characterized molecular WOCBH42143] The eventual insight that an oxo bridge was not indispensable
for water oxidation activity led to a significant enhancement in the field of rutheniurrbased catalysts.
Nowadays, a myriad of di and mononuclear WOCs based on several firstsecond and third-row
transition metals exist bearing a variety of polypyridyl ligandg58z641 Next to molecular catalysts, metal
oxides have also received increased attention as WOCs. Whereassthof rare and precious metals
have long been known to catalyze the oxidation of water to dioxygeH?! recent advances have been
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1.4 DioxygenActivation

made in the development of highly active metal oxide catalysts based on ntoxic, cheap and earth
abundant elementg56.67.76]

1.4 Dioxygen Activation

The catdyzed evolution (OER) and reduction (ORR) of dioxygen are assumed to procegd very
similar intermediates involving various metalzoxygen specie$t2131 Consequently, it makes sense to
take a deeper look at the reverse reactivity to water oxidation, which commences with dioxygen
activation at transition metal complexes. Whereas binding and transport of enerally involves its
two-fold reduction, breaking the @O bond requires four eletrons and up to four protons, depending
on the desired producti!4s] Next to the generation of waer, dioxygen is used for the oxidation and
oxygenation of a large variety of organic substrates in nature. Responsible for these conversions are
oxidases and oxygenases, which often possess copper ions in their active Sit€s47]

Presently, copper enzymes are divided into seven classes denoted type 1 to 7 based on their
spectroscopic eatures/t481494 EAOA ET A1 OAA 11111 O0A1 AAO Al O6A AT pPAO
proteins, dinuclear (T3) and trinuclear (T4, comprised of a T2 and T3 center) copper enzymes, the
mixed-valent dinuclear Cw site (T5), the Cw center in close proximity to a mononuclear iron site (T6),
as well as the tetranuclear Cucenter (T7). Out of these seven classetypes 2 to 4 are primarily
involved in conversions using @as an electron acceptor. These enzymes all make use of the easily
accessible CUCu' redox couple, whereby initial Q binding is facilitated by the Custate leading to the
reduction of O and oxidation of the metal center. Herein, the focus is set on the respective active sites
involving two copper centers.

1.4.1 Type 3 Copper Enzymes

Hemocyanin (Hc), tyrosinase (Tyr) and catechol oxidase (COx) are three members of the T3 class
of copper enzymed!49] Whereas Hc is an oxygen transport protein found in anthropods and mollusks,
the other two enzymes are catalytically active, responsible for thertho-hydroxylation of monophenols
(Tyr) and the oxidation of o-catechok to o-quinones (Tyr, COXxJ150z154] All three enzymes possess
almost identical active sites Schemel.8), featuring two Cu centers, each exclusively coordinated by
three histidine residues of the protein backbone in the oxygen free (deoxy) form. Upon dioxygen
binding (oxy form), the copper ceners are oxidized to CU, leading to a reduction of the dioxygen to
the peroxide level. TheO:¢ Mhereby adapts a bridging sideon (f -s2d,% SP) coordination mode. In the
oxy form, the two CUi ions are strongly antiferromagnetically coupled, resulting ina singlet ground
state and the concomitant absence of an EPR sigfat.15¢]

His H H %HIS HN His
555) \EN <\ jl/ H & \ ",
N./> N His \ﬁN> N /7(
HN/\\ — 2 / + 02 /\N ///////// g ”’Cull\u (‘)""”W/Cl‘lll\\\‘“‘"' \/NH
) AN N < — X U e T TN
His% '\4 N :H\V‘EHIS 10, HN—N '\‘l O '\EN\“gH"S
\ N H
P (e, AN
His%  H H His

His

Scheme 1.8: Representation of the deoxy (left) and oxy (right) form of the active site of type 3 copper enzymes
(His: histidine).

The exact pathway of dioxygen binding at the active site of T3 copper enzymes has been thoroughly
investigated by means of DFT calculations based on structural and spectroscopic data of oxy #4es8l
Especially interesting is how the spirforbidden nature of this reaction is overcome, as triplet dioxygen
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1 General Introduction

must be converted to the singlet ground state in the oxy form. Initially, when 2approaches the
dicopper(l) site, both of its perpendicularA* orbitals simultaneously interact with each one Cuion
(Schemel.9). This enables the synchronous transfer of two electrons from the copper ions te @nd
results in a butterfly distorted Cwj {52d,502) core with ferromagnetically coupled Cii ions (S=1) due

to nearly orthogonal magnetic orbitals. Relocation of the two unpaired charges onto the copper ions,
which are further apart than the two oxygen atoms, thereby results in reduced electrealectron
repulsion associated with a smaller energy difference heeen the triplet and singlet state.
Planarization of the butterfly distortion thus induces intersystem crossing (ISC), as the change in the
CwO: core is accompanied with a reduced orthogonality of the magnetic orbitals and an increased
superexchange coufing between the copper centersvia the peroxide ligand. In the fully planar
arrangement, the Cti magnetic orbitals feature maximal overlap resulting in strong antiferromagnetic
coupling (S=0). The strong overlap between the two GQumagnetic orbitals and one of the peroxiden*
HOMOs results in an intens&y< "™ Cu' charge transfer (CT) band in the UV/vis spectrum (~3501m,
~20000 L-mol.cmtt), giving the oxy form its deep blue coloB471 This illustrates how the
spectroscopic features reflect the electronic structure of the copper oxygen core.

|
& &0

E—

1 1 1 1
cu' cu'

1
0 1
ET, o é% 5 _Isc 56@;9@
1
1 1 | 0 1
CU“ CU"

(S=1) SP(S=0)

Scheme1.9: Relevant steps in the dioxygen binding pathway in type 3 copper enzymes (ET: electron transfer, ISC:
intersystem crossing,SPd, A AT 1T O Ag2g=tobrdinElio®of the peroxo moiety)l158]

Despite the nearly identical active sites in Hc and Tyr/COx, only the latter two feature catalytic
activity, which likely results from the limited accessibility of the CeOz core in Hc for substrateg!59.160]
Tyr catalyzes the hydroxylation ofL-Tyrosine to 3,4dihydroxy-L-phenylalanine (L-DOPA), and the
subsequent oxidation ofL-DOPA to 3(3,4-dioxocyclohexal,5-dien-1-yl)-L-alanine (L-DOPAquinone)
is enabled by both Tyr and COX%81l The latter is required for the formation of the brown polyphenolic
pigment melanin. Early isotopic labeling studiesshowed that the oxygen atom incorporated into
L-DOPA originates from dioxygefits2l however, despite spectroscopic and theoretical studies, it
remains unclear whether the sideon peroxo complex orahighkD A1 AT O AEAT ©®)Ysgepies) ) 4 AEOj t
(so far only observed in synthetic model systems) is the hydroxylating intermediatié47.161.163]

1.4.2 Synthetic Modeling

Synthetic chemistry has played a pivotal role in understanding how dioxygen interacts with copper
metalloproteins.[147z149.157164] Ag initially crystal structures of parent enzymes, and especially their O
adducts, were scarce, low molecular weight analogs were targeted to help resolve the copgetygen
coordination modes in the proteins. One example is the type 3 copper enzgnmemocyanin: thesP
binding mode was first discovered in a synthetic model complex and, based on the spectroscopic
agreement, concluded to correspond to the Gz adduct in Hcl8% This was later confirmed by the
crystallographic analysis of oxy H¢s21

Reaction of mone and dinuclear copper(l) model complexes with @can result in a large variety of
copperzoxygen species, some of which are depicted 8chemel.10.106.1662168] The apparent diversity
of these adducts is a product of the tunability of the formal oxidation states of both copper (@Gu'")
and the dioxygen derived ligands ©@:™Oz< YO< ), but not all have beenidentified in the parent
enzymes. Distinctive spectroscopic features, especially in UV/vis (CT bands) and resonance Raman
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1.4 Dioxygen Activation

spectroscopy (@O stretching frequency), allow the differentiation of these copperoxygen binding
motifs. Inspired by the coordination environment of the natural systems, the majority of the model
complexes bear nitrogen donating ligands, however O, S and P donors are also represented.
Adjustments in the donor atom type, denticity, charge, chelate ring size and steric demand of the ligan
thereby have a large influence on which coppegpxygen adduct is formed.
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Scheme1.10: Various mono-and dinuclear coppegoxygen adducts including their respective denotations, as well . )
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1 General Introduction

The first crystallographically characterized copperoxygen complex was reported by Karlin,
Zubieta and coworkers in 1988169 Upon addition of Q to the copper(l) precursor, bearing the tripodal
tetradentate tris(2 -pyridylmethyl)amine ligand (tpa; for schematic representations of the ligands see
Schemel.10), a peroxo dicopper(ll) species was formed, with &rans t -1,2-C< Mgroup (end-on, TP)
bridging the two Cu' ions. The correspondingcis p-1,2-Oz¢ Mnotif (end-on, °P) was not characterized
until 2014 with the help of the dinucleating pyrazolate/triazacyclononane (tacn) hybrid ligand scaffold
HL2b, which was also applied in the scope of this work?91 In 1989, theSP binding mode wasidentified
in [{Cu'(TpPH}2(p-O2)] by Kitajima et al, in which the two copper centers are each ligated by a
tridentate tris(pyrazolyl)borate ligand (Tp).[71 The last type of structurally characterized CeO»
species was first reported in 1996 upon application of a benzyl substituted tacn ligaid2.173 In this
bis(t -oxo) dicopper(lll) isomer (O), each Cll ion has donated an additional electron to the dioxygen
derived ligand, leading to @O bond scission. Although not yet discovered in natural systems, thisQqd
species is most frequently observed in synthetic model complexes, presumably due to the large variety
of ligands that are capable of stabilizingO speciesi'é’l Interestingly, it was shown that the O
coordination mode can exist in equilibrium with both SP and TP adducts (Scheme 1.11),
interconversion being achievede.g.by addition of a different solvent(172.174z178]

The most prominent coppegoxygen binding modes are those with a 2/1 Cu:Ostoichiometry,
resulting mainly from the thermodynamically more favorable reduction of dioxygen to the peroxide
(2eM than the superoxide (1) level 1671 Accordingly, mononuclear copper(l) precursors commonly
dimerize to CuO: complexes upon reaction with dioxygen $cheme1.11).[106.179.180] The respective
transiently formed copper(ll) superoxo species were initially observed in the early 1990wvia low
temperature stopped-flow UV/vis spectroscopy during investigations on™P systems(!81.182] |n order to
trap the CUzO:™ intermediates, sterically demanding ligands were introduced to prevent their
reaction with a second equivalent of the mononuclear copper(l) complex. In line with this strategy,
replacing one isopropyl residue at the pyrazole moieties in Tp with dert-butyl group (Tp'P7tBu)
allowed the isolation and crystallographic analysis of a siden cupric superoxo complex §2-O,™ SS)
instead of anSP copperzoxygen adducti83] Nevertheless, it could be shown tat in solution both SSand
SP species are present, which could completely be shifted to th& side when replacingtBu by
adamantyl['84] This example emphasizes how rational ligand design can bias the generated copper
oxygen motif. In 2006, a mononuclear CgO™ compound was reported bearing a tetramethyl
guanidino substituted tris(2 -aminoethyl)amine ligand (TMGtren) and featuring an endon binding
fashion of the superoxide moiety §1-O;™ ES).[185.186] The spectroscopic agreement between théS
adduct and the features obtained from the stoppedlow analysis suggest that an enan superoxo
intermediate is transiently formed before the bimolecular process to form the correspondingP
species.

cu™ P cut
Cu”/(\). o \ Cu'”/o\Cu”'
—=. ° cu! Pcu! = o
cul-0"”
cy'  cul
0—0

Scheme 1.11: Interconversion pathways between copperoxygen adducts upon reaction of mononuclear
copper(l) complexes with Q.
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1.4 Dioxygen Activation

Dinuclear Stype complexes can reversibly be

generated by oneelectron oxidation of the respective

CwO: peroxo intermediates[is”.188] However, addition N

of dioxygen to a mixedvalent CuUCu' precursor should N OH

allow the direct formation of a dicupric superoxo _ N N T

species. The latter was achieved with a dicopper N N ¢\ \ /

complex based on the asymmetric phenetontaining N/ [N —

dinucleating ligand UnOH §chemel.12). Conversion of =

[{[CuCuj $ - &-pO)P*+ with molecular oxygen at UnOH

My i€ afforded a dinuclearS species, in which the Scheme1.12: Phend-brid geddinucleating
OOPAOT EAA 11T EAOU EO -EJdandA ligand scaffold UnOH. At

t -1,1 binding fashioni189.190]

In regard to the fourelectron reduction of @ to H.0, the dioxygen derived ligand has to be
protonated at some point, likely leading to the formation of a hydroperoxo intermediate. Thus far, most
well-characterized cupric hydroperoxo speies are formed from the reaction of copper(ll) complexes
with H20z291219 OOAE AO OEA AOUOOAIT 1 T COADE E-Aylibgerdxo fekodA OAAOA OF
on) compound [(tpaBA)Cu'(OOH)}, bearing a butylamine substituted tpa ligandt97.1%81 One of few
dioxygen derived hydroperoxo complexes, formed by reversible protonation of the respective peroxo
intermediate, was synthesized with the pyrazolate/tacn hybrid ligand HL20(E) in which the tacn
sidearms are connected to the pyrazolate core by ethylene linkeB$9 The [Cu'2(f -L2bEYQ }-QOH)E*
Al 1 bl Agh AEAAQDdpdeEdxaCmof, was not the first structurally investigated dinuclear
CwzOOH specie& but was unprecedented in that it allowed the reliable assignment of metric

parameters due to the high quality of the Xay diffraction (XRD) data.
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Objectives

Dinuclear ruthenium complexes for the catalytic oxidation of water to dioxygen have a history in
the Meyer group. The first and most thoroughly characterized amongst them is a diruthenium catalyst
based on the dinucleating bis(bipyridyl)pyrazolate ligand saffold Mebbp™ which was investigated both
in the homogenous and heterogenous phase (see introduction of ChapterB}:2012203] The versatility
of this WOC is provided by its axial pyridine ligands, which can easily be varied during the synthetic
procedure. Accordingly, substituted pyridines with anchoring groups were introduced for the
immobilization on solid supports and the sufonated analog was applied to render the catalyst water
soluble, enabling detailed mechanistic studies.

The second generation of diruthenium complexes for water oxidation was developed by replacing
the outmost pyridine moieties by anionic carboxylate group in the equatorial ligand Scheme2.1, left;
Rt = H), favorably stabilizing the high oxidation states required for oxygegoxygen bond formation(204]
This compound is the most effient diruthenium WOC reported to date, however, its poor solubility in
aqueous media hampered detailed mechanistic investigations. Consequently, the first goal of this work
aims at the synthesis of a watesoluble congener equipped with sulfonated pyridineor isonicotinic
acid as axial ligands. A subsequent comprehensive study on the water oxidation catalysis of the new
WOC is expected to provide valuable information on how ligand modifications influence the
mechanism of the QO bond forming step.

M = Cu, Co

Scheme 2.1: Targeted dinuclear complexes based on pyrazolate/carboxylate (left) and pyrazolate/tacn (right)
hybrid ligands, as well as the desired small molecule activation reactions.

With the future goal of a largescale application of molecular WOCs in solar fuel devices, a remaining
challenge is the design of efficient catalysts based on cheap and abundant base metals. Pyrazolate
bridged ligand systems with amine sidearms have been shown to accommodate varioussfirow
transition metal ions (including copper and cobalt) with suitable bimetallic distances for water
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binding.[2051 Thus, the next goal is to develop new 3d transition metal based WOCs with a
pyrazolate/tacn hybrid ligand (Scheme2.1, right). Preliminary investigations have been conducted on
a corresponding dicopper complex (R=iPr), which were complicated by the necessity of acetonitrile
as a cesolvent (see introduction of Chapter 4)188 This solubility issue is intended to be solved by
introducing methyl residues at the tacn periphery (R= Me).

Dicopper complexes bearing a pyrazolate/tacn hybrid ligand have been established as a suitable
platform for dioxygen activation (see introduction of Chapter 6)188.206.207] giving rise to various
copperzoxygen species, which have also been considered as intermediates during water oxidation. So
far, the influence of the lhker (CH: vs. CHCH, R =iPr) between the pyrazolate and tacn moieties
(Scheme2.1, highlighted in yellow) on the structural and electronic properties of the obtained GD:
species has been investigated. The impact of variations in the tacn periphery2(RiPr vs Me) is of
interest to complete the picture and is hence the final goal of this work. In addition to further
elucidating the effect of subtle ligand variations on the respective dioxygen activated species and their
reactivity, this investigation could complement thewater oxidation analysis.

Beyond the intended studies on small molecule activation and transformation, a large part of this
work is aimed at the indepth characterization of the involved transition metal complexes and putative
intermediates with various techniques, including NMR, UV/vis, IR and EPR spectroscopy, as well as
electrochemistry, Xray diffraction and ESI mass spectrometry.
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Water Oxidation Catalysis with Ruthenium Complexes

Parts ofthis chapter have beenadaptedfrom Jana Lucken, Carolina Gimbei$urifiach, Jordi Benet
"OAEEI T UR ''TOITE ,11AAOR &OATA -AUAOh OSEOOOEAT EOI
Ligand for Chemically, Electre and PhotoDriven Catalytic Wat®d / @ E AundeE flevisidrh The
corresponding sections are marked by footnotes.

Since the catalytic activity of theblue dimerwas revealed in 1982(see Sectionl.3.5), dinuclear
ruthenium-basedWOCshave received increased attentionThe availability of two metal centers was
considered especially advantageous enabling cooperativity to take effect. A significant enhancement
in the field wasachieved with the realization that a single metal site can be sufficient to promote the
multi -electron oxidation of water to dioxygen. In the following, glance will be taken at these two types
of ruthenium-basedcatalysts for water oxidation:

Mononuc lear Ruthenium -Based WOCs

Owing to the catalyticproficiency of the blue dimerand the multimetallic core of the OEC, it was
long assumed that an artificial WOQequires more than one metal center to accumulate the four
oxidizing equivalents necessary fowater oxidation. Thishypothesiswas proven wrong in 2005, when
the first single-site catalyst capableof oxidizing water to dioxygen was presented by Thummel and
coworkers.[208] The mononuclear ruthenium complex (L')Ru(pic) 2(H20)]2* (I, Scheme3.1), composed
of the neutral bis-naphthyridyl pyridine ligand L' and 4-picoline (pic), was shown to evolve @with a
turnover number (TON) of 260 and aturnover frequency (TOF) of 0.014s™ in the presence of ceric
ammonium nitrate (CAN) as sacrificial oxidant8.209] By means oft80O-labeling studies, the @O bond
formation mechanism was identifiedas WNA involving either a [RiY=0P* or [Ruv=0OP+ species(all
scaffold ligands are omittedfor clarity reasonsg [210]

A significant improvement of the catalytic efficiency was ackived by incorporating anionic
carboxylate groups ino the ligand scaffoldwith the aim of accessing higkvalent Ru=0 species at loar
oxidation potential. The first example ofa corresponding mononuclear complex is(pda)Ru(pic)z]
(llric, Scheme3.1) based on the dianionic ligand; h-kipyridine - h-dic@rboxylate (bda2™.211 Using
CAN aselectron acceptor, Il Pic exhibits a high TOF of 325111041 [nvestigations dof the catalytic cycle of
IIFic revealed Q evolution to proceedvia an intermolecular 12M pathway, in which two monomeric
[Ru=CO/Ru'vzO]* species rapidly dimerize to the peroxo bridged complekRuVzOzOzRuUV]2+. From the
latter, dioxygen is liberatedafter oxidation to the corresponding superoxo specie@ the presence of
excess oxidant regenerating the initial singlesite catalystl194.1051 The dimerization process is favored
AU-an OOAAEET C 1 £ addiedrly ¢hanh Ay the Ireltgddcbrpl@i isca, in which the axial
picoline ligands areexchanged byr-extendedisoquinolines. Under identical conditions,llisoa exhibits

i Please note, the catalytiproficiency of catalysts can only be compared if their analysis proceeds under
identical conditions. Consequently, the values given herein should be considered with care.
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3 Water Oxidation Catalysis with Ruthenium Complexes

an order of magnitude higherTOF(303 s™), which is comparable to that of the OEC at the PSII (100
400 sM)[212] gand is attributed to the lowering of the activation free energy barrier of the dimerization

process (ratedetermining step, RD$.1104 Concomitantly, themaximum TON is increased from 2000
(11ric) to 8000 (Ilisea), Further improvements in TON (100000) and TOF (100@") were achieved by

subtle variations of the axial ligandg213z216]

Besidesthe carboxylate moieties in the ligand saffold, there is another feature that made the Ru
bda catalysts(ll) very unique at the time the increase of the coordination number (CN) of the
ruthenium center from six to seven prior to catalysis. In its Rlistate, water binds toll at the expense
of one of the hemilabile carboxylate$” however, upontwofold oxidation, the electrophilicity of the
RuUV ion forces coordination of all bda "lonor atoms along with the deprotonated hydroxide moiety
(CN7).I1041 This expansion of the coordination environment was first observed in the crystal structure
of a RW dimer of Il Fic with an [HOHOH]"bridgel211! and is corsidered as one of the crucial elements for
the extremely high catalytic proficiencyof the Rubda catalysts.For a ruthenium complex to be able to
reach CN7, it requires flexibility (F), adaptability (A), multidenticity (M) and equatorial (E)
coordination of the ligand scaffold, whereforehey are also referred to as FAME ligand&* 218l

I IIPic i [\
Scheme3.1: Representations of the mononuclear rutheniumbasedWOCd-1V.

Another system with aso-called FAME ligand is (N3O-tda)Ru(py)2], Il (Scheme3.1), based on
¢ h ¢ ° -tprpyridine -¢ h-gicarboxylate (tdas fand encompassingyridine (py) as axial ligandsi29! In
the Ru' state, the tda Migand binds in a tetradentate fashion(N2O) with a dangling carboxylate. The
latter is ligated upon 2€"oxidation to Ruv (N3C2, CN7) andis substitutedby OH"AO B (1 xh CAT AOAOQE1T
the catalytically active [N3O-tda)RuV(py)2(OH)]* species Using FOWA analysis an impressive
maximum TOF (TOFRmax) of ~8000s™ at pH7, which is increased to~50000s™ at pH 10 for the
electrocatalytic water oxidation of Il was determined[*25.219] |[n contrast to I, @O bond formation in
lll takes placevia a WNA mechaism. This pathway isfavored over I2M due to the dangling
carboxylate, whichacts as a proton acceptoduring the OzO bond formation step and thus strongly
reduces the activation free energy barrier of the WNA RDB¢ The WNA pathway of @O bond
formation also enableslIl to retain its solution-phase catalytic proficiency when anchored onto
conductive solid oxide support$20 or light-absorbing materialg221.222] (attached via the apical
ligands). In fact,immobilization on the former provides the most stable molecular ande for water
oxidation reported to date, with around one millionturnovers. By contrastanchoring ofll on graphitic
surfaces results in degradation othe catalyst to Ru@, as the restricted mobility prevents dimerization
(I2M), forcing it to access hip energy pathways which concomitantly facilitate ligand
decomposition[223]

Among thebest molecular WOG, in terms of TOFs, is thenononuclear ruthenium catalyst [(N3O-
Hstpha)Ru(py)2]* (IV, Scheme 31), AT AT i PAOGOET ¢ OEA AADOI OI 1 AGAA &! - %
terpyridine -@ h-giphosphononic acid (Htpha").224 By means of the FOWA technique, an
unprecedented TOax at pH 7.2 of ~16000 s independent of the catalyst concentration (0.83 mM)
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is obtained forlV.As inll andthe related complexlll , oxidation of IV to RUV leads to anincrease ofthe
coordination number of the ruthenium ion to seven.Interestingly, the catalytically active species ofV
possesses an oxygenated ligand, which is formed Imramolecular O insertion into the para CZH bond
of one of the outer pyridine moieties bythe highly reactive [Ruv=C|Mspecieslz24

Dinuclear Ruthenium -Based WOC$

A new synthetic approach in the design oflinuclear WOCs was taken by Llobet and coworkers in
2004 by replacing the oxobridge with a rigid polypyridyl -based backbone liganaqually bridging two
ruthenium centers in close proximity. This was envisioned to avoid degradation processes based on
the cleavage of the oxo bridge, common to all rutheniwhased WOCSs until then, and thus enable more
efficient water oxidation catalysis.Indeed,the AT | AET AOET 1 -tefpyfitiine irgypayaptheh ¢ & 6
compartmental dinucleating ligand 3,5bis(2-pyridyl)pyrazolate (Hbpp™ in [{Ru(trpy)(H 20)}.

(t -Hbpp)]3* (VH20, Scheme3.2) yielded a WOCwith increased activity and stability.[225] The active
catalyst with two aquo ligands in thein,in-position, VH20, is obtained by dissolution of the acetate
bridged precursor complex in an acidic aqueous solution at room temperature.

In the presence of 106eq CAN as sacrificial oxidat (TONmax=25), VH20 reachesa TON of 17.5
(70 %) with an initial TOF(TOR) of 0.014 sM [225.226] The TONcan be ircreased up to 512 by employing
more oxidant, demonstrating the stability of VH20, These results compare favorably to those obtained
for the blue dimer(see Sectionl.3.5), and thus showed thatA -oxo ligandis not indispensable for the
ability of ruthenium complexes to serve as WOCSs, opening up the possibility of a rational synthetic
ligand design.The main degradation pathway ofVH20 was proven to be oxidative decompositionof the
ligand at the pyrazolate moiety.

With the help of 180O-labeling experiments, I12M was determined as mechanism of thezO bond
formation step, encouraged by the strong throughspace nteraction of the two RwOH: groups.
Accordingly, the reactive Ru=0 groups, formed by multiple PCET steps, instantly couple to make an
Oz0 bond. These results constitute the first experimental evidence of such a mechanistic pathwash.

Henceforth, preorganized complexes with rigid compartmental backbone ligands received
increased attention. Another step forward was taken by introducing monodentate axial ligands instead
of another polypyridyl ligand, as the exchangeable axiahoieties offer tunability of the electronic
properties and solubility of the catalyst by using pyridines with different substituents.The most
thoroughly characterized anongst these is [{Ru(pyS@)2(H20)}(f -Mebbp)]™M(VIH20, Scheme3.2) based
on the anionic ligand system 3,5is{6-j ¢ fbigydidyl)} -4-methyl-pyrazolate (MebbpM).[198] The
monodentate pyridine-3-sulfonato (pySQ™ is coordinated in the axial positions in order to overcome
water solubility issues, thus allowing mechanistic investigations.

Using 100eq CAN as sacrificial oxidantyIH20 reaches a TON of 22.6 (9%) with a TOR of
0.068s™.[108] The improved catalytic efficiency in comparison tovH20 is associated with the methyl
group at the pyrazolate backbone ofebbp™ which prevents oxidative decomposition of thdigand, the
main degradation pathway ofvVH20. By means of80O-labeling experiments, the QO bond formation step
in VIF20 was shown to take placevia WNA at a Ru=0 unit. The different mechanistic pathways observed
in VH20 and V1120, despite their very similar core structures and metal ion coordination environments,
were explained by subtle geometric changes, which drastically reduce the degree of througpace
interaction of the two RwOH« groups in VIH20, thus favoring WNA over 12M108] The mechanistic
distinctions for related complexes illustrate that the activation barriers for these two pathways can be
relatively close in energy. Thorough investigations on the correlation between the geometry of a
catalyst and its @O bond formation pathway might help elucidate the details of the OEC reaction

" Parts of this section were adapted from Jana Lucken, Carolina Gimbé&urifiach, Jodi Benet
Buchholz, Antoni Llobet, Franc Meyédr DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid
Ligand for Chemically, Electreand PhotoDriven Catalytic Water Oxidatiom h  OT AAO OAOEOEI 1 8
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3 Water Oxidation Catalysis with Ruthenium Complexes

mechanism. Related diruthenium complexes based on ti#ebbp™ligand platform[201 have also been
shown to serve as efficient electrocatalysts after anchoring on solid oxide suppo#82.203]
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Scheme3.2: Representations of the diruthenium WOCY-X.

