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Abstract

The depletion of primary energy sources, like fossil fuels, forces scientists to reconsider
energy consumption patterns and put procedures in place to ensure a future powered by
renewable and sustainable energy sources. Utilizing solar radiation to produce hydrogen
as alternative energy carrier through chemical processes offers a sustainable production
method. A crucial component in this process is the photoactive component, which har-
nesses incoming solar light to enhance otherwise undesirable reactions.

In pursuit of a sustainable energy future, 3d-metals emerge as a promising alterna-
tive to noble metals. Therefore, this thesis focuses on developing a novel photoactive
complexes using iron as a substitute for noble metals. Recent research has highlighted
the effectiveness of iron(I11) complexes, showcasing prolonged catalytically active states,
particularly through activation from a singlet ground state to a doublet LMCT, providing
an excited state with a longer lifespan compared to conventional iron(ll) complexes.

A bis-tridentate ligand motif based on phenyl-1H-pyrazole was used to examine the
photophysical characteristics of iron(lll) complexes, building on the success of strong
sigma-donating functions. Therefore, the tris(1-phenylpyrazolato-N, C?)iron(l11) complex
scaffold is used to create eight complexes, enabling the examination of different func-
tional groups on photophysical properties. Here, electron donating or withdrawing groups
are introduced as well as m-extensions. Furthermore the position of these groups could
be varied. Single crystal diffractometry, NMR-spectroscopy, UV-Vis-spectroscopy, and
cyclic voltammetry were all used to properly study the samples. X-ray absorption and
emission spectroscopy provide novel insights into the electronic structure, assisted by
DFT computations.

The complex is synthesised in its iron(I1l)-form where it only generates fac-isomers.
Both iron(ll) and iron(I1V) species were produced via chemical reduction and oxidation.
Iron(lI1) transitions to the more stable mer-isomer, although iron(IV)-complexes remain
in the fac-configuration. The ligand design leads to overlapping MLCT and LMCT ab-
sorption bands hindering emissive behaviour suppressed by low lying MC states. The
complex demonstrates stability within specific wavelength ranges and various solvents,
supporting its potential application in catalysis. Furthermore, the comprehensive reso-
nance assignment made possible by the NMR methods used here aided in the investi-
gation of the effects of functional groups and the paramagnetic iron(lll) centre of the
ligand scaffold. These complexes also exhibit reduced paramagnetism at higher temper-
atures and conformational stability over a wide temperature range.



Kurzzusammenfassung

Der Riickgang von Primarenergiequellen wie fossilen Brennstoffen zwingt die Wissenschaft
dazu ihre Energiegewinnung zu iiberdenken und Maknahmen zu ergreifen, um eine

Zukunft mit nachhaltigen und erneuerbaren Energiequellen zu gewahrleisten. Die Nutzung
von Solarenergie zur Wasserstoffproduktion als alternativer Energietrager durch chemis-

che Prozesse bietet eine nachhaltige Produktionsmethode. Ein entscheidender Bestandteil
dieses Prozesses ist der Photosensitizer, der einfallendes Sonnenlicht nutzt, um anson-

sten unfreiwillig ablaufenden Reaktion zu katalysieren.

Auf der Suche nach einer nachhaltigen Energiezukunft zeichnen sich 3d-Metalle als
vielversprechende Alternative zu Edelmetallen ab. Daher konzentriert sich diese Ar-
beit darauf, einen neuen photoaktiven Komplex zu entwickeln, wobei Eisen als Ersatz
fir Edelmetalle verwendet wird. Eisen(lll)-Komplexe zeigen eine Anregung von einem
Singulett-Grundzustand in einen 2LMCT, einen angeregten Zustand mit einer lingeren
Lebensdauer im Vergleich zu den konventionell verwendeten Eisen(l1)-Komplexen.

Ein bis-tridentates Ligandenmotiv auf der Basis von Phenyl-1H-pyrazol wurde verwendet,
um die photophysikalischen Eigenschaften von Eisen(lll)-Komplexen zu untersuchen,
aufbauend auf dem Erfolg starker o-donierender Funktionen. Aufbauend auf den Kom-
plex Tris(1-phenylpyrazolato-N,C?)iron(IIl) wurden acht Komplexe synthetisiert, die den
Einfluss verschiedener funktioneller Gruppen auf die photophysikalischen Eigenschaften
zeigen sollen. Hierbei konnten positionsvariable eletronenziehende und -schiebende Grup-
pen, sowie eine Erweiterung des m-Systems ermoglicht werden. Einkristalldiffraktometrie,
Cyclovoltammetrie, NMR- und UV-Vis-Spektroskopie wurden eingesetzt, um die Probe
photophysikalisch zu untersuchen. Réntgenabsorptions- und -emissionsspektroskopie bi-
eten erweiterte Einblicke in die elektronische Struktur unterstiitzt durch DFT-Berechnungen.

Der Eisen(l11)-Komplex bildet ausschlieRlich fac-Isomere. Sowohl die Eisen(Il)- als auch
Eisen(IV)-Spezies kdnnen durch chemische Reduktion und Oxidation hergestellt werden.
Eisen(ll) geht in das stabilere mer-Isomer tiber, wihrend Eisen(IV)-Komplexe in der fac-
Konfiguration bleiben. Das Ligandendesign fiihrt zu iiberlappenden MLCT- und LMCT-
Absorptionsbanden, wodurch das Emissionsverhalten durch tief liegende MC-Zustinde
inhibitiert wird. Es ist moglich, die Stabilitdt des Komplexes innerhalb eines bestimmten
Wellenldngenbereichs und in einer Vielzahl von Ldsungsmitteln nachzuweisen. Die um-
fassende Zuordnung der NMR-Resonanzen zeigte die Auswirkungen der funktionellen
Gruppen und des paramagnetischen Eisen(IlI/IV)-Zentrums auf das Ligandengerist.
Diese Komplexe profitieren von einem reduzierten Paramagnetismus bei héheren Tem-
peraturen und Konformationsstabilitat iiber einen weiten Temperaturbereich.
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1. Introduction

Introduction

1.1 Motivation

Within the last century we encountered more and more scenes of extreme weather events
and climate related catastrophes. Devastating destruction by wildfires, heatwaves and
droughts amidst unprecedented storms and floods became an alarming recurrence.[1, 2]
Humanity is live-witness of the increased impact of climate change, earths long-term
atmospheric average. Unfortunately, the broad-scale impact of this change is mostly
recognized in extreme weather events, like the flooding in Pakistan[3] August of 2022
or the severe droughts in west Africa[4] since 2020, where ten thousands of people were
killed or left in precarious health and economic conditions.[5-7]

Scientists have observed the drastic atmospheric change within the last few decades in
ecological surveys and especially encountered an increase of the average sea- and land-
surface temperature, and additionally the decrease of permafrost extent, snow cover and
glaciers.[8] Climate has always changed naturally over the past 2 million years, though
the rate of global warming in the last 50 years has exceeded every other 50-year period.[2]

These alterations in climate are connected with the rise of industrialisation and there-
fore emission of greenhouse gases (GHG) by generation of electricity, and likewise from
transport, industry and agricultural sectors.[9] As a non-governmental organization the
Intergovernmental Panel on Climate Change (IPCC) assesses published literature and
produces reports to contextualise different scenarios and provides scientific and technical
background to these informations. They state that the unequivocal human contribution
to global warming is estimated to 1.07 °C in 2021.[8] The global mean surface temper-
ature change (GMST), relative to the baseline of 1850-1900 in the sixth Assessment
Report (AR6), displays the values from four different datasets (fig. 1.1). The calculated
rise of the GMST would have remained around the 1850-1900 level, even with increased
natural change from solar or volcanic activities.[10]
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Observed global mean surface temperature change
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Figure 1.1: Observed global mean surface temperature change, relative to 1850-1900 using four datasets. Grey
shaded band indicates the most likely range around 1750. Colored horizontal lines show different
reference periods.[8]

The acceleration of global warming since the industrial period is non-negliable, as the
atmospheric concentration of GHGs, specifically carbon dioxide (CO), methane (CH4)
and nitrous oxide (N2O), increases.[11] In moderate concentration these gases secure a
habitable temperature within a planetary equilibrium, however the increasing GHG con-
centration traps more and more heat in the atmosphere. Additionally they alter lifetimes
and reactivity in atmospheric processes, further escalating the GMST-acceleration.[8]
Stopping this process includes the reduction of anthropogene GHG, thence redefining
our utilisation of fossil fuels and bio-materials, considering their combustion as one of
the central issues.[11]

Within these discussions, the global energy system and therefore its supply are intrinsic
parts concomitant with the challenge of a safe, affordable and stable energy source, with-
out endangering the health or ecological well-being of the planet and its inhabitants.[12]
Approximately 40% of CO, emissions originate from electricity generation and heating.
The electricity generation mix, as shown in fig. 1.2, relies to more than 60% on fossil fuel
based technologies. The renewable energy mix contributes around 30%, representing a
heterogeneous mix of bio-, geothermal, wind and solar energy.[13] Concisely a growth of
10% within the last decade, especially through solar and wind technologies, contributed
to a slight change in renewable energy supply. Nevertheless, the increase in energy de-
mand is continuing, therefore phasing out fossil fuels, mainly coal and oil, and focusing
on the development of environmentally sustainable energy technologies is obliged to be
the focal point.[8, 9]
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An energy supply by 100% renewables is not yet feasible under the premise of a high re-
liability, high safety and most beneficial outcome with the current technologies.[14] The
severity of climate change demands exceptional innovations, e.g. deforestation reduce-
ment, resource recovery, etc., which requires more energy to be designed operational as
a first step of a long-term strategy, followed by mandatory rapid implementation into
existing energy cycles.[14]
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Figure 1.2: Primary energy supply in terawatt per hour (TWh) as provided by primary source. Cumulative share
of the renewables is represented by the blue line, fossil fuels by the grey line in percentage.[13]

A sustainable energy supply includes the identification of abundant primary energy
sources, inventions for a safe use and conversion, and their integration into the existing
systems. Two of the most abundant resources of this planet are water and oncoming
solar radiation.[15] With 3.4 million EJ the annual solar energy in earth’s surface ex-
ceeds the demand of humankind indefinitely.[16] Many recent studies have focused on
water as the primary energy source for hydrogen, which implementation as energy carrier
provides a medium to be stored on-demand, as well as a building block for chemical and
industrial sectors.[17]

Interest in hydrogen as fuel alternative has come and go in the last years, yet the tipping
point has not been reached. With the declining cost of renewable energy, production
of environmentally friendly hydrogen becomes feasible and at same time necessary to
contribute to the ever-growing technological developments and their subsequent energy
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demand.[14] By introducing hydrogen for multiple fields of applications, the decrease of
GHG emissions and independence from fossil-based energy would secure energy safety
and promote further socio-economic development. Main problem of this change is the
feasibility of producing hydrogen sustainable, which is the main goal of the research
done within this thesis.

1.2 Hydrogen as Alternative Energy Carrier

Hydrogen is first in the periodic table and represents an estimated mass fraction of 90%
in the universe.[18] Gaseous under room temperature, with a density of 0.089 g/L, a
negative Joule-Thompson coefficient (temperature drops while compressing the gas) and
a lower heating value (net calorific value) of 119.9 MJ/kg hydrogen procures an optimal
fuel alternative.[19] The interest in hydrogen is high, considering the combustion results
in water exclusively, shown in eq. 1.2.1.[18]

1
H2+§Oz —— H»0O (1.2.1)

The priceless advantage of this reaction is a consistent high air quality within its oper-
ating distance and a decreased overall GHG emission, if the source and production of
hydrogen are sustainable. Unfortunately, hydrogen in its pure form is scarce in the earths
atmosphere since it is mainly bound to either oxygen, e.g. water, or carbon in form of
hydrocarbons, such as fossil fuels or biomaterials.[20] Hence, the degree of sustainabil-
ity of hydrogen is classified by its primary energy source and the conversion method.
The categorisation includes grey hydrogen, based on fossil hydrocarbons, blue hydrogen,
produced by fossil fuel as well but with a carbon capture and storage system, turquoise
hydrogen, from thermal methane splitting and green hydrogen, e.g. via the electrolysis,
of water or other renewable primary energy sources (fig. 1.3).[17]
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Figure 1.3: Hydrogen production pathways, sub-classified by their source of hydrogen. Classes consist of grey,
blue, turquoise and green hydrogen.[19]
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Of the four classes, grey hydrogen emits the most GHG, due to the use of fossil fuels
as hydrogen source. In the last years around 88% of the overall generated hydrogen was
produced by steam reforming either by natural gas, naptha or coal.[19] Steam reforming
combines a hydrocarbon material with water steam at high temperatures of 850-900 °C,
with a nickel-based catalyst, to generate hydrogen and carbon oxides (eq. 1.2.2).[19]

1
C,,Hm+n-H20—>n-CO+(n—|—§m)H2 (1.2.2)

Reduction of these emissions is achieved with a CO/CO capture and storage (CCS)
technique, e.g. in geological reservoirs, whereupon it is classified as blue hydrogen. Nev-
ertheless, COg-emissions are never zero for blue hydrogen, since the generation of high
reaction temperatures, extraction and preparation of the raw materials is energy-intensive
and success of the CCS strategy is yet a rough-estimated assumption.[21]

Methane as source of hydrogen dissociates at high temperatures of around 980°C, even
with catalysators, which in addition deactivate over time and are in need of regular re-
placement. Besides steam reforming, methane pyrolysis allows a more different approach
for hydrogen production, where carbon as by-product, in form of e.g. graphite, provides
a secondary commercially usable appliance.[19, 22]

CHs — C+2-Hy (1.2.3)

Nevertheless natural gas as hydrogen source is constantly accompanied by environmen-
tal risk during its extraction, transport, and when required, reprocessing.[23] Therefore,
the replacement of fossil fuel based hydrogen sources must be promoted.

Besides the potential of the priorly mentioned hydrogen production pathways, green
hydrogen is the most promising one, as it combines the implementation of sustainable hy-
drogen feedstock with abundant renewable energy sources as propulsive power of the re-
action. To promote the energetically unfavorable reactions, driving force stems from ther-
mal, photonic, electrical or biochemical sources or a combination of these.[24] Hydrogen
sources reach from water to biomass.[19, 25] Several methods of production fall in this
category, including biological processes, thermolysis, electrolysis or photoelectrolysis.[19,
24]

Biochemical processes use steam reforming methods with water or biomass, such as
wood sawdust or sugar cane bagasse, to yield natural gas and hydrogen in high temper-
ature processes. These biomass-based hydrogen feedstocks may also be used in fermen-
tation or enzymatic reactions to extract hydrogen.[24] In an equal manner thermolysis
methods split either water molecules or convert biomass to bio-fuels, where geothermal
or other sources of energy as well as catalytic processes favor these reactions, compared
to conventional steam reforming.[24] Both techniques rely on an emission neutral car-
bon cycle, where former grown biomass is converted to bio-fuels or the primary energy
source is implemented with net-zero carbon emissions.[26]
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Water as hydrogen source is supposedly the most unsophisticated approach for a sus-
tainable hydrogen source taking into account that the decomposition into Hy and O,
requires only 1.23 eV, nevertheless the separation and transport of electrons are crucial
steps, and not easily implemented. With an electric current applied to water, electrolysis
is possible. Electricity produced by solar (photovoltaic) and wind power can drive electrol-
ysers and produce hydrogen. Common electrolysers are the proton exchange membrane
(PEM), where a solid polymer as electrolyte and distilled water as staring material splits
water at a noble metal cathodic/anodic materials.[27] Nevertheless, the conversion of
electricity trough sustainable resources is currently insufficient for large-scale use and
requires development. A growing research field in the last decades is the implementation
of energy derived from solar radiation with catalytic active materials to split water in a
photo-chemical reaction (eq. 1.2.4).[28]

1
Ho0 2% Hy + 502 (1.2.4)

The reaction is divided in water-oxidation (eq. 1.2.5) and the water-reduction (eq. 1.2.6),
where the necessary electron transport becomes more apparent. Additionally this offers
the separate examination and customisation of the materials and conditions, before
applying them mutually. Therefore, eq. 1.2.5 and eq. 1.2.6 are separate fields in research
with different strategies for application.

H0 —  2e” +2H" +10,
2e” +2H" — Ho

Photocatalysts interact with photons, defined by the Planck constant (h) and the
wavenumber (v), and absorb this energy to reach a catalytically active state. The ex-
citation of the catalyst introduces a charge separation with the ability to interact in a
photo-chemical reaction. As a result, hydrogen may be formed and reduced with elec-
trons resulting from charge separation. This approach to green hydrogen is yet in its
early stages, where diverse systems are investigated.