The most significant improvement in water oxidation proficiency of dinuclear RuWOCswas
achieved by the introduction of electronrich carboxylate-containing ligand scaffolds. Among these is
the complex [{Ru(pick}2(t -Cl)(t -LVM)]* (VII, Scheme3.2) based on the trianionic ligand scaffold 1,4
bis{6-(2-carboxypyridyl)} phthalazine. Using CAN as sacrificial oxidan¥Il reaches a TON of 10400
(42 %) with a TOR of 1.2s™, far superior toother dinculear WOCs at the timé&?27] Also in the presence
of CAN [{Ru(pic)s}2(t -LV")] ((LV'")o ™= ¢ h-(f1s8-phenylenebis(azanediy))bis -(carbonyl))dipicolinic
acid), VIII (Scheme3.2), exhibits a TON of 1400 (126) at a maximum rate of 1.1 [228]

In view of the future goal of incorporating such complexes into photoelectrochemical water
splitting devices, attractive WOCs must not only be capable of chemically darlectrochemically
oxidizing water to dioxygen, but also efficiently mediate the lightdriven reaction under neutral
conditions. Next to the catalyst itself, the latter requires a sacrificial electron acceptor, typically sodium
persulfate, and a photosen$izer. An attractive approach is thereby to drive water oxidation by mild
one-electron [Ru(bpy)s]3+type oxidants,formed in situ by photo-irradiation of the [Ru(bpy) 3]3+type
complexes in the presence of 8s¢

In the photochemical system, the dinuclearruthenium complex [{Rue(pic)s}2(t -H2LX)]2+, IX
(Scheme3.2), based on the trianionic ligand scaffold 3bis(4-carboxylate-1H-benzimidazol-2-yl)-
pyrazolate, proved to be an efficienphotocatalystachieving a TON of 830 in aqueous phosphate buffer
(pH 7.2) in the presence of [Ru(bpy)((COOEt}bpy)]2* (RuP1)[229.2301 Under similar conditions, but
using the weaker [Ru(bpy}((COOH}bpy)]3* (RuP2) as oxidant,VIIl exhibits a TON of 146 with a
TOFmax of 0.03s™ under blue LED irradiation[228] Of the presenteddinuclear carboxylate-containing
WOCs, onlyVIl is capable of mediating lightdriven water oxidation using the parent complex
[Ru(bpy)s]2* (RuP3) as the lightabsorbing unit, however with a low TON of 60 and a TOF of OsTt.
These numbers are significantly increased to 420 and 0.%F! in the presence of RuP 227 Also catalyst
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3.1Ligand Synthesis and Ruthenium Complexation

VIH20 was shown to mediate photedriven water oxidation using RuP1. In phosphate buffer (pH),
VIH20 reaches a remarkable total TON of 5300 with a high TO®&f 11.1s™.[231

The currently most efficient dinuclear ruthenium catalyst for chemical water oxidation was
presented by Llobet, Meyer and coworkers in 2018% Upon addition of 100eq CAN as sacrificial
oxidant, the rugged diruthenium complex [{Ru(pyk(H20)}2(t -L1)]* (XH20, Scheme3.2) exhibits aTON
of 24.0(96 %) and aTOFR of 1.4s1. Thisis two orders of magnitude higher thanthose reported for the
related pyrazolate-based complexesvH20 (0.014 s') and VIH20 (0.068 s'), and comes close to the
recorded TOFs ofl ric and Il isca under identical conditions (TOF of2.8and 8.6 s, respectively)[104.204]

XH20 is a great example ofhow rational ligand design, founded on knowledge gained from
previously studied WOCscan lead to exceedingly improved catalysts. Accordingly, thieianionic
scaffold 3,5bis{6-(2-carboxypyridyl)}pyrazolate, (L)° " was designedas a hybrid of the ligands
observed in the diruthenium complexVIH20, as well as the efficient mononuclear catalyst. Given the
dimerization process proposed in the catalytic cyclef the latter, it was assumed that preorganizing
two ruthenium centers with otherwise similar coordination environments asll in a dinuclear complex
could lead to a catalyst with most favorable properties.

Due to the poor solubility of XH20 in aqueous media, however, more thorough investigations were
not possible. This chapter discussesthe attempt of improving the water solubility of XH20 by
introducing substituted pyridine groups in the axial positions, a method that was previously proven
successful forVIH20[108] Next to a thorough spectroscopic and electrochemical characterization of the
thus formed new complexes, their ability to chemically, electrochemically and photochemically oxidize
water to dioxygen is investigated. In combination with these experiments, UWs -
spectroelectrochemical (SEC) measurements reveal surprising results regarding the robustness of a
bridging DMSQligand and the catalytically active species of this diruthenium platform.

3.1 Ligand Synthesis and Ruthenium Complexation i

The proligand of interest, HsL1, can be synthesizedria a multi-step processadapted from literature
proceduresstarting from dipicolinic acid (a) (Scheme3.3) [204.232.233] |n gn acidic medium compound a
is esterified using methanolto yield dimethyl 2,6-pyridinedicarboxylate (b). Subsequently, by means
of sodium borohydride, one ester group is reduced to an alcohol to give rise to methyb-
(hydroxymethyl) picolinate (c).%OEUI AAAOAOA AT A OI A E Gletoehté Evhichi 1 AOA
hydrolyzes to 2ethanone-6-(hydroxymethyl)pyridine (d) in the presence of acid. A subsequent
pseudo-Claisen condensatiorcombines the pyridyl ester (c) and ketone (d) tdhe diketone (e), which
can be converted to compound f by ring closure with hydrazindn this work, the ligand precursor f
was provided by Andreas Schwar#inally, oxidation with potassium permanganaten water yields the
pyrazolate/carboxylate hybrid proligand HsL!. The ligand was characterized byH-NMR spectroscopy
showing good agreement with reported datdz04

For the preparation of the dinuclear ruthenium complexes, the proligand ! was initially
converted to [Ruz(dmso)2(H20)(CI)(t -dmso)(t -L1)] (1, Scheme3.4) by reaction with the ruthenium
precursor RuCk(dmso)s. In order to prevent the formation of mone or multimetallic grid or grid -like
complexes with a metal to ligand ratio smaller than 2, which have been shown to form with these
types of ligands and various 3d and 4d metal&34z241] a dilute solution of KL and NEt was slowly
added to RuCl(dmso)s. From this reaction mixture, intermediatel precipitated at low temperature.
Crystals ofp @in which the axial water ligandis replaced by MeOH, were obtained by diffusion of £
into a solution of 1 in MeOH and analyzed by -Xay diffraction (Scheme3.4, top left).

'l This section was adapted from Jana Licken, Carolina GienbSurifiach, Jordi BeneBuchholz, Antoni
Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for
Chemically, Electre and PhotoDriven Catalytic Water Oxidatiom h  O1 AAO OAOEOEI 1 8
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Scheme3.3: Synthetic procedure for the preparation of thepyrazolate/carboxylate hybrid proligand HsL!.

Compound 18crystallizes in the monoclinic space groupCc One complex as well as four solvent
molecules can be found in the asymmetric unit. The absence of countens, in combination with the
trianionic ligand scaffold and a monoanionic chlorido moiety in one of the axial positionsuggests that
the ruthenium atoms are in the oxidation state +ll. The Ruons are crystallographically independent
and are coordinated by an {NO:S} as well as a {CINOS}- donor set in an octahedral fashion. They are
4.15A apart and bridged by the pyrazolate unit of the compartmental dinucleating ligand as well as a
DMSO moiety z a rather unusual bnding motif for DMSO Besides the previously reported
[Ruz(dmso)2(H20)(CI)(t -dmso)(t -Mebbp)]2* (XI),[201 this is only the second example of a complex with
a highly preorganized Ndonating ligand system andDMSOcombined in a sixmembered ring. Both
complexes exhibit very similar metal---metal distance and bond lengths regarding thd&©MSOmoiety
(Table3.1). In case ofL§ the equatorial ligand (L1)3" the two ruthenium atoms as well as th®MSO in
the in,in-position are located almost perfectly in one plane. This isllustrated by the small torsion
angles for RgNzNzRu and RgOz&Ru of 2.46° andM.58°, respectively. In order to quantifythe
deviation of the coordination environment to an ideal polyhedron (not regarding the type of ligands,
but merely the geometry), the method ofContinuous Symmetry Measures (CSN€Mj2z245] can be applied.
Overall, adimensionlessvalue 0f0z100 is assigned to the Mé-system z the smaller the value, the closer
the structure is to an ideal octahedronThe deviation of Ru(1) (1.32) is slightly lower than that of Ru(2)
(1.55), which is coordinated by the sulfur atom of the bridginddMSQOand the chlorido ligand(Table
3.1). Nevertheless, both values suggest a close to ideal octahedral geometry.

The integrity of 1 in solution was confirmed by ESImass spectrometry and NMR spectroscopy,
enabled by the diamagneticharacter of low-spin dé Ru' ions. The ESI(+MS in MeOH displays a signal
at m/z802.9 and the ESK)-MS at m/z732.9 corresponding to [MH20+Na} and
[M1 H201 dmso+OMe], respectively (appendix Figures A.1zA.4). ThelH-NMR spectrum ofl in DMF~dr
(Figure 3.1; for complete NMR characterization seappendix, FiguresA.55zA.60) shows seven signals
in the aromatic region for (L1)3™ corresponding to a complex without aG axis or mirror plane
perpendicular to the (L1)3™ligand plane. Four singlet signals in the aliphatic region (2.68, 2.56, 2.43 and
2.01ppm) can be assigned to the methyl groups of th&coordinated terminal DMSO ligands, whereas
those at 3.93ppm originate from the SO-bridging DMSO.This is in good agreement with compound
XICl, in which the axial HO from Xl is replaced by a chlorido ligand, where the singlet signals of the
DMSO in thdn,in-position are situated at 3.93 and 3.8ppm.
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Table 3.1: Selected distances, bond lengths, torsion angles and Continuous Symmetry Measures (GS) &
comparison to X| .[201]

distance / A 18 Xl[01]

Ru---Ru 4.1522(6) 4.1545(5)

bond lengths / A

RwzS 2.2827(8) 2.321(1)

RwzO 2.185(2) 2.171(3)

5°{0) 1.521(2) 1.516(3)

torsion angle / °

RuzNzNzRu 2.462(498) 19.157(615)

Rwz Oz Ru MD.583(243) 9.582(300)
VCSMYOn)a

Ru(1) 1.32 Zb

Ru(2) 1.55 zb

aContinuous Symmetry Measures for octahedral geometry
bnot reported
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Figure 3.1: 1H-NMR spectrum (500MHz) of 1 in DMFd7. The inset depicts an expansion of the aromatic region
(7.728.3 ppm). The peaks are assigned according to the labeling schemeScheme3.4. The asterisks denote the
residual solvent peaks and the circle points out ¥D. Please note, the distinction between prime and negorime is
not possible and is merely done for simplification.

v The geometry ofthe coordination environmentwA O AT i PAOAA Oi OEA OAAEAOAT AA
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Scheme 3.4: Representation of the synthesis of the dinuclear ruthenium complexegdmse, as well as3dmso and
3H20 proceeding from the synthetic key intermediatel. The inset at the top left corner depicts the mlecular
structure of p drawn as thermal ellipsoids at the 30% probability level (ruthenium: red, nitrogen: blue, oxygen:
light green, sulfur: yellow, chloride: dark green, carbon: grey, hydrogen: white). All hydrogen atoms (excepteth
one involved in intramolecular hydrogen bonding) and additional solvent moleculesare omitted for clarity
reasons. Please note, during crystallization the 40 molecule was exchaged for MeOHThe inset at the bottom
right corner depicts the Xband EPR spectrum ofolid 302H3(ox) at 145K. A signal can be observed, becau8820
is gradually oxidized during synthesisunder ambient conditions.
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The synthesisvia an isolated intermediate z in contrast to the onepot synthesis of the parent
complex XH20[204] z was chosen in orderto have the possibility of introducing a variety of pyridine
ligands with different substituents in the axial positions to optimize the electronic properties and tune
the solubility of the complex.Introduction of pyridine carboxylate (pyCQ') and pyridine sulfonate
(pySQ') as axial ligands fulfilled the goal of generatingighly water-soluble compounds based on the
trianionic ligand scaffold (L)3" For this, intermediatel was converted with either pyCQH or pySGQGH
and sodium acetate in watefScheme3.4). The ligand exchange coulgisually be observed as the initial
suspension ofthe water-insoluble compound1 turned into a solution over time.Addition of acetone to
the reaction mixture led to the precipitation of 2dmso gnd 3dmso,

Complex2dmse was characterized in solution by ESimass spectrometry and NMR spectroscopy. The
%3 ) jV8ldisplays a signal ain/ z1122.8 corresponding to [M+2Nal'(appendix, FiguresA5 and A.§.
In the 1H-NMR spectrum in D20 (Figure 3.2, A; for complete NMR characterization seeppendix,
Figures A.61zA.66) seven signals are observed for the o Migand and four for the para-substituted
pyCQMmoieties. This is in agreement with a&-symmetric complex with a mirror plane spanned by the
(LY)9 Migand, the R ions, as well as the Sand Oatoms of theDMSQn the bimetallic pocket By nmeans
of two-dimensional NMR spectroscopy {H-!H-COSY!H-1H-NOESY!H-13CGHSQCH-13GHMBC) the
carbon and hydrogen signals couldargely be assignedz merely the distinction between the signals
labeled prime and nonprime for the (Lt)° Migand is unclear. The 1H-'H-NOESY spectrunfappendix,
Figure A.64) further confirmed the exact positioning of the DMSO moiety in then,in-position by
showing through-space interactions between the DMS(inglet at 3.24ppm) and the 1ry-H and 2y-H
signals of thepyCQMligands. The two doublets at 7.74 and 8.6@pm appearto belong to an additional
pyCQMmolecule (one equivalent considering each signal corresponds to two-dHtoms). According to
the DOSY spectrunfappendix, FigureA.67) they do not belong to the complex, which is supported by
the fact that they show no correlations in the 2ENMR spectraexceptwith each other.However, the
doublets are shifted tohigher field in comparison to free isonicotinic acid (doublets at 8.24 and
8.81ppm).

An interesting observation made for 2dmsc was a somewhat selcleaning procedure after
dissolution. As apparent from thetH-NMR spectra directly after sample preparation and five days later
in the same solution fFigure 3.2, B), certain impurities (marked by an x) seem to disappeaover time
without outer influence. At the same time, the two doublets of the additional pyG@molecule increase
in intensity. Although multiple attempts were made to purify 2dmso, these impurities continued to
appear when the complex was redissolved and, thus, hampered further analysis. Consequently, the
related complex3dmse was used for all further studies.

Complex3dmso was also chaacterized in solution by ESImass spectrometry and NMR spectroscopy.
As in the case oRdmso, thelH-NMR spectrum Figure 3.3, bottom; for complete NMR characterization
see appendix, Figures A.68A.73) portrays a G-symmetric complex now with 15 signals in the
aromatic region of whicheight stem from the meta-substituted pySQ"moieties. A singlet at 3.33ppm
can be assigned to the methyl groups of thBMSO in the bimetallic pocke once more the NOBY
correlations confirm its exact orientation (appendix, FigureA.71). The ES| MMPB displays signals at
m/z531.4 and 1085.8, corresponding to [MpySQ]2™and [MMySO3+Nal, respectively @ppendix,
FiguresA.7 and A.§.
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Figure 3.2: NMR spectroscopy of2dmso in DO. A: tH-NMR spectrum (500 MHz). The top spectrum depicts an
expansion of the aromatic region (7.28.6 ppm). The peaks are assigned according to the labeling scherime
Scheme3.4. The asterisk denotes the residual solvent peak and the circles point an additional pyCQMmolecule.
x1, ¥ and ¥ mark free DMSO, acetone and acetate, respectively. Please note, therdistn between prime and
non-prime for the (L))o Migand is not possible and is merely done for simplificationB: 1H-NMR spectrum
(300 MHz) of the aromatic region directly after dissolution and after remaining in the same solution for 5 days.
The impurities marked with an x seem to disappear over time.
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Figure 3.3: 1H-NMR spectra of the conversion odmse to 302H3 jn D.O/NaOD (1.5M). Bottom: *H-NMR spectrum
(500 MHz) of3dmso in D0, Middle:*H-NMR spectrum (300MHz) of3dmso in D,O/NaOD after heating for increasing
times at 50°C, TopH-NMR spectrum (500MHz) of 39253 in D.O/NaOD.The peaks are assigned according to the
labeling scheme inScheme3.4. Please note, the distinction between prime and noprime for the (Lt)o Migand is
not possible and is merely done for simplification.

Exchange of the DMSO in tha,in-position with water was achieved within a few hours in a sodium
hydroxide solution. This conversion can clearly benonitored by NMR spectroscopy, which shows the
transition from a complex of lower to one of higher symmetry Figure 3.3). After four hours at 50°C
the TH-NMR spectrum displays only eight signals in the aromatic region in accordance with a complex
having apparentGy-symmetry (for complete NMR characterization see appendix, Figure&.74zA.79).
No signals are observed in the aliphatic regiontlfere is no signal forfree DMSO as it is deuterated
under the basic conditions). A peak atn/z1183.8 can beseenE1 O E AMS/&drjespdhding to
¥ - Mb+NaM(appendix, Figures A.9 and A.103 in this case the ruthenium ions are in the oxidation
state II/1ll, which is a result of the gradual oxidation of3H20 during its synthesis under ambient
conditions. This is confirmed by the observation of an EPR signalthe solid-state Xband spectrum of
302H3(gx) at 145K (Scheme3.4, bottom right), as only the oxidized species is paramagnetic , whereas
3H20 with two Ru' ions is diamagnetic and, thus, would show no signal.

vUnder ambient or slightly basic conditions3H20 is expected to possess two aquo ligands and is given
the superscript H20. Upon oxidation to RIRU", one water molecule idikely deprotonated, thus its
superscript is adapted to O2H3, referring to the aquo/hydroxo moiety in the bimetallic cleft. The latter
is also used for the complex in its RIRU' state, when experiments were conducted in more basic
solution, e.g.the NMRexperiment in 1.5M NaOD Figure 3.3). These superscripts were chosen based
on the information withdrawn from the Pourbaix diagram (see Sectior8.3).
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3 Water Oxidation Catalysis with Ruthenium Complexes

The EPR spectrum was simulated with two species, each containing ruthenium(lll). The major
species (95%) is assumed to be the RWRuU" complex, the minor (5%) possibly a mononuclear
ruthenium(111) impurity. Both species were simulated with one R&. They each show a pseudaxial
spectrum without hyperfine splitting of the ruthenium ion (I =5/ 2). The corresponding EPR parameters
are listed in Table 3.2.

Table 3.2 EPR parameters fo302H3(0x) .

major species minor species

fraction / % 95 5

o1 1.84 1.96

g2=0s3 2.28 2.07

Qaverage 2.14 2.03

A1/ MHz 80 50

Az=As/ MHz 180 80

linewidth / G 70 5

As can be seen ifrigure 3.3, compounds3dmse gnd 3H20 are spectroscopically pure according to
NMR, butthe combustion analysisshows that the powder samples do not exclusively contairthe
respectivetarget complexes(seeexperimental section). Consequently further analysis was conducted
to investigate the possibleimpurities. According to XPS Figure 3.4, left), the powder sample of3dmso
contains no further elements other than those expected, whereasiainexpected large sodium peak as
well as additional fluorine is observed for3H20, This is further confirmed by the powder diffractogram
of 3120 (Figure 3.4, right) which coincides with that of NaF to 40%. In conclusion,the results suggest
that the powder sampleof 3dmso contains water molecules nexto the target complex (he combustion
analysis is quite accuratdor 3dmso.9H,0), and a significant amount of NaRext to water is additionally
present in the powder sample 08420, Generally, the presence of inorganic salts and water is a common
phenomena for complexes with sulfonate groups and multiple cations (three Ndn case of3dmso and
3H20) that tend to engage in extended Hbonded networks[246z2491 Nevertheless, the large amount of
NaF in the powder sample of3H20 can influence the catalytic performance and thus the respective
results should be treated with care.

Na(ls) Ru(3p) S(2s)
» o(1s) | | Na(s) 30 3r20
@) % ci1s) 7 RuG3d) | —NaF
3H20 | Na(2p) 254
‘N(ls) S(2p)! |
A 5 204
©
3dmso l =
L 2 15
15
E 104
54
blank
. . . . . . . 0 . . . . .
1200 1000 800 600 400 200 0 20 40 60 80 100 120

binding energy / eV 2q

Figure 3.4: Analysis of the purity of3dmso and 3H20, Left: XPS spectra (wide) @dmso (blue) and 3H20 (green) drop-
casted on a glassy carbon surface (bank: grey, pure glassy carbon surface). The asterisk, circle and triangle denote
the Auger peaks of Na, F and O, respectively. Right: Powder diffractogram of the powder sampl&#®® (green) at

298 K in conparison to that of NaF (red).The comparison shows that there is a significant amount of NaF in the
powder sample of3H20,
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3.1Ligand Synthesis and Ruthenium Complexation

Unfortunately, no crystals suitable for Xray diffraction could be obtained for complexes3dmse and
3H20, However, in two cases crystalline materiabf slightly modified congenerscould be received,
which unambiguously confirm the[LIRw(pySQ)4] core of the complexesDiffusion of acetone into an
aqueous solution of 302H3 containing sodium hydroxide under aepbic conditions led to the
incorporation of CQ from air in the bimetallic cleft to form a carbonate bridge. The resulting complex
3co3could be crystallized and was analyzed by XRIFigure 3.5, dj 2 GXD)=4.13A). The asymmetric
unit contains one molecule of the metal complex. Based on the symmefYL, the molecule forms a
dimer through a sodium cation which bridges the C& "moieties of two monomers Figure 3.6, left).
The Na is further coordinated by the sulfonate groups of two axially coordinated pySf®ligands (one
of each metal complex), as wells two solvent water molecules Figure 3.6, right). The ruthenium ions
are coordinatedby an {N«Q:} donor setin a close to ideal octahedral fashion as quantified by the very
small CSM(O,) values (Table 3.3). This result indirectly corroborates the presence & the
[LIRu(pySQ)4] core inthe aquo-bridged 3420,

When acetone was diffused into a solution &"20in H2O at neutral pH, some crystals of a dimerized
tetrametallic complex 4 were obtained. The molecular structure (Figure 3.7) shows that in 4 the
sulfonate group of one of the axial pyridines is hosted in the diruthenium pocket of the second
[LIRw(pySQ)4] unit, and vice versaThe asymmetric unitonly contains a monomer of the structure
(dj 2 60903/ rhe dimer is generated through an inversion center and had-symmetry. Also
here, theruthenium ions are almost ideally octahedrally coordinated by an {N>:} donor set (Table
3.3). A careful check of the Sg&groups shows that the three which are notwithin the bimetallic cleft
have two short SO bonds(1.3871.47 A) and one long 30 bond(1.47z1.56 A). The long bond would
correspond to OH; the two otheisto S=0. The final S{yroup is coordinated to the rutheniumions
viatwo O-atoms (KO distances of 1.47R) with one free S=Qdistance 1.43A). Thus, the structure could
be refined as [IRu(pySQGH)s(pySQ)]2, which likely crystallized from water because it is charge
neutral. This structure reflects the high tendency of the[L'Ru(pySQ)4] core to accommodate
exogenous entities in a bridging mode within the bimetallic cleft. It should be mentioned that no
evidence for dimerization as observed for solidl is seen in the NMR spectraf 30243 (note that 4 has
reduced symmetry of the bimetalliccore) or ESI mass spectra, suggesting that dimerization is not
relevant in solution.

Figure 3.5: Molecular structure of the cationic core of3¢o3drawn as thermal ellipsoids at the 30% probability
level, respectively (ruthenium: red, nitrogen: blue, oxygen: green, sulfur: yellow, carbon: grey). All hydrogen
atoms, solvent molecules and counter ions are omitted for clarity reasons.
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3 Water Oxidation Catalysis with Ruthenium Complexes

Figure 3.6: Additional views of the molecular structure of3<C3illustrating the dimerization via a sodium cation
(left) and the full coordination environment of the Na ion (right) made up of two CQs Mnoieties, two sulfanate
groups from the axial pyridines, as well as two water molecules (ruthenium: red, nitrogen: blue, oxygen: green,
sulfur: yellow, carbon: greyhydrogen: white, sodium: orange).

Figure 3.7: Molecular structure of 4 drawn as thermal ellipsoids at the 2% probability level, respectively
(ruthenium: red, nitrogen: blue, oxygen: green, sulfur: yellow, carbon: grey, hydrogen: white). All hydrogen atoms
(except those of the SGH groups) and solvent molecules are omitted for clarity reasons.
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3.2Electro- and Spectroelectrochemical Analysis

Table 3.3: Selected distances, torsion angles and Continuous Symmetry Measures (CSNF6$and 4.

distance / A 3c03 4

Ru---Ru 4.1349(14) 4.3364(14)

torsion angle / ©

RuzNzNzRu 7.7(9) MD.434(1458)

RwOz0zRU 35.004(301) 2.539(437)
VICSMY(On)2

Ru(1) 1.23 1.20

Ru(2) 1.26 1.48

aContinuous Symmetry Measures for octahedral geometry

3.2 Electro- and Spectroelectrochemical Analysi svi

The complexes 3dmsc and 3H20 were electrochemically characterized by means of cyclic
voltammetry and square wave voltammetry in aqueous triflic acid at pH. All potentials herein are
givenvs the normal hydrogen electrode (NHE)

Complex3dmso exhibits one reversible redox processat 0.86V, which is pH independent, followed
by a large irreversible wave associated with a catalytic process witBonset=1.38V (Figure 3.8, blue
trace). The reversible redoxwave is attributed to a two-electron process from RURU' to RU"RU" by
comparing the UV/vis spectra of the oneand twofold chemically oxidized specieswith the species
obtained by electrochemical oxidation at ~1V, which will be discussed in more detail below The
observation of an electrocatalytic procesdn the cyclic voltammogram (CV) of3dmse js somewhat
surprising, asthis complex is missingaquo ligands, which are required for the formatiorof high-valent
Ru=0 moietiesz a necessity for he &ZO bond formation step in water oxidationcatalysis. If, however,
the DMSO moiety in thein,in-position were to be substituted by aquo ligandsas in 3529, thus
establishing the foundation for water oxidation,a change in theCVwould be expected

In contrast to 39mso, the voltammogram o0f3H20 exhibits two pH dependentredox processes at 0.69
and 0.83V, corresponding to the oxidations from RURU' to RU'RuU" and further to RuU"Ru",
respectively, followed by a catalytic process withEonset = 1.36 V (Figure 3.8, green trace) Consequently,
the lack of changes in the CV @f{mse suggest that there is a more complicated situation regarding its
catalytic species, which will be discussed thoroughly throughout this chapter.

The redox potentials of complexegdmso and 3720, as well as those of related dinuclear ruthenium
complexes arecompiled in Table 3.4. Interestingly, 3dmso is the only complex that shows a tweelectron
oxidation, while similar complexes without water molecules aghe bridging moiety (1°Ac and [l ¢
exhibit two redox processes which are separated by 320801 6 Bu#. Furthermore, the redox
potentials are significantly higher for these two complexes. A comparison betwe&20 and its parent
complexXHz0, measured under identical conditions, reveals a shift of 80 and 140V to higher potential
for 3H20 for the first and second oxidation, respectively, which could be associated with the electron
withdrawing effect of the sulfonate moieties. The potential separation between the redox couples in
3H20 (3:E12 =140 mV) corresponds to a comproportionation constancom of 233.

vi The geometry ofthe coordination environmentwAO AT I PAOAA O OEA OAEAOAT AA
j xEOE AAT OOAI AOTiQés

vi This section was adapted from Jana Licken, Carolidimbert-Surifiach, Jordi BeneBuchholz,

Antoni Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for

Chemically, Electre and PhotoDriven Catalytic Water Oxidatiom h O1T AAO OAOEOEI 1 8
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Figure 3.8: CV (solid 100 mV/s) and SWV (dashed) of a inM solution of 3dmso (blue) and 3H20 (green) in 0.1M
aqueous triflic acid (pH1) using a glassy carbon disc working electrode, a Pt disc as auxiliary and an MSE as the
reference electrode.The potentials were converted tothe NHE scale by adding 0.658. The red line marks the
thermodynamic potential of water oxidation at the given pH.

Table 3.4: Redox potentials of3dmso and 3H20 at pH 1, and comparison data for other relevant complexes.

complex solvent2 Eiz2 / Vvs NHE(3E, / mV)P 3E12 [ mve reference
IRIIWAIRI ML/
3dmso pH1 0.86(73)d - this work
3H20 pH1 0.69(67) 0.83(69) 140 this work
XOAc DCM 0.45 0.87 420 [204]
XMeOH DCM 0.30 0.88 580 [204]
XH20 pH 1 0.61 0.72 110 [204]
V| OAc pH1 0.75 1.23 480 [108]
V|H20 pH1 0.80 1.10 300 [108]
\/OAc DCM 0.96 1.28 320 225]
\/H20 pH1 0.82 0.88 60 [225]

aDCMz dichloromethane, pH1 z aqueous triflic acid

b3Ep 7 peak-to-peak separation of one redox process

caE12 - separation between the two reversible redox processes
dtwo-electron process

On the basis of the electrochemical resultsUV/vis-spectroelectrochemical (SEC)measurements
were conducted. Next to thespectroscopiccharacterization of theelectrochemically oxidized species
of 3dmso and 3H20, the experiments providedinformation about the reversibility of the oxidations as
well as helped distinguish the nature (oneor two-electron oxidation) of the redox processn the CVof
3dmso_ For the latter,349mse was both chemically and electrochemically oxidized whilst monitoring the
UV/vis spectra. For the chemical oxidation, subsequently one and two equivalents@ANwere added,
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3.2Electro- and Spectroelectrochemical Analysis

revealing the spectroscopic features oBdmse gs a RURU!/ RU'RU" mixture (Figure 3.9, left, blue
spectrum) and in its RU'RuU" (red spectrum) state, respectively.3dmso in its RU'RuU! state (black
spectrum) possesses local absorption maxima at 27%pE 24100 L-molM.cm) and 346nm (27600),
as well as a shoulder at 428m (21000), the latter two of which are likelymetal-ligand charge transfer
(MLCT) bands. These MLCT transitions are partially (RURU'/RuRU" mixture) or fully (RuRu')
vanished in the oxidized species. In addition to thishe absorbance at 2751m gradually increases and
a new band forms at 537m upon oxidation. Another significant difference between thespectrum of
the RU'RU" species of3dmso and the other two is the initial dip at 3@ nm, which turns into a new peak
upon twofold oxidation. The final UV/vis spectrum obtained upon electrochemical oxidation at ~V
(Figure 3.9, right, red spectrum) clearly shows the same spectroscopic features as tlehemically
oxidized RU"Ru'' species, thus demonstrating that the reversible redox process in the voltammogram
of 3dmso s the two-electron oxidation from RuU'Ru' to RU'"Ru".

CAN addition: —— initial: Ru"Ru"
0.6- ——0eq: Ru'RY 081 —— final: Ru"Ru"
—1eq
——2eq: Ru"RU"
5 E 0.6 1
L 041 °
(o) (]
Q Q
g £ 041
g g
2 2
£ 024 8
0.2 1
0'0 T T T T T 0'0 T T T T T
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I /' nm I /nm

Figure 3.9: Comparison of the UV/vis spectra of3dmso after chemical and electrochemical oxidation in 0.M
aqueous triflic acid (pH1). Left: Chemical oxidation with 1 eq (blue) and 2eq (red) of CAN leading from the RIRu!
state (black) toa Ru'Rul/RumRul mixture (blue) and RU'RuU'" (red), respectively. Right: UV/vis spectrabefore
(black) and after (red) the electrochemical oxidation at 1.8 V. The comparison of the two graphs shosithat the
redox wave in the CV is a twelectron process going directly from RURuU' to RU'Ru!.

A measure of the reversibility of the electrochemical processes is given tye difference between
OEA AT T AEA AT A AAOE! FoEd# elbckosHemidally GelersiBlE redo prasess, a
OE AT O AES AV/n (s the number of transferred electrons) at 25°C is expected according to
the Nernst equation. ForapefEil O AA | AAODOOAIT A EQdue &f b reveBiBledioceSshisA 3
generally larger due to uncompensated solution resistance and ndmear diffusion.[250 With peak-to-
peak separations of 73nV for the two-electron oxidation of 3dmse as well as 67 and 68nV for the first
and second oxidation of3H20, respectively, these electrochemical processes can be considered
reversible (Table 3.4). Additional support for the reversibility of these oxidations is given by UV/vis
SEC measurements. In these experiments, the potal was increased from 0.36 to 1.06/,
corresponding to the oxidation from RURU' to Ru'"Ru", whilst monitoring the UV/vis spectra, and
then reversed. Specifically of interest is the comparison of the first and last UV/vis spectrum of this
series, & a full recovery of the initial spectroscopic features shows that the electrochemical process is
reversible. Upon rereduction (Figure 3.10, right) of 3dmso at 0.36V, the MLCT bands at 346 and 428n
reappear, while the newly formed transitions at 300 and 53fm disappear, thus reproducing the
initial spectrum. This becomes obvious as the spectrum before oxidation (dashed black) nearly
perfectly overlapswith the one afterreOAAOAOQET T | Al OAQq8 4EA 3 AAOI OAAT A/
spectrum before oxidation Figure 310h AT OOT I q A i-dBpendiéhEntelsityddsAand gain
upon oxidation, as well as the reversibility of the electrochemical process, as the trace after-re
reduction (blue) more or less coincides with the baseline.
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Figure 3.10: UV/vis-spectroelectrochemical analysis o8dmso in 0.1 M triflic acid (pH 1) (c =2.86-10% M). Top left:
UV/vis spectra of the electrochemical oxidation fromRu'Ru! to Ru''Ru'' at 1.06V vs. NHE (black: beginning, red:
end). Top right: UV/vis spectra of the rereduction from RullRull' to Ru'Ru' at 0.36Vvs NHE (red: beginning, blue:
end, black dashed: initial UV/vis spectrum before oxidation). Bottoms- absorbance of the spectra after oxidation
(red) and re-reduction (blue) with respect to the spectrum before oxidation (baseline)

Complex3H20 (RuU'RU') possesses locahbsorption maxima at 282 (= 23200 L-mol™.-cmM) and
393 nm (22800), as well as a shoulder at 358m (19300) (Figure 3.11, left, black spectrum). Upon
oxidation to RU"RuU" at 1.06V (Figure 3.11, left), these transitions disappear, and new peaks arise at
274 and 294nm with a shoulder at 417nm. Uponre-reduction to RU'RuU" at 0.36V (Figure 3.11, right),
the MLCT bands at 352 and 398m regain intensity and the newly formed peakslisappear. The final
spectrum after re-reduction (blue) nicely overlaps with the spectrum before oxidation (dashed black).
/I'TAA 11 O0Ah OEA OAOAOOEAEIEOU 1T &£ OEA Al AAOOT AEAI EAAI
(Figure 3.11, bottom). It is interesting to note that the UV/vis spectra o8dmso and 3H20 in their RU'RuU"
state significantly differ from one another. This circumstance was of greatse for further studies as

will be discussed in Sectior8.5.4.

40



3.3 Pourbaix Diagram of 820

1.0 1.0
4 — Ru'RuU" v initial Ru"Ru"
RU RU”I RU\I\RUIII
0.8 0.8 1 — final re-reduction
=] ]
< 0.6 < 0.6 N
@ @
o o
c c
8 044 S 044
S 5]
(%] (%]
Qo o
m ]
0.2 1 0.2
0.0 1.O€I3Vvs. NH.E . . . 0.04 0.3EI3Vvs. NH.E . : .
300 400 500 600 700 800 300 400 500 600 700 800
I/ nm I /nm
0.4
0.3 1
0.2 1
2 0.1-
3 00
j =
IS
£ -0.14
o
%]
] -0.2-
fa)
-0.34
-0.4 4
T T T T T
300 400 500 600 700

I /' nm

Figure 3.11: UV/vis-spectroelectrochemical analysis 08420in 0.1 M triflic acid (pH 1) (c =2.86-10% M). Top left:
UV/vis spectra of the electrochemical oxidation frorRU'Ru! to Ru''Ru'' at 1.06V vs. NHE (black: beginning, red:
end). Top right: UV/vis spectra of the rereduction from RullRull' to Ru'Ru' at 0.36Vvs NHE (red: beginning, blue:
end, black dashed: initial UV/vis spectrum before oxidation). Bottoms- absorbance of the spectra after oxidation
(red) and re-reduction (blue) with respect to the spectrum before oxidation (baseline).

3.3 Pourbaix Diagram of 3H20vii

In water oxidation catalysis, multiple PCET processds/ metalzaquo groups (M;OH) are required
before the @O bond is formed, and dioxygen is release@ee Section 1.3.3) Thepotentials of these
redox processes are dependent on the pH valu€his pH dependency can be quantified based on the
Nernst equation. For a PCET process in which protons and n electrons are transferred (eg3.1), the
Nernst equaion (at 298 K) can be rewritten as shown inequation 3.2. Next toa pH independent part
(Econst), containing E° and the concentration of the reduced and oxidized species, the equatighows

that the redox potentials(Ei2) decrease by—18t v Goper pH unit.

| @ a( &Aoo 2AA
‘  mue 2AA G
OT @) 3 |% ‘—:)TSTUGOCD(

(3.1)

(32)

Vit Parts of this section were adaptedrom Jana Lucken, Carolina Gimbe#$urifiach, Jordi Benet
Buchholz, Antoni Llobet, Franc Meyédr DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid

Ligand for Chemically, Electreand PhotoDriven Catalytic Water Oxidatiod h

Ol AAO OAOEOEITT 8
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3 Water Oxidation Catalysis with Ruthenium Complexes

A Pourbaix diagram also referred to asa potential/pH diagram, visualizes the pH dependency of
redox processe. More precisely, a pure electron transferr(e™0 H*) possesses a slope of 0, whereas
PCET processes of the typae¥nH+* or neM2nH* A@GEEAEO Olileerq 11 AnViitpop ¢
respectively. Concomitantly, the Pourbaix diagramllows oneto distinguish the proton content of each
speciesand derive Kavalues.

For the generation of a Pourbaix diagranfor 3H20 (Figure 3.12), electrochemical measurements
were conducted in the pH range of 48. To precisely determine the redox potentials, both cyclic
voltammograms and differential pulse voltammograms (DP§) were recorded. The experiments were
performed in an aqueous HBFsolution as it does not contain any coordinating anions in contrast to
triflic acid and phosphate buffer. However, this implies that the solution is not bufferedyhich could
be problematic as durirg water oxidation catalysis protons are releasedand so, the pH valuewas
monitored before and after each measurement. The pH value was adjusted by the addition of small
amounts of an aqueous NaOH solution. To ensure that the complex concentration remaiémost the
samethroughout all experiments, a highly concentrated NaOH solution veaused.
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Figure 3.12. Pourbaix diagram of 3H20 in a pH range of %8 in aqueous HBE. The red line indicates the
thermodynamic potential of the water oxidation reaction. Dashed lines are drawn when the process could not
be observed in the electrochemical measurements or not unambiguously assigned. Vertical lines makawalues.
The pH was adjusted by the addition of aqgueous NaOH382° in an aqueous HBFksolution.

A series of CVs and DPVs 820 at various pH values is displayed ifrigure 3.13. Whereas certain
redox processes can easily be observed, others are barely visible as shoulders, hiptat the difficulty
of generating a complete Pourbaix diagram. The redox potentials were determined both from the CV
(half-wave potential Ei2) and DPV (peak potentiaEp); at most, the first three redox processes were
clearly visible in the CV. A list ofthe potentials of all redox processes used to compile the Pourbai
diagram is given in the appendix (Tablé.23). All redox potentials that could be determined from both
voltammograms were averaged. With this data, a potential/pHliagram could be construted.
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Figure 3.13: Electrochemical measurements 08H20 in an aqueous HBEsolution at different pH values.The pH
was adjusted by addition of an aqueous NaOH solutiot.eft: CVs at 100nV/s in a potential range of 0.1¢1.16 V.
Right: DPVs in a potential range of 0.%8.56 V. The x marks an impurity that appeared at elevated pHA glassy
carbon disc was used as the working electde, a Pt disc as auxiliary and an MSE as the reference electrobiee

potentials were converted to the NHE scale by adding 0.658
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3 Water Oxidation Catalysis with Ruthenium Complexes

The thorough analysis of the PCET processes allowed the assignment of the proton content of each
species in order to compleé the Pourbaix diagram Figure 3.12). Overall, the potentials of the first
three redox proces®s(from Ru'"Ru' to RU"RUVY) could be determined in quite good accuracy, whereas
at higher potentials the Pourbaix diagram becomesess precise (indicated by the dashed lines).
Nevertheless, it supports the presence of two aqutype ligands in 3H20, Above this, it suggests that
[Ruv=00=RwW]< MLs Mand pySQ"ligands are omitted for clarity reasons) is the catalytically active
species in which the @O bond is formed, and dioxygen is released.

In the Pourbaix diagram, each horizontal line represents an electron transfer and each vertical line
a proton transfer, thus revealing the iKa values of certain species Table 3.5). Surprisingly, the Ka
values of[Rul'zOH H-OzRu"]< *and [Ru''zOH: H.OzRu"Mare the same, which is very unexpected and
cannot be explained at this pointThe redox potential of the filst oxidation process from RURU' to
RU'Ru" remains unchanged until pH2 after which it decreases steadily with a slope of ~6@nV,
supporting a 1eM1 H* PCET process. Accordingly, the redox process can be phrased as (all scaffold
ligands are omitted Dr clarity reasons):

[Ru'zOH H2OzRUNE M €10 [RU'ZOH HoOzRU![e Mrom pH 172
[Ru'zOH HOZRUM® M @M+ H- O [RulzOH H20zRU'0 Mrom pH 278.1

The second oxidation RU'RuU" to RU'"Ru") features three different slopes in the examined pH
range, corresponding to a pure electron transfer, as well d@se™1 H* and 1eM2 H* PCET process. As
there are two different initial species, four processes are observed:

[Rul'zOH: H20zRUNM+ €10 [RullzOH: HOzRu!]< Mrom pH 172
[RullzOH HOzRU']< M €10 [RullzOH: HOzRU!]o Mrom pH 275
[Rul'zOH HQ@RU']s ™ &1+ H-O [RulzOH HOzRu!']e Mrom pH 577.2
[Rul'zOH O=RU]t ™ &1+ 2H O [Ru'zOH HOzRU!]o Mrom pH 7.228.1

Finally, the third process can be split up into five separate sections in which the four initial species
(Ru"RuM) with different proton content convert to two species in the oxidation state RURUV:

[Ru"zZOH HQRuUV]s ™ €1+ 2H O [Ru"zOH H20zRu'"]Mfrom pH 122
[Ru"zOH HQRuUV]s ™ €'+ H O [Ru"zOH: HOzRuU'"]< Mrom pH 224
[Ru"zOH O=RU]o ™ &'+ 2H* O [Ru"zOH HOzRU'"]< Mrom pH 475
[Ru"zOH O=RUW]o™ &'+ H O [Ru"'zOH HQ@Ru"]o Mfrom pH 527.2
[RuzOH O=RUW]° ™ 10 [Ru"zOH O=RU]® Mrom pH 7.278.1

Subsequent oxidation processes could not be easily distinguished from the electrochemical
measurements and will thus not be discussed in detail. They were largely assignéddugh the overall
picture of the Pourbaix diagram and cannot be considered completely accurate. Nevertheless, from
pH4z6 aleM1 H* PCET process could quite clearly be observed in the DPV (ddgure 3.13, right,
pH 4.98) corresponding to the oxidation:

[RUV=0 O=RIW]o™ e'+H+O [Rul'zOH O=RIY]o ™
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3.4 Electrochemical Water Oxidatbn Catalysis

After this there seems to be a further oxidation tgRuV=00O=RW]s Mn which the zO bond is
formed, and dioxygen is released. The potential of this last process is pH independent; however, it
fluctuates over the measured pH range making it difficult to ekermine the exact redox potential.

Table 3.5. pKavalues of various species a3Hz20,

conversion pKa
[Ru'zOH HOzRUM o ™ H- O [RullzOH H2OzRu!']s¢ M 1.96
[Ru"zOH: HOzRU!"]¢ ™ H- O [RullzOH: H.OzRU'"M 1.96
[RuizOH HQ@QRuU'"]° ™ H+© [Ru'zOH: HOzRU!']s M 5.02
[Ru"zOH O=RU]* ™ H© [Rul"zOH HQ@Rul]o™ 7.24
[RuizOH O=RW]°™ H*©O [Ru'zOH HQ@RuV]s ™ 4.02

A comparison of the Pourbaix diagram o8H2° with those of VH20226] gnd V|H20[108,231] {5 not trivial
as different species are formedn these related complexes; however, the overallka values of 3H20
seem to be higher. For example, theavalue of the [RUY'zOHHOzRUV] species (all scaffold ligands are
omitted for clarity reasons, the charge is not given as it differs for the complex&20/ V/|H20 gand 3Hz20)
is 0.7 and 4.0 folvH20 and 3420, respectively. Furthermore, the avalue of [RU'zOH H2OzRU'], which
lies at 65 and 6.8 forVH20 and VIH20, respectively, is not found within the measured pH range for
complex3H20, Another significant difference to the Pourbaix diagrams &fH20 and VIH20 s that the fully
protonated [Ru'zOH: H20zRU'"] species can be observed fa3H20 but not for the previously reported
systems. These observations are all in accordance with the lower overall charge34#°© compared to
VH20/ VV[H20, hecause of the anionic carboxylate groups in the present complex.

3.4 Electrochemical Water Oxidation Catalysis i

At pH1, the extrapolation of the Pourbaix diagramof 3H20 suggests that there are two PCET
processes after 1.36/vs.NHE (onset of the catalytic waven the CV, Figure 3.8), namely the oxidation
from [Ru"zOH H2OzRuU"TMto [RuzOHHOzRUV]< M1.34 V) and further to [Ru"=00=Ru]s M1.53V)
before dioxygen is released. Wekeparated redox processes can be observbgtween pH4 and 6, and
thus allow one to distinguish the beginning of the catalytic wave in order to perform a FOWA analysis
and obtain kinetic information on the catalysis(see Sectionl.3.4). For an accurate and reproducible
analysis,multiple CVsof 3H20 in HBF4 (pH 5.6) were recorded at scan rates 20, 50, 100 and 208V/s.
Before data was extracted from the CVthe background scan was subtracted. A corresponding
background-subtracted CV exemplarilyfor 100 mV/s as well as its graphical analysis is shown in
Figure 3.14. A keat value was determined for every scan rateTable 3.6) and averages ta22.5+2.8s"
for 3H20 at pH5.6. It is important to note that kinetic parameters for catalytic reactions, which are
derived from electrochemical measurements, are extremely seitive to reaction conditions and
analysis methods, and thus, should only be compared witireat caution.2511 Furthermore, please keep
in mind that the powder sample 0f3H20 contains significant amounts of NaF (see Sectidhl), which
can influence the catalytic response.

X This sedion was adapted from Jana Liicken, Carolina Gimbeurifiach, Jordi BeneBuchholz, Antoni
Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for
Chemically, Electre and PhotoDriven Catalytic Water Oxidatiod h OT &idnO OA O
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Figure 3.14: FOWAanalysis 0f3H20 in aqueous HBE (pH 5.6). Left: CV 08H20 from 0.24z1.54V at 100mV/s. The

red section marks the data used for th&OWAanalysis. Right: Plot- VS% (for the red region in the CV
p AYY
black: experimental, red:linear fit).

Table 3.6: keat values from theFOWAanalysis of complex3H20 at various scan rates.

scan rate / mV/s Keat/ M @[ sMe
20 23.1
50 19.4
22.5+2.8
100 20.6
200 26.7

As for complex3H20, the CV of3dmse at pH1 exhibits a large irreversible wave associated with an
electrocatalytic process beginning at very similar potential Eonset=1.38V for 3dmso vs Egnset=1.36V
for 3H20; Figure 3.8). Nevertheless, a FOWA analysis 8fmso at this pH is not feasible due to further
oxidation processes before dioxygen formation that cannot be distinguished in the CV, as stated for
3H20 ahowe. In contrast to3H20, a FOWA analysis @dmse at higher pH was not possible, because under
these conditions theDMSOin the bridging pocket is partially replaced by aquo ligands, which is in
accordance with the synthetic procedure for the formation oBH20. At pH2, however, in the presence
of phosphate buffer, complexddmse proved to be stable over the course of 20 CV cycles. At this pH, no
exchange of theDMSOmoiety in the bimetallic pocket was observed as confirmed by E®IS Likewise,
the stability of the bridging DMSO group at low pH was confirmed by NMR spectroscopy in DOTf (9H

3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

3.5.1 Order of the Reaction and Comparison between the Catalytic Behavior of 3 dmso
and 3H20x

The catalytic proficiency of complexes3dmso and 3H20 for chemically driven water oxidation was
tested using ceric ammonium nitrate as sacrificial oxidantCAN is a oneelectron oxidant with a redox
potential of 1.75V vs NHE (-50mM) at pHO0.9 in an aqueous perchlorate solutiorit'2l While this
allows for the study of WOGwith overpotentials of up to nearly 580 mV (E°(H20/02) =1.17Vvs NHE

xThis section was adapted from Jana Liicken, Carolina Gimb&trifiach, Jordi BeneBuchholz, Antoni
Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for
Chemically, Electre and PhotoDriven Catalytic WaterOxidationo h  O1 AAO OAOEOEI 1 8
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3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

at pH1), it may also open up new side reactionthat could for example lead to the degradation of the
catalyst.

In a typical experiment, 100eq of CAN were added to a thM complex solution in triflic acid (pH1)
at 25 °Cresulting in a maximumturnover number (TON) of 25 (100% efficiency) for the four-electron
oxidation of water to dioxygen. The producedlioxygen was simultaneously detected by a manometer
and an optical oxygen sensor or a Clark electrodeor the manometric measurements, the pressure
difference to a referencecell was recorded and subsequently converted to the amount of dioxygen
produced by means of the ideal gas lawhe determined oxygen partial pressurgoz from the optical
oxygen sensor was treated likewise. Alternatively,ite measured potential at the Clds electrode was
used to determine the concentration of dioxygein the gas phasevith the help of a previously recorded
calibration curve. These two analytical methodsi(manometry and oxygen sensor)are employed
simultaneously in order to confirm the absene of any gases other than dioxygerhe sole use obn-
line manometry is not sufficient, as the manometric measurement cannot distinguish between
produced dioxygen and for example carbon dioxide from the oxidative decomposition of the complex.

In order to determine the order of reaction of water oxidation on the complex concentration,
chemical water oxidation experimentsof 3d9mso were conducted.For this, CAN was added t@dmse in
0.1 M triflic acid (pH 1) to reach a final oxidant concentration of 200nM and the evolution of gas was
monitored by on-line manometry (Figure 3.15, left). The initial rate of water oxidation for each
concentration was determinedfrom this data by a linear fit ofthe first 20 seconds after addition of CAN
andrevealed a linear dependency on the amount &dmse in solution (Figure 3.15, right). Consequently,
water oxidation catalysis is firstorder in complex concentration.
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Figure 3.15: Concentration dependent chemical water oxidation o8dmso in 0.1 M aqueous triflic acid (pH1) at
25 °C Left: Formation of dioxygen at different complex concentrations detected by eline manometry (the inset
depicts the first 20 seconds of oxygen formation)The concentration of CAN was left constant (108M). Right:
Initial rate of water oxidation determined in the first 30 seconds after addition of CANLinear fit with an R of 0.99.

Typical traces for two consecutive additions of 10@q CAN are shown ifrigure 3.16 for complexes
3dmso (left) and 3H20 (right). ¥ The maxima recorded by the manonmier (black) and the oxygen sensor
(red) are in quite good agreement suggesting the absence of significant amounts of any gases other
than . The oftenencountered delayed response of the oxygen sensor can be attributed to the fact
that the liquid phase is first enriched with molecular oxygen before being released to the gas phase in
which it is then detected. The first water oxidation run (solid lines) is significantly faster than the
second one (dashed lines), which is portrayed in the T@F 0.188 and 0.201sM for complexes3dmso
and 3120, respectively, for the first run and 0.014 and 0.018" for the second [Table3.7). These results
suggestthat either the catalysis is inhibited, or that different species are responsible for the catalysis

xi Please keep in mind that the powder sample dH20 contains significant amounts ofNaF (see Section
3.1), which can infuence the catalytic response.
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3 Water Oxidation Catalysis with Ruthenium Complexes

in the first and second rounds. The TGQWalues obtained for3dmso and 3H20 compare favorably to those
reported for the related pyrazolate-based catalysts/H20 (0.014 sM)[225] and VIH20 (0.068 s™)[1%8] under
the same conditions. However, they are nearly an order of magnitude lower than that of the parent
complex XHz0 (1.4 sM),[204] which lacks the peripheral sufonate groups (Table 3.7). It has previously
been shown that pendant sulfonate groups in the second coordination sphere of mononuclear
ruthenium catalysts can significantly alter the rates of CANIriven water oxidation.[115]
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Figure 3.16. Catalytic activity monitored by online manometry (black) and an oxygen sensor (red) dddmse (left)
and 3H20 (right) upon addition of 100eq CAN (TOMax =25 (100 % efficiency)) in 0.1M aqueous triflic acid (pH1)

at 25 °C(catalyst concentration: 1mM). The solid lines represent the first and the dashed lines the second addition
of CAN.The inset depicts the first five minutes of dioxygen evolution.

Table 3.7. TON and TOFfor the chemical water oxidation catalysis of3dmse and 3H20, as well as other relevant
complexes (TOMax =25 (100%)) derived from manometric dataa

complex TON (eff. / %) TORP/ sMp ref.
1c 2¢ 3c 1c 2¢ 3c

3dmso 20.0 (80) 24.9 (>99) 24.0 (96) 0.188 0.014 0.002 this work
3H20 12.6 (50) 19.4 (78) Z 0.201 0.017 7 this work
XH20 24.0 (96) 24.0 (96) Z 14 Z Z [204]
V[H20 22.6 (90) Z Z 0.068 7 2z [108]
\/H20 17.5 (70) Z Z 0.014 2 Z [225,226]
Vild 10400 (42) z Z 1.2 Z 74 [227]
Ville 1400 (11) z Z 1.17 Z Z [228]

aconditions: cat=1 mM, CAN=100 mM (cat/CAN=1/100), in 0.1 M aqueous triflic acid at 25°C

binitial turnover frequency at the start of catalysis under identical conditions.

crefers to the first (1), second (2) and third (3) addition of CAN to the same complex solution

dconditions: cat=50 nM, CAN=5 mM (cat/CAN= 1/100000, TONmax = 25000), in 0.1M aqueous triflic acid/10t ,
MeCN

econditions: cat=2t - h #1000 mM (cat/CAN= 1/50000, TONmax = 12500), in 0.1M aqueous triflic acid/10 %
MeCN

For the first addition of oxidant, complex3dmse reaches a TON of 20.0 (8% efficiency), whereas
3H20 has a maximum TON of only 12.6 (5%). The low TON of3H20 is a consequence of the formation
of insoluble Cek from CAN and Fions (present in the bulk material of3H2° from HBFs used during
synthesis, see experimental section), and therefore not all tfie added oxidant is available for water
oxidation (Figure 3.17, top). This could be confirmed by XPS measurements, in which the abeve
mentioned solid (green trace) was compared to commercially available Cefblack) and a precipitate
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3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

formed upon addition of CAN to a 0.M aqueous HBEsolution (pH 1, red). In all three cases, the XPS
F(1s) and Ce(3d) spectra are very similar, suggesting that indeed Gé$-formed (Figure 3.17, bottom).

In both 3dmse gnd 3H20, a significantly higher TON is reached for the second run of water oxidatioriz.
24.9 (>99%) and 19.4 (78%), respectively. A third addition of 100eq CAN ta3d9mse was also attempted
leading to a TON and TQFf 24.0 and 0.00%™, respectively, with good agreement between the
manometry and oxygen sensor traces, demonstrating the baistness of the catalystTable 3.7).
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Figure 3.17: Observations during the chemical water oxidation 08420 in 0.1 M triflic acid (pH 1) with CAN. Top:
Pictures showing the gradual formation of a white solid upon addition of CAN ®H20. Bottom: XPS spectra of the
F(1s) (left) and Ce(3d) (right) areas of he abovementioned powder (green) in comparison to commercially
available Cek (black) and a powder formed upon the dissolution of CAN in 0 aqueous HBE(pH 1) (red). As
can be seen, all traces look very similar, suggesting that the powder samples fearcorrespond to Cek

3.5.2 Inhibition of the Catalysis by Anation of Nitrate lons and Interaction with
Ceriumxi

The significant differences in TOFor the first and second catalytic runs for both complexes could
be a result of a detrimental nitrate effect, as N§¥is added with every equivalent of CAN (106nM
CAN=600 mM NQM. Nitrate, next to other anions, is able to compete with the substrateig. water)
for the active site of the diruthenium center, as has been previously shown fofH#20 and other
ruthenium-based WOC:s, thus resulting in a lower TOBr the second run of water oxidation/141.204,25
25] In order to demonstrate the effect of nitrate anation in the present case, water oxidation
experiments with different amounts of NaNQ@ added prior to catalysis were conducted for3dmso,
However, & can be seen ifrigure 3.18 (left) , the effect of additional 600eq (corresponding to the same
total concentration of nitrate in solution as after the second addition of CAN)r even 1200eq NaNQ
during the first run of water oxidation (mid-blue and lightblue traces, respectively) is significantly
smaller than the retardation observed during the second run without additional NaN§(dashed, dark
blue trace). In case of 60@q added NaN@ the TOIris decreased by approxnately half to 0.095s"

Xi This section was adapted from Jana Lucken, Carolina Gimb&urifiach, Jordi BeneBuchholz, Antoni
Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for
Chemically, Electre and Photo-Driven Catalytic Water Oxidatiom h  O1T AAO OAOEOEI 1 8
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and the TON remains unchanged (~21) in the first run, in contrast to the values found for the second
run, viz. 0.014s™ and a TON of ~25The same trend is observed upon addition of NaN@500 eq) prior

to the second run. Here, the deceleratioiTOR = 0.007 s™) does not reach the same extent as during a
third run of water oxidation (0.002 s™; Table 3.7), although in both cases a total amount of 1808q
NGsMis present in solution, thereby showing no difference if the NaN®is added prior to the first or
second addition of CANConsequently, thedisparities that are observed in the first and second runs
(Figure 3.18, left) cannot exclusively be attributed to the effect of the nitrate in CAN. In contrast,rfthe
non-sulfonated analogXH2° it could be shown that the decrease in the TQfor the second run is purely
due to anation by nitrate, as nearly identical TQRvalues are obtained for the second addition of CAN
or when 600 eq KNQ are added prior to the first run[204]

Next to released nitrate from CAN, the cerium ions are also capable of interacting with the catalyst
especially in the presence of sulfonate moieties, as has been previously demonstrated for a
mononuclear terpyridine-based ruthenium WOC with pedant S@Q"groups/t1®l In order to investigate
the influence of cerium(lll), a WO catalysis experiment in the presence of 1@ Ce(N@)s and 300eq
NaNQ was conducted; these additives mimic the conditions after one run of water oxidation with
100 eq CAN Figure 3.18, right). Indeed, the effect of added 108q Cé' and 600eq NQMprior to the
first run coincides with the retardation of catalysis in the second run without any additives, which
clearly suggests that the observed deceleration of catalysis from the first to the second run is an effect
of both nitrate and cerium(lll).
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Figure 3.18: Influence of nitrate and Cé&' on the water oxidation catalysis of3dmso upon addition of 100eq CAN
(TONmax=25) in 0.1 M aqueous triflic acid (pH1) at 25 °C monitored by onrline manometry. Left: Catalytic runs
with and without added NaNQ prior to the first run (dark blue: no addition of NaNQ, blue: 600eq, light blue:
1200 eq). Left: First 10minutes of the catalytic runs with and without added NaN®and Ce(N@G)z prior to the first

run (dark blue: no additive, orange: 300eq NaNQ@ and 100eq Ce(NQ@)s). The solid lines represent the first and
the dashed lines the second addition of CAN. Please note, @0NQMand 100eq Cé! come from 100eq CAN.