1.3 Systems for Photocatalytic Water Splitting

The natural world serves as an inspiration for photocatalytic water splitting. Autotrophic
organisms have the ability to create their own energy source by converting solar energy
into chemical energy, which is then stored and used on demand. Therefore, plants syn-
thesise glucose from CO, and H,O, with O; as by-product (fig. 1.4).
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Glucose

Figure 1.4: Photosynthesis in plants, powered by solar radiation with H2O and CO2 as starting materials,
producing O2 and glucose.[29]

The overall reaction pathway is shown in eq. 1.3.1.
6COy +6HyO —— CgH1206+605 (1.3.1)

Though the overall reaction may appear as a tolerably simple, it is an extremely complex
reaction series and is not yet fully understood in its details. In plants, two light-induced
reactions proceed within chloroplasts. Photosystem |, comprised of an iron-sulphur clus-
ter as integral part, acts as light-collecting complex and promotes electron transfer
to neighbouring molecules while reducing protons to hydrogen, thus named hydrogen
evolving complex (HEC).[29, 30] In addition, photosystem Il, a manganese comprised
metallo-oxo cluster, is the active site for water oxidation, therefore formation of O, and
consequently labelled oxygen-evolving complex (OEC).[29, 31, 32]

To mimic this ante-type, the water splitting reaction is divided in its half-reactions,
in the water oxidation reaction (WOR, eq. 1.2.5), where an oxidizing agent is required,
and the hydrogen evolving reaction (HER, eq. 1.2.6), with a reducing catalyst. In both
cases the reactor and light-source need to be adjusted towards the inserted constituents
and their long-term employment. Additionally, the catalytically active medium requires
electron donors (ED) and electrolytes for charge transport and balance. Most signifi-
cant part is the photocatalyst, or the photocatalytic system, where the transition from
light to chemical energy is promoted, requiring a catalyst with excelling abundancy and
efficiency as well as sustaining stable and long-lived properties during its employment
(fig. 1.5).[33]



1.4. Photosensitizer

Light source

Photocatalytic

Electrolyte Water Splitting
Efficient
Photocatalyst
- Abundant
Stable

Long Lifetime

Figure 1.5: Schematic representation of the requirements for photocatalytic water splitting.

This photocatalyst, a photosensitizer (PS), provides electrons upon photoexcitation to-
wards the water reduction or oxidation catalyst (WRC/WOC), where either hydrogen
or oxygen are produced on site. Additionally an ED substitutes the electrons, otherwise
originating from the OER, to conclude the catalytic cycle in a laboratory scale, which
makes separate research of these reactions more practicable.

For a successful transition towards efficient hydrogen supply, tremendous breakthroughs
in catalyst design are necessary, since the recently published PS were not able to fulfil
the catalyses successfully.[19, 34] The structurally demanding step of water reduction,
thus sufficient excitation and transport of electrons, is part of intense research and fo-
cuses on the design and improvement of the PS. In upcoming chapters, the principal
function will be explained with emphasis on the structural aspects to enhance charge
accumulation after excitation and the electron transfer steps.

1.4 Photosensitizer

The combination of photoexcitation and electron transport is undoubtedly the main ob-
stacle in catalytic water splitting and as mentioned in ch. 1.3, various requirements have
to be fulfilled. Therefore, it is inevitable to understand the underlying physicochemical
properties completely, like light absorption, charge separation and electron transfer.[35]

In order to increase the likelihood of excitation during this reaction cycle, the complex
has to absorb the oncoming photons efficiently, preferably by broad-range absorption,
with a high absorption coefficient. Additionally, excited states with an appropriate life-
time for a successful charge transfer are necessary, which could enable interaction with
other substrates. Therefore, the ground and excited state properties must be appropriate
for the process under investigation. Long-term use requires the system to be stable on a
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chemical and physical level and to go through the catalytic cycle several times.[36, 37]

1.4.1 General Functions

First PS, already reported in 1972 by FuJISHIMA and HONDA, were applied as semicon-
ducting materials. For example TiOy, WO3 or CdS were employed in single-component,
heterogeneous catalysis.[38, 39] In semiconductors, electrons are excited by solar radi-
ation from a valence band (VB) into the conducting band (CB).[35, 40] Electrons in
the VB are transported to the surface, where reduction of protons produces hydrogen.
Remaining holes in the VB are refilled at the material surface by the second half reaction
to Oy (fig. 1.6, A). For efficient catalysis, recombination of holes and electrons must
be prohibited, while simultaneously requiring band gaps smaller than 3 eV to match
radiation energy. Secondly, the potential of the band gaps requires more negative values
than the HT /H; energy level (around 0 V vs. the normal hydrogen electrode (NHE)) and
more positive values to match the Oy /H20O redox potential (1.23 eV).[40] To enhance
the catalytic performance of oxides, doping with co-catalysts like platinum or ruthenium
became more common recently.[41, 42]

A B
Multicomponent One-component
H, system system
«
CB 2H* PS PS
. Bridging
: 1%
H,0 ligand
h+
) -3
0.50,
H,0 H, H, H,0

Figure 1.6: A) Semiconducting materials are separated in hole at the valence band (VB) and electron in the con-
ducting band (CB), catalytic active site is the semiconductor surface. B) One- or multi-component
system for homogeneous water splitting; PS: photosensitizer, WRC: water reduction catalyst.

Single-component semiconductors might increase their flexibility by driving each of the
water splitting half-reactions on different catalysts with adjusted band gaps in a Z-
scheme (electron transfer between two semiconductors with adjusted band-gaps).[35]
In analogy to the heterogeneous approach, molecular photocatalytical systems in ho-
mogeneous solutions (fig. 1.6, B) use a light absorbing catalyst and a catalytic centre
for WRC/WOC.[35] Here the electron transport from the photocatalyst is either intra-
or intermolecular. The multicomponent system enables electron transfer upon contact,
whereas the one-component system implements a bridging unit to support electron trans-
fer and charge accumulation for electron relay.[35, 43] Construction of these catalyst
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involve a metal centre as active site and an organic ligand environment, in which activ-
ity and selectivity are adjustable. Characteristics are easily traced by spectroscopic and
electrochemical methods, to further enhance performance.

Light induced charge transfer and transport at the PS might be the most challenging
step. After excitation two reaction pathways are applicable, either reductive or oxidative
quenching (fig. 1.7).

H, Reductive quenching

g ED
2H+

)~ WRC
( \ _—PS ED
WRC-_/
Ps* il PS-
) > Ps
ED WRC 2H*

H;

+

ED*

Figure 1.7: Reaction pathways for the PS. After excitation it might undergo reductive (blue) or oxidative (green)
quenching. PS: photosensitizer, ED: electron donor, WRC: water reduction catalyst, WOC: water
oxidation catalyst.

In the oxidative quenching pathway the PS delivers one electron to the WRC before
getting reduced by the ED (fig. 1.7, green), whereas in the reductive quenching path-
way (fig. 1.7, blue) the excited PS is first reduced by the ED before transferring that
electron towards the WRC. Electron transport from PS to WRC might be enhanced by
an intermediate molecules. One option here are organic molecules, like methyviologen.
Within this section, the focus is on homogeneous PS based on transition metals, which
are of interest because of their photostability and their tunable redox behavior of their
excited state potentials.

The duration of the excited state is significant since electron transfer is only feasi-
ble during this time. Within this lifetime the PS and WRC or WOC should collide, to
facilitate the electron transfer. The excited state lifetime describes the common decay
to a decrease of the population of 1/e.[44] Collisions with other reactants occur during
this time period based on the distance the molecules may travel and the existence of all
other necessary molecules within this distance. Besides the lifetime, the key parameters
are temperature, viscosity of the solution and radius of the complex, following the dif-
fusion coefficient D.

12
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kT

D=——— 141
671'7]RM ( )

With: D = Diffusion coefficient; kg = Boltzmann constant; T = Temperature; n = solvent viscosity;
Ry = Molecular radius of the complex.

This equation overall demonstrates the dependency of lifetime of the excited states and
the circumjacent characteristics during the catalytic application. Next to the fine-tuning
of the catalysis, an prolonged excited state is beneficial for efficient water splitting, es-
pecially considering big-scale application of this technique.

1.4.2 Photosensitizers with Ruthenium

Classic PS are based on noble metals, and often contain ruthenium (Ru(Il)) or irid-
ium (Ir(I1)) centres.[45-47] They consist of a organic ligand environment with a positive
metal-center. These complexes fulfill all key requirements for an PS and were thoroughly
examined. The prime example of possible applications is [Ru(bpy)3]>*, with an octahe-
dral ligand field, which splits into three to,- and two eg-orbitals (fig. 1.8).[48, 49] If the
field is strong enough, six valence electrons occupy the toz-orbital, which is therefore
the highest occupied molecular orbital (HOMO). The lowest unoccupied molecular or-
bital (LUMO), consisting of ligand based m*-orbital, is slightly lower in energy than the
ez-orbital, due to the distinct splitting of the tp,- and eg-orbital. This is typical for 4d-
and 5d-metal complexes, hence the low-spin configuration is commonly known here.[50]

E
MLCT

SMLCT

)\abs )‘em
'GS

(RU'Ng)2*
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Figure 1.8: Left: Excited state energy landscape, corresponding energy relative to the distance metal to ligand;
Middle: Simplified MO-scheme; Right: Chemical structure of [Ru(bpy)3]*".[51]

13



1.4.3. lron Based Photosensitizers

Therefore excitation with the minimum transition energy from HOMO, in this case the
ground state (1GS), to LUMO results in a metal to ligand charge transfer (MLCT).
Within this process, the spin multiplicity is constant. The triplet 3SMLCT, which exhibits
more stability, is populated from the originally populated *MLCT during an intersystem
crossing (ISC) via a spin flip.[36] According to Kasha's rule, relaxation to the ground
state is only possible from the lowest excited state, which will be reached by all molecules
as a result, indicating that the 3MLCT is the most important catalytically active state.
Hence, higher 3MLCT lifetimes increase the change for a successful electron transfer.
The spin forbidden relaxation into the singlet ground state is also beneficial for longer
lifetimes.

Additionally, metal centred states (MC) states exist whose energetic position can in-
terfere with the relaxation process. If these states are as high as for [Ru(bpy)3]>*, an
additional activation barrier has to be overcome to populate these states, additionally
contributing to the longevity of the 3SMLCT. Unfortunately, by further adjustments to
the ligand structure, weaker ligand field splitting could result in an energetically decrease
of the 3/°MC state. Their lower energy would result in a population from which catalytic
activity is impossible, therefore non-radiative internal conversion (IC) leads to relaxation
back to the ground state, decreasing the lifetime (3MLCT) to hundreds of ns.[36]

Relaxation into the ground state could therefore occur by electron transition to other
molecules, but also by energy transfer. However, tunability of the ligands provides nu-
merous possibilities to fine-tune the photophysical redox-properties. Many examples are
presented in literature, with huge success in their application to catalysis. However, due
to their scarcity and high price, the usage of ruthenium, iridium, or other transition
metals from the platinum group (PGM), may prevent their widespread application. Fur-
thermore, their toxicity as complexes must be taken into account.[52] The prospect of
enabling widespread implementation of this technique may move the focus toward en-
vironmentally benign fuel alternatives by switching the metal centre to more accessible,
ecologically friendly substitutes. One option is iron, which was considered due to its
similarity to ruthenium. Additionally its abundance and therefore cheap manufacturing
costs favour this metal for big scale applications. Moreover, its appearance in many
biochemical process offer a less toxic metal, compared to the PGMs.[51] This will be
covered in more detail in the section that follows.[53, 54]

1.4.3 Iron Based Photosensitizers

Despite iron's similar complexation behaviour to other elements, such as ruthenium,
the precognition of interplay between metal and ligand scaffold, which was effective
with other PGM, is more difficult with iron. The photophysics of Ru(ll) to the iso-
electronic iron(ll) complexes reveal that the ligand filed splitting (fig. 1.9, middle) is
significantly weaker since the orbital overlap is not as good for 3d metals than for the
4d/5d analogues.[50]
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Figure 1.9: Left: Excited state energy landscape, corresponding energy relative to the metal to ligand distance;
Middle: Simplified MO-scheme; Right: Chemical structure of [Fe(bpy)3]*".

Despite the lower lying e,*, an MLCT from tp, to eg* (or the IMLCT) occurs due to the
laporte-rule, which forbids the conservancy of parity in a transition of centrosymmetric
molecules. Thus, rapid ISC towards the 3MLCT occurs. Since there is no barrier to the
adjacent, lower-lying MC states a radiationless deactivation cascade occurs. Relaxation
from the >MC state is again laporte-forbidden, direct relaxation into the ground state is
hindered. Thus, the lifetime of the catalytic active states remains low, mostly around the
picosecond timescale.[55] In this context, also changing the ligand motif to a tridentate
like 2,27:6",2" "~terpyridine (tpy) towards [Fe(tpy)2]>" shows this deactivation cascade.
The 3MLCT has a lifetime of 150 ps before relaxing into the 3MC state, from which the
SMC state is directly populated, with itself has an average lifetime of 5.35 ns.[56, 57]
The catalytic active state has an insufficiently short lifetime to be useful, while the long-
lived, non-emissive MC states prevent reactivation on a short timeframe. Light-induced
excited spin-state trapping (LIESST), which populates from the 'GS to the °MC state,
can be accounted for the greater lifespan of the undesirable MC states.

In order to create an active iron-complex, the energies of the states must be changed
appropriately, which must result in a decrease of the MLCT and while simultaneously
decrease the MC energies. This targets both, the instability of MC states and the stabili-
sation of the MLCT. Attention must be paid to the energetically lowering of the 3SMLCT,
since the energy still has to be efficient enough to perform the catalysis. These con-
temporary techniques have amassed a plethora of assessments about their adaptation to
the iron centre.[36, 37, 51, 58, 59] The most prominent examples will be shortly outlined.
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Improved Octahedral Geometry

The octahedral angles can be modified to be more optimal by focusing on the lig-
and design, which would result in a 180° N-Fe-N trans-trans angle. Therefore, better
overlap between metal and ligand orbitals occurs, which stabilises the MLCT states. An
example of this tactic are the complexes shown in fig. 1.10. Here the elongation between
the connecting variables increases the trans-angle of the compounds.

X _‘ 2+ X 2+
\NQN/ /(Nj\ A
2 o

/ Fe
\ /
N, N
N
N NN Y
I
¥
[Fe(dcpp)2]?* [Fe(dcpp)(ddpd)]?* [Fe(pdmmi),]2*
178.3° 178.4° 176.1°
tmc = 280 ps tmc = 528 ps tucT=0.8-1.5ps
tmc =7-17 ps

Figure 1.10: Chemical structure of: Left: [Fe(dcpp)2]®t (depp = 2,6-bis(2-carboxypyridyl)pyridine)[56] with
280 ps MC-based lifetime; Middle: [Fe(dcpp)(ddpd)]>T (ddpd = N,N’-dimethyl-N, N “-dipyridine-
2-yl-pyridine-2,6-diamine)[60] with 528 ps MC-based excited state lifetime; Right: [Fe(pdmmi)»]**
(pdmmi = 3,3"-pyridine-2,6-diyl(methylene)bis(1-methylimidazole)), presenting both MLCT (0.8-
15 ps) and MC (7-17 ps) excited state lifetimes.

[Fe(depp)2]?t (fig. 1.10 left) by McCUSKER et al. shows a close to optimal trans angle
of 178.3°.[56] Here, the EWG nature of the oxygen of the carbonyls additionally stabilises
the 7* orbital. Thus, an excited state lifetime of 280 ps could be observed.[56, 59] With
the ligand dcpp heteroleptic complexes were synthesized ([Fe(dcpp)(ddpd)]?* (fig. 1.10,
middle) by the group of HEINZE, thus employing a push-pull system with two detrimetal
ligands, resulting in an trans-angle of 178.4°.[60-62] Although the metal-based MC life-
time of 528 ps is impressive, the MC states are significantly lower-lying, which results in
fast deactivation of the 3SMLCT. MLCT could not be observed in two of the complexes
reported here.