In order to further analyze the effect of nitrate, cyclic voltammograms of3dmso were measured in
the potential range of 0.6&1.56V at various NaN®concentrations with a dwell time of one minute in
the catalytic regime (1.56V). As can be seen iRigure 3.19 (left), next to the expected reductive peak
at 0.85V (original species), a new species with cathodic peak potential at 0.%4can be observed in the
reverse scan (dark blue CV, no additional nitrate), suggesting that the original complex is transformed
into an active new species during catalysis (possible catalytically active species are discussed in Section
3.5.4). Upon addition of nitrate, the newreductive wave shifts, which indicates that this catalytic
species is subjected to anation (new anated species). However, anation appears to occur only in higher
oxidation states astH NMR spectroscopy of the RURU' complex3dmso in the presence of 100eq NaNQ
does not show any significant changes. Furthermore, regardless of the amount of nitrate present in
solution, the newly formed species disappears when the complex is reduced back to its'Ru' state,
as can be seen when cycling the RRU'"/Ru"RuU'" wave after the dwell time in the catalytic regime
(Figure 3.19, right; exemplarily for 0OmM NaNQ). Consequently, the active new species, which is
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3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

formed during catalysis, only remains intact if the ruthenium ions are at least in the oxidation state +lII.
Furthermore, the reaction to form the new active species must be quite simple, without major
structural changes, as it seems to be easy to reverse the process and regain orig@tafo.
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Figure 3.19: CVs ofa 1mM solution of 3dmso in 0.1 M aqueous triflic acid (pH1) in the potential range of 0.6&

1.56V with a dwell time of one minute in the catalytic regime (1.56/) using a glassy carbon disc working
electrode, a Pt disc as auxiliary and an MSE as the reference electrode potentials were converted to the NHE
scale by adding 0.658/. Left: CVsat various nitrate concentrations (@600 mM, dark to light blue, respectively).
Right: CV at nM NaNQ with subsequent cycling from 0.6§1.16V (10 times, red: first, dark red: last scan
showing that upon rereduction to RU'Ru'! the new species disappears.

In order to investigate the effect of cerium(lll) on the electrochemistry of3dmse SWVs were
measured in the presence of Ce(N{2. As can be seen iRigure 3.20, the addition of Ce(NG)s leads to
an anodic shift of the oxidation potential of3dmso, This could be explained by the interaction of Ce
with the complex, thus removing electron density and making the oxidation more difficult. As the shift
is only minimal (addition of 100 eq Ce(N@)s increases the oxidation potential by 19mV), it could be
assumed that the C@ ion binds rather far from the ruthenium centers,e.g.at the sulfonate groups of
the axial pyridine ligands, as has previously been observed for a mononuclear ruthenium W@,
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Figure 3.20: SWVs of a InM solution of 3dmso in 0.1 M aqueous triflic acid (pH1) upon addition of Ce(NQ@)3 using

a glassy carbon disc working electrode, a Pt disc as auxiliary and an MSE as the reference electrode (black: no
additional Ce(NQ)s, red: 10eq, orange: 10(q). The potentials were conerted to the NHE scale by adding
0.658V.

3.5.3 Prerequisite for Mechanistic Studies

In order to distinguish the mechanism of water oxidation more precisely the QO bond formation
step(typically I2M or WNA; see Sectiorl.3.3), 180 labeling experiments are a valuable tool. An essential
requirement for such studies is a slow exchange of the bound water molecules with the solvent
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(compared to the timescale ofhe experiment), as a different degree of labeling of the catalyst and the
substrate (viz. water) is necessaryThus, the estimation of the exchange kinetics of the aqligands is
indispensable, bearing in mind that m case of fast exchang@mo mechanistc information can be
withdrawn .

An easily applicable method is to investigate theubstitution kinetics with acetonitrile by UV/vis
spectroscopyas has previouslybeenreported for the related complexesvH20 and VIHz20 [108.226] For this,
3H20was dissolved in 0.1M aqueousHCIO: (pH 1) and ~1500 eqg MeCNwere added, ensuringpseudo
first-order conditions. As3H20was already patially oxidized from synthesis (see Sectio3.1), CAN was
added prior to MeCN to reach the oxidation state RIRU"" (also monitored by UV/vis).In any casethis
is useful as it has been shown that the exchange rate significantly decreases upon oxidation of the
ruthenium ions.[108.226]

As can be seen ifrigure 3.21 (top), the spectral changes upon addition of MeCté 3H20 (Ru'Ru'")
are minimal. The absorbance slightly decreases at 28 m and increases at 333im with isosbestic
points at 304 and 416nm, suggesting a clean conversion from one species (A) to another (B) as shown
below. The experimental data was evaluated witlspecfit/32™ using a gbbal model for a pseudo first
order process(! © "). Atroom temperature, a rmate constant of5.3-10% s™ (half-life t12 =22 min)
(Table 3.8, entry 8) was obtained, which is t@ fast for 180 labeling experiments The goodness of fit
was confirmed by selected kinetic tracesKigure 3.21, bottom), which show that the experimental and
simulated data are in good agreement. Additionally, calculated UV/vis spectra of the two species A and
B (Figure 3.21, middle left), as well as a calculated species distributiorF{gure 3.21, middle right) can
be extracted from the theoretical treatment of the results.
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As the exchange rate turned out to be too high at Z&,the same experiment was conducted at
lower temperatures (5, 10 and 15°C, Table 3.8). From this data, an Eyringi( F0 8) and Arrhenius

(I T B) plot were prepared (Figure 3.22), from which the activation energyEa as well as the

AAOEOAOQCEIT 1T HPAIOKSI vle® Adr&xtedsas shown in equations3.3z3.7. Apart from the
physical constants R, h andg the slope of the linear fit (n) as well as they-intercept were required
for this. The analysis revealed thatn the considered temperature range the enthalpic contribution
(aHd =65 kJ-mol1) to the Gibbs energy barrieris approximately three timeslarger than the entropic
one (Mr'3S'= 24726 kJ-moM). Furthermore, £ A T A ¢cFhalieldnllicates an associative mechanism
for the ligand exchange reactionReverting to the main reason for these studies: at the lowest
temperature (5°C), the exchange rate at the oxidation state RRu" turned out to be 1.0-10%s™

(tu2 =115 min), eliminating labeling studies to elucidate the mechanism.

iTFQ yd:ﬁ lﬁ A 33
Y Y Y QY (33)
YY¥ YD |TTQ ” 34
® 5 WX P X773 (34)

. ) E *
yo'  adY o@uowu i (3.5)

. . 0

I 1b ~ % (3.6)

. , E*
O aAadY OoxX U —. (3.7)

52



3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

— initial
— final
S
<
-
[}
()
[
©
o]
L -
o
%)
o]
©
0.0 T . . : . : . : . : . : . :
250 300 350 400 450 500 550 600
I /nm
20000 5.0x10°
—A
—B
4.0x10°
15000 A
s
e 5 3.0x10°
< 10000 IS
= IS
° 8 2.0x10*
o
(5]
5000 .
1.0x10°4
—A
—B
01— T . T . T ; 0.0 . : : T
250 300 350 400 450 500 550 600 0 50 100 150 200 250
I /nm time / min
0.525 0.230
exp 285 nm exp
——sim ——sim
0.520 0.2251
[ [
£ £ 02204
% 0.515 %
0.215 4
0.510
347 nm
. T T . 0.210 : ; T T
0 50 100 150 200 250 0 50 100 150 200 250
time / min time / min

Figure 3.21: Exchange kinetics 0f3H20 in the RuU'"Ru" state with MeCN in 0.1M triflic acid (pH 1) at 25°C
(c=5.0-10"% M). Large graph UV/vis spectral changes upon addition of MeCN (~1508q, initial spectrum: black,
final: red). The asterisks denote isosbestic point$Small graphs Specfitanalysis consisting of the calculated UV/vis
spectra (middle left, initial species: A, final species: B), the calculated species distribution (middle right), as well
as the experimental (black) and simulated (redylata for selected wavelengths (bottom lgf 285 nm, bottom right:
347 nm).
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3 Water Oxidation Catalyss with Ruthenium Complexes

Table 3.8: Rate constants for the substitution reaction o8H20in 0.1 M aqueous HCI®@(pH 1) with MeCNza Prior
to the addition of MeCN, the complex was oxidized ®uU'"Ru'" through the addition of CAN.

entry oxidation state temperature / °C rate constant / S average @ / &t
1 Rul'Ru 5 (0.964+0.080)-10*
(0.983+0.064)-10*
2 Rul'Ru' 5 (1.001+0.048)-10*
3 Rul'Ru 10 (2.197+0.191)-10*
(2.340+0.198)-10*
4 Rul'Ru' 10 (2.483+0.204)-10*
5 Rul'Ru 15 (2.978+0.227)-10"*
(3.299+0.360)-10*
6 Rul'Ru™ 15 (3.620+0.492)-10*
7 Rul'Ru 23 (6.735+0.122)-10™
8 Rul'Ru' 23 (5.338+0.244)-10* (5.854+0.195)-10"%
9 Rul'Ru 23 (5.490+0.219)-10"
a~1500 eq MeCN were added
7.0
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Figure 3.22: Eyring (left) and Arrhenius (right) plotsfor the substitution reaction of 3H20in 0.1 M aqueous HCI®
(pH 1) with MeCNat various temperatures

3.5.4 DMSOvs. Aquo Bridge : What is the Active Species?ii

Although complexes3dmse gnd 3H20 show similar catalytic behavior under electrochemical Figure
3.8) and chemical Figure 3.16) conditions, their profiles are not identical, suggesting that distinct
active species are responsible for catalysis. For dinuclear complexes of typ¥sVI and X with
exogenous bridging ligamls such as acetate or carbonateScheme3.2 and Table 3.4), substitution of
the bridge by water is necessary before catalysis. The resulting aquo ligands enable PCET processes
that lead to the required high oxidation state Rgoxo groups, which will then be involved in the QO
bond formation step. Thus, we expected that compoung@dmse would convert into 3H20 before the
catalytic process started.

In order to gain insight into the active species derived fronBdmso, UV/vis-SEC measurements were
carried out. In these experiments, the potential was successively increased from 0.36 to 1\0@&nd
further to 1.56 V, corresponding to R#RuU' © Ru'"Ru'" © catalysis, whist monitoring the UV/vis
spectra, and then reversed. Specifically of interest is a comparison of the first and last UV/vis spectrum
of this series. Importantly, the UV/vis spectra of compound8dmse and 3120 differ significantly from

Xii This section was taken from Jana Lticken, Carolina Gimb&trifiach, Jordi BeneBuchholz, Antoni
Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Ligand for
Chemically, Electro- and PhotoDriven Catalytic Water Oxidatiom h  O1 AAO OAOEOEI 1 8
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3.5 Chemical Water Oxidation Catalysis and Mechanistic Investigations

one another in the RURU' state (see Sectior3.2) so that an exchange of the DMSO moiety with water
after catalysis can easily be etected Whereas complex3dmso possesses local absorption maxima at
275 and 346nm, as well as a shoulder at 428m (Figure 3.23, top left, black spectrun), complex3H20
possesses local absorption maxima at 28and 393nm, as well as a shoulder at 358m (Figure 3.23,
bottom left, black. Upon oxidation of 3dmse at 1.06V, a potential at which the complex reaches its
RU'"Ru" state, the MLCT transitiong346/423 nm) largely vanish, and new bands appear at 30hm
and 537nm (Figure 3.23, top left, red spectrum). Upon catalysis, thdatter peak intensifies and new
bands emerge at 263ym with a shoulder at 294nm as well as 409nm (Figure 3.23, top left, grey
spectrum). These spectral changesire emphasized by thes AAOT OAAT AA OOAAAO
RU'RuU" spectrum (Figure 3.23, top right).
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Figure 3.23: UV/vis-spectroscopic characterization of the oxidized species @&dmso (top) and 3H20 (bottom) in
0.1 M triflic acid (pH 1). Left: UV/vis spectra in theRu'RuU' (black) and Rul'Ru" (red) states as vell as during
catalysis (grey) at 0.36, 1.06 and 1.59 vs. NHE, respectively. Right-absorbance of the spectra after oxidation at
1.06 (red) and 1.56V vs. NHE (grey) with respect to the spectrum before oxidation (baseline).

The potential was left inthe catalytic regime for 10, 30 and 60ninutes, before reducing back at
0.36V. The resulting spectra in the RIRU! state are shown in black (after 10minutes catalysis), dark
grey (30) and light grey (60) inFigure 3.24 (left). Whereas after 10 and 30minutes in catalysis and
subsequent rereduction the UV/vis spectra are nearly identical to the initial spectrum of3dmso  there
seems to be a mixture oboth complexes3dmso and 3H20 in solution after remaining at 1.56V for
60 minutes. Overall, this suggests that the DMSO moiety either remains in the bridging pocket or
reattaches after catalysis. In order to rule out the latter, the same experiment wasrwucted with 3H20
in the presence of 10eq DMSO; however, the characteristic signatures of the DMSO com@éxse were
not observed in the final UV/vis spectrum Figure 3.25). These results strongly suggest that the DMSO
remains in the bimetallic pocket during water oxidation mediated by3dmso (at least for some time) and
that 3dmso does not convert to catalysBH20, in contrast to what occurs for related complexe¥, VI and
X.
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3 Water Oxidation Catalysis with Ruthenium Complexes
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Figure 3.24.UV/vis-spectroelectrochemical analysis o8dmso in 0.1 M aqueous triflic acid (pH1) (c =2.86-10% M).
Left: Comparison of the final UV/visspectra at 0.36V vs. NHE after catalysis for 10 (black), 30 (grey) and 60 (light
grey) minutes with the spectroscopic signatures of complexe3mso (solid blue) and 3H20 (dashed green) in their
RuU'RuU' state.Right: Comparion of the final UV/vis spectrum after chemical oxidation with &g CAN (black) with
complexes3dmso (solid blue) and 3H20 (dashed green).

The same conclusion is reached under chemical water oxidation catalysis conditions using a
solution of 3dmso in the presence of Geq CAN, thus ensuring one turnover. After chemical oxidation, the
solution was reduced electrochemically at 0.3&, corresponding to the potential regime for the RIRU'
species. As can be seen in the right graph leigure 3.24, the final UV/vis spectrum (black) shows the
typical characteristics of the DMSO complex and, thus, suggests that also during chemical water
oxidation the DMSD moiety remains within the bimetallic pocket. Interestingly, the mononuclear
complex [Ru(bda)(dmso)(L™)] (Lim: 5-bromo-N-methylimidazole) with a terminally bound DMSO
moiety in the axial position was also shown to efficiently catalyze the oxidation of wer to dioxygen.

A significant decrease in the catalytic activity was observed when the DMSO group was exchanged with
another Lm. The beneficial effect of the imidazole/DMSO axial ligand pairing was attributed to the
ability of the ligands to enable unhimlered coupling between terminal oxygen atoms in an I2M
mechanism, as opposed to the complex with two axial imidazolé&s3]
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Figure 3.25: UV/vis-spectroelectrochemical characterization o8H20in 0.1 M triflic acid (pH 1) in the presence of
10 eq DMSO. Left: UV/vis spectra in thRu'RU! (black) and Ru"Ru'" (red) states as well as during catalysis (grey)
at 0.36, 1.06 and 1.5&/ vs NHE respectively, as well as the final UV/vis spectrum after reeduction (blue) and
the UV/vis spectrum of3H20 in the RU'RU! state without dmso present (green). The spectra demonstrate that the
DMSO does not attach in thim,in-position after catalysis. Rght: 3-absorbance of the spectra after oxidation at 1.06
(red) and 1.56V vs. NHE (grey), as well as after reeduction (blue) with respect to the spectrum before oxidation
(baseline).
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3.6 Light-Driven Water Oxidation Catalysis

If the DMSObridge in 3dmso does not leave during catalytic turnover, there are onlythree
possibilities to generate the active Rgaquo group: (i) substitution of a carboxylate group of the
bridging (Lt)3"ligand (A), (ii) direct coordination of an aquo ligand to one of the ruthenim ions,
generating a seven coordinated (CN7) metal iofB), or (iii) partial decoordination of the DMSO moiety
in the bimetallic cleft (C) (Scheme3.5). Interestingly, thefirst option leaves a dangling carboxylate that
may assist a putative water nucleophilic attack in the gD bond formation step, as reported before for
mononuclear complexes[219 The aquo substitution reaction must take place at high oxidation states
(either Ru"Ru'"" or RU"RUV) because the starting complegdmse in the oxidation state RURU! is stable
under aqueous conditions as deagibed in the synthetic protocol.Thetwo former types of active species
with CN6 and CN7 have previously been observed for WOCs containing carboxylate groups in the first
and second coordination spherdl04.211.21825&258] hyt the data presently available des not allow to
unravel which of the scenarios is operative foBdmso, Inall of these scenarios, however, water oxidation
mediated by 3dmso takes place at a single ruthenium center. Hence, in view of eéHfirst-order
dependence othe initial rate on complex concentration Figure 3.15), the mechanism for3dmse should

be WNA.
= S - < - =
o}/ﬁ\ﬁl\‘/_\r«éaéo R MG _-oH MO
0 R\u"'/qu\R‘u'"ﬂO +H,0 O—RLKNON/\RJ'"/O +H,0 O“R\:{/NON\/Iiu"PO
2 7
HO' | ~o-s= SH 0-s~ - H* o, "°
o \ . \ S5
/
e e
isomerization
O}ﬁ\;)\‘/\r’( F%\N/g\éo CN7 <N N 0 MO
Vv N~ © \|V/NC_>N\ AT © \|||/N%\ IV
O RU Ru'-O CN6 O—Ru Ru O—Ru Ru (o]
TN L 4 A // N, HO”
HO'| SSo-s | Ho| oesT | | o]
- - - - /
A B Cc
+OH | - OH +OH" ‘ OH *+ OH'J - OH
-NO;3 |+ NO3 -NOg | + NO5 -NOg | + NOg
r
isomerization
O}/é\;)\‘/\r"( W@FO CN7 fo} CN N=H N 0] <N N=N N 0
Vv N~ CN6 O—Ruv-—"" U pim— ° e ~p g
o) (Ru\ /Ru I}u\ /Ru O ~ B
ONO” | o= \ ONG| o8 | | o ONO” |

not active

not active

/

not active

Scheme3.5: lllustration of the proposed formation of the hree possible catalytic species derived fron8dmso with
CN6(dangling carboxylate A, or partial decoordination of the DMSO moietyC) and CN7(B) (tentatively shown
for the RU'RuU" state), as well agheir products after anation (bottom).

3.6 Light-Driven Water Oxidation Catalysisxv

The ability of complexes3dmso and 3H20 to photochemically oxidize water to dioxygen was analyzed
using [Ru((COOE®bpy)2(bpy)] 2* (RuP1) as photosensitizer and sodium persulfate &SEA(see Section
1.3.4). It was not possible to use the homoleptic [Ru(bpy)?* (RuP3) photosenstizer, as it has an
insufficient redox potential to induce water oxidation (E°=1.26 vs. 1.62V in phosphate buffer at pH?

Xv This section was adapted from Jana Lcken, Carolina Gimb&trifiach, Jordi BeneBuchholz,
Antoni Llobet, Franc Meyeh DirGthenium Complexes of a Pyrazolate/Carboxylate Hybrid Liged for
Chemically, Electre and PhotoDriven Catalytic Water Oxidatiom h  O1 AAO OAOEOEI 1 8
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3 Water Oxidation Catalysis with Ruthenium Complexes

for RuP3 and RuP1, respectively}?3ll In a typical experiment, RuP1 (2-1% M) and NaS0s (SEA,
10" M) were dissolved in HO and added to a dark chamber reaction vessel (total volumera., cooling
jacket at 25°C). After addition of the catalyst (2-10% M), the solution was degassed and the chamber
closed, thereby removing all headspace. Once a stable baseline was reached, the solution was irradiated
to initiate water oxidation. The produced dioxygen was measured in the liquid phase by an integrated
Clark-type electrode. A typical trace for consecutive runs is given iRigure 3.26 for complex3dmso, Once

a plateau was reached, the solution was degassed ainchdiated once again. The second run mostly
produced around one sixth of the amount of dioxygen measured in the first run. Resumed dioxygen
production after deaeration suggests that the produced dioxygen quenched the excited state of the
photosensitizer and, thus, hindered oxidant formation, which is inevitable in a setup with no
headspace. However, the much lower dioxygen yield in the second run indicates that other deactivation
mechanisms are also operative, and accordingly no significant amount of diagen could be detected
in a third run.
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Figure 3.26. Dioxygen production monitored by a Clarktype electrode in the liquid phase during photedriven
water oxidation catalysis of3dmso in H2O at 25°C. Thevertical yellow lines indicate the start of irradiation. The
dashed arrows mark when the solution was degassed.

The photochemical reactions were performed in unbuffered aqueous conditions because poor
activity was observed when working in eitherphosphate buffer (pH7) or in aqueous HBE solution
(pH 1 and pH5.6). Thus, the pH of the catalytic mixture was determined after every measurement;
values between pH2.3z2.5 were received after the first run and pH.1z2.3 after the second.

For both complexes 3dmse and 3H20 very similar traces of dioxygen production were observed
reaching a plateau between 564888 nmol and 8Qz122 nmol for the first and second run, respectively
(values are not backgroundsubtracted and do not consider the entries marked imed for 3dmso; Table
3.10 and Table 3.11, and Figure 3.27, top). As shown inTable 3.9, irradiating a mixture of RuP1 and
sodium persulfate without catalyst already leads to the formation of a significant amount of molecular
oxygen (273nmol). A possible reason for this has been described by Yoon and coworkers, who showed
that not only [Ru(bpy)s]?+ but also [Ru(bpy)]3*+ is photoexcited under the given conditions. The
photoexcited [Ru(bpy)s]3** can equally react with 20s< Mto produce an intermediate, which
AARKI i DT OAO ET 61 AAOAI tobEikds under IokARDE] Gohdition® @& AME O
In contrast, at higher [Ru(bpyy]>*AT T AAT OOAOQET 1 Oh AAOAI wxpblgdmesale ET AAOEOA
formed.[25¢] Overall, for the two consecutive catalytic runs, the total amount of produced dioxygen
ranges between 38@683 nmol (background-subtracted) for 39mso and 3927737 nmol for 3H20 |eading

to an average TON of 130 and 137, respectivefy.

x Please keep immind that the powder sample 0f3H20 contains significant amounts of NaF (see Section
3.1), which can influene the catalytic response.
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3.6 Light-Driven Water Oxidation Catalysis

In order to elucidate what could eventually stop the evolution of @ one or more variables were
changed after the second run. Typically, the degradation of the dye due to nucleophilic attack at the
bipyridine units 2691 or the decrease of the pH after water oxidatiomre the limiting factors. In fact, the
UV/vis spectra before (solid) and after (dashed) photoinduced water oxidation clearly show that the
significant features of the [Ru(bpy}]?*-type complexz the MLCT (A qQ OOAT OEOET T O AO
483 nm, as well as tle metakcentered transitions at 364 and 397hm and the ligandA AT OAORAA Q| A
transition at 309 nmi26l11 7z have disappeared after the photocatalytic experimet, indicating
decomposition of the dye Figure 3.27, bottom). However, neither the addition of RuP1, SEA (half an
equivalent) or even catalyst (oneequivalent), as well as combinations of these, nor the increase of the
pH with an aqueous NaOHdution successfully restored the catalytic activity of the reaction mixture
(Table 3.10 and Table 3.11, 3¢9 run). Even though in some cases renewed dioxygen formation was
observed (Table 3.10, entries 6 and 7), the overall picture suggests that it does not result from catalytic
turnover of the complex but that other mechanisms are on hand as described above (also the addition
of RuP1 and SEA to the blank mixture fanduces dioxygen production; Table 3.9, entry 2). This
suggests that it is not the degradation of the catalys8fmse or 3H20) that stops Q evolution, but rather
some sort of inhilition of the photocatalytic system. This could result from the increase in the ionic
strength during water oxidation (for every turnover, four molecules of sulfate are produced; see
Section1.3.4), which can affect the quenching of the excited state of the dye by persulfate, as well as
promote anation of the WOC, as has been observed for other catalysts262]

1000

first run 140 4 second run

800 1204

100+
600 4

T £

n(0,) / nmol
n(0,) / nmol

400 60

40+

2004
qimso 204 0mso

H20 H20
—3

—3

T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250 300 350

time/s time/s

1.0

084 1

0.6

0.4+

absorbance /a.u.

0.2+

0.04
T T T T
200 300 400 500 600 700 800

I /nm

Figure 3.27: Photocatalytic water oxidation experiments. Top: Oxygen production by 3dmso (blue) and 3H20
(green) in the first (left) and second run(right) monitored by a Clarktype electrode. The dashed lies frame the
range that was obtainedover multiple experiments. Bottom: UV/vis spectra of the catalytic mixture before (solid)
and after (dashed) photoinduced water oxidation.
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3 Water Oxidation Catalysis with Ruthenium Complexes

Table 3.9: Dioxygen evolution monitored upon irradiation of the RuPL and SEA mixturet Two runs were
performed undisturbed, degassing after the first. After the second run, one or more components were added prior

to degassing (& run).

blanks
Oz / nmol
entry 1strun 2nd run 3 runb @/ nmol
1 198 | 73 RuP1
271 85 273
) 206 | 69 RuPl/ SEA
275 117

aconditions: [RuPL] 2-10™ M, [N&a$0g] 102 M
bone or more components addedsee table} RuPL/SEA: half anequivalent

Table 3.10: Light-driven water oxidation catalysis experiments in the presence oBdmsca Two runs were
performed undisturbed, degassing after the first. After the second run, one or more components were added prior

to degassing in an attempt to restore the catalytic activity (8 run).

3dmso

entry Istrun Zgzr/uqulmOI 3 runc r?r?:oll TON 2
1 710813 /|540b 103 degzssed 3.089 135
) 849929 /|656b 80 pH :16.18e 3.089 164
3 1203287 /|1014b 5 Relsjspl 3.989 254
4 i 669 /|396b = SlgA 4.003 99

° >0 656 /|383b = % 4.003 9 150
5 822956 /|683b 134 RuPllzsliA/cat 4.003 171
! 160:;791 /|1518b188 RUP;G/7SEA 4.003 379
8 264 3 /|380b 89 E 4.004 95
9 684799 /|526b 115 § 4004 | 131
10 794879 /| 5065 8 ; 4004 | 151

aconditions: [cat] 2-:10"® M, [RuPL] 2-10™ M, [NaS0s] 10™ M; the entries marked in red showed extremely high

activity in the 1strun in comparison to the others and were not considered for the average

bbackground subtracted

cone or more components addedsee table) cat: oneequivalent, RUPL/SEA: half anequivalent
dno component added; just degassed
epH adjusted to 6.18 @dmso) / 5,98 (3H20) with aqueous NaOH
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Table 3.11: Light-driven water oxidation catalysis experiments in the presence oBH20a Two runs were
performed undisturbed, degassing after the first. After the second run, one or more components were added prior
to degassing in an attempt to restore the catalytiactivity (3 run).

3H20
entry 1strun ZEzzr/u::mOI 3 rune¢ rfr?:oll TON %
1 651 .- /|492b 114 degggsed 3.085 123
) 575 = /|392b 90 pH :05.98e 3.085 08
3 858 010 |/ 375 122 Rgg ! 3985 | 185 137
4 R /|602b = e 3985 | 151
> > 784 /|511b > (::La7t 3985 | 128

aconditions: [cat] 2-10® M, [RuP1] 2-10* M, [NaS0s] 10™ M; the entries marked in red showed extremely high
activity in the 1strun in comparison to the others and were not considered for the average

bbackground subtracted

cone or more components added (see table); cat: one equivalent, RuP1/SEA: half an equivalent

dno component addedy just degassed

epH adjusted to 6.18 8dmso) / 5,98 (3H20) with aqueous NaOH

3.7 Summary and Conclusionxvi

The dinucleating compartmental ligand used in this study combines favorable components of
ruthenium-based water oxidation catalysts,viz. (i) a rugged central pyrazola¢ bridge that
preorganizes two metal ions in close proximity and (ii) peripheral carboxiate groups that lower the
overall charge and may potentially engage in Honding interactions assisting water nucleophilic
attack in the @O bond formation step. Furthermore, this study highlights the advantages of such
complexes that are composed of a ducleating equatorial scaffold and monodentate axial ligands, as
the exchangeable axial ligands offer tunability of the electronic properties and solubility of the catalyst
by using pyridines with different substituents. In this vein, the axial coordinatia of pyridine sulfonate
instead of unsubstituted parent pyridine has rendered compleX highly soluble in aqueous media over
a wide pH rangevii The thus formed new watersoluble complexes3dmso and 3H20 were thoroughly
characterized by ESI mass spectrometr NMR spectroscopy and electrochemistnyA pH-dependent
electrochemical analysis 08720 compiled in a Pourbaix diagram confirmed that the la values of the
aquo ligands are higher compared to related pyrazolatbased Ru-WOCs that lack the peripheral
carboxylates.Although 3H20 appears spectroscopically pure, XPS and powder diffractometry confirmed
the presence of a significant amount of NaF ithe powder sample, which can influence the catalytic
response. Consequently, the respective results should be considered with care.

Complexes3dmso and 3H20 were analyzed in regard to their ability to electrochemically, chemically
and photochemically oxidze water to dioxygen. Both complexes feature an irreversible wave in their
cyclic voltammogramsassociated with catalytic water oxidation, and3H2° was further shown to be an
efficient electrocatalyst using the FOWA technique. In the presence of [Ru((CQREBEpy)2(bpy)] 2+ as
photosensitizer and sodium persulfate as sacrificial electron acceptdddmse and 3420 generate Q, with
photocatalysis stopping after around 130 turnovers, likely due to the high ionic strength of the solution.

xi This section was adapted from Jana Lucken, Carolina Gimb&trifiach, Jordi BeneBuchholz,
Antoni Llobet, Franc Meyeh Dir(thenium Complexes of a Pyrazolate/Caioxylate Hybrid Ligand for
Chemically, Electre and PhotoDriven Catalytic Water Oxidatiom h OOA[T EOOAAS8

xwi The pyridine carboxylate coordinated congener2dmse was not further analyzed due to handling
issues as discussed in Sectidhl.
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3 Water Oxidation Catalysis with Ruthenium Complexes

Efficient water oxidation is also observed usingceric ammonium nitrate as chemical oxidant with
retardation of catalysis due to large amounts of addeditrate and Cé'. During CANdriven catalysis,
both complexes behave very simildy (TOFR values), suggestinganalogous mechanisms of water
oxidation at first sight. However, UV/visspectroelectrochemicalmeasurements have shown that the
DMSOmoiety in 3dmso remains intact and bound to the diruthenium core during both electrochemical
and chemical water oxidation @ low pH, at least for some time (few TON). The unexpected stability of
the bridging DMSQin 3dmso points out the interplay between coordination and decoordination of the
carboxylate groups concomitant with the association and dissociation of an aquo (oHD ligand; this

is reminiscent of the catalytic scenario recently proposed for the mononucleai( fl3O-tda)Ru(py)2]
catalyst(lll , Scheme3.1) [219]

For 3dmso under the abovementioned conditions,there arethree possitilities for the formation of
acatalytically active specieswith a Ruzaquo group formed at high oxidation states\(iz. in the catalytic
regime): (i) partial decoordination of the DMSO moiety in the bimetallic cleft(ii) substitution of a
carboxylate group of the bridging (12)¢ Migand (both CN6), or (iii) direct coordination of an aquo ligand
to one of the ruthenium ions, generating a seven coordinated (CN7) metal i¢g®cheme3.5). The
transformation of 39mso into an active newspeciesduring catalysisis supported by cyclic voltammetry,
in which an additional peak is observed in the cathodic scan after remaining in the catalytic regime for
one minute.In either case (CN6 or CN7}he bridging DMSOremains bound (at least partially), which
demonstrates that the pyrazolatebased diruthenium core may supportwater oxidation catalysis
activity not only within the bimetallic cleft but also at a single metal site, with the second metal seng
as an adjacent redox reservoir. These findings offer new perspectives for the design of future powerful
WOCs where the rutheniungoxygen active species is generateid situ, which can greatly simplify the
synthesis, isolation and purification of the corplexes that will act as catalyst precursors. The stability
of the bridging DMSOligand in 3dmse during catalysis is surprising and motivates further studies
addressing the role and fate 0DMSOQin those ruthenium-based WOCs that includ®MSOligands as
part of the catalyst precursorsl255.263]
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Water Oxidation Catalysis with Copper Complexes

At present, the most efficient water oxidation systems r@ based on second and third-row
transition metals. However, the high cost and toxicity, as well as limited supply of these rare elements
make them inconvenient for largescale applications. Consequently, the design of WOCs based on-irst
row transition metals, such as copper, is exceedingly desirable. In addition to being cheap,-towic
and earth abundant, the extensive biomimetic chemistry of copper complexes with dioxygen offers new
avenues to explore water oxidation catalysi§%l Accordingly, multiple copper(l) complexes with
TEOOT CAT AT1T1T 00 EAOGA AAAT -oxdd @ingodindsiupod feacti@h ith Q AET AOEA
which can undergo facile and reversible @O bond formation resulting in peroxo dicopper species
(redox isomerization, see Sectiori.3.3). Despite their high affinity to oxygen atoms, copper complexes
have only recently received increased attention in the fieldfovater oxidation catalysis|?64]

In 2012, Mayer and coworkers presented the first homogenous coppdrased complex capable of
the electrocatalytic oxidation of water/2651 The simple monomeric [(bpy)Cu(OH)Y j APUd ¢hg¢d
bipyridine), XIIH (Scheme4.1), was shown to oxidize water under basic conditions (pH2.5) at an
overpotential of around 750mV and with a high catalytic TOF of 108™. EPR studies and control
experiments with copper oxide indicate thatXllH is homogenous, however, the catalyst only possesses
a low stability with 35 % degrading after ~30turnovers. Initially, the dimer [{(bpy)Cu}2; {OH)]X2
(X2 =(OAc), (OTfp or SQ) is formed by conversion of the corresponding copper salts with bipyridine
in aqueous solution (pH>12), but under catalytic conditions, the monomerXII¥ is the dominant
species. Computational work later suggested thatZ® bond formation in XIIH occurs acording to a
single electron transfezwater nucleophilic attack (SEFTWNA) mechanism at a [(bpy)CU(OH)(O)]*
speciesliol]

Ry R, |2-
o OH 12 1:Ry=Ry=H

N oH 1 Oii;\gj _ NTONCO 0N Ne_o ZRizRp=Me
Cu” u’ L ewt T tul T Ri=H Ry OMe
| OH =N o) o N~ | ON O N N 0O 4: Ry =R, =0Me
S S OH %(O H 1 1 5: R4 =H, Ry = pyrene

(@]
XiH X1+ Xl Xivn

Scheme4.1: Representations of the mononuclear coppebased WOCKXII-XIV.

Meyer and coworkers extended the field of coppebased WOCs with the selissembled
[(TGG)Cu(HO)]s MXIII, Scheme4.1) bearing a triglycylglycine macrocyclic ligand (TGG).2661 X]l|
reaches a TOF of 38, operating at an overpotential of ~520mV. The homogeneity of the dalyst is
supported by optical spectroscopy (no spectroscopic changes after lostgrm electrolysis),
electrochemistry (insignificant changes in peak currents and wave shapes over multiple CV cycles),
OET OA OAOOO j11 AAOAIT UOERAN fiddd Glexkdy® solutiod) Bnd Alect®OA A6 Al
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4 Water Oxidation Catalysis with Copper Complexes

surface analysis (SEM/XPS support absence of deposited material on the electrode surface). Th® O
bond formation is assumed to proceedsia a WNA mechanism involving a [C¥=0} Mor [Cu''zO]3*
species(all scaffold ligands are omitted due to clarity) which are stabilized by the tetraanionic TGG"
ligand. Similar WOCs based on polypeptide ligands were studied by Pap and coworkei&z6s]

The first copper-based WOC with a redox active ligand was introduced in 20149 This was
envisioned to be favorable as it provides an additional easily accessible redox equivalent, thus avoiding
the formation of unstable highvalent copper(lV) species, concomitantly lowering the onset potential
for water oxidation. Indeed, eplacing the bipyridine unitinXllhx EQE OE A i-dinjdEoxgk AX o h ¢ &
bipyridine ligand (XI1°H, Scheme4.1), results in a decrease of the overpotential by ~20énV and an
increase of the TON to ~400. Using squar@ave voltammetry, Lin and coworkers showed that the
ligand and metal oxidations are ony 20 mV apart, affording a tweelectron oxidation of XII1°H at
relatively low potentials.[269 The thus formed [(bpyO*)Cu"(OH):] speciesvii is involved in @O bond
formation by nucleophilic attack of a water molecule. Next to its redox active nature, the bpy@igand
also serves as an internal base for proton transfer. A large draabk of the decreased overpotential is,
however, the concomitantly reduced driving force for water oxidation. Consequently, the catalytic rate
of XII%His significantly lowered to 0.4s".[269 The effect of the bpy®@Migand was also investigated by
Gerlachet all279

In 2015, Uobet and coworkers reported a new family of robust mononuclear dianionic copper
based WOCs containing a redox neinnocent ligand (XIV1-4, Scheme4.1).1100 According to cyclic
voltammetry, the [(LXVM)Cu]< Momplexes undergo two 1&oxidation processes, of which the second is
ligand-centered (aryl oxidation) and is associated with a large irreversible anodic current due to the
electrocatalytic oxidation of water to dioxygen. Using FOWA analysilV! was shown to oxidize water
with a TOFnax of 3.6s™ and 12sM at pH11.5 and 12.5, respectiely, operating at an overpotential of
700 mV. Upon increasing the electrordonating capacity at the aromatic ring (HLXVto HsLXIV4), the
latter is strongly reduced down to a record low of 17anV (XIV4) for first-row transition metal
complexesli00.271] Nevertheless, this goes hand in hand with a decrease of thate constant of the
catalytic process (0.16s" for XIV4 at pH11.5) as well as the oxidative stability of the complex.
According to DFT calculations, @0 bond formation in XIV1 was shown to proceedvia an SEFWNA
mechanism at a [(XV1+)Cu''(OH)]" species. The thus formed peroxo intermediate [(KVY)Cul'(HOz
OH)Jc Mexhibits no direct CigO bond, but features strong hydrogen bonding between the (HOH)
moiety and the [(LXV1)Cu'"] core. The HO: complex then undergoes a series of intramolecular electron
transfer reactions before releasing @and regenerating the initial complex100.101]

BothXIVIA O x Al 1-exter@@ed®d&mblogueXIVs, with a pyrene moiety in the backbone, were
immobilized on solid support/272! In the homogenous phase atpid ¢ h  -@efodalization in XIV5 leads
to a significant increase in the TOkx from 6.2 s (XIV?1) to 128 s (XIV?®) and a cathodic shift of the
catalytic wave by ~150mV. Heterogenization by anchoring on graphend 1 AAOOW A D@ AKREET ¢cQh
results in the highest TOmax values reported to date for water oxidation with molecular firstrow
transition metal complexes,viz. 320 and 540s™ for XIVinet and XIVohet, respectively (same surface
coverage). Furthermore, theXIV5net hybrid material exhibits a high stability, reaching a TON 5300.
The relatively low faradaic efficiency of 24.9% was attributed to graphene oxidation, which occurs in
parallel to water oxidation in basic solutions. Nevertheless, the catalyst wasiewn to remain intact
after catalysis.

The complexes described thus far require strong alkaline conditions to drive catalytic water
oxidation. In 2015, Zhang and coworkers reported the first coppebased WOC that functions at neutral
pHE73 [Cw} 3/ ( G-BRMAN)B* (XV, Scheme 4.2) based on the ligand scaffold 2;pbis(2-
byridylmethyl)aminomethyl] -1,8-naphthyridine (BPMAN) was concomitantly the first reported
dinuclear WOC with copper centerg and to date remains one bonly very few. At pH7, XV is capable

i The expression of a radical cation (-+) is only used to illustrate that the ligand $ideen oxidized but
does not refer to the overall charge of the ligand.
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Introduction

of electrochemically oxidizing water to dioxygen with a modest TOF of 0! at an overpotential of

~800 mV. According to DFT calculations, one pyridyl group is replaced by an aquo ligand in the' Cut

state. Upontwo consecutive PCET steps to form a [(@02f / ( €jCiiBPMAN)E* species, proton

transfer from the hydroxide moiety to the dangling pyridyl triggers intramolecular @O bond

£l Of AGETT AAOxAAT OEA OADOUnE ISdbbequEny dkiddin@ Feldd Q idaA OE A
superoxo intermediatel273.2741 Due to the presence of two copper centers, unstable high valent
copper(lV) species are prevented.

On the basis of the bimetallic cooperative {hsertion pathway proposed for the @O bond
formation in XV, the hemilable methylpyridyl moiety was replaced by a nomoordinating methyl group
in [Cu(H2/ Q§/ t( GTRMAN)E* (XVI, Scheme4.2), providing an empty site for water coordination.
At pH 7, XVI reaches a TOF of 0.8, operating at an overpotential of ~800mV. The catalytic current
is enhanced with increasing phosphate concentration (buffer), which seems to act as a proton acceptor
in the absence of an intramolecular base as XV. Apart from this, the @O bond formation is assumed
to proceed according to the mechanism proposed foxV.

AN T3+ X
(T |
N )
HaCoN—¢ 1
/‘U\S/
7N on
N
XVi

Scheme4.2: Representations of the dicopper complexeXV-XVII.

Recently, Dr. AlexandeBrinkmeier investigated the water oxidation proficiency of a dinuclear
copper complex bearing a pyrazolate/tacn hybrid ligand!88] The aquo/hydroxo compound
[Cw(H2/ Qf [/ L2 (XVII, Scheme4.2) is the decomposition product of the dioxygen activated
peroxo, superoxo and hydroperoxo species, which havdl &een thoroughly characterized. As these
three moieties constitute potential intermediates in the water oxidation cycle of dinuclear copper
complexes €.g.a superoxide species is suggested fofV and XVI), XVII was considered a valuable
candidate for waer oxidation. Electrochemical investigations showed a ptdependent irreversible
wave between pH11 and 13 in the CV oKVII associated with a catalytic process. Preliminary dioxygen
experiments at pH13 exhibited & evolution to occur with faradaic efficencies of 1524 % during
controlled potential electrolysis (CPE) at 1.45/vs. NHE (20minutes). Under these conditions, a rinse
test suggested the absence of catalytically active electrodeposited material on the electrode surface.
Furthermore, the conformity of the UV/vis spectra and CVs before and after CPE indicate the integrity
of XVII after catalysis without apparent decay. However, long term electrolysis (four hours) at 1.2%
vs NHE did reveal a surface deposit. No further investigations regarding the homogenous nature of
water oxidation catalysis with XVII were conducted.

According to preliminary DFT studies and experimental evidence for the conversion &fVIl to
Intl z3 (see introduction of Chapter6), a mechanistic scenario as shown iBcheme4.3 is suggested for
XVII. Two consecutive PCET steps ang¢ O bond formation give rise to the hydroperoxo compleintl ,
which is rapidly deprotonated under basic conditions to the peroxo specidat2 . Subsequent oxidation
results in the superoxo compoundnt3, from which Q is released as previously suggested fotV and
XVI. Intramolecular 7O bond formation is attributed to the coupling of a hydroxyl radical and the
hydroxy moiety at the adjacent copper centersina [GU/ ( Qjf / -{2Q)p* species (CUCu") followed
by the release of a proton. As forXV and XVI, the formation of highvalent copper(lV) species is
prevented.
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4 Water Oxidation Catalysis with Copper Complexes
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Scheme4.3: Catalytic water oxidation cycle suggested for the dinculear copper compleVIl.

A large drawback for water oxidation studies ofXVIl is that it requires a minimal amount of
acetonitrile as casolvent to fully dissolve in aqueous phosphate buffer. Increasy the concentration
of MeCN in the complex solution, however, resulted in an enhancement of the electrocatalytic wave.
Reasons for this might be the oxidation of acetonitrile or an involvement of MeCN in the catalytic cycle,
thus complicating mechanisticstudiest88 To overcome this drawback, water soluble analogs ofVII
based on the dinucleating ligand scaffold He with methyl periphery at the tacn moidies are
specifically targeted. The following chapter discusses the synthesis of these water soluble dinuclear
copper complexes with formate or acetate as bridging ligands, and their comprehensive spectroscopic
and magnetometric characterizations, as welhs electrochemical investigations under both inert and
ambient conditions. Finally, the ability of the formate complex to electrocatalytically oxidize water to
dioxygen is tested.

4.1 Ligand Synthesis and Copper Complexation

The proligands of interest, HE2and HL2P, can be synthesizedia a multi-step process according to
literature procedures (Scheme4.4). In an initial step, commercially available diethylenetriamine (g)
AT A AOEUI AT A Cl UAT 1 j Etosi GidhylénetiabrineX #nd ditdsyl etiyE@A . h. 8§ h. 6
glycol (j), respectively 275 These are combinedinaringd1 I OOOA OA A A OEdfitbsyl@jda,7UEAT A . h.
triazacyclononane (Ts-tacn, k)[276] By means of phenol and hydrobromic acid in acetic acid, two of the
nitrogen atoms can selectively be deprotected to afford #bsyl-1,4,7-triazacyclononane (HTs-tacn, |),
which is the precursor for both tacn sidearmd276.277 Introduction of the methyl groups is achieved by
an EschweilerClarke reaction{276l whereas the isopropyl residues are added using-Bromopropane
in a nucleophilic substitution[2’71 MezTs- (ma) and iPr2Ts-tacn (mP) are subsequently deprotected with
sulfuric acid to yield the free side arms @ and P after distillation under reduced pressure
(60 °C)[276.277]

The pyrazole building block H-pyrazole-3,5-dicarbonyl dichloride (p) can be synthesized by
chlorination of 1H-pyrazole-3,5-dicarboxylic acid (o) with thionyl chloride.278] Combining one
equivalent o with two equivalents r#? in dry THF leads to the formation of the ligand precursors
HL2a/2b-0x. Subsequent reduction of the amides with LiAlyields the pyrazolate/tacn hybrid proligands
HL2a and HL2b[279.280] The ligands were characterized by !H-NMR spectrosc@y. Further
characterization was not necessary, as the ligands are known and were reproduced in good
spectroscopic agreement.

Both ligand scaffolds HB2 and HL2» have previously been applied in the synthesis of
dicopper [170.188,207.281] djiron, [206,282.283] dinickell279 and dizind284 complexes. Inthe Meyer group, they
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4.1 Ligand Synthesis and Copper Complexation

have found particular attention in the biomimetic formation of dicopper(l) complexes for dioxygen
activation, which will be discussed in more detail in Chaptes.
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Scheme4.4: Synthetic procedure for the preparation of the pyrazolate/tacn hybrid proligands Hea and HL2b.

The original aquo/hydroxo complex XVII (Scheme4.2) based on HBb was synthesized with
copper(ll) perchlorate in MeOH/MeCN using NaBu as bae and adding an aqueous NaOH solution
(5 M) during the workup.[188 All attempts to synthesize its congener with He2 failed. When using
MeCN as cesolvent, cyanide species were observed, and the formatgidged complex 5HCO2 was
crystallized in pure MeOH. To find out if the observed formate was an impurity from the solaeor
formed through oxidation of MeOH, experiments were attempted in dried solvent (all formate
impurities should be removed during the drying procedure) both in an N-atmosphere and undertsQ;
conditions. Unfortunately, these experiments were inconclusi, as the unlabeled formate complex was
observed in both cases (not quantitative). Nevertheless, the syntheses showed that the {ICyL22)]
core has a high tendency to bind an anionic digand, which was considered in all further syntheses.
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4 Water Oxidation Catalysis with Copper Complexes

The dinuclearcopper complexessHCoz and 5%4c could be synthesized quantitatively starting from
the proligand HL22, which was deprotonated with NEt in MeOH Scheme4.5). Subsequent addition of
copper(ll) perchlorate and NaHC®@or NaOAc, respectively, as well as a few drops of water to ensure
dissolution, yielded the desired complexes as perchlorate salts.&tals were obtained by diffusion of
EtzO into the reaction mixture and analyzed by XRDF{gure 4.1). Multiple recrystallizations were
necessary to rema@e excess NaHC@nd NaOAc. The syntheses of the related compleX@$§02and 60Ac
were performed in a solvent mixture of MeOH/MeCN (1/1) without addition of water. Apart from their
characterization, these two complexes will not be further discussed hereiut will reappear in
Chapter6. All analyses and followup experiments were conducted with crystalline material.

In contrast to XVII, 6HC02and 6°Ac, the complexessHcozand 5°Acare completely water soluble and
do not require the addition of a cesolvent for water oxidation (WO) catalysis experiments. Single
crystals of 5HCO2were previously obtained by diffusion of EtO into a solution of [(Ct)z; {L23)]* (5"")
and @ ET  AOEAA - A/ ( FC @eriightifsh Thid Gompteg das been observed as the
decomposition product after dioxygen activation ab"' .
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MeOH/H,0
R = Me

3) NaOAc

MeOH/H,0
R = Me

R. N _R
N N/\(Y\ NN
N—NH

& ) & ) 1) NEt,
N N 2) Cu(ClO,),*6 H,0

l l
R

HLZa/Zb
22: R = Mo | 3Narco, |

2b: R =jPr MeOH/MeCN
R =iPr

3) NaOAc

MeOH/MeCN
R =iPr

Scheme 4.5: Representation of the synthesis of the dinuclear copper complexé&sicoz and 50Ac, as well assHCo2
and 60Ac,
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4.1 Ligand Synthesis and Copper Complexation

All four compounds,5Hc02 (tetragonal, 141cd), 59A¢ (orthorhombic, Pmr21), 6HCO2 (triclinic, P1) and
604c (monoclinic, P21), crystallize in different space groups Table 4.1). In the case 0bHCO2and 50Ac,
one half of the dication as well as two perchlorate anions, and fohe latter an MeCN molecule are
found in the asymmetric unit. The full dication, two perchlorate moieties, as well as an MeOH or MeCN
molecule make up the asymmetric units 067c02and 6°Ac, respectively. Each Cuon is coordinated by
an {NsO}-donor set(Figure 4.1). Whereas for5Hc02the ligands are coordinated in a close to ideal square
pyramidal fashion, the geometry of the donor atoms is in between a square pyramid and a trigonal
bipyramid in 50Ac, 6HCO2and 6°Ac, This is nicely quantified by the CSM values (value from1DO; the
smaller, the closer the geometry is to the ideal polyhedron): F&HCo2 CSMS Cw) for square pyramidal
geometry is very small (0.88) in comparison to CSEDsn) (trigonal bipyramid, 6.42). On the contrary,
both values are very similar for5%Ac, suggesting an irbetween coordination environment, and the
geometry of the ligated copper ions ir6Hc©2and 6°Acis slightly closer to a trigonal bipyramid (Table
41).

In all four complexes, the donor atoms are ligated to the metal centers with distances between 1.91
and 2.23A. Except in5Hc02 the shortest ML distance is found to the carboxylate moietyThe Cu---Cu
separations are very similar in all cases, ranging from 4.155¢C0 to 4.23A (6Hc0?). A direct
comparison of the metric parameters can be found ifMable4.1.

GHCO2 BOAC

Figure 4.1: Molecular structures of the cationic cores o6HCO2(top left), 50Ac (top right), 6HCO2 (bottom left) and
60Ac (bottom right) drawn as thermal ellipsoids at the 30% probability level (copper: red, nitrogen: blue, oxygen:
green, carbon: grey, hydrogen: white). All hydrogen atoms (except those of HEQcounter ions and additional
solvent molecules are omitted for tarity reasons.
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4 Water Oxidation Catalysis with Copper Complexes

Table 4.1: Selected crystal data, distances, bond lengths, torsion angles a@dntinuous Symmetry Measures
(CSM) OfSHCOZ’ SOAC' 6HCOZ and 60AC.

CryStaI data GHCO2 50Ac pHCO2 BOAC
crystal system tetragonal orthorhombic triclinic monoclinic
space group 141cd Pmr2; P1 P21
distance / A

Cu---Cu 4.1498(9) 4.1712(14) 4.2257(15) 4.1850(14)
bond lengths / A

Cu(1)z0(2) 1.991(6) 1.908(8) 1.953(9) 1.950(4)
Cu(2)z0(2) Z Z 1.947(9) 1.945(4)
CwN 1.95-2.06 1.98-2.20 1.952.21 1.952.23
torsion angles / ©

CwNzNzCu 33.129(994) 0.000(1647) 22.779(1963) ™M3.920(795)
CwO:---QCu Mi1.801(446) 0.000(755) ML4.255(913) 5.710(368)
xCSMS(Cav)2

Cu(1) 0.88 3.41 4.10 3.76

Cu(2) Z Z 3.82 4.47
xxCSMY Dan)P

Cu(1) 6.42 3.77 2.93 2.74

Cu(2) Z Z 3.03 2.82

aContinuous Symmetry Measures for square pyramidal geometry
bContinuous Symmetry Measures for trigonal bipyramidal geometry

The integrity of the complexes in solution was confirmed by EShass spectrometry. The ESI(+MS
in MeOH and MeCN for the @)™ and (L2¢)"complexes, respectively, display signals correspoiray to
the molecular ion peak [MF+* and [M+CIQ]* for 5HC02 (m/z287.9/677.1), 504A¢ (294.9/691.1), 6HCO2
(344.2/789.3) and 6°Ac (351.3/803.3). Additionally, compounds 6+Hc02 (987.1) and 6°Ac (1001.1)
exhibit a peak inthe ESI{)-MS whose isotopic pattern matches théM+3CIQi]" species (appendix,
Figures A.11, A.12, A.17, A.18 and AZ0.27).

4.2 Magnetic Properties

Magnetic susceptibility measurements at 0.9 in a temperature range from 2 to 29K were
performed on powdered samples of crystalline material of5HC02(Figure 4.2, left) and5°A¢ (right). The
?mT values at room temperature (0.86cm?3 K mol™ at 295K for both complexes) correspond quite well
with the expected spironly value for two uncoupled Cil ions (0.75cm3 K mol™ assumingg =2). An
increase of ?mT towards lower temperatures with a maximum between 68 K indicates a moderate
intramolecular ~ ferromagnetic  exchange interaction  with coupling constants J
(O  cUHHpof 9.1 and 6.4cm™M for 5HCO2 and 594c, respectively. Simulation of the experimental
susceptibility data further showed very similar isotropic g values of 2.13 BHC0?) and 2.12 694 for
both complexes (seél'able 4.2). These are higher than theg value of a free electron ¢ H2.0) and thus
indicate significant spinrorbit coupling, which is typical in most transition metal complexes ¢ values
of around 2.12 are quite common for copper(ll) complexes). The best simulation results were obtained
including temperature-independent paramagnetism (TIP) constants of 200-18 cm3 mol™ and

xix The geometry ofthe coordination environment was compared to seHmade custom shapes of an
ideal square pyramid and trigonal bipyramid with equal distances of all ligands to the cenatl atom.
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4.3 Electro- and Spectroelectrochemical Analysis

170-10" cm3 mol™ for 5HCO2and 50Ac, respectively. Additionally Weissemperatures gw were included
to describe the decrease 0"\ TAO OAOU 11 x OAI PAOAOOOAS8 4EAUK x AOA
for 5HCO2gnd 594¢, respectively, thus indicating very small intermolecular interactions.
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Figure 4.2: ?mT vs. T measurements of crystalline samples ddHcoz(left) and 5°Ac(right) in the temperature range
27295 K at a field of 0.5T. The solid black lines represent the fits using the parameters presented Trable 4.2.

Table 4.2: Parameters extracted from the simulation of thé®mT vs. T measurements o5HCO2and 50Ac,

parameters 5HCO2 5OAc
g-value (g1 =02) 2.13 2.12
coupling constantJ/cm™ 9.1 6.4

TIP / 10™ cm3-mol™ 200 170
gw/K M.33 M.24

4.3 Electro - and Spectroelectrochemical Analysis

The complexes 5HC02 and 5%Ac were electrochemically characterized by means of cyclic
voltammetry and square wave voltammetry in MeCN (0.M NBwPFs) under inert conditions (all
potentials are givenvs. the ferrocenium/ferrocene (Fc0) redox couple), as well as in phosphate buffer
(ionic strength | =0.1 M) under ambient conditions (all potentials are givervs the normal hydrogen
electrode (NHE)).