Improvement of the octrahedral angle reported by GROS could also be applied to an
C"N"C-tridentate ligand, based on strongly o-donating carbens, as in [Fe(pdmmi)y]?*
(fig. 1.10 right).[63] With a trans angle of 176.1°, a SMLCT lifetime of 0.8-1.5 ps and
a 3MC-lifetime of 7-17 ps were found. The two possible deactivation pathways include
parallel or mixed relaxation from the SMLCT and the 3MC into 1GS. ®MC state is
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energetically lower and therefore excluded from these pathways, nonetheless the exact
relaxation pathway is still part of intense research.

o-donating NHC Ligands

Destabilisation of ez-orbitals, hence lowering the MLCT could be achieved by strong
o-donors, which introduce a stronger ligand filed splitting. Therefore N-heterocyclic
carbenes (NHC) were introduced by WARNMARK et al. opening a complete new re-
search field within iron PS. A benchmark 3MLCT lifetime of 9 ps for [Fe(pbmi)s]>*+
(fig. 1.11, left) was reported.[57] The assignment, assisted by DFT calculations, con-
firmed the destabilised MC states, which makes the >MC state inaccessible. Their popu-
lation would require drastic, rearrangement of the chemical structure, like bond lengths
adjustments, unlikely to happen overall. The standard complex structure [Fe(pbmi)z]>*+
has been further modified to study the impact of different functionalities, like the ex-
change of the methyl-functionality for a longer alkyl chain, such as tert-butyl or n-hexyl.
The increased steric demand of the side chains elongates the iron-carbene bond, which
ultimately reduces the orbital overlap in addition to a shielding of the metal centre.
Thus, an equal deactivation behaviour of the excited state can be observed, since the
MC-states are more accessible, effectively reducing the excited state lifetime to 0.3 ps
for the tert-butyl chain.[57]

Despite an increase of the o-donating capacity of NHCs, their m-accepting ability re-
mains troublesome. To accommodate an MLCT excitation m-accepting moieties are
indispensable, which could be enhanced by an increase of the m-conjugation of the lig-
and scaffold. [Fe(pbmbi)2]?* (fig. 1.11 right) is one example with increased m-system on
the carbene functionality, which dominates the behavior of the ligand.[64] An increased
HOMO-LUMO gap (fig. 1.11) is the result by stabilisation of the LUMO and HOMO
(tog-orbitals). The influence of both contributing orbitals results in a band-gap, that
is less likely to be populated. The MLCT lifetime of 16 ps in nonetheless remarkably
increased and a hypsochromic shift can be observed.[64]
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[Fe(pbmi)2]2+ [Fe(pbmbi),]**

Figure 1.11: Chemical structure of: Left: [Fe(pbmi)2]*" (pbmi =

(pyridine-2,6-diyl)bis(1-methyl-imidazol-2-

ylidene)), showing a excited state lifetime of 9 ps (in CH3CN at rt)[57]; Right: [Fe(pbmbi)2]**

(pbmbi =

(pyridine-2,6-diyl)bis(1-methyl-benzimidazol-2-ylidene), changing the imidazole to benz-

imidazole provides better m-accepting abilities of the ligand.[64]
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A study by BAUER et al. adds to these findings by making a relation between the
number of o-donating groups an the excited state lifetime. They demonstrated that
increasing the number of o-donors in a complex raises the HOMO level. Unfortunately,
the LUMO energy level is also enhanced since more donors equals fewer pyridine -
acceptor functions.[65] Nevertheless, the 7-system enhancement was also reported here
to positively influence the absorptive behavior, resulting in a slight blue shift of the
absorption. Hence m-acception of the ligand should be targeted with one example being
the benzimidazole functionalized [Fe(pbmbi),]?*.[64, 66]

To enhance the m-accepting character missing in these type of ligands, the pyridine,
EWGs were implemented in the backbone of the structure by GROS and SUNDSTROM. [67,
68] An additional carboxyl-group to form [Fe(cpbmi)s]?* (cpbmi = (carboxypyridine-
2,6-diyl)bis(1-methyl-imidazol-2-ylidene)) shows an MLCT lifetime of 16 ps. In addition,
this functionality opens the possibility to be implemented in dye sensitized solar cells
(DSSC) by grafting the complex onto a TiO; surface. Although the photon currency of
2.3% was the first to be observed, the implementation of homoleptic complexes with
two EWG may not be the ideal solution. The use of heteroleptic complexes with a push-
pull mechanism, EWG on one site and EDG on the other, did not provide the expected
results. The cause is believed to be insufficient electron coupling between PS and semi-
conducting material.[64, 66, 69]

Cyclometalating Ligands

The o-donating ability of the imidazole-based complexes is not sufficient to sustain
a significant switch in the MLCT/MC energy state position. First attempts were theo-
retical DF T-calculations based on tridentate polypyridine terpyridine compounds where
two cyclometalating phenyl-units were built in, which could achieve an 3MLCT/3MC
inversion, as demonstrated by DIXON and JAKUBIKOVA et al..[70-72] According to the
calculations only a terminal cyclometalated position would be effective, resulting in a
N"N"C ligand, in which case destabilisation of the 3MC states could occur.[70, 73] First
successful synthesis of a cyclometalated complex was reported by BAUER et al. with
[Fe(pbpy)(tpy)]t (Hpbpy = 6-phenyl-2,2"-bipyridine) which exhibits a strong absorp-
tive behaviour with a 3SMLCT lifetime of 0.8 ps.[74]

The strategies of improving the octahedral geometry, implementing carbenes or cy-
clometalating were introduced in this section, to enhance the excited state lifetime and
accessibility of iron PS. Additional strategies include push-pull systems, an electron trans-
port along an complex axis or mesoionic carbene ligands, which offer additional charges
within the ligand structure.[75] Overall the combination of these strategies could lead
to emissive iron-complexes. Nevertheless, the combination of these techniques should
be considered further for new complex synthesis.
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1.4.3.1 Iron(lll) Complexes

Besides the strategies discussed in the previous section, the change from employing
iron(l11) instead of iron(Il)-complexes has sparked wide-spread interest and recently be-
came part of strategies towards successful PS.[36, 59] With a complete new excitation
behaviour, iron(lll) complexes convince by their different ground- and excited state land-
scape. Contrary to iron(l1) in 3d®-configuration, the 3d®-iron(l11) complexes, transitions
are not based on an MLCT, but rather a ligand-to-metal charge-transfer (LMCT). The
scheme shown in 1.12.
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Figure 1.12: Excited state landscape for iron(Ill)-complexes, [Fe(phtmeimb)s]™ (phtmeimb = phenyl-tris(3-
methylimidazole-1-ylidene)borate).

After direct excitation from the 2GS into the 2LMCT direct fluorescent relaxation to the
ground state can occur. Other relaxation mechanism include non-radiative decay from
the 2LMCT or the MC states. Though these states can only be reached, by stretching
the bond-length between metal centre and ligand. MC states are therefore not easily
accessible.

One of the prime examples of a successful iron(lll) complex in its low-spin (LS) configura-
tion is [Fe(phtmeimb),] ™ (phtmeimb = phenyl-tris(3-methylimidazole-1-ylidene)borate),
where the energy landscape of the ground and excited state could be determined com-
pletely. This complex with the electron-rich ligand-scaffold with strong o-donating im-
idazoles represents one of the first luminescent iron complexes (fig. 1.12).[59, 76, 77]
Emissive behaviour could already be observed at room temperature in CH3CN at Ag,
= 600 and 655 nm, with an 2LMCT lifetime of 0.1 and 1.96 ns. One explanation for
the fluorescence can be found by a closer look on the microstates of [Fe(phtmeimb),]™,
depicted in 1.13.[78]
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Figure 1.13: Microstates for the complex [Fe(phtmeimb),]™*, with all contributing molecular orbitals.[58, 59,
76, 77]

As the scheme shows, excitation of the complex excites one electron from the ground
into the excited state via an LMCT. The complex conformation stays stable during this
process, with the 2LMCT nested with large Franck-Condon factors for emissive behav-
ior. Due to the rigidity of the ligand and the stark ligand field splitting, the */°MC
states are significantly destabilised. Therefore an activation barrier has to be overcome
for the MC states to be populated, leading to a high quantum yield and a high LMCT
lifetime. Another advantage is the nature of the doublet excited state, which can not
be quenched by triplet oxygen, therefore only minor influence of atmosphere can be
expected.[58] Nevertheless, non-radiative decay over the *MC state is only possible with
a large Jahn-Teller distortion, or for °MC in elongated iron-carbon bond-lengths.

[Fe(btz)3]?>" (btz = 4,4'-bis(1,2,3-triazol-5-ylidene) was already reported as an example
for the application of mesoionic carbenes as iron(ll) species, but could also be reported
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as iron(111) in form of [Fe(btz)3]3*. This compound also occurs in a LS form in which the
m-orbital is entirely filled while the tyg-orbital has five electrons, leaving one unpaired
electron. 2LMCT emission at A = 528 and 558 nm with a charge-transfer lifetime of
100 ps occurs.[76]

Recently, a tridentate emissive iron(lll)complex has been reported, that adapted the
ligand structure of WARNMARK.[57] The complex [Fe(ImP),][PF¢] (HImP = 1,1"-(1,3-
phenylene)-bis(3-methyl-1-imidazol-2-ylidene)) with a C"C"C-connection, shows an im-
pressive excited state behavior. The emission from the LMCT and MC states, with
lifetimes of 240 and 4.6 ps respectively, is unparalleled in the contemporary litera-
ture. Although no studies have been undertaken concerning the catalytic activity, the
strongly reducing and oxidizing nature of the LMCT-dominated states may be extremely
favourable for application in catalysis.

Based on a cyclometalating function, phenypyrazoles have been reported to complex-
ate iron in a transmetalation towards a tris-bidentate iron(I1l) complex. Besides its first
successful synthesis has been published in 1978 by DRevS.[79, 80] DREVS also demon-
strated the complex to undergo chemical reduction and oxidation, which are both good
characteristics for a photocatalytically active complex. This ligand has also been applied
to build complexes with iridium and cobalt as shown exemplarily in fig. 1.14.[81, 82]
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Figure 1.14: Scheme for M(ppz)3 with M = Fe, Co or Ir metal centres.[81, 82] All tris-bidentate complexes
display the ability to form facial or meridional isomers.

The bidentate ligand design enables meridional (mer) and facial (fac) arrangements
(fig. 1.14, right). However, for Co(ppz)3 only the fac-formation could be synthesised.
Ir(ppz)3 allowed for the independent synthesis of both isomeric forms in good yields (up
to 80%). Both isomers are expected to exhibit different photophysical behaviour, as it
has been demonstrated with iridium or ruthenium analogues.[82-84]

The approximation to a perfect octahedral form might additionally enhance the resul-

tant ligand overlap. BY switching from tridentate to bidentate complexes an optimised
orbital overlap could be reached. Complexes like [Fe(pbmi)2]?T have an excellent trans
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angle for nitrogen atoms (178.6°), however the carbon-carbon angle has to be improved
significantly (158°).[57] By switching to the above-mentioned bidentate ligand motif,
more flexible structure may rearrange to a more optimal octahedral structure.
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Objective

To follow the strategy of implementing noble-metal free photosensitizer for water-
splitting applications, main goal of this thesis is to synthesize novel iron-complexes.
Therefore this study embarks the multifaceted exploration centred on the synthesis,
characterisation and analysis of iron{lll)-complexes derived from bidentate phenylpyra-
zole based ligands, with the work-flow proposed in fig. 2.1.

m
. . R—@\ . N Fe
+ Ligand synthesis N Complex synthesis @/\
ND R R
ad

Fe'(ppz);

Redox
behaviour
investigation

Ligand Complex
synthesis synthesis

Figure 2.1: Proposed workflow of this thesis, with the anticipated synthesis and the following analysis of the
synthesised compounds.

The first objective involves the synthesis of the complexes utilising previously mentioned
ligands. Since the N-arylation of phenylbromides is well understood, various variations
will be build in order to encompass electron-donating or withdrawing substituents as
well as m-extensions, aim to unravel their impact in the subsequent complex formation.
With the use of this ligand, the ratio of mer/fac-isomers is also of high interest, since
both species are expected to show different photochemical behaviour.

The second aim of this thesis is the synthesis of iron-based photosensitizer. For this
process the ligand activation through deprotonation and subsequent orthometalation is
necessary. Noteworthy is the challenge to implement a appropriate iron precursor to
form iron-carbene and iron-nitrogen bonds. The complex Fe!!f(ppz)3 has been reported
in literature, but its photochemical behaviour has been completely neglected. Further
investigation might provide more insights into the ground and excited state behaviour
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of iron(II) complexes due to their exceptional excited state lifetimes. Within this thesis,
multiple strategies will be applied in ligand and complex synthesis. It is possible to apply
cyclometalating functions to produce a powerful ligand field. Non-ideal ligand and metal
orbital overlap causes a weak ligand field splitting, which can also be reduced by using
bidentate ligands. Additionally, it is simple to utilize the ligand’s adaptability towards
evaluating functional groups with varied effects.

Third and final objective will be a comprehensive analysis of the synthesised complexes,
delving into their ground and excited state behaviour, as well as their redox properties.
With a variety of analytical tools the complex ability and stability will be elucidated.
With these the interplay between ligand properties and substitution effects is examined,
which might pave the way for a profound understanding of iron(Il1)-complexes. The
findings not only contribute to fundamental knowledge but also lay the groundwork for
potential catalytic applications.
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Ligand Design and Complex Syntheses

This section addresses the synthesis of ligands and the complexes that they form. Al-
though several ligands have been discussed in the literature, the choice of ligand replace-
ment is the important component of this work. To fine-tune intricate characteristics un-
der the influence of numerous functional groups, a large selection is required, therefore
ligand attributes must be considered.

3.1 Ligand Syntheses

As ligand motive, N-arylated heterocyclics will be employed. Strong o-donating car-
benes in bidentate ligands with a heterocyclic component as an electron acceptor will be
studied in complex synthesis. Therefore phenyl-1H-pyrazole as motif was elected, since
simple structural adjustments provide insights into their influence on photo-chemical
complex behaviour. These motifs are applied in a variety of sectors, including biology,
pharmaceutics, and synthesis building blocks.[85, 86]

In the past, poisonous substances or harsh reaction conditions were used to create
phenylpyrazole-based compounds using a Pd-catalysed C-N-coupling. Now, cross cou-
pling processes are used instead.[86, 87] Alternatively CRISTAU et al.,, reported an
Ullmann-type condensation using stoichiometric amounts of copper in a catalysed C-
N-coupling in mild temperatures to link a pyrazole, imdiazole, or pyrrole with variously
functionalised arylbromides.[86, 87]

In this context, the ligand syntheses adapted from CRISTAU et al. included the reac-
tion of variously functionalised phenylbromide and pyrazoles. Therefore pyrazole (1.5
equiv.) was reacted with phenylbromides (1 equiv.). 10 mol% Copper(l)oxide (CuxO)
as catalyst, (4 equiv.) caesium carbonate (CspCO3) and (0.4 equiv.) salicylaldoxime
(salicylaldehyde oxime) as co-catalyst gave excellent yields within 24-48 h, with acetoni-
trile (MeCN) as solvent at 85 °C, under dry argon atmosphere. CspCO3 was employed
as base, but special attention must be made to the porosity, which might therefore
require in additional grounding before application in synthesis is recommended. Work
up includes dilution with dichloromethane (DCM) and filtering through celite. After re-
moving the solvent and dissolving the residue in DCM, the organic phase was washed
with water and brine twice. After drying with magnesium sulfate (MgSO4) and solvent
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3.1. Ligand Syntheses

removal, flash column chromatography, with silica as stationary phase and mixture of
n-hexane and ethyl acetate as mobile phase, was applied. Ratio different between the
various functionalities. Overall reaction scheme is displayed in fig. 3.1.[87, 88]

CSQCO3, CUQO N
R
R@B . HN/_> Salicyldioxime {/ .

; MeCN, 80 °C, 2d N}
Phenylbromide Pyrazole Phenylpyrazole

Figure 3.1: Reaction scheme of ligand syntheses, Ullmann-type coupling of functionalised phenyls with pyrazole.
The product is differently substituted ligand based on the phenylpyrazole scaffold.[87] R displays a
variety of functionalities, as EDG, EWG or m-systems.

It has been shown in the literature that functional groups in this synthesis can toler-
ate both electron withdrawing (EWG) and donating groups (EDG).[86—-88] Yields range
from adequate to quantitative. Differences of the yield reported in the literature and
synthesis presented here might be due to difficulty in the up-scaling of the process, as
well as the porosity issues with the catalyst CsyCOs.