4.3.1 Under Inert Conditions

The cyclic voltammograms (CVs) 05HC02and 5°Ac at a scan rateof 100 mV/s (Figure 4.3, left) in
MeCN (0.1M NBwPFs) display three irreversible peaks: two reductions in the cathodic scan and one
oxidation in the anodic scan. From the square wave voltammograms (SWVdigure 4.3, right), it

AAATT AO Al AAO OEAO OEAOA OEOAA DPAAEO AT OOAOWMITA Ol

(B AT AVEEgQdc A0 x AV EQAAT KV & Bresyrozand 504 respectively (Table
4.3). Consequently, reducingp™C02is slightly easier than5°Ac, which might be due to the electron
donating effect of the methyl group of the acetate molecule in the bimetallic pocket &PAc in
comparison to the formate moiety in5HCOZ
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Figure 4.3: CV (left, 100mV/s) and SWV (right) of a ImM solution of 5HC02(green) and59°Ac(blue) in MeCN (0.1IM
NBwPFs) under inert conditions (c=1 mM). The lighter traces (dashed) in the SWV represent a measurement of
only the first electrochemical proces<:. The scanning direction is indicated by an arrow. A glassy carbon disc was
used as the working electrode, a Pt disc as auxiliary and an Wie as the reference electrodeFerrocene was used
as an internal standard.

Table 4.3: Peak potentials extracted from the CVs and SWVs%fco2and 5°Acin MeCN (0.1M NBwPFs) under
inert conditions. All potentials are givenvs. Fc/.

CcV 5HCO2 50Ac 3[Fa
Epc,1 M.96V ML.11V 150 mV
Epc,2 ML.32V ML.33V 10 mv
Epa M.76V M.95V 190 mv
SWvV

E M.92V ML..O7V 150 mV
E M..23V ML..28V 50 mv

a3E between the peak potentials obHCO2and 50Ac

When adjusting the potential range so that onlyE: is measured, a quasieversible redox process
can be observed Figure 4.4, top, exemplarily for 5H¢02 with a peak-to-peak separation between
104 mV (50 mV/s) and 160 mV (1000 mV/s) depending on the scan rate Table 4.4). The ratio of the
currents of the cathodic and anodic peaks is rather large (for a reversible redox process/ ipa=1),
which is also a consequence of the inaccurate baselines that haveb®mextrapolated from the CV and
to which the current is measured. Especially for the anodic pealEg,,1), the determined baseline is too
steep, as after reduction the potential has to be reversed quickly to prevent from measurikg.

The second redox evenEz can only be observed when the potential is scanned cathodically to
M¢ ¥,as evidenced by an additional reduction pealEfc.h ~ Mf) ahdra broadening of the anodic wave
(Figure 4.4, bottom right). The latter splits into two at higher scan rates (500 and 100tV/s), of which
OEA OAATT A AT T AEAViDtheA likelyAhd colnteip&iitoky,.-M 1 8 ¢
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Figure 4.4: Electrochemical analysis obHcozin MeCN (0.1IM NBwPFs) under inert conditions (c=1 mM). Top:

Scan rate dependence of the redox proce&s. Bottom: CVs at 100, 500 and 10006 ¥ O /EOTzil.1\f (k) 8 v q
AT A jzMPVErmidl). The scanning direction is indicated by an arrow. A glassy carbon disc was used as the
working electrode, a Pt disc as auxiliary and an Ag wire as the reference electroffrrocene was used as an
internal standard.

Table 4.4: Electrochemical data extracted from the scan rate dependent measurementsfco2in MeCN (0.1M
NBwPFs) under inert conditions. The data refers to the first redox proceski. All potentials are givervs. Fc/0.

scanrate /mV B/ mVa ipcd ¢ ! Epa/mVa ipaX 3 ! BE12/ VP 3B/ mVe  ipd ipad

50 M70 1.477 MB66 2.919 MD.918 104 2.56
100 M70 9.848 MB66 4.434 M.918 104 2.22
200 M74 11.48 MB66 6.555 MD.920 108 1.75
500 M92 17.97 MB62 7.587 M.927 130 2.37

1000 MLO02 22.67 MB42 7.880 MD.922 160 2.88

apeak potentials and currents from the anodic (a) and cathodic (c) scan

bhalf-wave potentialOy ——

cpeakto-peak separationYO O 'O

dratio ipd ipaiS SO large as it is difficult to draw an accurate baseline for the reverse scan (large deviatiorigfipa
is attributed to the inaccurate baseline definition for the reverse scan)

In order to elucidate the nature of the redox processes, UV/vispectroelectrochemical (SEC)
measurements were conducted in MeCN (0¥ NBwPFs). The UV/vis spectrum of5HCc02in the Cu'Cu!
state possesses local absorption maxima at 292 and 6A&, the latter of which corresponds to a et
transition (Figure45h OT B 1 A&EOh Al AAE ODPAA U E), ithg sritensit df bothOA A C
transitions significantly decreases. A closer look at the-d transition regime reveals that the reduction
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4 Water Oxidation Catalysis with Copper Complexes

process occurs in two steps. Initially, the @l band decreases with an increased absorption at 48tm
associated with two isosbestic points at 424 and 588m (Figure 4.5, bottom left). These are lost upon
further reduction, while the band at 678nm continues to vanish Figure 4.5, bottom right).

The observed spectroscopic changes suggest two conclusions: (B: corresponds to a metal
centered reduction, and (ii) the two-step process likely corresponds to two consecutive onelectron
reductions from CU'Cu' to CUCuU. The former is easily explained, asmetal-centered reduction forms
dio Cu ions, whose dorbitals are completely filled. Hence, a decrease in the-dl transition peak
supports the formation of Cu. Regarding the latter, the initial reduction process should lead to the
formation of the mixed-valent CUCU' species. This conversion seems to be clean as two isosbestic
points can be observed. The subsequent reduction to @u shows no isosbestic points. A reason for
this might be the formation of elemental copper, which was observed on the surfaof the working
electrode (Figure 4.5, top right). As a direct reduction to CUA O Mvt@ungt be expected, this
observation suggests that the possie CUCuU complex disproportionates to elemental copper and
Cu'Cu' or CuCu', which might also explain why the éd transition peak does not completely vanish.
Furthermore, chemical reduction of5Hc02|eads to the formation of an oligonuclear copper(l) hidride
complex (see Sectior.4). However, the formation of such a complex under electrochemical reduction
cannot be deduced from the UV/vis spectroscopic study.

51 1T OAT @E A AQtkel nieasdrdnentlis ihsuacessfulug to a current overload from the
oxidation of the elemental copper on the electrode surface. Nevertheless, the observed formation of
Cuw, which presumably succeeds the decomposition of the complex, anyhow excludes reversibility.
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Figure 4.5: UV/vis-spectroelectrochemical analysis 06H¢02in MeCN (0.1M NBwPFs) under inert conditions. Top

left: UV/vis spectra (full region, 25028501 i @ T £ OEA Al AAOOIT A EW(bl&ck Belginnibdd e A OET 1

end). Bottom: Enlargement of the el transition peak showing a twastep reduction. In the first few minutes an
intermediate species (blue) is formed (left, isosbestic points: 424/58%m), which then converts to the final
species (right, no isosbestic poift The top right corner depicts the electrodes after electrochemical reduction; the
Pt mesh working electrode exhibits deposited elemental copper.
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4.3 Electro- and Spectroelectrochemical Analysis

The suggested formation of a mixedalent CUCU' species is a unique observation for dinuclear
copper complexes based on pyrazolate/tacn hybrid ligands, which have extensively been studied in the
Meyer group188.206.2071 As attended to in Section6.1, the mixedvalent species C\Cu' is also observed
during chemical reduction of50Ac,

In conclusion, the first redox event Ei) can be tentatively assigned to the reduction from CCu'
initially to Cu'Cu' and possibly further to CuCu, which is quasireversible on the CV timescale.
However, follow-up reactivity is observed and can be more complicated than expected, as will be
discussed in Sectior6.4. The nature of the electrochental processE: could not be investigated using
UV/vis-SEC. If&2 corresponds to a metalcentered reduction to C@, a characteristic peak could be
expected in the reverse scan of the CV due to anodic stripping of the elemental cop@®t,which is not
observed.Electrochemical reduction of the pyrazolate/tacn hybrid ligand is not expected.

4.3.2 Under Ambient Conditions

In order to test whether 5HCO2gnd 504c can serve as WOCS, further electrochemical studies were
performed in aqueous solution under ambient conditions. The CVs &fHC02and 5%4¢ in phosphate
buffer (pH 12.4, 1 =0.1M) exhibit an irreversible wave associated with a catalytic process with
Eonset=1.1V, which could originate from wateroxidation (Figure 4.6, left). This coincides with an
overpotential of 600 mV, as the thermodynamic potential of water oxidation at pH2.4 is 0.5V. Note
that the stability of the complex under these conditions is difficult to evaluate due to the absence of a
precatalytic wave, whichis often used as an indication in a CV studg,g.an unchanged precatalytic
wave during multiple CV cycles suggests that the complex remains intact under the given conditions.
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Figure 4.6: Electrochemistry of 5HCO2 (green) and 5©Ac (blue) under ambient conditions (=1 mM). Left;
Comparison of both complexes in phosphate buffet € 0.1 M, pH12.4). Right: Comparison 06Hc02in phosphate
buffer (solid, 1 =0.1 M, pH12.5) and agueous NaOH solution (pH2.5). A glassy carbon disc was used as working
electrode, a Pt disc as auxiliary and an MSE as the reference electrodee potentials were converted to the NHE
scale by adding 0.658/.The red line marks te thermodynamic potential of water oxidation at the given pH.

In order to identify the effect of the buffer solution on the catalytic
wave, a CV ofbHC02 was conducted in an agqueous NaOH solutior OH T2+
(pH 12.5). The comparison to the CV in phosphate buffer under identica H
conditions, shows a significantly higher catalyticactivity in a non- /E\N\CUH—N/]\
buffered solution (Figure 4.6, right), suggesting that phosphate might —N"SNT NP N—
interfere with the catalysis. Nevertheless, the use of a buffés highly = hd
recommended, as during WO catalysis protons are formed, which cai Xvii
significantly decrease the pH of the solution. For the mononuclear g.heme 4.6: Mononuclear
complex [(LXVICu']2* (Scheme 4.6, LXVW=13-bis(((1-methyl-1H-  complexXVIII.
imidazol-2-yl)methyl)amino)propan -2-ol)), XVIII, it could be shown
that the employed electrolyte has a strong influence on the catalytic curref€s!
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4 Water Oxidation Catalysis with Copper Complexes

As complexes 5HCO2 and 59Ac gppear to behave very similarly regarding their possible
electrocatalytic WO proficiency, all further expeiments were exclusively conducted with5Hc02,

To further analyze the observed irreversible process in the CV, pH dependent cyclic voltammetry
measurements were conducted. For thi§Hco2was dissolved in phosphate buffer solutionsi(= 0.1 M)
between pH10 and 13. As showrin Figure 4.7, the catalytic wave increases with rising pH starting
from 11.5. Over the course of 2CV cycles, the catalytic current gradually decreases (comparison
scanl and scar20). By contrast, between pHL2 and 13, the current of the background (pure
electrolyte) slowly increases over twenty cycles, suggestive of a modification of the electrode surface
under highly oxidative conditions and at elevated pHp®5.286]

The effect of the working electrode (WE) material was investigated by switching to a boron doped
diamond (BDD) electrode. As with the glassy carbon electrode, a current loss was also observed with
BDD over thecourse of several CV scans with a slightly more stable background measurement.
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Figure 4.7: pH dependent CVs (left: scah, right: scan20) of a 1mM solution of 5HC02 in phosphate buffer
(1=0.1M) using a glassy carbon disc working electrode, a Pt disc as auxiliary and an MSE as the reference
electrode. The potentials were converted to the NHE scale by adding 0.658

As WOCs based on earthbundant metals are likely to undergo irreversible structural
modifications under harsh conditions (basic pH and high potentials), ultimately leading to the
transformation of the initially homogenous catalyst (then only the precatalyst) to a heterogenous metal
oxide species, analying the stability of the WOCs is an essential elemelil This is especially important
as the heterogenous species have been shown to be catalytically active in water oxidati§A.
Therefore, it must be elucidated if the pristine complex is in fact responsible for the catalytic activity.

Accordingly, the WE was first examined under\C experimental conditions. After cycling between
0.26 and 1.46V for 20 scans in complex solution, no deposits were visible on the surface of the WE. The
WE was then carefully rinsed with electrolyte and subsequently used for a measurement in a fresh
blank solution (so-called rinse test). Surprisingly, the resulting CVs were not consistent. In some cases,
a significant current similar to that in complex solution could be observed, while in other
measurements the current was identical to the background scarNo trend was observed with
increasing pH and even repeated measurements could not unambiguously confirm the presence or
absence of a deposit on the electrode surface.

As discussed in the following section, the water oxidation capability and stability &dHC02 was
further investigated by means of controlled potential electrolysis (CPE) in combination with an oxygen
sensor for Q detection. Here, a constant oxidative potential is held for a longer time compared to the
CV measurement. Consequently, a rinse test after this experiment is more meaningful, as it shows if the
WOC is stable under turnover conditions. Furthermore, surfacgeposits can be detected by scanning
or transmission electron microscopy (SEM/TEM), energylispersive Xray spectroscopy (EDX) or
X-ray photoelectron spectroscopy (XPS). The formation of metal oxide nanoparticles in solution could
be detected by dynamidight scattering experiments (DLS)?88.289]

76



4.4 Dioxygen Detection

4.4 Dioxygen Detection

In order to confirm that the irreversible event observed in theCV igure 4.6) results from catalytic
water oxidation, CPE experiments were conducted in combination with molecular oxygen detection.
These measurements were performed by Nataliia Vereshchuk at the Institute of Chemical Research of
Tarragona, Spain. Based on the results of the pH dependent cyclic voltammograffgre 4.7), the &
detection experiments were performed at pHL1.65. This should ensure significant electrocatalytic
behavior while reducing the chance of complex decomposition in comparison to experiments at higher
pH. The measurements were carried out in a twgompartment electrochemical cell separated by a frit
and sealedby septa; one side holding the working electrode, and the other the counter and reference
electrodes. For these experiments, a BDD plate was applied as working electrode, a Pt mesh as auxiliary
and an MSE as reference electrode. Both compartments werdefil with complex solution to prevent
dilution in case solution passes through the frit.
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Figure 4.8: Electrochemical water oxidation catalysis 06Hc02in phosphate buffer ( =0.1 M, pH11.65) using a
BDD plate as a working electrode, a Pt mesh as an auxiliary and an MSE as reference electrode. The first controlled
potential electrolysis (CPE, 1) was done in a complex solution (0mBM), the second (2) in pure phosphate buffer
without cleaning the working electrode (rinse test). Top left: @traces monitored by a Clark electrode during CPE

for 60 minutes at 1.35V vs. NHE (solid: experimentally observed, dashed: theoretical trace if all charge was used
for Oz formation). For 1, Q detection was continuedpost-CPE until all formed bubbles were burst (@detection

only in gas phase). The bottom graphs depict the charge (left) and current (right) traces of the respective
measurements. Top right: CVs before CPE (green) in a complex solution (®8!) and afterthe first (light red) and
second (dark red) CPE in a pure electrolyte. Accordingly, the current observed in the red CVs can only result from
deposited substanceThe potentials were converted to the NHE scale by adding 0.658

In a typical experiment,5Hc02 (0.5 mM) is dissolved in phosphate buffer (pHL1.65,1 =0.1 M) and
the solution is degassed by purging with Bl The dioxygen level is detected in the gas phase by a Clark
electrode with a needle sensor pierced through the septum of the WE compartmerbnce a stable
baseline is reached, a constant potential of 1.3%3vs NHE is applied. The CPE is run for @éfinutes,
during which the produced molecular oxygen is detected by the Clark electrode. Within this hour, some
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4 Water Oxidation Catalysis with Cpper Complexes

Oz bubbles remain intact in the eletrochemical cell and so the oxygen detection is continued even after
the CPE ends. By adjusting the stirring speed, these bubbles are burst to ensure that all the produced
dioxygen is measured.

Traces of the dioxygen detection are showm Figure 4.8 (top left) in light red (1) and grey for the
complex and blank measurements, respectively. The dashed lines correspond to the theoretical O
values if all the transferred charge is responsible for water oxidation. The corresponding current and
charge traces are displayed ifrigure 4.8 (bottom) on the right and left, respectively. After subtraction
of the blank measurement, a total amount of 8.2¢ i 1 b are formed during the CPE (theoretically
expectedn(O2) =15.95t | 11 Q8 4EEO Al OOAOPITAO O A AEAMDAAEA
divided by theoretically expectedn(Oz)) of 52 %, which is significantly higher than that observed for
the parent complexXVIl (15-24 %, Scheme4.2).1188]

After the first electrolysis, the BDD plate was carefully rinsedith phosphate buffer (pH11.65) and
a second CPE was run under identical conditions (1.36vs NHE, 60minutes), but in pure electrolyte
without catalyst. During this CPE, a total amount of 2.28 | | b are/formed (Figure 4.8, top left, 2).
The current is initially high when the potential is applied, but gradually decreases over the course of
ten minutes after which it remains stable (Figure 4.8, bottom left, 2). This suggests that there is an
active species on the electrode surface, which redissolves in the eledy@ solution; a situation that
has previously been observed for surface deposit®” Additionally, cyclic voltammograms were
measured before CPE (green) in complex solution, as well as after the first (light red) and second CPE
(dark red) in pure phosphate buffer solution Figure 4.8, top right). The CVs clearlghow that the rinse
test after the first CPE is positive, exhibiting a significantly higher catalytic current than the complex
measurement before CPE with a less positive onspbtential. This is further supported by the visual
impression of the BDD plate after the first CPE, which exhibited a yellowish metallic gloss. After the
second CPE, the voltammogram is quite similar to the blank measurement (grey), confirming that the
surface deposit formed after the first CPE redissolves during the second run.

4.5 Characterization of the Surface Deposit

To distinguish the nature of the surface deposit, XPS measurements were conducted. For this, three
samples were prepared: (i) a blank samplebtained by CPE in pure electrolyte solutionB), (ii) a drop
cast samplex of 5HCOz (D), which should show the XPS features of the pristine complex, and (iii) a
sample after CPE in a 0.51M solution of 5HC02in phosphate buffer (C). The conditions chosen were
identical to those of the dioxygen detection experiments: a BDD plate as workinteetrode, pH11.65
phosphate buffer ( =0.1 M) and electrolysis for 60minutes at 1.35V vs NHE. The applied BDD plates
were pretreated by CPE for Bninutes at 2.26V vs NHE in pH2 phosphate buffer ( =0.1M). The
electrolysis was repeated twice, andA  # 6 | -R.26N,8Lp0m@s) was measured before and after
each CPE to monitor any changes. In case of unstable CV measurements, the pretreatment proceeded
again with another CPE. This was the same procedure performed before the dioxygen detection
experiments.

The XPS spectra of the full range (top left), as well as the Cu(2p) (top right), N(1s) (bottom left) and
O(1s) (bottom right) areas aredepicted in Figure 4.9 for all three samples. The Cu(2p) traces @and
D exhibit peaks at around 935 and 95%V originating from Cu(2p/2) and Cu(2p/2), respectively, with
satellite features at around 945 and 96%V. The latter are indicative of CUi2902293] which is in line with
the expected composition ofD. The N(1s) spectra are very significant, only displaying a peak for the
drop cast sample (402eV). This clearly shows that the pristine compbeis not deposited on the surface
during CPE ). Finally, the O(1s) trace ofCexhibits peaks at 532 and 53&V, different to the spectra
of B and D, which implies that the surface deposit contains oxygen. Overall, this suggests that the
electrodeposited material is a copper(ll) oxide or hydroxide specie$93z29] This concludes that the

x For the drop cast sample, a highly concentrated solution &HCc02in phosphate buffer (pH11.65,
| =0.1 M) was slowly dropped on the electrode surface and left to dry.
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4.6 Summary and Conclusion

observed electrocatalysis is heterogenous angHco2merely acts as the precatalyst, which degrades to
a catalytically active species under the given conditions.
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Figure 4.9: XPS spectra of the full range (top left), as well as the Cu(2p) (top right), N(1s) (bottom left) and O(1s)
(bottom right) areas of the BDD plate after CPE (6@inutes, 1.35Vvs. NHE) obHCO2in phosphate buffer ( =0.1 M,
pH 11.65) (C, black) in comparson to a drop cast D, blue) and a blank sampleR, grey). The Cu(2p), N(1s) and
O(1s) spectra were adjusted so that the baseline is more or less the same for all three samples.

4.6 Summary and Conclusion

Previous investigations of the dinuclear copper(ll) coplex XVII with a pyrazolate/tacn hybrid
ligand showed a large irreversible wave in the CV upon electrochemical oxidation, suggesting its
potential to serve as a firstrow transition metal-based WO@8! Inspired by this result, the dinuclear
copper(ll) complexes5HcO2and 50Ac were synthesized based on the proligand He with formate and
acetate as cdigand in the bimetallic cleft, respectively. Replacing the isopropyl periphery at the tacn
moieties (as inXVII) with methyl groups rendered the complexes fully water soluble, benefiting the
study of water oxidation. Additionally, the related compound$Hco2and 6°Acwere prepared based on
HL2b,

All four compounds were characterized by means of XRD, H85 and combustion analysissHco2
and 50Acwere additionally investigated regarding their electrochemical behavior under inert (MeCN,
0.1 M NBwPFs) and ambient conditions (phosphate buffer,| =0.1 M). In MeCN, both complexes exhibit
two redox processes E: and E2). By means of UV/VisSSEC measurements: (quasi-reversible) could
tentatively be assigned to the C@u/Cu'"Cu' redox couple, the nature ofez (irreversible) remains
unclear. The reduction o5HC02is slightly easier than that of5°4¢, which might be due to the electron
donating effect of the methyl group of the acetate molecule in the bimetallic pocket &PAc in
comparison to the formate moiety in5HC02 In phosphate buffer (pHL12.4), both complexes exhibit an
irreversible wave assodated with a catalytic process withEonset=1.1V vs. NHE. This catalytic wave is
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4 Water Oxidation Catalysis with Copper Complexes

pH dependent, supported by the observation of current increment and cathodical potential shift with
rising pH.

In order to confirm the WO catalysis activity of5Hc02 dioxygen detection experiments with CPE
were conducted in pH11.65 phosphate buffer solution. Within these experiments, Owvas detected
with a faradaic efficiency of 52%, confirming the WO nature of the irreversible oxidative process in
the CV. However, by meanof a rinse test, it was shown that a surface deposit is responsible for this
activity. With the help of XPS measurements, the electrodeposited material could be identified as a
copper(ll) oxide or hydroxide species. This concludes that the observed elestatalysis is
heterogenous andbHco2merely acts as the precatalyst, which degrades to a catalytically active species
under the given conditions. A glance at @)Mquickly reveals weak spots in the multiple methylene
groups, which are prone to oxidation,as previously observed in other complexe§2294z296] These
results once more demonstrate the indispensable necessity of oxidatively rugged ligand scaffolds for
water oxidation catalysts.
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Water Oxidation Catalysis with Cobalt Complexes

Since the late 1960s, simple inorganic cobalt salts have been studied as potential catalysts for the
oxidation of water to dioxygen(297z301] Despite this knowledge, the interest in cobatbased WOCs
remained negligible, until in 2008 Nocera and coworkers showed that a heterogenous oxide material
based on cobalt phosphate (Co#p was highly active for water oxidation at neutral pH (~7) and low
overpotential.[3021 Further studies on CoPrevealed that Cd' is generated at potentials suitable for
water oxidation3031 and O bond formation occurs at the edges of Ce@ctahedra, common in all
catalytically active cobalt oxide CoQ) films.3%41 Since then, the development of cobabased WOCs has
progressed steadily and has been focused on £ cubanesi305z316] inspired by the MnCaQ core of
the OEC, and polyoxometallates (POM8)7z3271 Beyond these, the research field of molecular cobalt
based WOCs remains underdeveloped.

In 2011, the Berlinguette group presented the first mononuclear G8VOC [(IXX)Co(H0)]?+, XIX
(Scheme 5.1), based on the oxidatively stable pentadentate ligah 2,6-(bis(bis-2-pyridyl)
methoxymethane)pyridine (LXX).3281 According to cyclic voltammetry, XIX is capable of
electrocatalytically oxidizing water to dioxygen between pH?.6 and 10.3, exhibitingan overpotential
of ~510 mV and a rate of 7&™ at pH9.2 (a fluorescence optical probe was used to confirm20
evolution). Multiple experiments were conducted to confirm the homogeneity oKIX and rule out the
formation of active CoQ films or nanopatrticles, however, a contribution of the latter to the catalytic
current could not unambiguously be excluded??83291 Based on DFT calculations,Z® bond formation
is assumed to proceedia nucleophilic attack of a hydroxide on a C&-oxyl specied330l

Scheme5.1: Representations of the mononuclear cobalbased WOCXIX-XXI.

In the same year, Nocera and coworkers reported the use of cobalt xanthene hangman corroles as
WOCd331 Interestingly, the analogous porphyrin complexes were previously shown to catalyze the
reverse reaction, viz. oxygen reduction332 The mononuclear complexXX (Scheme5.1) and its
[ -octafluorinated congener are capable of driving electrocatalytic water oxidation at pH, the latter
reaching a TOF of 0.8%1 and performing at an overpotential of ~630mV. Quantim chemical
calculations revealed a norinnocent behavior of the corrole backbone and suggested thazO bond
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5 Water Oxidation Catalysis with Cobalt Complexes

formation proceedsvia WNA involving an [(LX**)CoV=0OJMspeciesxil333.334 A peneficial effect for QO
bond formation was thereby attributed to the xanthene hangman motif, which is capable of
preorganizing and activating sulstrate water within the hangman cleftvia hydrogen bonding/[33®]

Cobalt porphyrin complexes have also been shown to serve as WOCs. Among thes&X@o'']5+
(XXI, Schemeb.1), based on the highly electrordeficient mesedimethylimidazolium porphyrin (L XX1),
is the most efficient catalyst338] At pH7, XXI reaches a high TOF of 14081, operating at an
overpotential of ~600 mV for the electrocatalytic oxidation of water to dioxygen. By means of
spectroscopic techniques and catalyst reisolation experiments, the homogenous nature of the observed
catalysis was confirmed. The @0 bond formation in XXl is assumed to proceedvia WNA at a
[(LXX-)CaV=0P+ species, in which the ligand has been oxidized to a radical cation. Cobalt porphyrin
complexes were also demonstrated to serve as catalysts for phetiliven water oxidation.[337]

As for most first-row transition metals, the development of dinuclear WOCs based on cobalt is a
widely unexplored field. In a joint effort, the goups of Llobet and Stahl reported the first dicobalt
catalyst [{Co(trpy)}2(t -O¢ )t -Hbpp)] 3+ (XXII, Scheme5.2), an analog to the diruthenium WOG/H20
(see introduction of Chapter3).[338 Interestingly, the same complex was shown to be capable of
performing the 4eMreduction of dioxygen to water in the presence of octamethylferrocene as sacrificial
reductant.33¢] The paoxo complex XXIl is readily formed under ambient conditions from cobalt(Il)
chloride, Né'bbp and terpyridine in methanol. At pH2.1, XXII exhibits an electrocatalytic wave at an
overpotential of ~800 mV. Replacing the ancillary terpyridine molecules by more electredonating
bis(N-methyl-imidazolyl)pyridine ligands (XXIll, Schemeb.2) results in a cathodic shift of the catalytic
wave by 70mV and an enhancement of the steadstate catalytic current. This systematic modulation
of the catalytic activity provides evidence for the homogenous rtare of water oxidation conducted by
XXII and XXIII. In 2016, a thorough characterization of the reaction intermediates oKXIl was
accomplished, revealing @0 bond formation to proceedvia WNA involving the endon superoxo
complex [HOzCd! Cd'zOM4+ (all scaffold ligands are omitted due to clarity), which was
characterized by resonance Raman, EPR anda§ absorption spectroscopy’3l The proposed catalytic
cycle was confirmed by DFT calculations.
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Schemeb5.2: Representations of the dinuclear cobalt complexexXII-XXIV for catalytic water oxidation.