The non-substituted standard version of this ligand class is 1-phenyl-1H-pyrazole (ppz,
fig. 3.2), which is commercially available. Substitution was implemented in various po-
sitions on the phenyl or on the pyrazole part, therefore changing the electron density
distribution within the aromatic rings. This directly impacts the acidity of the protons,
which is important for subsequent activation and therefore complexation, as explained
in ch. 3.2. EWG, EDG, and aromaticity extension were among the ligands considered.
An overview of the ligand scope with EDG and 7-system extension is given in fig. 3.2
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Figure 3.2: Overview of the ligand scope implemented in complex synthesis; top (grey): non-substituted ligand;
middle (green): ligands functionalised with electron donating groups (EDG: methoxy-, methyl-
and dimethyl-amine-functional group); bottom (red): ligands with m-system extension (biphenyl,
naphtyl, and indazole functional group).

EDG includes a methoxy-functionality on the phenyl, to gain 1-(4-methoxyphenyl)-1H-
pyrazole (MeOppz, fig. 3.2 green box). Methoxy functionalities have a negative induc-
tive impact from the highly electronegative oxygen, which is compensated by the larger
positive mesomeric effect of free electron pairs into the aromatic ring.[89] Second, N, N-
dimethyl-4-(1H-pyrazole-1-yl)aniline (NMe;-ppz, fig. 3.2 green box) was synthesized.
Equal influence can be analysed with the 3-methyl-1-phenyl-1H-pyrazole (3Me-ppz,
fig. 3.2 green box) which is also part of the ligand scope. This also shows a positive in-
ductive effect, which directly affects the adjacent nitrogen atom. Unfortunately, methyl-
groups on other pyrazole positions undergo photo-transposition to the 1-phenylimidazole
or photo-cleavage to 3-(N-phenylamino)propenenitril.[90] Photo-transposition could re-
sult in 2-methyl-1-phenyl-1H-imidazole if 3Me-ppz does not undergo photo-cleavage.
These properties favour 3Me-ppz, despite the fact that the methyl-group has a lesser
electron donating function than other EDG.[90]

To extend the m-system, an additional phenyl was added, either as unconjugated 1-([1,1'-
biphenyl]-4-yl)-1H-pyrazole (bppz, fig. 3.2 red box) or conjugated 1-(naphthalen-2-yl)-
1H-pyrazole (naphpz, fig. 3.2 red box). To analyse the influence of aromatic-extension
on the pyrazole, 1-phenyl-1H-indazole (pind) (fig. 3.2, red box) was synthesised.
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3.1. Ligand Syntheses

Aromatic compounds with an extended aromaticity frequently show advanced stability
and may be able to capture incoming irradiation more efficiently. Furthermore, conju-
gated aromatic molecules are more easily oxidised and may give or take electrons more
readily.[91]

With the implementation of the EDG-functionalities and m-extension, the electron den-
sity on the ligand scaffold will be significantly increased. The direct opposite could be
enabled by withdrawing the electron-density. EWG-ligand scope is summarised in fig. 3.3.

CF3 CF3

L. O L. O

m-CF3ppz p-CF3ppz Fppz (CF3)2ppz

Figure 3.3: Overview of the ligand scope implemented in complex synthesis with electron withdrawing groups.
Trifluormethyl-functionality in two different positions and one double-substituted ligand, one fluor
directly attached to the phenyl.

Within this work, the influence of EWG groups, especially fluor-containing ones, was part
of detailed analyses. Implementation of fluorinated groups and multi-fluorinated groups,
included 1-(4-trifluormethylphenyl)-1H-pyrazole (p-CF3ppz, fig. 3.3 yellow box) and
1-(3-trifluormethylphenyl)-1H-pyrazole (m-CF3ppz, fig. 3.3 yellow box). These dissim-
ilar positioned functional groups enable for additional investigation into the effect of
group location on the ligand. As direct comparison on the influence of trimethylfluoride
and directly attached fluoride 1-(4-fluormethylphenyl)-1H-pyrazole (Fppz, fig. 3.3 yel-
low box) was part of the ligand scope. 1-(3,5-bis(trifluoromethyl)phenyl)-1H-pyrazole
((CF3)2ppz, fig. 3.3 yellow box), was successfully synthesised, to test the possibility
to implement multiple EWG. Two meta-positions in particular are intriguing since they
may impede complexation owing to the steric requirement of three fluor-atoms.

Additionally, the influence of more functional groups was tested, especially with more
EWG, since they are expected to influence the metal-centre the most. When more
than one fluor is added to the phenyl ring, it produces not only the intended or 1-
(3,4,5-trifluorophenyl)-1H-pyrazole, but also the multi pyrazole-substituted side prod-
uct. Unfortunately, not only bromide substitution was seen when the starting material
was fluor-containing phenylbromide. Fluor-functionality substitution was also prevalent.
Therefore, multiple species could be found in the GC-MS (fig. 3.4).
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Figure 3.4: GC-MS overview of multi fluor-substituted phenylpyrazoles. 5-bromo-1,2,3-trifluorobenzene as star-
ing material is substituted at multiple positions. Two of the products are shown in the picture.
Other side-products are not shown explicitly for other substitution patterns, for better clarity.

Changing the co-catalyst from salicylaldioxime to cyclohexane-1,2-diamine, which has
been suggested in the literature to avoid numerous substitutions, did not produce the
desired ligand in its pure form.[92] Unfortunately, no work-up technique was capable
of distinguishing between the numerous multi-substituted compounds and undefined by-
products. GC-MS revealed that the by-products were pyrazole-substituted in the required
position as well as in all other locations. The same was tested for 1-(3,5-difluorophenyl)-
1H-pyrazole, but equal randomly conducted substitution was observed to the tris-fluoro-

scaffold.
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The utilised abbreviation for the product, as well as the starting material and yield fol-
lowing the reaction, are all summarized in Table 3.1.

Table 3.1: Overview of ligand scope, their respective abbreviations and their synthetic yield.

Ligand? Abbrevation | Starting Material Yield /%
1-phenyl-1H-pyrazole®? ppz - -
1-(4-methoxyphenyl)-1H- MeOppz 4-bromanisole 74.9
pyrazole

3-methyl-1-phenyl-1H- 3Me-ppz - -
pyrazole?

1-(4-trifluormethylphenyl)- | p-CF3ppz 4-bromobenzotrifluoride 84.1
1H-pyrazole

1-(3-trifluormethylphenyl)- | m-CF3ppz 1-bromo-3- 60.5
1H-pyrazole (trifluoromethyl)benzene
1-(4-fluormethylphenyl)- Fppz 1-bromo-4-fluorobenzene 52.7
1H-pyrazole

1-(3,5- (CF3)2ppz 1-bromo-3,5- 24.6
bis(trifluoromethyl)phenyl)- bis(trifluoromethyl)benzene
1H-pyrazole

1-([1,1’-biphenyl]-4-yl)-1H- | bppz 4-bromobiphenyl 76.7
pyrazole

1-(naphthalen-2-yl)-1H- naphppz 2-bromonaphthalene 84.0
pyrazole

@ Reactions conditions: 4 equiv. Cs5COj3, 10 mol% Cu»0, 0.4 equiv. salycyaldioxime, acetonitrile,
85 °C, 2 d under dry argon atmosphere. Aqueous work up and flash column chromatography.

b Product commercially available.

Ligands ppz and 3Me-ppz were commercially available and applied in complex syn-
thesis without further purification. All other ligands were synthesized according to the
procedure mentioned above, their purity confirmed by NMR-spectroscopy, MS and ele-
mental analysis.

The ligands produced in this section could be synthesised by applying the reported
synthetic procedure. Therefore a variety of functional groups could be attached, some
of them have not yet been reported in published literature. They will be applied in com-
plex synthesis, as described in detail in ch. 3.2.
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3.2 Complex Synthesis

Complex synthesis required two critical steps in order to be successful. The first step is
ligand activation by orthometalation, followed by transmetalation via an appropriate iron
precursor. The ability to implement various functionalities was thoroughly investigated
and the reaction pathway examined. The results are presented in the following section.

The effective activation of an iron-carbene and iron-nitrogen bond is the main tech-
nique for successful complex synthesis. The iron-carbene link requires ligand activation,
whereas the iron-nitrogen bond forms more readily. A proton is more easily activated
the more acidic it is. This should be considered while adding functional groups to the
scaffold. DFT investigations of ppz with various functions found that the ortho-position
is most acidic for all para-substituted compounds, regardless of the functional groups
nature.[93] The most acidic site was moved by shifting the functional group to a meta-
positioned relative to the pyrazole; the unfavourable proton was then surrounded by the
pyrazole and the additional function. When sterically demanding deprotonating chem-
icals are used, the non-encased proton may be activated to assist balance the acidity
differential. Otherwise, the steric requirement of the functional group inside complexa-
tion surrounding the metal core may impede complex formation.[93]

~
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Figure 3.5: Calculated pka values in THF for differently substituted phenylpyrazole with a methoxy-functional
group.[93] Free rotation of the pyrazole renders both adjacent protons equal, the pK, will presumably
be between the two calculated values.

As can be seen in fig. 3.5, activation with a grignard may be challenging. However, the
DFT calculations do not consider the free rotation of the pyrazole, which may render
protons equivalent, when the functional group is in para-position to the pyrazole. This
is due to the free rotation of the two aromatic rings relative to each other, which could
not be considered in the DFT calculations of MONGIN et al.[93]

In this context, the reaction of 1-phenylpyrazoles and their derivates with various grig-
nards or analogous metalorganic compounds has already been documented in the litera-
ture. N-Butyllithium (n-BulLi) deprotonates 1-phenylpyrazoles on the pyrazole part.[94,
95] However, functional groups in different positions on the pyrazole may operate as
redirectors, preventing activation in undesirable regions. Ethyl magnesium bromide (Et-
MgBr), on the other hand, exclusively deprotonates the ortho-position, as shown in
fig. 3.6. Nevertheless, literature suggest the formation of other adducts as well, though
in small percentages. Substitution of the pyrazole with other five-membered heterocy-
cles, like pyrrole or imidazole, did not yield the desired intermediate.[94]
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Figure 3.6: Reaction scheme towards the activated ligand with grignard, phenylpyrazole is deprotonated on
the ortho-position on the phenyl. The resulting intermediate might be stabilised by an additional
coordinative nitrogen-magnesium bond.[94]

For the transmetalation, a ligand-grignard solution was typically activated by refluxing
it overnight at 80 °C using schlenk-technique in dry THF under argon atmosphere. De-
pending on the ligand utilised, the reaction mixture colour results in a change from a
clear uncoloured to a red-orange solution during the reaction time. The solution was
cooled to room temperature before being further chilled to -85 °C, at which point the
pre-cooled metal precursor solution was added in-situ. Overview of this reaction is de-
picted in fig. 3.7.

A)
CFs
1. EtMgBr, THF, 85 °C, 24 h o .
2. FeBro(THF) 5, -80 °C~rt, 24 h (N S
N} 2(THF)15 N Fe
N= CF3—©/ \m
B)

1. n-BuLi, THF, 85 °C, 24 h
Q 2. FeBry(THF); 5, -80 °C~t, 24 h

N

Fe''(3Me-ppz)3

Figure 3.7: Reaction scheme of the complexation reaction. A: Exemplary reaction scheme with ethylmagnesium
bromide (EtMgBr) towards Fe!!T(p-CF3ppz)s and all other substituted complexes, B: reaction
scheme with n-butyllithium (n-BulLi) towards FeIH(3Me-ppz)3.

Within the practical work of this thesis, the reactivity of various iron-precursors was
tested, which included FeBry, FeCls and FeCl,- 4 H>O in THF solutions and as solid.
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Neither created any detectable complexation; only the precursor (FeBrp)THF; 5 pro-
duced the expected complex. Understanding the composition of (FeBrp)THF; 5 is still
part of research, its exact structure is not yet reported. Different combinations of FeCly,
FeCls and FeBrp seemingly give variable results, depending on the iron source and its
purity. Analyses indicated various levels of THF ranging from 1.5 to 2, therefore both in-
terpretations are used when referring to it, albeit 1.5 is more common.[96, 97] Following
a successful synthesis, the precursor was produced as colourless crystals. Nevertheless, it
is more feasible and retains a greater precursor yield to be generated in-situ, since ligand
deprotonation requires the precursor to be in solution. Because the complicated synthe-
sis most likely involves a disproportion reaction, 1.5 equivalents iron were used.[79, 98]

Consequently, the iron-precursor (FeBrp)THF; 5 was freshly prepared prior to applica-
tion in synthesis. Therefore, FeBry was dissolved in dry THF under argon atmosphere,
with iron powder acting as co-catalyst. Overnight refluxing transformed the solution
from dark brown to clear and colourless. After refluxing, the iron-precursor solution
was cooled to room temperature before being added dropwise to the ligand solution at
-85 °C. If insufficient volumes of solvent were used, colourless crystals formed during
cooling to room temperature, limiting the transfer of the iron-precursor (FeBry) THF; 5
into the activated ligand solution when transferred in-situ.

While combining the solutions, the colour rapidly changes to deep black. Further work
up included removal of grignard-based residues by addition of an aqueous solution of
NH4Cl and DCM. Washing the organic phase twice with NH4Cl solution and water,
drying with MgSO4 and solvent-removal gave raw-complex. To remove those impuri-
ties, like excess ligand, column chromatography was applied, where the product front
was clearly visible as bright yellow to red spot, running in front of a broad ligand spot.
Despite the fact that a wide range of solvents and stationary phases were tested, the
product spot on thin layer chromatography plates (TLC) changed colour after drying,
from yellow to deep blue (fig. 3.8).

5 min 10 min \ 15 min

Figure 3.8: Oxidation of the complex Fe(ppz)3 on silica, time delayed (0, 5, 10, 15 min) shots of the complex
on TLC, displaying a shift of colour from bright yellow to dark blue.

The cobalt complex Co(ppz)s produced similar blue-coloured bands in column chro-
matography, which were ascribed to the mer-isomer of the complex, whilst the exit-
ing yellow product was proven to be entirely fac-isomer. Further research on the iron
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complexes investigated here reveals that the generation of blue product during column
chromatography may be unrelated to structure. When the contact duration between
the complex and stationary phase is long enough, a rather gradual oxidation of the
complex seems to emerge. Therefore, it is necessary to prevent time-consuming column
chromatography, thus selecting DCM as the eluent for all complexes. Unfortunately, the
poor solubility and its sticking to the stationary phase, prohibits the iron(IV)-species to
further workup like column chromatography or crystallization.

After collecting the complex fractions, removal of the solvent, single crystals were grown
by slow vapour diffusion technique, or slow evaporation of solvent. Filtered solid crys-
tals were dried several days under high-vacuum at 50 °C. Yields of most complexes
is poor (<20%). Exception is the complexation with n-BulLi, which was only possi-
ble for 3Me-ppz, and resulted in yields up to 48%. The complexes were found in the
iron(l1l)-configuration without any counterion, which was confirmed by NMR- and mass-
spectroscopy. Additional elemental analysis proofed the purity of the compounds.

Not all ligands listed in ch. 3.1 gave the appropriate complexes. Aside from the non-
substituted parental complex Fel!I(ppz)s, complexes with EDG-characteristics, both
Fe!I(MeOppz)s; and Fel!!(3Me-ppz)3, were successfully prepared. Before imme-
diate workup, mass spectrometry detected residues various by-products, including un-
reacted ligand, which could not be assigned further. Other functional groups on the
pyrazole, other than a methyl in 3-position, did not result in successful complexation.
It may be effective to activate with several metal-organic compounds in this situation,
such as lithium-organyles. Fe!!!(3Me-ppz)3 could not be synthesised via EtMgBr, but
rather n-BuLi, which might be related the different activation points on the pyrazole,
here blocked by the methyl functionality.

N™ e / i
Cr] ’ Ihe
N. N.
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- 0 —u
Fe'(ppz)s Fe'(MeOppz); Fe'(3Me-ppz)s

Figure 3.9: Complex overview for the unsubstituted standard complex Fe”I(ppz)g and electron donating groups
FeIH(MeOppz)3 and FeIH(3Me-ppz)3.

The extension of aromatic 7-systems resulted in the unconjugated Fe!!f(bppz)s and
conjugated Fe!I (naphpz)s3, which were both isolated as red solid, see fig. 3.10. Unfor-
tunately, complexation with pind did not give the desired complex. As mentioned before,
substitution on the pyrazole is difficult. Different metall-organyles were employed with-
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out success.

Figure 3.10: Complex overview for m-system extension, resulting in FeIH(bppz)3 and FeHI(naphpz)3.
As it could be seen for the complexes with N-heterocyclic carbenes, EWGs could further

enhance the MLCT-lifetime, which were therefore implemented. During the work-up
procedure, these functionalities seemed to be more stable and produced single crystals
N

easily.
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Figure 3.11: Complex overview for EWG substitutions, FeIH(m-CF3ppz)3, FeHI(p-Cngpz)a and
Fell(Fppz)s.