A large drawback of CeWOCs is their intrinsic instability, which often leaves warranted doubt
concerning the molecular nature of the catalyst#3.3401 Accordingly, multiple cobaltbased WOCs have
been shown to decompose under the harsh catalytic conditions (high potentials and/or pH) to active
CoQ films or nanoparticles[s2:341.342] |n other cases, the catalytically active heterogenous material
results from small impurities of cobalt(ll) salts[343] One example of the formerd the dicobalt complex
[{(tpa)Co}2(1 -OH)(1 -O¢ ], XXIV (Scheme5.2), based on tris(2pyridylmethyl)amine (tpa). The
original publication proposes XXIV to act as a molecular catalyst for the photariven oxidation of
water to dioxygen[344 The homogeneity ofXXIV was scrutinized by dynamic light scattering (DLS)
experiments, revealing no Co@particles. Two years later, a reinvestigation of the water oxidation

xi The expression of a radical cation (-+) is only used to illustrate that the ligand has been oxidized but
does not refer to the overall charge of the ligand. In the [{&+)CdV=0]"species, the carboxylate moiety
at the xanthene group is deprotonated.
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5.1 Cobalt Complexation

catalyzed byXXIV identified heterogenous Co®as the actual catalys®? This emphasizes the caution
that must be taken with respect to DLS, as the size of low molecular weight oxide clusters, including
CoR/345.346] can be smaller than the detection limit (2t ). Interestingly, oxidation induced Co®
formation from mononuclear cobalt complexes with organic ligands has also baexploited to prepare
efficient heterogenous catalyst4347z349]

The following chapter discusses the synthesis of five dicobalt complexes based on the dinucleating
ligand scaffolds HEZa and HL20, previously introduced in Chapter4. In addition to a thorough
spectroscopic and magnetometric characterization of the complexes, their electrochemical behavior
under an N atmosphere was analyzed. Finally, one dicobalt compound was electrochemicalydied
under ambient conditions concerning its ability to electrocatalytically oxidize water to dioxygen.

5.1 Cobalt Complexation

The overall synthetic routes for the preparation of five dinuclear cobalt complexes from Htand
HL2b are summarized in Scheme 5.1. In each case, hlEas used as base to deprotonate the ligand and
cobalt(ll) perchlorate was selected as metal precursor. Varying the reaction conditions such as solvent,
atmosphere (ambient or N), as well as the addition ofco-ligands gave rise to different complexes.
Accordingly, (i) the aquo/hydroxo bridged complex7°2H3 was obtained in MeOH, while addition of
MeCN resulted in7MeCN with HL2a2 under an N atmosphere, (ii) synthesis under inert or ambient
conditions yielded either 7MeCNor the acetamide bridged complex'#, respectively, based on (#8)™ and
(iif) addition of either HCO:M or OAc'as cecligand was the key to the formation of8HCO2 or 80CAc,
respectively, from HL2b under ambient conditions.

Although the preparation and crystallization of 74 was originally conducted with deaerated
solvents under an N atmosphere, theH-NMR spectrum (discussed below) shows a diamagnetic
feature, suggesting that the cobalt ions were oxidized to @alue to Q contamination. Considering that
the preferred geometry of C#' ions is octahedral due to the high crystal field stabilization energy of
the (tzg)® configuration,350 co-coordination of MeCN seems very likely irYA. By contrast, the cobalt
ions in 8HCO2gnd 8%Ac were not oxidized to Cd' during synthesis under ambient conditions. A reason
for this could be the introduction of more bulky residues at the tacn moieties in @)™in comparison
to (L2aM which prevents additional solvent coordination and thus, the Gdons do not favor oxidaion.

The diamagnetic character of the lowspin dé Ca' ions in 74 enable its NMR spectroscopic analysis.
The 1H-NMR spectrum in CBCN under inert conditions Eigure 5.1, A; for complete NMR
characterization see appendix, Figure#.80zA.87) shows a large number of superimposed multiplets
in the aliphatic region (1.7524.75 ppm). The presence of only one pyrazel 1-H resonance suggests a
clean NMR sample. In order to simplify theH-NMR spectrum, a homonuclear decoupleéH-NMR
spectrum was recorded. The saalled pure shift!H-NMR spectrum Figure 5.1, B) shows 33 signals in
the aliphatic region, which is in agreement with aC-symmetric complex with diastereotopic H atoms
at each CH group. With the help of the pure shift!H-NMR spectrum and twedimensional NMR
spectroscopy {H-1H-COSYLH-1H-NOESYLH-13C-HSQCIH-13CG-HMBC), all carbon and hydrogen signals
could eventually be assignedi A singlet at 1.74ppm is attributed to the CH group of the acetamide
moiety in the bimetallic cleft. The!H-1D-NOESY spectrunfFigure 5.1, C) after selective excitation of
this resonance, shows comlations to the methyl groups 11 and 21, as well as to each one H atom of the
methylene linkers of the (123Mligand scaffold. Furthermore, a NOESY correlation is observed to a
resonance at 3.23pm, which could not be assigned to a GHr CH group and isthus assumed to
originate from the NH proton of the acetamide moiety. An NMR analysis of the paramagnetic cobalt(ll)
complexes was also attempted, however, without success.

xii Plegase note, the distinction between the diastereotopic H atoms of{9)Mand the two tacn sidearms
is not possible and is merely done for simplification.
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Scheme 5.3: Representation of the synthesis of the dinuclear cobalt complexédtecN 702H3 and 74, as well as

8HCO2gnd 80Ac, The preparation and crystallization of7A was originally attempted with deaerated solvents under

an Ne atmosphere, however, the cobalt ions were oxidized to @oin the process, suggesting that there was20
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exact structures of702H3 and 74 could not unambiguously be elucidated but are assumed as depicted due to their

characterization (discussel in the text).
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Figure 5.1: 1H-NMR spectroscopy (500MHz) of 7A in CDxCN at room temperature under inert conditions. AtH-
NMR spectrum. B: Pure shiftH-NMR spectrum. C1H-1D-NOESY spectrum after selective excitation of the
resonance at 1.74€pm corresponding to the methyl group of the acetamide moiety. The peaks are assigned
according to the labeling scheme irscheme5.3. The asterisk denotes the residual solvent peak. Please note, the
distinction between prime and nonprime (diastereotopic H atoms) for the (122)Mligand and the two tacn sidearms

is not possible and is meely done for simplification.

An alternative synthetic route for the formation of compound74 is given by oxidation of70273 in
MeCN as could be nicely monitored by UV/vis spectroscop¥igure 5.2). The UV/vis spectrum of702H3
in the Cd'Cd' state possesses local absorption maxima at 458 116 L-molM.-cm') and 550nm (238),
which correspond to dd transitions (Figure 5.2, left). Upon oxidation with dry Q, the overall intensity
in the UV/vis spectrum increases and new bands arise at 297 and 358 with a shoulder at 479nm
(Figure 5.2, right; grey spectrum). After several days, an entirely new spectrum is observed with local
absorption maxima at 303 and 48thm (dashed grey), which is in very good agreement with the UV/vis
spectrum of 74 (orange). The acetamide moiety is presumably fored by nucleophilic attack of the OM
on an acetonitrile ligand, which replaces the aquo group in the bimetallic cleft upon dissolution ©92H3
in MeCN(Figure 5.2).

In contrast to the UV/vis spectrum of7MeCN(Cqa'Cd'), which exhibits a main absorption at 4641m
(152) with a shoulder at 543nm (51) (see experimental section),702H3 (Cd'Cd') shows no typical
absorptions for octahedrally coordinated hidn-spin cobalt(ll) complexesi359 Instead, its UV/vis
spectrum is similar to those of8HC02and 8%A¢ (discussed in Sectiorb.3.1). This finding suggests that a
coordination number (CN) of five best describes the environment of the cobalt ions iRO2H3,

The integrity of all five complexes in solution was confirmed by EShass spectrometry. The ESI(+)
MS in MeOH 792H3) and MeCN TMeCN 7A) for the Mex-tacn complexes exhibit signals of bih mono-
and divalent cationic species. In comparison to the simulated spectra, the dications could be assigned
Ol  ¥20M(M/2269.9,7°26Qh ¢ - Mt - f#31C8& TMcNg AT A ¢ -2M@Q90.8,#4).Y
Peaks atm/ z639.1, 721.1 and 680.1 foi7©2H3, 7MeCNand 74, respectively, were found to correspond to
OEAOA DPAOOEAOI AO OPAAEAO xEOE Al AAAEOQMSIof7®#i DAOAEI
showsasignalam/zpo 8 w AT T OE OO fOhITIQK'EHEES (dppendix -Fifures A.28A.35).
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5 Water Oxidation Catalysis wih Cobalt Complexes

The ESI(+}MS in MeCN for théPr2-tacn complexes display signals corresponding to the molecular
ion peak [M]*+and [M+CIQ]*for 8H#C02(m/ z 339.9/779.2) and 8°A¢(346.9/793.2). Additionally, a peak
is observed inthe ESI{ )-MS atm/z 979.0 and 993.1 for8HCO2and 8°Ac, respectively, whose isotopic
pattern matches the[M+3CIQy]" species (appendix, Figures A.38\.45).
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Figure 5.2: UV/vis-spectroscopic analysis of7092H3 in MeCN at room temperature. Left: UV/vis spectrum

(c=0.75mM). Right: Spectroscopic changes upon addition of@black: initial, grey: final, grey dashed: after

several days) in comparison to the UV/vis spectrumfo/A (orange). The formation of an acetamide bridged species
from the aquo/hydroxo complex in MeCN is depicted at the bottom.

Crystals of 7MeCN 8HCO2gnd 80Ac were obtained by diffusion of EtO into the reaction mixture and
analyzed by XRDKigure 5.3). In case 0f8HC02and 80Ac¢, multiple recrystallizations were necessary to
remove excess NaHCOand NaOAc, respectively. All analyses and foll-up experiments were
conducted with crystalline material.

Compound 7MeCN crystallizes in the orthorhombic space groupP2:12:2, whereas8HC02 and 80Ac
crystallize in the monoclinic space groups2/ c and P21, respectively. In case ofMeCN one half of the
trication as well as three perchlorate anions, 1.MeCN and 0.£tO molecules are found in the
asymmetric unit. The full dication, two perchlorate moieties, as well as four MeCN or one MeOH
molecule make yp the asymmetric units of 8HC02 and 8°Ac, respectively. The Cbion in 7MeCN js
coordinated by six Ndonors in a close to ideal octahedral fashion portrayed in the smallSM value for
octahedral geometry of 0.88. Each Cdon in 8#C02and 8%4cis ligated by an {N«O} donor set. According
to the CSMYCyw) and S Dsn) values, the coordination environment is closer to a trigonal bipyramid
than a square pyramid for8Hc02gnd 8°Ac(seeTable5.1).

In comparison to8HCo2(dj # 1 O 948 A) @hd80Ac(dj # | O 94# A),@he Co---Co separation is
larger in 7MecN(dj # T O 9466 A).0he same holds true for the average @& bond lengths A direct
comparison of the metric parameters can be found ifable5.1.
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5.1 Cobalt Complexation

Figure 5.3: Molecular structures of the cationic cores o7MeCN(top), 8HCO2(bottom left) and 89Ac (bottom right)
drawn as thermal ellipsoids at the 30% probability level (cobalt: red, nitrogen: blue, oxygen: green, carbon: grey,
hydrogen: white). All hydrogen atoms (except that of HGO), counter ions and additional solvent moleules are
omitted for clarity reasons.
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Table 5.1: Selected crystal data, distances, bond lengths, torsion angles a@dntinuous Symmetry Measures
(CSM) of7MeCN gHCO2gnd 8OAc,

crystal data 7MeCN gHcoz 80Ac
crystal system orthorhombic monoclinic monoclinic
space group P21212 Qlc P21
distance / A
Co---Co 4.6553(6) 4.1324(10) 4.1437(14)
bond lengths / A
Co(1)z0(1) Z 2.034(2) 2.006(6)
Co(2)z0(2) Z 2.021(2) 2.004(6)
CgN 2.09-2.20 1.99-2.22 2.01-2.23
torsion angles / °
CaNzNzCo M7.233(577) 32.777(350) 28.660(1208)
CxO---QCo Z 36.165(157) 25.152(525)
xiilt CSMY(On)2
Co(1) 0.88 Z Z
xivCSMY Cav)b
Co(1) Z 5.97 5.28
Co(2) Z 5.70 6.10
xivCSMY Dsh)©
Co(1) 2 2.45 2.41
Co(2) Z 2.50 2.61

aContinuous Symmetry Measures for octahedral geometry
bContinuous Symmetry Measures for square pyramidal geometry
cContinuous Symmetry Measures for trigonal bipyramidal geometry

5.2 Magnetic Properties

5.2.1 Magnetic Properties of 7 MecN

Magnetic susceptibility data of crystalline material offMeCNwas recorded at 0.5T in a temperature
range from 2 to 210K (Figure 5.4, left). The high temperature?mT value (5.52cm3 Kmol™ at 210 K)
surpasses he expected spironly value for two uncoupled highspin d’” Cd' ions with S=3/>
(3.75 cm3 Kmol™ assuming g = 2), which implies a significant orbital contribution to the magnetic
moment. The initially gradual and later prompt decrease oPmT towards lower temperatures can
indicate two phenomena: (i) intramolecular antiferromagnetic exchange interaction and (iixero-field
splitting of Cd'. In fact, the coupling constand('0  ¢0Y'YQ xAO NOAT GeEEmRcAnbd O Mm 8o
considered as very weak, and the axial zeffield splitting value was determined asD = 88 cm™ with
the help of variable temperature/variable field (VTVH) measurements gigure 5.4, right). Simulation
of the susceptibility data furthermore afforded large anisotropiog values ofg: = g2 =2.54 andgs = 2.25
(seeTable5.2). The averageg value of 2.45 is higher than they value of a free electron ¢ H2.0) and
thus indicates significant spirorbit coupling, which is typical in most transition metal complexesThe

xii The geometry ofthe coordination environmentwA O AT i PAOAA O OEA OAEAOAT AA
withcAT OOAT AOGT I qb8

xiv The geometry ofthe coordination environment was compared to seHmade custom shapes of an

ideal square pyramid and trigonal bipyramid with equal distances of all ligands to the central atom.
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5.2 Magnetic Properties

best simulation result was obtained including a temperatureéndependent paramagnetism (TIP)
constant of 220-10% cm3 mol™.
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Figure 5.4: Magnetic measurements of a crystalline samples GfVeCN, Left: ImT vs T measurement in the
temperature range 2210 K at a field of 0.5T. Right: Variable temperature/variable field (VTVH) measurement at
fields of 1, 3 and 5T. The solid lines representhe respective fits.

Table 5.2: Parameters extracted from the simulation of the magnetic measurements @#ecN

parameters 7MeCN
g-value (g1 =02) 2.54
g-value (gs) 2.25
averageg-value gav 2.45
coupling constantJ/cm ™ M.3
TIP / 10™ cm3-mol™ 220
zero-field splitting D/ cm™e 88

5.2.2 Magnetic Properties of 8 HCO2and 80Ac

Magnetic susceptibility measurements at 0.3 in a temperature range from 2 to 21 were also
performed on crystalline material of8HCO2(Figure 5.5, left) and 8°A¢(right). As for 7MeCN the?mT values
at high temperature (5.14 and 5.2m3 Kmol™ at 210K for 8H€02gnd 804c, respectively) surpass the
expected spinonly value for two uncoupled highspin d” Cd' ions with S=3/2 (3.75cm? K mol™
assumingg = 2), which implies a significant orbital contribution to the magnetic moment. Relatively
constant ?mT values, which start to increase at around 3& and exhibit a maximum between 5% K
indicate weak intramolecular ferromagnetic exchange interetion, which was quantified in coupling
constantsJ("'O  qU'Y"Y) of 0.8 and 1.5cm™ for 8HCO2and 80Ac, respectively. The prompt decline of
?mT below 5K is attributed to zerofield splitting of Cd', determined asD=Mt.4cmM (8HCO02) and
M ¢ gqmM (8°A9). Simulation of the susceptibility data was possible assuming very similar isotropig
values of 2.32 8HCO2 and 2.33 @°A9) for both complexes eeTable 5.3), which are higher than theg
value of a free electron ¢ge 12.0), thus suggesting significant spirorbit coupling. For 8HC02 the best
simulation result was obtained including a TIP constanof 80-10 cm3 mol™.
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Figure 5.5: DC susceptibility measurements of crystalline samples dBHCO2 (left) and 80Ac (right) in the
temperature range Z210K at a field of 0.5T. The solid black lines represent the fits using the parameters
presented inTable5.3.

The presence of a higfspin ground state and a negative axial zerdield splitting parameter D in
8HCO2and 8°Ac, demonstrates their potential application as single molecule magnets (SMMs). SMMs are
molecules that exhibit slow relaxation of the magnetization and thus retain the latter in the absence of
an external field. They have received increased attention in thpast two decades as potential
applications are numerous, e.g. in high density data storage, quantum computing and
spintronics.351.352] Cobalt(ll) is a viable candidite for use in SMMs due to its nogquenched orbital
angular momentum with a noniinteger spin ground state §=3/ 2).1353]

In order to determine slow magnetic relaxation, ac susceptibility measurements are conducted.
Thereby, the dynamic susceptibility of a sample is investigated depending @m applied oscillating
magnetic field. The dynamic susceptibility hasand®®d EAOA | ?-6f@EAIOA § @68 q AT I i 1 AT OF
vary with the frequency of the ac field as well as the temperaturgz4 01 T OOBN @ E&dled OI
ColeCole plot gives a semAEOAT A OEADPAA OOAAAh &£O01 I xEEAE OEA £OAN
maximum can be determined (data is fitted according to the Debye modé#}5! By means of equation
50h OEEO CEOAO OEOA , @ich fGIEWS th® ArthénidAl@nEfbrithen@at OrBachz
relaxation according to equation5.2.[356]

P
t o3 (5.1)

Y
ek azx = (5.2)

The effective barrier to spin reversalUert can be derived from the slope of thé F vs - plot and is
the most important property of an SMM: the larger, the better.
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Figure 5.6: AC susceptibility measurements o8HC02 Top: Frequency dependenceoftheiB EAOA | 28R 1 AZEOQ A
ofDEAOA j268h OECEOQ AliIibDIiTAT OO0 1T £ OEA AA Ké#apd) dn@eEdh OOOAAD
1000 Oe dc field. Bottom left: CokCole plot for different temperatures (0.2K steps) under a 1000e dc field. The
solid lines given for the ac susceptibility measurements are intended as optical guidance. Bottom right: Arrhenius
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data is very similar for 80Ac,
The in-phase (top left) and outof-phase (top right) components of the ac magnetic susceptibility,
as well as the corresponding Cok€ole (bottom left) and Arrhenius (bottom right) plots are depicted
in Figure 5.6 exemplarily for 8H¢0z2under a 10000e dc field. From the latter, a relaxation timep of
7.7-10"9sMpand 3.7-107¢sMe as well as an energy barrietlesr of 8.9 and 6.0cmMewere determined for
8HCOz gnd 80Ac, respectively (Table 5.3). These values are similar to other cobalt(ll) SMIM8&39.241.357]
Although the barrier to spin reversal cannot be considered very higl§Hc2and 8°Ac represent a very
rare example of SMM behavior in homodinuclear cobalt(ll) compounds. In fact, to the best of our
knowledge, only one paper has so far been published in this exact fiélefl In other dinuclear cobalt
complexes, slow magneticelaxation is achieved when one cobalt ion is silenced by oxidation to €o
or the cobalt ionsare far apart so that there is no coupling?59z361 Such behavior then results from one
Cd' ion and these complexes are known as single ion magnets (SIN#8J1

The absence of SMM behavior ifMeCNjs likely due to the different coordination environment of the
cobalt ions therein: whereas8Hc02 and 8°4c exhibit trigonal bipyramidal Co" centers, the additional
MeCN ligand in7MeCNinduces an octahedral geometryPrevious examples have shown that the local
geometry at the C# center plays an important role for the single ion magnetic behavidpss]
Furthermore, the zerofield splitting parameter D was also shown to depend on the type and
coordination environment of the metal ion[3%4 A strict octahedral environment, as is displayed ii7MeCN
(CSMYOn) =0.88, Table5.1), is particularly unfavorable for SMM properties.

91



5 Water Oxidation Catalysis with Cobalt Complexes

Table 5.3: Parameters extracted from the dc (top) and ac (bottom) magnetic susceptibility measurements&fco2
and 80Ac,

dc susceptibility gHcoz 8OAc
g-value (g1 =g2=ga) 2.32 2.33
coupling constantJ/cm™ 0.8 15
TIP / 10" cm3-mol™ 80 0
zero-field splitting D/ cm™e M4 M7
ac susceptibility

Uett / cm™Mp 8.9 6.0
OAl AGAOR/N1ID®SOET £/ 7.7 3.7

5.3 Electro- and Spectroelectrochemical Analysis

The complexes7MeCN 8HCO2 gnd 80Ac were electrochemically characterized by means of cyclic
voltammetry in MeCN (0.1IM NBwPFs) under inert conditions (all potentials are givenvs the
ferrocenium/ferrocene (Fc*°) redox couple). Compound/MeCNwas further investigated in phosphate
buffer (ionic strength 1=0.1M) under ambient conditions (all potentials are givenvs the normal
hydrogen electrode (NHE)).

5.3.1 Electro-and Spectroelectrochemical Analysis of 8 HCo2and 80Ac

5.3.1.1 Under Inert Conditions

The cyclic voltammograms (CVs) d8HCOzand 80Ac at a scan rate of 100nV/s (Figure 5.7, top left)
in MeCN (0.1IM NBwPFs) display four electrochemicall irreversible peaks: two oxidations in the
anodic scan and two reductions in the cathodic scan. When starting at the open circuit potential (OCP)
and scanning in the negative direction, no reduction waves are observed, indicating that the reduction
processes are the counter parts to the observed oxidationgFigure 5.7, top right). By changing the
potential range of the CV, the corresponding oxidaticneduction couples were distinguished(Figure
5.7, bottom). Consequently, the electrochemical events can be assigned accordingly:

wi#T w #i#0 wh #T#T b #i#T ouh #i#i

The large separation between the oxidation and corresponding reduction events indicates that a
follow-up process might be associated with the electron transfer. This could include bond elongation
or shortening, possibly due to spin crossover, as well as a sulggent chemical reaction. As Cbions
favor octahedral geometry, oxidation of Cbmay induce ligand association to reach CN6, accompanied
by a geometrical change. The resulting @aons are thus better stabilized, making their reduction more
difficult, and hence cathodically shifting the corresponding potential. Upon reduction, the initial C6d'
species is fully recovered, as evidenced by the fact that no changes are observed in the CV over multiple
scans.

Overall, the oxidation of8%Acis easier than that of8HC0O2 (seeTable 5.4). This might be due to the
electron-donating effect of the methyl group of the acetate molecule in the bimadtic pocket of8°4cin
comparison to the formate moiety in8Hc02 which leads to a slightly better stabilization of the Cb
I QEAAQOEI T OOAOA8 4EA OAAT BAAhoy aslyht AhitbfAne dxilldtidn | AAOOOAI
and reduction events withu h xEEAE EO OUDEAAI /&l QrocEsod Bigue @ EAT A Al AA
bottom).
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Figure 5.7: Electrochemical analysis 08Hc02and 8°Acin MeCN (0.1M NBwPFs) under inert conditions (c=1 mM).
Top left: CVs (100 mV/s) ofgHCO2and 8%Ac, Top right: CV oBHCO2(100 mV/s) starting at the OCP (red dot) and
scanning cathodically. Bottom: Scan rate dependence of the first (left) and of both oxidatiereduction couples
(right) of 8HCO2 The scanning direction is indicated by an arrow. A glassy carbon disc was used as the working
electrode, a Pt disc as auxiliary and aAg wire as the reference electrodeFerrocene was used as an internal
standard.

Table 5.4: Peak potentials extracted from the CVs @&Hco2and 80Acat 100 mV/s in MeCN (0.1IM NBwPFs) under
inert conditions. All potentials are givenvs. Fc/.

cv gHcoz 80Ac assignment

Epaa1/ Va 1.00 0.87 #1#10#1#1

Epa,2/ Va 1.25 1.13 #1#1 O#l #1
Epc2/ Va 0.24 0.15 #1#1 O#i#l
Epc1/ Va 0.03 M.12 #l#1 o#l1#1

apeak potentials from the anodic (a) and cathodic (c) scan

On the basis of the electrochemical results, UV/dspectroelectrochemical (SEC) measurements
were conducted in MeCN (0.M NBwPFs) and will be discussed fof8HC02as a representative example.
The UV/vis spectrum of 8HC02 in the Cd'Cd' state possesses local absorption maxima at 444
(&>=82 L-molM.cmM), 504 (75), 524 (68), 552 (298) and 720nm (23), which correspond to dd
transitions. In order to distinguish these bands, a peak deconvolution (determination of the minimum
amount of Gauss type peaks that reproduce the experimental spectrum with good accuracy) was
conducted in Origin Pro 8.5 from OriginLab(Figure 5.8, bottom right).>v The large number of dd

xv Please note, the deconvolution was conducteth the energy scale and is only shown in the
wavelength scale for simplicity.
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5 Water Oxidation Catalysis with Cobalt Complexes

transitions observed for both 8HCO2 and 80Ac (see experimental section) is typical for CN5 cobalt
complexed365z369] and results from the lower symmetry of the cobalt ions in comparison to the
octahedral coordination in 7MeCN,

Upon oxidation of 8HC02at 1.64V, the overall intensity significantly increases with bands emerging
at 413 and 558nm (Figure 5.8, top left). Uponre-reduction (Figure58h O B OECQE®G&Ge AO Mn8o ¢
bands slowly vanish and the ed transitions between 400 and 600nm reappear. The initial C6Cd!
species is fully reestablished, supported by a nice overlap of the spectra before oxidation (dashed
black) and after eOAAOAOQEIT 1T | Al OAQqs 4EA 3 AAOI OAAT AA OOAAAO «x
oxidation (Figure5.8, bottoml A £0QqQ A1 b Hebhéndettfter®ify Aainlupon oxidation, as well as
the apparent reversibility of the electrochemical process, as the trace after#@duction (blue) more
or less coincides with the baseline. This concludes that the follewp process that causes the
irreversibility in the CV is chemically reversible based on the UV/VISEC measurement.
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Figure 5.8: UV/vis-spectroelectrochemical analysis 08Hc02in MeCN (0.1M NBwPFs) under inert conditions. Top
left: UV/vis spectra of the electrochemical oxidation fronCd!Cd'! to Ca!'Cd' at 1.64V (black: beginning, red: end).
Top right: UV/vis spectra of the rereduction from CdiCdl to Cd'Cd' A O  Mvri(&d: peginning, blue: end, black
dashed: initial UV/vis spectrum before oxidation). Bottom left:3- absorbance of the spectra after oxidation (red)
and rereduction (blue) with respect to the spectrum before oxidation (baseline). Bottom right: Peak
deconvolution of the C6CO' OP A AE A 06 cEErBmAM).&dtie red line corresponds to the cumulative peak
fit.

5.3.2 Electro- and Spectroelectrochemical Analysis of 7 MecN

5.3.2.1 Under Inert Conditions

As for 8HCOZ gnd 80Ac, the CV of7MeCN (Figure 5.9) in MeCN (0.IM NBwPFs) displays four
electrochemically irreversible peaks, which can be assigned to the oxidations from '@p' to Cd'Cd"
and further to Cd"Cd", with their corresponding reductions. The peak potentials shift with the scan
OAOA uh AOPAAEAIT I UnmVY) suppBrihg their irrversibitity ATlatle 5.5)mt 1t 11
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Figure 5.9: Electrochemical analysis of7MeCN in MeCN (0.IM NBwPFs) under inert conditions. Top: CV
(100 mV/s) starting at the OCP (red dot) and scanning cathodically. Bottom: Scan rate dependence ofitls (left)
and of both oxidation-reduction couples (right). The scanning direction is indicated by an arrow. A glassy carbon
disc was used as the working electrode, a Pt disc as auxiliary and an Ag wire as the reference electfeeleocene
was used as a internal standard.

Table 5.5: Peak potentials extracted from the scan rate dependent measurements @feCN in MeCN (0.1M
NBwPFs) under inert conditions (Figure 5.11, right). All potentials are givenvs Fc/0.

scan rate / mV Epa1/ Vab Epa2/ Va Epc2/ Va Epc,1/ Va

20 0.38 0.98 M.02 M.33

50 0.38 0.95 M.05 M.36

100 0.42 0.98 M.07 M.39

200 0.42 0.93 M.08 M.39

500 0.60 1.13 M.15 M.50

1000 0.52 1.03 M.13 M.47
assignment 2& | # | ) #1 #I ) #1 # | ) #1 #I )
#1#1 O # 1 #1 O #1#I O #1#I

apeak potentials from the anodic (a) and cathodic (c) scan
bvery rough approximation of the potentials as they are hardly visible in the CV

In comparison to 8HC02and 8°Ac, the oxidation of 7MeCNis significantly easier, occurring at around
0.42V (Cd'Cd") and 0.98V (Cd'Cd") at a scan rate of 10@nV/s.»vi This is presumably due to the fact
that the coordination sites in7MeCNfeature octahedral geometry that is ideal for Cb, facilitating their

xvi The first oxidation potential (Epr,1) is a very rough approximation as it is hardly visible in the CV
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5 Water Oxidation Catalysis with Cobalt Complexes

oxidation. It further matches the observation that7MeCNjs oxidized in the presence of oxygen. The large
separation of the oxidation and corresponding reduction events presumably arises from a spin
crossover and the concomitant large reorganization energgssociated with the highspin Cd'/low -spin
Ca'" electron transfer, which is typical in octahedrally coordinated cobalt complexel§30.370.371]

Based on theelectrochemical results, UV/visSEC measurements were conducted in MeCN (0L
NBwPFs). The UV/vis spectrum of7MeCN in the Cd'Cd' state possesses local absorption maxima at
310 nm (¢>= 2.8-1C L-molM-cmM) and 464 nm (152) with a shoulder at 543nm (51), the latter two of
which correspond to dd transitions. Upon oxidation at 1.33V, the overall intensity significantly
increases without any particular bands emergingFigure 5.10, top left). Upon rereduction (Figure
510h O b OE CHKOIk abfsdptioM intensty once again decreases, however, the initial
spectroscopic features of C&Cd' 7MeCNare not reproduced, as shown in the dashed black and solid blue

ODAAOOA8 4EA 3z AAOI OAAT AA OOAAAO x EF@ie50d tohdhfA O OI

AT B E A OE Wépenddnthintehsity gain and loss upon oxidation and reeduction, as well as the
irreversibility of the electrochemical process, as the trag after re-reduction (blue) significantly differs
from the baseline. A possible reason for the irreversibility of the process might be that upon reduction
one MeCN molecule at each €don decoordinates; however, recoordination of a solvent molecule
would be expected upon reoxidation. Accordingly, the exact reason for the irreversibility is not clear.
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Figure 5.10: UV/vis-spectroelectrochemical analysis offMecNin MeCN (0.1IM NBwPFs) under inert conditions.
Top left: UV/vis spectra of the electrochemical oxidation fronCd!Cd! to Cd'Cd' at 1.33V (black: beginning, red:
end). Top right: UV/vis spectra of the rereduction from Cd'Cd' to Cd'Cd' A O  Mwt(&db keginning, blue: end,
black dashed: initial UV/vis spectrum before oxidation). Bottoms-absorbance of the spectra after oxiation (red)
and re-reduction (blue) with respect to the spectrum before oxidation (baseline).