With this increased stability, the complexation with multiple substitution of the phenyl-
pyrazole scaffold complexes was also investigated. The ligand (CF3)2ppz was employed,
since EWG groups were usually more stable during the work-up procedure. The aston-
ishing result of this complexation, was the evidence of successful syntheses in NMR-
and mass-spectrometry, Fe((CF3)2ppz)3 with theoretical mass of 893.0420 g/mol
in fig. 3.12. Unfortunately, the bis-bidentate complex (Fe((CF3)2ppz)2, theoretical:
614.0063 g/mol, found: 614.0062 [M"]) is equally build. The signal for the bis-bidentate
species was not seen in the other complexes, additionally the diamagnetic signals could
be seen in the 1H-NMR-spectra. This prevents removal of this species, since these two
complex behave equal during column chromatography and crystallisation. Despite an
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considerable effort, the separation of these two species and the free-unreacted ligand,
like the addition of an halogen-attachment, was impossible. Other iron-precursors or
metal-organyls for synthesis must be taken into consideration. Therefore, these com-
plexes are not summarised in fig. 3.11, since they could not be isolated.
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Figure 3.12: Mass spectrum for double substituted ligands, signal at m/z 893.0352 is presumably the desired
complex, whereas, the signal at m/z 614.0062 represents the species with two attached ligands,
the second signal was not seen for other complexes.

To recapitulate the complex synthesis tab. 3.2 gives the complexes with their [UPAC

name and their respective abbreviation and a summary of their yields. Additional ana-
lytics are summarised for each complex in ch. 3.2.
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Table 3.2: Overview of ligand scope,their respective abbreviations and their synthetic yield.

Complex Abbreviation Yield /%
Tris(1-phenylpyrazolato-N,C?)iron(I11)? Felll(ppz)s 7.5%
Tris(1-(4-methoxyphenyl)pyrazolato- Felll(MeOppz); | 2.6%
N,C2)iron(I11)

Tris(3-methyl-1-phenylpyrazolato- Fe''I(3Me-ppz)s | 48.1%
N,C?)iron(111)?

Tris(1-(([1,1"-biphenyl])-4- Fel!l(bppz)s 3.9%
yl)phenyl)pyrazolato-N,C?)iron(111)

Tris(1-(naphthalen-2-yl)pyrazolato- Fe!’I(naphpz)3 5.3%
N,C2)iron(I11)

Tris(1-(4-(trifluoromethyl)phenyl)pyrazolato- | Fe!?!(m-CF3ppz)3| 17.2%
N,C2)iron(I11)

Tris(1-(3-(trifluoromethyl)phenyl)pyrazolato- | Fe!!!(p-CF3ppz)s3 | 10.6%
N,C?)iron(III)

Tris(1-(4-(fluoromethyl)phenyl)pyrazolato- | Fe!!!(Fppz); 2.73%
N,C2)iron(I11)

@ Product commercially available.

The complex yields are generally low. The increased stability of the EWGs in complexes
synthesis can be seen here, since Fe!!!(m-CF3ppz)3 and Fe!!!(p-CF3ppz)3 display
yields above 10%. Every other complex is below 10% yield, except for the complex
Felll(3Me-ppz)3. The redirecting ability of the methyl-group enables the use of n-
BuLi. This seems to be more efficient in ligand-activation or transmetalation resulting
in nearly 50% yield.

Most complexes that could be linked to the ligand structure itself have relatively low
yields of complexation. The complex’s coordination must be taken into account first.
Using bidentate ligands gives tris-coordinated complexes of facial- and mer-isomers. A
meridional structure based on phenylpyrazoles would entail the crossing of two potent
sigma-donor carbenes. As a result, the mer-isomers may be more fragile and, if not
transformed into the fac-complex, may disintegrate. Second, the construction of both
the tris- and bis-bidentate complexes is possible. These might as well be unstable and
disintegrate when exposed to air or while undergoing work-up procedure. Additionally,
the workup procedure does not stop the complex from being oxidised, which could also
result in a yield shortage.

The five complexes Fel!!(ppz)3, Fe!!!(MeOppz)s, Fe!!!(bppz)s, Fe!!!(naphpz);
and Fel!I(m-CF3ppz)3 were classified as the five standard complexes which were thor-
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oughly analysed in this thesis. They represent the broad variety of functional groups and
were published in open access literature[99]. All other complexes were synthesised follow-
ing this publication to bridge the gap to further understanding the influence of functional
groups.

The syntheses of the product as iron(Il) complex was verified by elemental analysis
(EA), mass spectrometry (MS), single crystal X-ray spectroscopy, and nuclear magnetic
resonance spectroscopy (NMR).

3.2.1 Complex Oxidation and Reduction

The capacity of the complexes to vary their oxidation number is a critical property for
their use in photosensitizing processes. The complexes can be tested first by chemically
oxidising or reducing them (fig. 3.13).

NaHg | AgPFg/AgBF4/l;
Reduction  T¢ (L) Oxidation

X : PFg/BF4 /I

Figure 3.13: Left: Reaction towards the reduced iron(l1) species with NaHg. Right: Oxidation pathway towards
iron(IV) with a silver salt (AgPFg/AgBF4) or pure iodine (I2).

The iron(1V) species for the investigations were obtained in-situ by oxidation of the re-
spective compound with either a silver salt (AgPFg/AgBF4) or iodide (17), as shown in
fig. 3.13. This produced predominantly dark blue to green solids with drastically altered
solubility, so most solvents no longer produced a clear solution. [Fe!V'(ppz)3]PFg resulted
in a dark blue solid. Workup techniques could not be used due to solubility difficulties
and the dramatic change in characteristics, especially the oxidation behaviour. The dark
blue spot produced by column chromatography of Fe!!I(ppz)s; might represent the
iron(1V)-species, which could not be recovered from the column, even after testing with
several eluents. However, NMR-, MS-, and M&Bbauer-spectroscopy might still be used
to complete the characterisation.

The iron(ll) congeners for the investigation were also obtained in-situ. Unfortunately,
due to instability the reduced species could not be isolated and purity of the com-
plexes in this oxidation state could not be guaranteed. Therefore, only NMR-spectra
were obtained for these to proof their successful reduction. Sodium amalgam or lithium
naphthalenide were used for the reduction. A significant colour shift from predominantly
yellow or orange solutions to dark blue, green, or purple was observed during the reac-
tion. The chemical identity was only confirmed by full NMR assignment (ch. 4.2) of the
diamagnetic signals, due to high reactivity towards atmospheric conditions.
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3. Ligand Design and Complex Syntheses

Table 3.3: Success of the reduction and oxidation of the synthesized complexes.

Complex Reduction Oxidation
Fe!' (ppz)s3 n 4
Fe!ll(MeOppz)3 + +
Felll(3Me-ppz)3 + +
Fe'! (bppz)s - +
Fe!l(naphpz); - +
Fe!’l(m-CF3ppz)3 + +
Felll(p-CF3ppz); | - +
Fe!ll(Fppz)s a a

@ Not found during syntheses

Unfortunately the reduction and oxidation was not possible for all complexes. The re-
duction most likely leads to unstable reduced complexes, which were unstable and could
not be confirmed. The oxidation was successful for all complexes, but the solubility of
these became increasingly worse the larger the ligand scaffold was. Nevertheless full
characterization was at least possible for all complexes by NMR-spectroscopy.
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Characterisation

The ground- and excited state characterisation of the successfully synthesised com-
pounds is covered in the following chapter. This comprises information from cyclic
voltammetry (CV), single crystal diffraction, UV-Vis-, spectro-electrochemistry, and ex-
tended NMR-spectroscopy. Calculations based on quantum chemical calculations support
these findings.

4.1 Single-Crystal X-Ray Diffraction

Single crystals of the complexes could be grown by slow diffusion of an anti-solvent
into a high concentrated complex solution. Single crystals of selected complexes could
be grown for the iron(l1)-species only, by slow evaporation of cyclopentane or ether as
antisolvent into a complex solution in MeCN or DCM. The different shapes and colours
of the single crystals might potentially be explained by different degrees of integrated
solvent molecules (fig. 4.1). Suitable single crystals for the complexes with the oxidation
number for iron(l1/1V)-species could not be achieved.

‘4

bt

.

Figure 4.1: Microscopic view of complex crystals of Fe!’!(3Me-ppz)3 (left) and Fe!'!(bppz)s (right).

Every complex exhibits a C3-symmetric, distorted octahedral geometry. While both the
facial (fac)- and meridional (mer)-isomers can form in complexes with tris-bidentate
ligands generally, only the fac-species was found for all compounds.
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4.1. Single-Crystal X-Ray Diffraction

Figure 4.2: The anisotropic displacement ellipsoids in the single crystal structures are shown with 50% proba-
bility; the hydrogen atoms have been removed for clarity. Left: FeHI(ppz)3; Right: FeIH(bppz)3.

Shown in fig. 4.2, the exemplary crystal structure of Fe!!I(ppz)3 and Fe!!(bppz)s
display the Cs-structure of the complexes. The appendix summarises the crystallographic
data for all measured complexes. The A- and A-enantiomers can be formed within the
fac-isomer and both were found in every obtained single crystal structure. This was
found in every complex, exemplary displayed in fig. 4.3. This observation was indepen-
dent from the functional group.

p—

N~
%@J
= 9
N

—

mer-Fe''(ppz)3

SOl

Figure 4.3: mer-Fel!I(ppz)3 (left) and fac-Fe!I(ppz)3 (right), with A- and A- enantiomers.

Despite the application of several synthetic routes, separation techniques, like fractioned
crystallisation or column chromatography, the enantiomers (A/ A) could both be ob-
tained in their pure form. The crystal structure indicates that there is an equal likelihood
for each enantiomer. The phenylpyrazole-based ligands are crystallographically inequiv-
alent due to the racemic (A/A) combination. As a result, the total of the bond lengths
and angles must be averaged over both enantiomers. As a consequence, six values were
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obtained and averaged, which was only possible since the variation was low or non-
existent. Since the fac-isomers were formed as a single product.

The key structural parameters are summarised in tab. 4.1.

Table 4.1: Crystallographic data for the investigated iron(lIl)-complexes; averaged over all binding distances.[99]

Complex Fe-N /A Fe-C /A chelate bite | C-Fe-N /°
angle /°

Fe!'(ppz)3 2.0030(15) | 1.9508(13) | 87.07(7) 171.54(7)
Felll(MeOppz);3 2.0129(15) | 1.9512(13) | 94.52(5) 170.89(5)
Felll(3Me-ppz);3 2.0453(14) | 1.9543(6) | 85.14(5) 177.67(5)
Fe!'(bppz)s 2.0122(7) 1.9536(7) | 91.68(1) 172.90(1)
Fell(naphpz); 2.0134(12) | 1.9530(17) | 93.59(17) 169.99(7)
Fe!'I(m-CF3ppz)s | 2.0075(15) | 1.9520(16) | 85.88(6) 170.46(6)
Fel!I(p-CF3ppz)3* | - - - -

FeIH(FppZ)3* _ _ - -

* Complex could not produce measurable single crystals.

The Fe-C bonds in the reported complexes are about 0.05-0.09 A shorter than the Fe-N
bonds, most likely due to the carbon’s greater donor and m-accepting characteristics.
The Fe-C bond lengths in the analysed set of compounds are essentially similar, suggest-
ing that the impact of the meta-substituents is negligible. Nonetheless, the Fe-N bond
length and chelate bite angles vary depending on the functional groups. The short-
est Fe-N bonds and smallest bite angles are observed for Fe!!!(ppz)s (2.0030(15) A,
87.07(7)°) and Fe!!(m-CF3ppz); (2.0075(15) A, 85.88°), while Fe!!!(MeQppz);3
and Fe!!I(naphpz)s exhibit the longest Fe-N bonds (2.0129(15) and 2.0134(12) A,
respectively) and the largest bite angles (94.52(5)°, 93.59(7)°). The longest bond-lengths
are found in Felll(3Me-ppz)3 (2.0453(14) A), but also the shortest chelate bite angle
(85.12(5)°). There is a little distortion in the ligand’s planarity. Because of the Cs-
symmetry, a repulsion between the functional methyl-group might not be ruled out. The
fac-geometry dictates that the methyl-groups are contained inside a single plane. More
space demanding groups may result in a rearrangement, favouring the mer- instead of
the fac-enantiomer. Since complexation with functional groups in the meta- and ortho-
position show fac-isomer only, the position of the functional group does not influence
this further.

The trans-angle of the complexes is generally closer to the optimal ideal octahedral
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4.1. Single-Crystal X-Ray Diffraction

structure than in bis-tridentate complexes. [Ru(tpy)2]** shows an N-Fe-N trans angle
of 158.6°, whereas the synthesized complexes are between 169.9° and 177.7°. This could
be compared to the [Fe(dcpp)2]?> with an angle of 178.3°, which is considered as an
example for the strategy to optimize the octahedral structure and produce a better or-
bital overlap. This could increase 3MLCT-lifetimes, resulting in a longer excited state
lifetime of the catalytic active state. Similar complexes, such as fac-Co(ppz)s (1.943
A) and fac-Ir(ppz)3 (2.021 A) show equal distances with respect to the metal centre
size.[82, 98] This demonstrates the stability and rigidity of the ligand structure, which
could therefore result in stable complexes with a good metal-ligand overlap. Same could
be seen for the bond lengths in tris-(1,10-phenanthroline)iron(lIl) complex, with a bond
length of 1.977(3) A.[100] This octahedral low-spin iron(l11)-analogue displays equal
values, and shows good redox- and absorptive behaviour.

The resonance impact of the functional groups appears to affect both, the Fe-N bond
length and the chelate bite angle, by changing the electron density on the coordinat-
ing nitrogen. This would explain why the bond lengths in Fe!!!(ppz)3 and Fe!!I(m-
CF3ppz)3 are comparable, because the trifluoro-methyl group exhibits very small reso-
nance effects, the methoxy and naphthyl moieties exhibit large resonance effects. Another
factor to explain the bond-lengths and angles could be the orientation of the ligands,
which results in two imaginary levels. Here, the nitrogen atoms are within one imaginary
level, whereas the bonded-carbon atoms are diametral in another level, as depicted in
fig. 4.4,

Figure 4.4: Single crystal structure of Fe'’!(3Me-ppz)3 with the indicated planes for the ligand orientation.
The nitrogen atoms (red triangle) are orientated in one plane, whereas the bonding carbon (blue
triangle) are orientated diametral.
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Therefore the functional groups are on one side of these imaginary planes, which could
lead to a slight repulsion between these, especially if they are room-demanding, like the
phenyl or naphthyl-functionalities.

DFT calculations are performed to determine the bond lengths and angles, as well
as Gibb ‘s energy difference between the fac- and the mer-enantiomers. The optimised
fac-isomers’ computed bond lengths and angles correspond with the crystal structure,
showing a strong agreement between the calculation and experimental results. These
calculations were made for the five standard complexes, but the tendency will most likely
be the same for the remaining complexes. For Fel!I(3Me-ppz)s, Fe!!!(p-CF3ppz)3
and Fe!!I(Fppz)s, only the fac-enantiomer could be observed as well. The only angles
that differ between the theoretical calculation and the experiment are those of the C-
Fe-N atoms that are arranged in opposition to each other. This indicates that the gas
phase optimised structure approximates a perfect octahedral structure better than the
solid crystal, as was expected (tab. 4.2).

Table 4.2: Data for the PBEh-3c geometry optimised fac-complexes.

Complex DFe-N/A|@FeC/A | ZCFeNy/°
Fe!l(ppz)s 2.020 1.954 173.7
Fe!’l(MeOppz); | 2.020 1.956 174.3
Fe!ll(bppz)s 2.018 1.952 174.8
Fel!I(naphpz); 2.019 1.952 174.5
Fe!'!(m-CF3ppz); | 2.015 1.956 174.5

The PBEh-3c optimised lowest quartet state of fac-Fe!!!(ppz)3 could also be visualised
(fig. 4.5).

Figure 4.5: PBEh-3c optimised lowest quartet state of fac—FeHI(ppz)3. Left: Spin density plot. Right: Depicted
Fe-ligand bond lengths.
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4.1. Single-Crystal X-Ray Diffraction

This shows the spin density plot for fac-Fe!!I(ppz)3 (left) and the iron-carbene and
iron-nitrogen (right) bond-lengths. Additionally, with the crystal structures data, the
preferred enantiomer could be calculated, as summarised in fig. 4.6.

20 Ifac preferred

15 i Fe(bppz)s
1.0 Fe(ppz), Fe(CFsPP2);

0.5

0.0- Fe(MeOppz),
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Figure 4.6: Gibbs energy difference (AG) between the fac- and mer-isomers of optimised geometries computed
at the DFT/PBEh-3c level of theory.[99]

Using the PbEh-3c composite method, the Gibbs free energy (G) for the optimised struc-
tures was computed for this purpose.[101] In the case of the complexes Fe!!I(ppz)s,
Fel!l(m-CF3ppz)s, Fe!l(bppz)s, and Fe!!I(naphpz)s, the fac-conformer is en-
ergetically favoured by 0.5-1.5 kcal-mol=!. Similar complexes such as Co(ppz)s; and
Ir(ppy)3 have also been found to exhibit better stability in the fac-conformer, which can
be explained by the position of the phenyl groups in relation to the pyrazolyl groups,
as previously discussed.[82, 98] Remarkably, mer-Fel!I(MeOppz)s appears to have a
greater thermodynamic stability in calculations even though it crystallises in the fac-
isomer. One issue is that the basis of the computations only takes into account stability
in the gas phase, not the required stability in a solid state or solution.
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4.2 NMR

The following chapter is yet part of ongoing research and its manuscript is under
preparation.[102]

The complexes were thoroughly examined using nuclear magnetic resonance spectroscopy
(NMR). The unpaired electron causes the compounds, which were initially received as
iron(l11)-complexes, to be paramagnetic. Two unpaired electrons, like in iron(1V), can also
produce paramagnetic centres by removing one electron from the iron centre. Exception
in this series represent the iron(I1)-species, received after reduction with NaHg. Because
of the diamagnetic core, typical NMR-pulse programs and common assignment may be
used. However, this is not possible for iron(l11)- and iron(1V)- complexes. Paramagnetic
transition metal complexes (pTMC) and other open shell systems are difficult to char-
acterise and evaluate due to their wide chemical shift range and resonance-broadening
caused by the unpaired electron of the metal centre.

Nonetheless, analyses of paramagnetic molecules such as iron(Ill) complexes and the
development of paramagnetic NMR (pNMR) techniques has sparked considerable inter-
est, for example for insights into photoreactions and catalytic cycles. Originating in the
1950, paramagnetic compounds studied in solid-state led the path towards application of
these techniques in chemistry and biochemistry. Since then, basic concepts and interpre-
tation of NMR data is a well established method, especially in biochemistry fields.[103]
Nonetheless, NMR has not yet been the favoured approach for further investigating elec-
tron distribution and conformational dynamics in solution of photosensitizers.[104, 105]
NMR is an exceptional and convenient tool for the determination and analysis of param-
agnetic centres, which is often neglected in the investigation of comparable paramagnetic
compounds. Nevertheless, this technique has been used to fully characterise the com-
plex in their different oxidation states and gain more information about the behaviour
in solution. The applied techniques allowed for the analysis of the resonance shifts and
their respective relaxation time in relation to the temperature, functional group, and
oxidation state.[106]

4.2.1 General Observations

Mononuclear, bidentate complexes like the ones presented in this work, can form merid-
ional (mer-) and facial (fac-)-coordination isomers. Single crystal diffractometry con-
firmed that the originally produced iron(l11)-complexes only exhibit the fac-isomer, shown
in ch. 4.1.[99]

IH-NMR spectra of the iron(lll)-complexes show relatively sharp singlet signals. Ob-
tained spectra include the respective amount of proton signals for each of the para-
magnetic complexes, seven signals for Fe!!I(ppz)s; and six for every other mono-
substituted complex, plus signals for eventually attached methyl-groups, eleven signals
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for Fel!I(bppz)s, and nine signals for Fe!!I(naphpz)s. Therefore, the quantity of
resonances represents the formation of fac-isomer exclusively, since the Csz-symmetry
of this formation is rendering the three ligands magnetically equivalent. Mer-isomers
would have three magnetically inequivalent ligands, causing three times as many H-
resonances, and both sets of signals if they were mixed. The spectra of the three species
are shown in fig. 4.7.
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Figure 4.7: B) Structure of the two isomers, left structure: fac-isomer with three equivalent ligands, right
structure: mer-isomer with three inequivalent ligands. 'H-NMR of: A) FeIH(ppz)3 showing the
fac-species only, measured in MeCN at 298 K; C) [Fe!V (ppz)3]™ showing the fac-species only,

measured in MeCN at 298 K; D) [Fe!!(ppz)3]™ reduced in THF, marked positions are resonances
for the fac-species. Every other visible signal is ligand or undefined by-product.

Stability of complexes under oxidation and reduction is critical, since they might occur
in catalytic pathways via oxidative or reductive quenching of the excited state.[107] The
IH-NMR of the iron(IV) (fig. 4.7, B) compounds show the same quantity of signals as the
iron(l11)-species, confirming that the stability of the fac-isomer transfers to two unpaired
electrons as well. However, three times the number of signals are recorded in the case of
iron(Il) complexes. Traditional NMR pulse procedures revealed that the signals belonged
to a single species with three magnetically inequivalent ligands (fig. 4.7, B). Therefore,
upon reduction, a symmetry breaking transition occurs to form the predominantly stable
mer-isomer of the complex (fig. 4.7). Carbon donors are on one plane in the mer-species,
while nitrogen donors are in the other. As a result, two of the strong carbon donors are
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opposite each other, resulting in a linear C-Fe-C-bond. This positioning of the phenyl-
functionalities is thermodynamically non-favoured in the iron(lIl)- and iron{IV)-species,
nevertheless DFT studies on the isomer-stability for different oxidation states support
the experimental observations.
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Figure 4.8: Left: Chemical structure for the [mer-FerpZ3]+ and the fac-FeIH(ppz)3 and [fac-FerpZ3]_
exemplarily for the ppz substituted complex. Right: DFT calculations () on the preferred species
for all oxidation states. The DFT calculations were performed by MSc. Lorena Fritsch.

During the reduction to mer-Fellppzs, the mer-isomer undergoes conformational
change, which can be either thermodynamic or kinetic. In addition, free ligand can
be seen in the solution as a result of a reprotonation. The origin of the proton for re-
protonation towards the free ligand could not be confirmed completely.

Therefore extend stability tests on the reduced species were performed. While reduced
complexes result in well-defined spectra immediately after reduction, uncertain dynamics
occur afterwards. When the spectra of instantly after reduction are compared to spectra
within a short time frame (2 h), the ligand signal increases, but a new, unidentified
species appears. As a result, the observed changes may be the result of a conversion to
the fac-isomer. Unfortunately, the attribution of these signals was not possible. During

the measurement, the signals expand even further, making direct assignment impossible
(fig. 4.9).
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Figure 4.9: Blue: 'H-NMR spectrum in THF-dg for [FeIIppZ3]+ directly after reduction shift exemplarily as-
signed above 8 ppm, which also shows traces of free ligand in the solution; Red: [FerpZ3]+—
complex solution after 5 h. Emerging species may be a mixture of two isomers mer- and fac-isomer
of the complex or free ligand and paramagnetic impurities. Complete assignment was not possible

due to instability.

However, stability test at room temperature for 7 days, illuminating the solution for 18 h
with a 300 W Xenon lamp, or mild temperatures for 18 h resulted in a steady increase

of a secondary species.
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Figure 4.10: 'H-NMR spectrum in THF-dg for [Ferp23]+ directly after reduction (blue), time-dependent
measurements while submitting the solution to 60 °C; after 1 h (red), 2 h (green), 3 h (purple),

18 h (yellow).
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Figure 4.11: *H-NMR spectra of [FeIppz3]* in THF-dg directly after reduction (blue), time-dependent mea-
surements while submitting the solution to broad band illumination with a 300 W Xenon lamp;
after 1 h (red), 2 h (green), 3 h (purple), 18 h (yellow).

Furthermore, the peaks in all three tests are broadening over time. One possible explana-
tion for this might be the generation of a highly paramagnetic degradation product in low
quantities. Another reason might be the presence of more free ligand over time or due to
the complex “s low rigidity and instability. Fluxional molecules, especially octahedral com-
plexes, occasionally transfer via the Ray-Dutt- or the Bailar-twist.[107, 108] Therefore,
competing isomers are able to interchange above a certain temperature, despite the mer-
isomer being the more thermodynamically stable complex in the iron(ll)-configuration,
as shown in fig. 4.8. In this scenario, due to signal coalescence, the breakdown or de-
layed isomerisation may compete and cannot be assigned fully. Other dynamic processes,
however, may underlay this observation, as different unknown aspects must be consid-
ered. Besides THF, which showed less by-products and free ligand, the reduction of
Fe!!l(ppz)3 was also possible in MeCN, DMSO and DMF, but not benzene. Due to
safety concerns, reduction was not tested in DCM and chloroform.[109]

After exposition of the reduced complex solution to normal atmospheric environment, a
sudden colour change back to yellow/orange was noticeable, as were the NMR spectra,
which remigrated to the broad-range resonances of the iron(lll)-species. The complex
was confirmed to go back to the pure fac-iron(l11). This validates this series of complexes
to be completely reducible and oxidisable. Nevertheless, the instability of the reduced
species must be taken into consideration during a reaction. Catalytic applications might
be even enhanced through the structural adjustments during a redox reaction, which
could probably stabilise the complexes within a certain time-frame of a cycle.
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4.2.2 Resonance Assignment

Because of their sharp signals and relatively long relaxation times, the low-spin char-
acter of the paramagnetic complexes aided in allocating the resonance shifts to their
position. This is usually difficult and has only been done a few times in the literature.
Several toolboxes used in this context were reported in literature and helped by solving
the NMRs of these complexes.[108, 110] The toolbox enabled the assignment of all
NMR active atoms. Traditional 1D-NMR spectra showed the observed resonances to
be in line with the expected quantity. Further determination with COSY, NOESY and
HMQC spectra allowed the complete signal classification with high confidence. Nonethe-
less the ligator atoms (fig. 4.12) could not be visualised. In case of the nitrogen atoms
of the ligands 1>N-HMBC spectra could visualise the atoms not directly attached to the
metal centre. This was only achievable for iron(lIl) complexes; no nitrogen resonance was
found for iron(1V)-species, due to their presumed extreme chemical shift and line-widths.

Same observation could be made for the carbon ligator atoms, which presumably show
extreme chemical shifts with increased line-width. The unpaired electrons exert a sig-
nificant impact on the neighbouring atoms, resulting in significantly shifted resonances
outside the typical measuring range and signals with extremely low signal-to-noise ra-
tios that tend to disappear in the baseline.[111] Additional theoretical calculations could
assist in locating predetermined ranges to scan for these resonances. Similar procedures
have been reported for analogous sensitive atomic nuclei such as 'H and 31P.

As mentioned before, allocation of the proton resonances to their designated position
was carried out by well-established methods of 1D- and 2D-NMR-spectra assisted by
TOCSY-NMR and utilisation of the nuclear-overhauser-effect (NOE). With the chosen
pulse-programs, acquisition time was generally below the diamagnetic congeners.[110]
The tab. 4.3 displays a thorough overview of the resonances for all oxidation states,
together with their allocated position, as illustrated in fig. 4.12.

R4 -CF3 -OMe, -Ph, -H, -F; Ry 51 -H
Rq,3°-H; Ry -CF3
R'l.?: —H R:g: —GH:;
R4 2. -naph; R -H

Figure 4.12: Schematic representation of the complexes and their proton assignment.
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Table 4.3: Assigned chemical proton shifts of the iron complexes in all three oxidation states, if not noted
otherwise solvent is acetonitrile-d3, 25 °C.

% 'H-NMR chemical shift in marked position / ppm
g Ox. Longitudinal relaxation time / (ms)
~ > & A v <
735 6.81 6.62 | 727 |822 |625 |7.05
1= 1 705 6.58 662 |7.16 816 |6.08 |6.71
2 6.77 6.58 652 | 705 |805 |6.08 |6.29
= | -75:20 | 7.90 525 |-1.15 |13.04 |-335 |-9.27
X (4.57) | (63.72) | (89.87) | (48.47) | (47.79) | (64.31) | (7.10)
IV | -187.60 | 1491 |-82.46 |-33.62 |-32.27 |-3.15 | -30.98
762 684 | 727 |835 630 |7.01
21117710 _ 673 |7.13 814 |6.04 |6.38
a 6.57 6.45 |6.90 |800 |6.01 6.18
t? e | T8 317 | 027 1123 |-339 |-10.47
E (4.4) (98.86) | (52.70) | (50.68) | (67.18) | (7.26)
(D)
" va | 220079 | - 7121 | -4768 | -41.64 | 428 | -31.46
=oE |- - - - - - -
o
= a
L [ 7254 935 | 130 | 11.75 |-3.60 |-10.51
by (4.38) | (63.35) (55.02) | (46.93) | (61.18) | (6.53)
5
|V 18017 | 1848 | - 2541 | -3937 | -423 |-39.37
e - - - - - -
A 75.89 10.99
D_ a - - _ _ _ - _ _
& Il (5.52) 415 | -4.82 (6.63) 3.11 10.61
L
\YAR - - - - - -
700 632 | 722 |812 621 7.07
1% 1 6.83 ; 617 |7.08 805 |604 |6.73
~ 6.31 6.08 |7.07 |795 |6.03 |6.24
o
S [1.44
2 || 7993 | o 512 |-536 |12.06 |-3.19 |-10.34
%, (4.96) (276.90)] (98.78) | (53.53) | (51.80) | (70.78) | (7.48)
T .
[1.99
IV | -192.10 28229 | -48.29 |-33.34 | -445 |-3047
MeO]
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4.2.2. Resonance Assignment

o |17 - - - - - - -
~
& |y, e | 464 |-174 |11.84 |-321 |-10.18
= (4.84) (97.49) | (51.74) | (50.74) | (68.95) | (7.42)
IV | -198.19 | - -81.01 | -39.16 |-36.52 |-3.05 |-34.23
P iEaE . . . . . .
o
£ |yl Tr6L | ] 110 |11.16 |-131 |-12.52
8 (4.14) (46.30) | (48.14) | (62.65) | (7.42)
L ve | -250.70 | - . -33.61 | -2450 | -1.07 |-28.05
. 823 [598 |[L.74
w |- - - - 813 |58 | 134
o 7.92 5.79 1.25]
$ |, |7228 |341 |-6390 |-058 |1350 |-231 |[1242
& (2.17) | (31.53) | (41.49) | (21.92) | (21.89) | (28.92) | CH3(7.11)]
+ 6.64
IV | -137.77 | 39.63 | -72.16 |-34.07 |-29.03 | -0.65 [C'H' |
3

* If data not reported, functional group at this position gives no resonance, value in rectangular
[] breaks is the 'H-signal of the functional group, if it is not otherwise substituted, with the
respective relaxation time Ty(); 2 THF-dg; ® CD3CN; € DMF-d7, ¢ DMSO-de.

The position, amount and shape of the resonances point to the creation of a fac-iron(lll)
complex in its d® LS configuration with S = 1/2. In addition to its very sharp resonance,
iron(I11)-LS complexes have a signal range of less than 100 ppm and a severe high-field
shift of certain paramagnetic signals in close proximity to the paramagnetic centre.[99]
Due to shorter relaxation times, iron(lll) high-spin (HS) complexes would have larger
resonances, which could result in non-observable signals for resonances too close to the
paramagnetic centre (within 5 A range around the metal centre).[108] Most resonances
had equal integrated intensities, and values around the irradiation point had acceptable
integration ratios. More negatively shifted signals have slightly lower integration values
due to the large offset of these resonances. The lack of proton coupling in the singlet-
only spectra is consistent with the quick relaxation rates.

Longitudinal Ti-relaxation times for the individual protons were measured by inversion
recovery experiments at 25 °C. If the protons could not be assigned using the techniques
mentioned above, they may have been assigned by comparing the M-H distances with
the Ti-times calculated using the Solomon equations. Here a longer T7 generally cor-
responds to the proton located farthest from the paramagnetic centre.[110, 112-114]
To verify these relaxation times, the through-space distances of protons to the iron(lll)
centre were calculated using single crystal structures.[99]
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Figure 4.13: Left: Through-space distance between proton and iron(Ill)-centre in angstrom (A). Values were

taken from the crystal structures reported before for Fe!I (ppz)3.[99]; Right: Calculated relative
T1-times normalized to the value of X.[113]

As a example of Fel!I(ppz)3, the proton with 3.205 A positioned on the phenyl in ortho-
position has the smallest relaxation time with 4.57 ms, while the proton with 90 ms and
a distance of 5.733 A to the iron(lll) centre has the longest T1 (fig. 4.13, left). The
comparison of the estimated relative T times, normalised to the 77 time of one of the
protons in meta-position to the iron centre, works well. In the literature, normalisation
is frequently performed on the proton with the shortest 77 duration, which does not
yield satisfactory results in this circumstance. This can be attributed to the relatively
large error in determining the T; times with comparatively short Ti-times. Especially
the para-position shows a deviation from the measured Ti-time (factor 1.4). However,
this is within the range of occurrences recognised from the literature and would not put
the assignment into question.