5.3.2.2 Under Ambient Conditions

In order to test whether 7MeCNcan serve as a WOC, further electrochemistry studies were performed
in aqueous solution under ambient caditions. The CV offMeCNin phosphate buffer ( = 0.1 M) exhibits
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5.3 Electro- and Spectroelectrochemical Analysis

a pH dependent irreversible wave associated with a catalytic process, which could originate from water
oxidation (Figure 5.11, top). The peak current of this wave initially arises at pi3 and increases with
rising pH. Over the course of 2€V cycles, the catalytic current stays relatively stable, however the
peak maximum shifts anodically (compare scaft and scar?0). Furthermore, the rise in pH is
associated with a color change ofVeCNin phosphate buffer, going from a very pale pink (pi) to a
dark brown solution (pH 8). This could be monitored by UV/vis spectroscopy and was accompanied
by the emergence of a strong absorptioat 462 nm (Figure 5.11, bottom right), which is reminiscent
of the Cd'Cd" spectra of 7A (Figure 5.2) and 8H¢02(Figure 5.8).
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Figure 5.11: pH dependent analysis of a inM solution of 7MeCNin phosphate buffer ( =0.1 M). Top: pH dependent
CVs (left: scarl, right: scan20). Bottom left: CVs (20 cycles, black: scdn red: scar20) at pH6 in comparison to
the rinse test after CPE at 1.5¥ for 30 minutes (dark red). A glassy carbon disc was used as working electrode, a
Pt disc as auxiliary and an MSE as the reference electroddée potentials were converted to the NHE scale by
adding 0.658V. Bottomright: pH dependent UV/vis spectra. Pictures of the solutions at each pH are shown below.

In order to evaluate the stability of7MeCNunder the catalytic conditions, a rinse test was conducted
in pH 6 phosphate buffer { =0.1M). For this, a controlled pdential electrolysis (CPE) was performed
for 30 minutes at 1.54V. Subsequently, the working electrode was carefully rinsed with electrolyte and
a CV was measured in fresh blank solution without polishing. The resulting CV (dark rddgure 5.11,
bottom left) shows a significantly increased catalytic current with a less positive onset potential in
comparison to the catalytic wave in a complex solution, @licating a positive rinse test after CPE. This
concludes that the observed electrocatalysis is heterogenous aitfecNmerely acts as the precatalyst,
which degrades to a catalytically active species under the given conditions, as previously observed for
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5 Water Oxidation Catalysis with Cobalt Comples

the copper complexsHcozequally bearing (L22)™(see Chapterd). Not surprisingly, many examples exist

of originally presumed homogenous cobalt WOCs, in which a heterogenous species turned out to be
the actual active catalysf341.342.82.343] Next to the degradation of the applied cobalt complexes, the
presence of cobalt(l) salt impurities was the main source of eventual heterogeneity. The catalytic
activity of cobalt oxide has been known for a long timg72z375,144.376,377]

In the herein studied case, the availability of phosphate from the electrolyte might also be &sue,
as it has previously been reported that highly active cobalt oxide particles (CHRre formed in a self
assembly process from cobalt and phosphate upon oxidation of Cdo Cd' in an aqueous
solution.[302378] |n fact, this is the exact WOC that is applied in Daniel Nd® Aadifi@ial leaf z an
amorphous silicon photovoltaic with H- and Q-evolving catalysts that functions under illumination in
near-neutral conditions.[379 ESIMS experiments of7/MeCNin the presence of NeHPQO already showed
coordination of phosphate in the bimetallic cleft, illustrating the high affinity of phosphate to cobalt
ions (appendix, Figures A.36 and A.37).

5.4 Summary and Conclusion

Five dinuclear cobalt complexes were synthesized based on the pyrazaétcn hybrid proligands
HL2a (7MeCN 702H3/ 7A) gnd HL2b (8HCOZ 80Ac), The complexes with (E8)Mthereby proved to be sensitive
to oxidation under ambient conditions, providing the ideal geometry for lowspin dé Cd" ions by
coordination of an additional aial ligand. The use of H¥ with sterically hindered iPr peripherals, on
the other hand, seems to prevent additional ligand coordination and the concomitant oxidation of the
cobalt ions. Consequently, the cobalt(ll) complexe8Hc02 and 8°Ac featuring formate and acetate as
bridging ligands in the bimetallic cleft, respectively, can be synthesized under ambient conditions.

All five compounds were characterized in solution by means of ESI mass spectrometry. The
diamagnetic character of octahedrally coordinagd low-spin dé Cd'" ions in 7A additionally enabled an
NMR spectroscopic analysis. Furthermore, the solid state molecular structures@feCN, 8HCO2gnd 80Ac
were authenticated by XRD. All followup analyses were conducted with these three complexes.

The magnetic susceptibility measurement of MeCNrevealed weak intramolecular antiferromagnetic
exchange interaction and a positive axial zerfield splitting. By contrast, the ?mT vs. T data of8H¢02and
80Ac displayed weak ferromagnetic coupling and a negativ® parameter, rendering them possible
candidates for SMMs. Indeed, ac susceptibility measurements demonstrated slow relaxation of the
magnetization in 8HC02gnd 8%Ac with a relaxation time zp of 7.7-107%Meand 3.7-10"¢s™? as well as an
energy barrier Uert of 8.9 and 6.0cm™e respectively. These values are similar to other cobalt(ll)
SMMSI239,241,357]

The electrochemical behavior offMeCN 8HCO2gnd 80Ac was investigated under inert conditions. In
MeCN (0.IM NBwPFs), all three complexes exhibit four electrochemically irreversible peaks, which
can be assigned to theonsecutive oxidations from CHCd' to Cd'Cd" and further to Cd"Cd", and vice
versa for the reductions. In comparison t@Hc02and 8°A¢c, the oxidation of7MeCNjs significantly easier,
presumably because the coordination sites imMeCNfeature theideal geometry for Cd', viz. octahedron,
facilitating their oxidation. This is furthermore consistent with the synthetic observation that7MeCNis
oxidized in the presence of oxygen.

Complex 7MecN was further electrochemically characterized under ambient conditions. In
phosphate buffer,7MeCNexhibits a pH dependent irreversible wave associated with a catalytic process
that initially arises at pH5 and increases with rising pH. A positive rinse test conducted after CPE for
30 minutes at 1.54Vvs NHE inpH 6 phosphate buffer, showed that a surface deposit is responsible for
the observed catalytic process. ConsequentlyMeCNmerely acts as the precatalyst, which degrades to
a catalytically active species under the given conditions, as previously observit the copper complex
5HCOzequally based on (B9)M(see Chapted).
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Dioxygen Activation at Dinuclear Copper Complexes

Parts of this chapter have been adapted from Jana Licken, Thomas Auth, Sara Ida Mozzi, Franc
-AUAOR O(A@AT OA1 AAO #1 PP A Gpduced Dedarhaxyiafioh of Hlidopper@E=A 2 AA O

&1 Ol Arry.aChem2020,59, 14347714354. The correspondingsections are marked by footnotes.

Dinuclear copper complexes based on pyrazolate/tach hybrid ligands have long been used for
dioxygen activation in the Meyer group!170.187.188,199,206,207.380] The starting point of these conversions
are dicopper(l) compounds, which facilitate the binding, activation and reduction of £ So far, two
related dinucleating pyrazolate/tacn ligand scaffolds have been applied for the synthesis of the latter
(Scheme6.1) 7 one bearing two methylene spacers@”') and the other connecting the pyrazole unit
and macrocyclic sidearmvia ethylene groups XXV). Ongoing studes are currently focused on the use
of a nonsymmetric ligand comprising both a methylene and an ethylene linker. These subtle ligand
modifications result in significant structural differences,viz. the Cu---Cu distance is reduced from 4.153
(6) to 3.968 A (XXV),[206207 which also has a great impact on the follovup chemistry.

Addition of dry molecular oxygen to the dicopper(l) complexe$" and XXVleads to the formation
of { -1,2-peroxo dicopper(ll) species, in which the @ has been reduced twice by the metal centers
(Scheme6.1). In fact, the peroxo complex6P constitutes the first eve structurally characterized P
model complexi?70 On the other hand, under evaluation of the Gu0zOzCu torsion angle inXX\
(104.2°), it can be considered as amiermediate between acP (65.2° in 6°) and TP (~180°) binding
mode. Together with this rather unique feature arises a ferromagnetic coupling between the copper
centers, makingXXVP the first example of a peroxo dicopper(ll) complex with a triplet ground site 380

In addition to the different electronic structures of the peroxo complexes, the ligand scaffold also
alters the accessibility of substrates to the peroxide moiety. Accordingly, the peroxo moiety XX is
strongly shielded by the isopropyl periphery at the tacn moieties, while the cavity 6P is more
accessiblg188.206] As a consequenceXXW shows no interaction with redox inert alkali metal ions, but
6P forms adducts with the latter, leading to a modification of its electronic structure. Both complexes
display no oxygenation reactivity towards organic substrates. However, replacing the residues at the
tacn moieties with less bulky groups can reduce thsteric hindrance at the bridging peroxo moiety,
and thus might enhance its reactivity.

The peroxo dicopper(ll) complexes6P and XX\ can be converted to superoxo and hydroperoxo
species by oxidation and protonation, respectively. The latter is achievedrfdoth compounds with
lutidinium triflate (HLutOTf), resulting in significant spectroscopic and structural change$t8s.206] |n
case ofXXV, the hydroperoxo dicopper(ll) complex KXVOOH) was structurally characterized by Xray
AEEAZEOAAOQEIT T h A QE E-AE Qifdging molle of thd HydkopdroxdEroiety (this type of
coordination mode is not expected for6°°H due to the significantly larger Cu---Cu distance, which
usually does not accommodate monoatomibridging ligands).19 In addition, with an estimated half
life of 9 hours at room temperature, XX\POH is by far the most stable CtxOOH compound to date.

Despite this stability, XX\P°H is capable of mediating the oxygenation of PRhto OPPR with a
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6 Dioxygen Activation at Dinuclear Copper Complexes

conversion of (94+5) % based ontH NMR experiments. For both complexes, the transformation to the
hydroperoxo species is cleanly reversed by addition of diazabicycloundecene (DBU).

C I (o} ] + + C I (o ]
N0 Ag"  HLut oo
_ H
63 600H

P, s=1)
Cull .Cu" . . cull Cu"
\0’9 - Ag HLut \9(
OH
XXvS XXVOOH

Scheme 6.1: Dicopper(l) complexes 6" and XXV with pyrazolate/tacn hybrid ligands, as well as the
corresponding peroxo, superoxo and hydroperoxo dicopper(ll) species and decomposition products. The targeted
recycling of the aquo/hydroxo copper(ll) decomposition productXVIl is marked in red. The structural differences
are highlighted in yellow.

Oxidation of 6P and XXV? was achieved both electrochemically and chemically by means of Ad\
t-1,2 binding motif of the superoxo moiety is assumed for both complexes, however a sefithte
structure could only be obtained for6S, making it the first ever structurally characterzed superoxo
dicopper(ll) complex.[t88 The superoxo binding mode oXXVs was deduced from the EPR spectrum
and supported by DFT calculation&87 From the thermodynamic parameterst° for the ¢ YO2Mredox
couple and the [Xa of the hydroperoxo species, bond dissociation free energies (BDFES) of (71.4+0.3)
and (71.7+1.1)kcal-mol™® were determined for the OGH bonds in 6°0H and XXVPOH, respectively.
Accordingly, both superoxo complexes showed no reactivity toward zE bonds
(BDFE> 72.9kcal-mol't) but were capable of H atom abstraction (HAT) of the weakerz®l bond in
TEMPOH (66.5). Likewise, the hydroperoxo species is formed upon addition of phenylhydrazinez{
70.4) to XXVs. Comparison of the kinetic parameters of a concerted gavay (HAT) and a sequential
mechanism starting with electron or proton transfer, suggest the former for these conversions.

A challenge that must be met when handling oxygen activated compounds is their relative
instability, especially at temperatures aboveM ¢ ¥ and in some cases also in the presence of traces of
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water. Common decomposition products are the aquo/hydroxo or hydroxo dicopper(ll) complexes
XVII and XXVI (Scheme6.1), which are typically discarded, being the thermodynamic end product and
unreactive to organic substrates. Recently, the recycling ofVIl was achieved by reduction with
cobaltocene. This ledo the in situ formation of the dicopper(l) compound 6" without an exogenous
ligand in the bimetallic cleft, which was capable of rbinding and activating dioxygeni18sl

As a dicopper(l) complex could not be synthesized directly from the Medacn ligand HL22, the
above-mentioned method was chosen in order to form a reduced copper species starting fragfRAcand
5HCOz with surprising results. Next to the reduction with cobaltocene, the subsequent activation of
dioxygen will be discussed. Preliminary investigations of the Dactivation by the dicopper(l)
compound5'' were previously attempted /8l

6.1 Reduction of 5Acyja a Mixed-Valent Cu'Cu! Intermediate

The reduction of5°Acwith cobaltocene in MeCN was monitored by UV/vis spectroscopy. As shown
in Figure 6.1 (top), the addition of CpCo to5°Acleads to the decrease of the-d transition at 684 nm.
Concomitantly, new bands rise at 400 and 508m corresponding to a colaltocenium species and
cobaltocene, respectivelyssll After addition of 2.3eq CpCo, the dd transition has completely vanished
in line with the presence of a fully reduced dicopper(l) speciesvii A closer look at the UV/vis spectra
reveals two distinct processes denoted by different isosbestic pointd={gure 6.1, bottom). Up to the
addition of 1.2 eq cobaltocene (left), isosbestic points are observed at 355 and 58/. The subsequent
addition of a further 1.1eq CpCo (right) is characterized by an isosbestic point at 45@m. This
strongly suggests the presence of an intermediate species.

The occurence of two consecutive reduction processes is emphasized by the absorbance traces of
the isosbestic points Figure 6.2). Up to 1.2eq CpCo, the tra@s at 355 (top right) and 585nm (bottom
left) remain stable, after which the former increases and the latter decreases. By contrast, the
absorbance at 45mm (bottom right) gradually increases until 1.2eq and then remains quite
unchanged until 2.3eq CpCo are reached. The trace of the-dl transition (Figure 6.2, top left) also
shows a slight change in slope betweenzQ.2eqand 1.222.3 eq CpCo, howeve, the difference is not
so pronounced as the band continues to decrease over the entire process. In any case, further addition
of cobaltocene beyond 2.2q leads to distinct changes in the absorbance of all four wavelengths.
Whereas for the isosbestic paits a significant increase is observed, the absorbance of theldransition
becomes stable. This indicates that the reduction process is finalized after 28 and further addition
of cobaltocene leads to an overtitration. The necessity of 1.2 and 28instead of 1.0 and 2.@&q for the
single and twofold reduction is likely a result of uncertainties regarding the experimental procedure.

In view of these results, it seems likely that a mixedalent CUCU' species ") is formed upon
single reduction of the original complex5©Ac, Thus far, this is a unique observation for dinuclear copper
complexes based on pyrazolate/tacn hybrid ligands, but has been observed for the related dicopper
compound [{CUCU'} $ - &-RO)P+ by Karlin and coworkers (see Sectioi.4.2), in which the Cul ion
is additionally coordinated by a DMF molecul&89.190 One signifiant difference between5°Acand the
iPra-tacn containing XVII, is the molecule in the bimetallic cleftviz. acetatevs aquo/hydroxo,
respectively. Consequently, the acetate moiety might rearrange and stabilize the''Gite in the mixed
valent speciess! , allowing its formation (Scheme6.2). In line with this, the ESI(+}MS of a solution of
50Acand cobaltocene (1.2q) in MeCN Figure 6.3) shows a major peak atm/ z590.3, corresponding to
the molecular ion peak o5 | viz. [L22Cw(OAC)]* (CUCU'Y). Further peaks, however, can be attributed
to both the fully reduced CuCu complex (m/z531.2) and the starting material5°A¢ (m/z295.2 and
689.2).

xvii Upon addition of more than 2.32q CpCo, the increase imbsorbance from 35400 nm results from
the cobaltocene itself, which features a very intense band at 328n, next to the one at 508im, whose
flanks reach past 400nm.
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6 Dioxygen Activation at Dinuclear Copper Complexes
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Figure 6.1: UV/vis titration of 59Acwith CpzCo in MeCN at room temperature under inertonditions. Top: UV/vis
spectra of the complete addition of 2.%2q CpCo in 0.1eq steps. The reduction is complete after addition of 2.&q
CpCo. There are no isosbestic points for the twofold reduction &©Ac. Bottom: UV/vis spectra of the first (left,
isosbestic points: 355 and 5851m) and second (right, isosbestic point: 45m) reduction steps.
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Scheme6.2: Twofold reduction of 50Acto the CUCU speciesb!! viathe mixed-valent 5" . The acetate molecule in
51" is assumed to stabilize the Gusite.
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6.1 Reduction of5%Acvia a Mixed-Valent CUCu' Intermediate
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Figure 6.2: Traces of the UV/vis titration of50Acwith CpzCo in MeCN at room temperature under inertonditions.
The traces of the dd transition (685 nm), as well as the three isosbestic points (355, 585 and 4%im) are depicted.
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Figure 6.3: ESI(+)MS of5%Ac+ CpCo (1.2eq) in MeCN under inerconditions. Next to cobaltocenium i/ z 189.2),
species of the CICuU' (295.2/689.2), CuCu' (590.3) and CUCU (531.2) complex are observed.
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6 Dioxygen Activation at Dinuclear Copper Complexes

To further confirm the suggested formation of the mixeevalent complex5"!" after single reduction
of 50Acwith cobaltocene, EPR measurements were conducted. The spectrunbéfc(Figure 6.4, left) is
in accord with an S=1 system (ferromagnetic coupling ofthe two Cu' ions, as determined from the
magnetic measurements, see Sectich?2), exhibiting a broad EPR signal at 317G, as well as a half
AT OOAODIT T AET QAs=Q2? traisiich typklal OfArifldt dtakd
EPR spectrd382z385] No hyperfine splitting is observed and the zerdield splitting, which was obtained
from the simulation, arises from dipoledipole interaction. After addition of 1.2eq CpCo (Figure 6.4,
right), the half-field signal disappears and a typicapseudo-axial CU' spectrum is observed. The EPR
spectrum was simulated with one Cliion (S=1/2, 1 =3/ 2) revealing anisotropic g values of 2.05, 2.10
and 2.24. Hyperfine splitting constants were distinguished as 94, 50 and 48MHz, however, the former
two are overcompensated by the linewidth (100G). The corresponding parameters fos°Acbefore and
after addition of CpCo are compiled inTable 6.1. Overall, this coincides well with the expected EPR
spectrum of the mixedvalent complex 5", as the reduction of one @ Cu' to a d°® Cu makes it
diamagnetic and thus EPR silent, leaving just one active 'Qienter.

field peak at around 1500 h

Figure 6.4: Frozen solution Xband EPR spectra 05°Ac before (blue, left) and after (light blue, right) addition of

g-value

1000 2000 3000 4000
field/ G

2 1.8

OAc
——57+Cp,Co (1.2 eq)
——sim

2500

3000

3500
field/ G

CpCo(1.2 eq) in MeCN at 15K under inert conditions, including the respective simulations.

Table 6.1: EPR parameters fob0Achefore and after addition of CpCo (1.2eq).

4000

50Ac 50Ac+ CpCo (1.2eq)

01 2.03 2.05
02 211 2.10
03 2.25 2.24
Qaverage 2.13 2.13
Ai/ MHz Z 94
Az / MHz Z 50
As/ MHz Z 480
linewidth w1/ G 94 100
w2/ G 82 100
ws/ G 117 100
zero-field splitting D/ cm™e M.03 Z

6.2 Reduction of 6 ©Acto a Dicopper(l) Complex

In order to determine if the occurrence of a mixedsalent species is solely an effect of the acetate in
the bimetallic pocket, the same reduction was performed with the related comple&CAcwith isopropy!
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6.3 Reduction of 84cto a Dicopper(l) Complex

instead of methyl residues at the tacnh macrocycles. As shown Figure 6.5 (left), titration of 6°Acwith
CpCo leads to a decrease of the-dltransition (731 nm) and the formation of new bands at 400 and
508 nm in the UV/vis spectrum. In contrast to the titration starting from 5°A¢, however, an isosbestic
point is observed at 378nm for the complete addition of 2.3eq CpCo, corresponding to the twofold
reduction of 6°Acto 6" (Scheme6.3). This is emphasized by the absorbance trace of the isosbestic
point, which remains stable up until overtitration (Figure 6.5, right). The direct formation of a
dicopper(l) complex was also confirmed by addition of @ leading to a peroxo species (see Section
6.3.2).

In line with this, it seems that both the acetate molecule in the bimetallic cleft, as well as timethyl
residues at the tacn moiety are responsible for the occurrence of the mixadlent speciess!' . The
bulkier isopropyl residues in 6°Ac might prevent the acetate molecule from changing its coordination
mode from bridging to chelating, thus impedig the formation of a mixedvalent species. To summarize,
the reduction process of6©Accan be stated as follows:

#O0#EO mM#GFO MO # GO0
By contrast, the reduction of5°Acoccurs as two consecutive processes:

#0610 # &0 # &0

0.8
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—23eq
0.6 2.4¢eq
s \ —25eq 3
© ©
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Figure 6.5: UV/vis titration of 6°Acwith Cp2Co in MeCN at room temperature under inert conditions. Left: UV/vis
spectra of theaddition of 2.5eq CpCo in 0.1eq steps. The reduction is complete after addition of 2&q CpCo.
Right: Trace of the isosbestic point for the twofold reduction at 37&m.
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Scheme6.3: Twofold reduction of 69Acto the CUCU species6!” .

6.3 Dioxygen Activation at Dicopper Complexes

In the typical dioxygen activation experiments, dry molecular oxygen is added to a dicoprgl)
compound, leading to the formation of a peroxo complex, which can be converted to a superoxo or
hydroperoxo moiety by oxidation or protonation, respectively. The occurrence of the GQu' species
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6 Dioxygen Activation at Dinuclear Copper Complexes

5 should, however, allow the direct formation of the superoxo speciess, as the @molecule can only
be reduced once by the dicopper core. Consequently, depending on the starting materal, or 5! ,
different primary products of dioxygen activation cax be expected Schemeb.4).

Preliminary investigations of the Q activation by the dicopper(l) compound5"" were attempted by
Dr. Alexander Brinkmeierand monitored via UV/vis spectroscopyl!ssl The motive for investigating the
Mez-tacn complexes is their expected higher activity for substrate oxygenatiorh&n the iPrz-tacn
compounds, as the dioxygen derived ligand in the bimetallic cleft is assumed to be more accessible with
less bulky residuesii Although highly active species are favorable for reactivity studies, tracking and
isolating the possible reacton intermediates is significantly more challenging. In the following, the
dioxygen activation at both the dicopper(l) and mixedvalent complexes will be discussed. For all
experiments, 5" and 5" are formed in situ either chemically (addition of 2.3eq or 1.2eq CpCo,
respectively) or electrochemically.

7 \ o v \Nj+
N(/\ /N N— / 1 L» N(/\W/ \?
kN/ \N) MeCN k'\? \O_OVCU\N)

\ { \ {

51 5P

N/ \N " N/ \N =
(/\/\/\w 0, (/\@\/\w
N{. /N*N\C N ————> N c II/N*N\C N
O o i) e (oo ™)

\ { \ {

5|I|I 53

Scheme 6.4: Dioxygen activation at5" (top) and 5" (bottom) to the expected peroxo BP) and superoxo 695)
complexes, respectively.

6.3.1 Starting from Cu 'Cu

Exposing an acetonitrile solution of5"", formedin situ by addition of cobaltocene (2.3q) to 50Ac,
Ol AOU AEI| @unstdntly led © a edlprmhange from yellow (cobaltocenium) to purple. This
was accompanied by the formation of two new bands at 510 and 630n in the UV/vis spectrum
(Figure 6.6, top left), which can be assigned as LMCT transitions and suggesth2 binding fashion of
the peroxo moiety in the bimetallic clefti147.167.386387] The peroxo complex5P gradually decays,
indicated by the disappearance of its typical spectroscopic features, and a compound is formed with a
d-d transition at 616 nm (Figure 6.6, top right). Unfortunately, an exact decay rate could not be
distinguished as multiple repetitions gave different rates, with half-life times between 30 and
80 minutes at 0°C. The ESI(+MS of the decomposition product showed the typical features &CAc:
the molecular ion peak [M}+and [M+CIlQ]* at m/ z295.2 and 691.2, respectively. An additional peak
was observed at m/z649.3, which was assigned to [ReCw(OAck]* (appendix, Figure A.19).
Consequently, the decomposition product seems to be a dicopper(ll) complex with at least one acetate
ligand.

In order to investigate if any shortlived species are formed upon dioxygen activation &"' , time-
resolved UV/vis spedra were collected with a stoppedflow instrument. As expected, upon rapid

xviit A large difference in the acessibility of the bridging moiety is already achieved bghanging from
an ethylene to a methylene linker between the pyrazolate and the tach moiety.

106



6.3 Dioxygen Activation at Dicopper Complexes

mixing of an acetonitrile solution of5%Acand CpCo (2.3eq) with O OA OO OA OA A CAanlytheA O Mt m
typical bands of the peroxo comple%® appear (Figure 6.6, bottom left). The formation of5Pis complete

after around ten seconds, as can be seen from the temporal traces at 505 and 6@&5 (Figure 6.6,

bottom right). The low intensity of the UV/vis bands, equivalent to a low concentration d&" in solution,

could be explained by: (i) ineffective reduction o6°Acto 5! or (ii) incomplete conversion of5" to 5P

in the presence of @ As will be seen in the following Section, dioxygen activation &t" proved more

effective. Consequently, it is assumed that the larger amount of cobaltocene/cobaltocenium in solution
negatively effects the @activation.

Multiple attempts were made to convert5P to the superoxo or hydroperoxo species by addition of
ferrocenium as oxidant or lutidinium as proton donor, respectively. Unfortunately, at no point
spectroscopic features of either of the two other dioxygen activated complexes could be observed.
Instead, a rapid decay 05P took place.

-20°C
0.8

0.6- 1
0.4 l

0.2 1

absorbance / a.u.

0.0 T T T T T
400 500 600 700 800 900

I /nm

Figure 6.6: Monitoring dioxygen activation at5" via UV/vis spectroscopy in MeCN under inert conditions. Top
left: UV/vis spectra of the addition of dry Qto 5 A O tCq(imitial: black, final: purple). Top right: Decay of the
peroxo speciessP at 0 °C over ~4.5hours (initial; purple, final: red). Bottom: Stoppedflow UV/vis spectra of the
addition of O:to 5" A O  tCr(imitial: black, final: purple) and the corresponding time traces at 505 and 6Q0&m.
In all experiments, the initial concentration of50Acwas 0.5mM.

Next to the UV/vis spectroscopic analysis, dioxygen activation by5" was studied with
electrochemical techniques. All potentials below are givews. the ferrocenium/ferrocene (Fc/°) redox
couple.

As discussed in Chaptet (Section4.3.1), the cyclic voltammogram o6°4cin MeCN (0.1IM NBwPFs)
under inert conditions exhibits a quasiOA OAOOEAT A OAAT & pOA AR SMwvhighdoc Mp 8 T X
was tentatively assigned to the twofold reduction from CUCU' to CUCu based on UV/iSSEC

xix The redox potential is $ifted to more positive potentials in the herein described electrochemical
experiment, presumably due to the different experimental condions.
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