The same may be said for pyrazolyl, where greater distances from the paramagnetic
centre result in longer Ti-times. Notably, paramagnetism does propagate into func-
tional groups; for example, relaxation times for neighbouring aromatic phenyl protons
in Fel!I(bppz)s range between 166 and 1640 ms. Nevertheless, relaxation times here
are generally longer. Replacement of the terminal phenyl substituent Fe!!!(bppz)s by
a fused phenyl-ring Fe!!I(naphpz)3 results in comparatively short T; lifetimes, which
was even observed for the more remote protons of the naphtyl ligand. The pervasive
structure of the conjugated ligand led to a T; lifetime of the 518 ms for the most
distant proton from the metal centre of Fe!!!(naphpz)s. One explanation for this dis-
covery could be the propagation of the paramagnetic effect via conjugation, which results
in shorter relaxation times. In contrast, the hetero oxygen atom, the methyl-group in
Fe!’I(MeOppz)s is less affected, with a 276.9 ms shift. Here the oxygen atom prob-
ably stops the propagation of the paramagnetism. The Fel!!(3Me-ppz)s relaxation
time is 7.11 ms due to the methyl functionalities closer proximity to the iron(lIl) centre
(3.593 A).

There is no clear pattern of the chemical shifts of the protons, only tendencies can
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4.2.2. Resonance Assignment

be observed. The proximity of the metal centre to the ortho-positioned protons lead
to a particular intense effect of the pseudo-contact shift, resulting in a strong highfield
shift. Additionally, the para-positioned proton is always shielded as well, independent
from eventual substitutions. This was supported by the electron density distribution de-
termined by DFT calculations, which may have resulted from resonance stabilization.

The complex Felll(MeOppz)s exhibits the broadest range of proton signals, from
-79.93 to 11.18 ppm. The phenyl ring’s electron density rises as a result of the strong
electron-donor group, increasing the shielding of the ortho-proton and number of high-
field shifted resonances. This is further emphasized by the obvious relevance of func-
tional group location on the phenyl ring, by showing the exact opposite downfield
shift for electron withdrawing groups. By directly comparing the shifts, particularly
the ortho-positioned proton shift, of Fe!!I(m-CF3ppz)s and Fe!!I(p-CF3ppz)s, the
enhanced influence of electron withdrawing groups in para-position becomes evident.
Fe!!I(p-CF3ppz)3 displays the most pronounced downfield shift-effect for all phenyl-
based resonances with -72.54, 9.35 and 1.30 ppm, compared to -75.20, 7.90 and -
1.15 ppm in Fe!I(ppz)s.

In contrast, the meta-position of the trifluoromethyl-group has a lower influence on
the electron density. Therefore, Fe!!!(m-CF3ppz)3 exhibits resonances at the most
influenced ortho position of -75.17 ppm. In both trifluoromethyl-based complexes, the
influence on the pyrazolyl can be considered equal. The resonance shifts in the other
meta-substituted compounds are remotely impacted. It is noteworthy that the conjuga-
tion in Fe!!I(naphpz)3 exhibits this effect over the entire naphthalene part (-1.68 to
12.38 ppm), whereas the additional phenyl-ring in Fe!!!(bppz)s is unaffected by the
paramagnetic centre and exhibits resonances within the aromatic region, from 5.36 to
7.08 ppm. Additionally, the naphthalene functionality exhibits a distant electron with-
drawing effect, which is likely driven by both the mesomeric effect and the significant
electron delocalisation, in addition to the positive inductive effect. However, it must be
emphasised that not all chemical shifts can be explained by simple considerations with
regard to inductive or mesomeric effects. Due to their significantly altered positions,
the carbon and nitrogen atoms coordinated to the paramagnetic iron(lll) core could
not be observed in the spectra, as was explained before. They are strongly influenced
by the unpaired electrons because of their link to the metal centre, which dramatically
skews their shifts and causes them to be hidden by the baseline of the spectrum.[111]
Therefore, further DFT calculations could help to narrow the zone and permit certain
observations inside a computed region.

Afterward, the stable iron(IV) complexes were analysed. Heme-enzymes, such as com-
pound | (Cytochrome P450[104, 115, 116]), are more frequently found in stable iron(1V)
complexes, which are rather uncommon, even though there have been recent reports of
homoleptic iron(1V) complexes.[117] Nonetheless, full signal assignment is seldom, if
ever, provided, particularly for other NMR active nuclei (e.g. 3C). The iron(IV) com-
plexes presented herein show a greatly altered solubility behaviour. The iron(l11)-species
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were mostly soluble in MeCN, but some iron(IV)-complexes required different solvents.
When comparing complexes with differing oxidation numbers, this must be taken into
consideration. As a result, detailed comparison of the shifts for the parental Fe!!!(ppz)3
in various solvents was done. The proton shift values difference for widely used solvents
such as THF, DMSO, MeCN, and DMF was evaluated, where the difference was ob-
served to be within 1 ppm. When taking into account the diverse spectrum of signals,
the variation may be calculated to be around 1%. This leads to the conclusion that the
solvents utilised have a negligible influence on the chemical shift.

The same methods that were described above were used to measure, classify, and in-
terpret the spectra of the iron(1V)-species. While the proton resonance shifts (tab. 4.3)
are similarly sharp like to the iron(lll) complexes (FWHM . = 36.73 Hz; 84.77 Hz for
the ortho-positioned proton), they exceed the aforementioned 100 ppm range by far.
However, this shows that the fac-geometries for the iron(lll) and -(1V) in solution are
equivalent. Two unpaired electrons in the triplet ground state are present on the metal
centre as a result of oxidation, which directly impacts resonance shifts and has a stronger
impact on ortho-positioned protons. This would imply that no conformational changes
occur during the oxidation to iron(lV) and subsequent reduction to iron(I1l) within a cat-
alytic cycle. Conformational complex stability during photosensitization redox processes
may result in a greater TOF and a longer life span of the catalyst. A change in the
electron density distribution causes the signals to be greatly downshifted, compared to
the iron(lIl)-congener, to around -187 ppm (tab. 4.3) for the phenyl-ring and ~32 ppm
within the pyrazole ring, for the protons in the closest adjacency to the metal centre.
Nonetheless the functional groups effect pattern, as described in the previous section
stays unchanged. Protons farther from the metal centre can likewise exhibit this effect.

The proton resonances of the diamagnetic iron(ll)-species lie within the range of 8.31
to 6.01 ppm. Within these resonances, the mer-species is easily discernible due to the
threefold increase in resonances. The signals overlap sometimes but may be distinguished
using standard 2D-NMR methods. Unfortunately, detectable complexes of [Fel(p-
CF3ppz)3] ™, [Fe!!(bppz)s]*, [Fe!!(Fppz)s]* and [Fel!(naphpz)3]* could not be
produced. Due of the instability noted before, free ligand was also seen in every reduced
complex within the spectra of the complexes. [Fe!!(3Me-ppz)3]* was reduced, but
the phenyl-signals could not be assigned to their respective position. Nonetheless, the
quantity of signals confirmed a successful reduction to the mer-complex, even if not for
all complexes. The true cause of the varying reducibility could not be determined, but
a number of factors need to be taken into account, such as the solvent, the functional
group's nature, or other factors like the reducing agent, which could adversely affect the
stability towards a successful reduction and destroy the complex in the process.

In conclusion, the complexes based on the iron(lll)-configuration could be reduced,
to iron(Il) and oxidised to iron(IV). Throughout analysis of the complexes via NMR-
spectroscopy showed the influence of the functional groups on the shift of the chemical
resonances. Especially a close vicinity of protons to the paramagnetic centre lead to dras-
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tic offset of the proton resonances. Despite challenging stability of the reduced species
and solubility of the oxidised species, signal assignment could be done in most cases.
Additionally, the symmetry-breaking reduction of the complexes could be observed, while
also displaying the stability of the fac-isomers for the iron(l11/1V)-species. Those insights
could aid in develop a long-lived catalytic process, when the redox-behaviour is taken
into consideration.

4.2.3 13C-NMR Spectroscopy

The 13C-resonances may be ascribed in addition to the proton resonances being cor-
rectly assigned to their positions. Using the previously described toolkit, all of the data
could be recorded and their assignment successfully deducted. Only the non-substituted
complex Fe!!I(ppz)3 is shown in fig. 4.14 and data for the other complexes are included
in the appendix.

A) B)
1 1
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* A
A ‘ 1 ; 3
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T T T T T T
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Chemical shift / ppm
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Figure 4.14: A) [Fe!Y (ppz)3]" showing the fac-species only. Measured in MeCN at 298 K; B) Structure of
the two isomers, left: fac-isomer with three equivalent ligands, right: mer-isomer with three in-

equivalent ligands; C) Fe!'I(ppz)3 showing the fac-species only, measured in MeCN at 298 K; D)
[Fe'l(ppz)3]™ reduced in THF, signal assignment not visualised (see appendix).
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Table 4.4: 13C-NMR data of mer-[Fe!!(ppz)3]Na, Fe!!I(ppz); and [Fe!V (ppz)3]PFs (position as marked in
fig. 4.14) in comparison, data for other complexes is summarised in the supporting information.
Spectra were recorded in THFg (iron(ll)) or MeCN (iron(lIl) and iron(1V)).

Position

u > ¢ A ® vV | <4

1974 | 1375 | 117.3 | 117.9 | 1082 | 1405 | 122.9 | 106.3 | 140.9
[Fell(ppz)s]~ | 198.8 | 122.4 | 123.4 | 1185 | 108.1 | 134.9 | 122.1 | 106.6 | 142.9
201.9 | 122.5 | 118.5 | 117.9 | 107.2 | 136.3 | 120.7 | 106.9 | 144.4

Fe!l(ppz)3 - 389.1 | -92.7 | 239.9 | -74.8 | 396.6 | 100.2 | 117.0 | 122.9
[Fe!V(ppz)s]* | - 498.9 | -680.2 | 621.1 | -594.3 | 632.4 | 288.4 | 27.9 | 417.7

Complex

Because the ligands are magnetically inequivalent, the meridional configuration upon
reduction to the iron(Il) complexes results in a tripled number of resonances, as can
be observed in the proton resonance shifts. Spectra were obtained using standard pulse
algorithms for 13C-NMR, as the diamagnetic composition of the complexes leads to
resonances within the predicted range for this kind of metalorganic iron-complexes.

There are very few examples of the assignment of 13C-NMR resonances for param-
agnetic compounds in common literature, much alone the full recording of the signals.
Resonances are often broad and cover a large range. As a result, signals become non-
measurable, making full signal assignment impossible. Using the previously indicated
methods, the resonances for the iron(I1l) and iron(IV) complexes reported here were
successfully assigned.[110] With the exception of the ligator atoms, whose wide reso-
nance is probably substantially shifted and too broad to discern from the base line, all
carbon resonances could be seen in this context. The spectra were divided into many
sections due to the complexes’ decreased solubility, which resulted in smaller spectral
widths being recorded. When the resonances were assigned with a HMQC pulse pro-
gram, the 1H- and 13C-signals produced distinct cross-peaks.

As a result, it was possible to assign resonances to every iron(lll) and iron(IV) complex.
This is one of the earliest paramagnetic complexes that we are aware of, possessing
almost all 13C-NMR resonances in two distinct oxidation states.

A distinct resonance pattern was found, with values that were very highfield shifted
next to values that were significantly downfield shifted; this produced an alternating res-
onance pattern that is exemplary described in tab. 4.4 for Fe!!! (ppz)s. For iron(l1l), the
resonances range from strong upfield shifts of -92.7 ppm to noticeably downfield changes
of 396.6 ppm. As was previously noted for other iron(lll) complexes, the influence of the
functional groups changes the 13C-resonance slightly downfield in the case of electron-
donating groups and highfield in the case of electron-withdrawing groups.[118, 119]
Additionally, in DFT calculations of the spin density distribution, shown in fig. 4.15, this
distinct resonance pattern of the iron(I11/1V) complexes may be observed. Consequently,
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4.2.3. 13C-NMR Spectroscopy

it can be said that the resonance shift of a particular nucleus directly represents its spin
density, and that the unpaired electron has an impact on this shift.

Figure 4.15: Spin density plot of the PBEh-3c optimized fac-FelI!(ppz)3 structure. Left: isovalue of 0.0005;
Right: 0.0001.

In this case, the aromatic ring may be significantly influenced by the unpaired electron,
leading to a mesomeric resonance structure. Furthermore, the functional groups’ effect
is evident, causing the '3C-resonances to change appropriately. It is noteworthy that
the iron(1V) species exhibits a far stronger effect from the complex’s paramagnetic core.
Resonances between 498.9 and -680.2 ppm are produced by the purportedly two un-
paired electrons. Here, too, the alternating pattern observed in the iron(lll)-species is
evident. It is evident from an iron(lll) and iron(IV) complex mesomeric resonance struc-
ture that structural stabilisation is possible. According to this, a stable photocatalyst
may be produced by a reactional pathway that converts iron(ll) to iron(IV) and back.
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4.3 Mossbauer Spectroscopy and Magnetic
Measurements

The following data has been recorded and analysed by Serhiy Demeshko and Ajdin
Velic. Mdssbauer spectroscopy is mostly used to differentiate between iron(lll) and
iron(1V).[120]

To substantiate that the redox processes occur only on the metal centre, all complexes
were investigated by M&ssbauer spectroscopy, which are shown in fig. 4.16. The obtained
isomer shifts were determined to be 0.03 mms~! and -0.07 mms ™1 for the iron(lll) and
iron(IV) compounds, respectively. In addition, the quadrupole splitting for the iron(l11)
species was found to be 1.85 mms~!, while the iron(IV) compound showed a quadrupole
splitting value of 0.91 mms™—!. Consequently, all complexes can be confirmed as low-spin
complexes in the respective oxidation state of +I1I and +IV.[120] In addition, magnetic
measurements were performed for the paramagnetic iron(ll1) and (V) complexes.

Relative intensity

Figure 4.16: >"Fe Méssbauer spectra of species iron(Ill) (blue) and iron(IV) (red) recorded at 80 K. Iron(IV)
recorded in a BN matrix.

Magnetic susceptibility measurements show the X ;T values of 0.66 and 0.93 cm3mol~1K
at 295 K for iron(lll) and iron(lV), respectively (fig. 4.17).
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Figure 4.17: Experimental X yMMT vs. T values for iron(lll) (triangles) and iron(IV) (circles). The coloured
lines represent the best fits with parameters: g = 2.38, TIP (temperature independent paramag-
netism) = 460-107° cm3mol ™1, Weiss temperature © = 0.18 K for iron(l1l) and g = 1.95, d =
119 cm~? for iron(IV).

These values a closed to the expected spin-only values of 0.375 cm3mol~! (for S = %)
and 1.0 cm®mol 1K (for S = 1). The substantial decrease in the magnetic moment be-
low 100 K for iron(IV) can be explained by the large zero-field splitting D = 119 cm—!.
Therefore, magnetic measurements reveal the S = % and S = 1 spin states and addition-

ally confirm the low-spin d° and d* configurations for iron(I11) and iron(IV), respectively.

4.4 Ground State Characterization

An essential component of optimising a possible photosensitizer is examining its pho-
tophysical characteristics. The functional groups’ inclination may reveal the subsequent
stages of ligand- and therefore, complex-synthesis. Comparing the absorptive and emis-
sive behaviour and the redox-parameters reveals the complexes capability to split water
successfully.

441 CV

Cyclic voltammetry in MeCN, under light exclusion, was used to determine the redox
characteristics of the studied compounds. As electrolyte, the tested solutions (103 M)
of the different compounds included 0.1 M tetrabutylammonium hexafluorophosphate
([BusaN]PFs). The numbers presented below are in comparison to Fc/Fc and are shifted
5 uA against each other for better comparison.
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Figure 4.18: Cyclic voltammograms of all investigated complexes (10~3 M) in MeCN with 0.1 M [BugN]PFg
as electrolyte at a scan rate of 100 mV/s under light exclusion. Plots are shifted 5 pA, starting

from FeHI(Fppz)3.

The electrochemical properties are summarised in tab. 4.5.
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Table 4.5: Electrochemical properties of the complexes, with 1073 M in MeCN with 0.1 M [BusN]PFg as

electrolyte.
Complex Fe(rrymmny /V | Fearryivy IV | Fevigana /V | AE /V (P)

Fe(ppz)s3 -1.80 (rev) -0.26 (rev) 1.17 (irrev) | 2.97 (418 nm)
Fe(MeOppz); -1.78 (rev) -0.23 (rev) 1.11 (irrev) | 2.89 (429 nm)
Fe(3Me-ppz)3 -1.93 (rev) -0.31 (rev) 1.14 (irrev) | 3.07 (407 nm)
Fe(bppz)s -1.73 (rev) -0.21 (rev) 1.17 (irrev) 89 (429 nm)
Fe(naphpz)s -1.68 (rev) -0.22 (rev) 1.08 (irrev) 76 (449 nm)
Fe(m-CF3ppz)3 | -1.50 (rev) 0.07 (rev) 1.542 (irrev) | 3.04 (408 nm)
Fe(p-CF3ppz)s | -1.56 (rev ) | -0.02 (rev) 1.49 (irrev) | 2.72 (452 nm)
Fe(Fppz)s -1.44 (rev) 0.06 (rev) 1.36 (irrev) | 2.80 (435 nm)

@ Anodic peak potential

b Calculated from the difference of E; /;(ligand) and E; j(Fe!?/11T).

The difference in intensity of the signals in fig. 4.18, is most likely due to the differences
in solubility of the complexes. Especially Fe(naphpz)s displays a better solubility in
THF or DMF, but was characterized in MeCN for better comparison to the other com-
plexes.

In the potential window for all complexes, three redox-processes were discovered. Tran-
sitions attributable to an iron(I11/IV) redox-mechanism are seen in the -0.26 to 0.07 V
range.[75, 117, 121] These values are comparable to those in the compound [Fe(ImP),]?*
(0.08 V) discussed earlier, which contains two cyclometalating moieties. Except for
Fe(m-CF3ppz)s, functionalisation of the meta-position in the phenyl unit did not signif-
icantly alter the iron(111/IV) redox-potentials relative to Fe(ppz)s. An anodic change in
the oxidation potential is found here, consistent with the stabilisation of metal-based lev-
els by the electron-drawing CF3-group. The similar pattern is observed for the iron(l1/I11)
redox reactions, which occur between -1.50 and -1.80 V. The effect of the position of the
CF3-group is rather marginal, showing no increased or decreased effect. For both metal-
based processes, the para-position of the functional group results in a decrease of the
redox-potential, however the value remains higher than the non-functionalised species.
Within the complexes with EWG-groups, Fe!!I(Fppz)3 shows one of the smallest elec-
tronic band gap. This demonstrates, that the impact of direct functionalities could even
increase the effect of these.

Irreversible ligand-based oxidation occurs above potentials of 1 V. Despite the fact that
these processes are irreversible, the results may be used to evaluate the effect of dif-

ferent substituents on the electron density in the ppz-ligand scaffold. While Fe(bppz)s
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has the same oxidation potential as Fe!!I(ppz)s, the cathodically altered oxidation
potentials of Fe(MeOppz)s and Fe(naphpz)s imply an enhanced electron density
on the coordinating phenylene. This is in line with the findings in crystal structures,
which show that longer Fe-N bonds are produced by higher electron densities from
EDG. Fe(m-CF3ppz)3 exhibits the most anodically shifted ligand oxidation as a result.
Electro-chemical bandwidths for an LMCT transition may be found by comparing the
iron(l1/111) transition and the difference between the ligand oxidation potential. Since
all complexes greatly exceed the band gap of [Fe(ImP),]?T (2.47 V), their band gaps
represent the same trends. Fe(ppz)3 (2.97 V) and Fe(m-CF3ppz)3 (3.04 V) have the
highest E values.

Since only facial complexes were synthesised, comparison to the behaviour of merid-
ional complexes is impossible. Since the meridional form consists of two trans phenyl
ligands, assumptions of lengthening of the Fe-C bond might be reasonable, therefore
leading to a destabilised HOMO and LUMO. As a result, meridional isomers tend to be
slightly easier to oxidize and reduce.[82]

The weak m-accepting ability of pyrazole-based ligands has been described before.[82,
122] Through m-backbonding, the pyrazolyl ligands do affect the energies of metal or-
bitals, whereas the effect on the HOMO is rather weak. The m-accepting ability of
pyrazolyl is therefore comparably low, in comparison the pyridyl or terpyridyl based lig-
and systems.[82] Further research could therefore combine the positive affects of more
than one ligand scaffold.

The iron(l1l)/iron(IV) redox potentials may be connected to the HOMO energy levels,

which mostly have a metal character. MSc. Lorena Fritsch performed the calculations,
which were published in the literature, for the five standard complexes.[99]
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Figure 4.19: The geographical distribution of the frontier orbitals of the five primary complexes was determined
via TPSSh/def2-TZVP.[99]

The computed HOMOs' energy order trend follows the observed CV data.
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Figure 4.20: The HOMOs and LUMOs of the DFT predicted spin up and spin down orbitals are displayed in
the molecular orbital schemes that TPSSh calculated for each of the five main complexes. The
calculations were done by MSc. Lorena Fritsch.[99]

With an oxidation potential of 0.07 eV and the most stabilized HOMO at -5.12 €V, in par-
ticular, Fel!!(m-CF3ppz)3 exhibits the highest level of oxidation. Fe!!!(MeOppz)s,
Fe!!l(ppz)3, Fel!(naphpz)s, and Fe!!(bppz)s have HOMO energy values with only
small deviations of -4.40 eV, -4.54 eV, -4.59 eV, and -4.62 eV, respectively. These values
are in agreement with the small deviations for the experimental potentials of 0.23 eV,
-0.26 eV, -0,22 eV and 0.21 eV, respectively. The iron(ll)/(Ill) redox potential can be
connected with the metal-based § LUMO. Fe!!!(m-CF3ppz)3 exhibits the lowest neg-
ative potential for the reduction, at -1.50 eV, and, as predicted, has the lowest LUMO
energy in the calculations, at -2.56 eV. This is because a lower negative potential for the
reduction corresponds with a lower orbital energy. Following this, the predicted LUMO
energies of Fel!I(naphpz)3 (-2.17 &V), Fel!l(bppz)s (-2.07 &V), Fe!’I(MeOppz);
(-1.84 eV), and Fe'!(ppz)3 (-1.98 eV) all marginally increase, reflecting the rising neg-
ative potentials of -1.68 eV, -1.73 eV, -1.78 €V, and -1.80 eV, respectively. Additionally, it
is possible to compare the lowest ground state LMCT energies (excluding excited states)
computed from CV potentials to those obtained from the energy differences between
the HOMO-28 and LUMO B (fig. 4.20, red arrow). Although the observed potential
differences are usually somewhat larger by 0.3-0.7 eV when the difference between the
frontier orbitals is taken into account, the order for FeIH(m—CF3ppz)3, which has the
greatest anticipated LMCT energy of 3.70 eV (calculated) and 3.04 eV (experimental),
Felll(ppz)3 (3.67 V/2.97 &V), Fel!I(bppz)s (3.36 €V/2.90 eV) and Fe'!!(naphpz)3
(3.19 eV/ 2.76 €V) remains the same. The calculations only indicate the lowest energy
difference for Fe!!/(MeOppz)3 (3.16 eV/2.89 €V), whereas the experimental 6E; pcT
reveals the second smallest.
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4.42. UV-Vis

4.4.2 UV-Vis

Due to the greater stability of the complexes in butyronitrile (BuCN, ch. 4.4.4), with
a concentration of 107> M, UV-Vis spectra were acquired in order gain reliable results.
The final pictures are shown in fig. 4.21.
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Figure 4.21: Absorption spectra in BuCN for the investigated compounds (10~> M). Inset: 330 to 550 nm
absorption region. Top: Parental non-substituted complex, complexes with EDG and 7-system

extension. Bottom: Complexes with EWG, inset focuses on absorption behaviour from 330 to
550 nm.
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4. Characterisation

For a better overview the graph was divided between the parental complex, EDG-
functionalities and 7-system extension (top) and complexes with EWG-functions (bot-
tom). The absorption behaviour can be summarised in tab. 4.6 slightly easier to oxidise

and reduce.[82]

Table 4.6: Electronic properties of the reported complexes, in BuCN (10—5 M).

Complex

Aabsmax / nm

(¢ / cm~ 1M~

8|

Amaxend / nm

Fe'™ (ppz)s

109 (6.18)
346 (1.63)
450 (0.64)

522

Fe!’I(MeOppz)3

290
356
453

580

Felll(3Me-ppz)3
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353
430

6.45
0.62
0.39
2.59
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36
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343
440

540

Fe!’I(naphpz);

362
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Three zones may be identified in the spectra. Intensive absorption bands are visible in
the high energy range below 325 nm. These are ascribed to transitions between 7 and
7*. As a result of the extended m-systems, Fe!I (bppz)3 and Fe!!!(naphpz)s exhibit
the greatest intensities within this region.

Between 350 and 400 nm, the complexes exhibit a pronounced feature, which is the
most intense for Fe!!I(naphpz)s at 362 nm. The remaining complexes show less in-
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4.42. UV-Vis

tense, blue shifted signals at 346 nm for Fe!!!(ppz)3, 350 nm for Fe!!!(m-CF3ppz)s,
356 nm for Fel!I(MeOppz)3, and 343 nm for Fe!!I(bppz)s. Origin of this absorption
is presumably a MLCT.[98] Above 375 nm and 400 nm (for Fe!!! (naphpz)3), all com-
plexes exhibit a broad absorption band. This is especially prolonged Fe!!f(MeOppz)s,
Fe!!l(naphpz); and Fe!!!(Fppz)s.

No fluorescence of the complexes could be detected. To determine the origin of the
absorption bands, theoretical calculations or further analyses like transient absorption
are possible. Additional DFT calculations (vide infra, fig. 4.22) were made by MSc.
Lorena Fritsch. TPSSh calculated vertical transitions (shown in the appendix, tab. A4)
for Fel!I(ppz)3 were compared to the measured UV-Vis-spectrum.
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Figure 4.22: TPSSh calculated vertical transitions for the fac-optimised structure of FeIH(ppz)g, in compar-
ison with the experimental UV-Vis spectrum. Analysis of excited states is shown from 0 to -1.
Further analysis of designated transitions a-h can be found in the appendix tab. A4. Adapted from
literature.[99]

Calculations show that the bands’ composition inhibit both MLCT and LMCT transi-
tions. The MLCT transitions, however, have a dominant character, which are significantly
higher for phenylpyrazolyl-based ligands, than their phenylpyridyl congeners, as shown in
iridium and ruthenium metal centres.[82] This is counter-intuitive to the previously re-
ported iron(l11) complexes, since they exhibit mainly energetically low LMCT-absorptions
and, in general, MLCT-absorption only as an exception.[76, 77, 121] The unique ligand
design employed here is the source of this atypical behaviour. The interaction of pyrazole
and phenylene as donors generates m and w*-orbitals, which are at the correct energy
distance from the metal orbitals to allow for energetically lowest mixed MLCT/LMCT
bands with a dominant MLCT character. Due to this exceptionally strong donor envi-
ronment, created by the ligand, no fluorescence could be detected by any of the com-
plexes. This is also unexpected, as other iron(lIl) complexes showed impressive excited
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4. Characterisation

state lifetimes. According to the literature, through an ISC the excited state exchanges
from an 2MLCT into a *MLCT, from which possible fast relaxation into energetically
lower *MC states occurs.[123] One possible reason is that in these bidentate complexes,
breathing and deformation modes lead to this deactivation pathway, which is not con-
ceivable in the more rigid tridentate [Fe(ImP),] ", which emits from both 2MLCT and
2 MCT.[121, 124, 125] Fac-Ir(ppz)3 exhibits higher emission energies and longer life-
times than penylpyridyl-based analogues, especially in glassy matrices.[82]

Apart from the possibility of chemically oxidising and reducing the complexes, no se-
quential measurements of the in-situ species were achievable. The complex’s limited
solubility in its iron(IV) species complicates measurement in a suitable solvent. The in-
stability and rapid production of byproducts during complex reduction makes reliable
measurement of pure complexes difficult. Spectroelectrochemistry experiments, as an
estimation, bridge the gap between the iron(lll) and iron(ll) /iron(IV)-species.

4.4.3 Spectroelectrochemistry

To trace the optical absorption in relation to their oxidation states, the spectra were
recorded while applying a change in adequate voltage.
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Figure 4.23: Change in the absorptive behaviour of FeIH(ppz)g with an applied potential of: left: 0.5-2 V,
right: -2 to -2.5 V.

The Oxidation of the complex Fel!!(ppz)3 (exemplarily in fig. 4.23, for the rest see
appendix) at around 1.3 V decreased the formerly high absorption bands at 346 and
442 nm, simultaneously a band at 660 nm arises, while the solution changed colour
from yellow via green to blue. Chemical oxidation of the complex with oxidants like
AgPFg gave a deep blue solution of [Fel!! (ppz)3]*t, which was also confirmed by NMR
and mass spectroscopy. Further analyses of these species was done by NMR in ch. 4.2.
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4.4.4. Behaviour under lllumination

The oxidative species, predominantly soluble, showed reversibility in bulk, without the
formation of insoluble by-product, as well as a red-shifted, broadened absorption band.
Electrolysis with voltages at -2 V generated an unstable species, which origin is presum-
ably the reduced iron(ll) species. Longer time periods at this voltage gave by-products
in the spectra. For both redox-processes an over-voltage was required.

While oxidation of the complex produces a rather stable iron(IV)-species, reduction
leads to an unstable iron(Il)-complex and additional precipitation of a colourless solid.
This behaviour could also be seen for the other five standard complexes. These spectra
are summarised in the appendix, concluded in the complexes spectra. Behaviour of the
complexes with functional group is similar to the parental complex.

4.4.4 Behaviour under lllumination

The behaviour of examined complexes under continuous irradiation was investigated to
evaluate possible implementation as photoactive chemicals. The experiment was carried
out using a 300 W Xenon lamp and wavelengths ranging from 390-800 nm to observe
changes in the complex geometry or stability. Therefore 1H-NMR spectra were compared,
before and after illumination (fig. 4.25).
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Figure 4.24: Experiments on complex stability for all functionalities 'H-NMR. Comparison of FeHI(ppz)3
before irradiation (blue); after irradiation: Fe''I(ppz)s (red), Fel'!(m-CF3ppz)s (green),
FelI(MeOppz)3 (purple), FellI(bppz)s (yellow) and Fel!!(naphpz)s (orange, decreased solu-
bility weakens signal intensity), FelTf(3Me-ppz)3 (bright green) in deuterated MeCN via.[99]

As seen in the plotted 'H-NMR spectra, 24 h of illuminating the complex solution results
in the increase of resonances in the aromatic region, while simultaneously, the complex-
signal decrease or vanish completely. This behaviour is observable for all the complexes
mentioned here. A ne species seem to form only during the illumination of the solutions,
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4. Characterisation

leading to the conclusion, that the complex solution is not stable under these conditions.
In terms of stability, nine deuterated solvents were tested and could be visually assessed
(fig. 4.25), to further examine the solvent influence itself. The experiment was conducted
for Fel!I(ppz)3 exemplarily.

Irradiation
Oh 24 h
Acetone o, |—
THF
B -, | omm— z)
DMSO
t] ) =~ - N 5 ]
DCM
- | [—D
Methanol

Benzene = D

)
Toluene I —
Butyronitrile | e |
Chloroform | s E

Figure 4.25: Irradiation of FeIH(ppz)3 in deuterated MeCN, left: before irradiation; right: after 24 h irradiation
with a 300 W Xenon lamp.

Changes were noticeable, with the previously yellow liquids displaying precipitated solid
or darkish solutions after irradiation. Especially noteworthy are the darkening solution in
acetone and THF, and the complete precipitation of the complex in chloroform. Precipi-
tation in toluene and chloroform resulted in a dark blue solid, which might as well be the
oxidised iron-complex. To further access the behaviour in different solutions, TH-NMR
spectra were recorded before and after the illumination (fig. 4.26). Therefore potential
solvents for catalytic applications can be assessed.
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Figure 4.26: Irradiation of FeIH(ppz)3 in deuterated solvent, from bottom to top: blue: before illumination in
toluene; from there upwards after illumination: toluene (red), THF (green), DMSO (purple), DCM
(yellow), BuCN (orange), benzene (grey), acetone (red), 2Me-THF (blue).[99]

Measurements in acetone, DMSO, THF, dichloromethane, methanol, benzene, toluene,
chloroform, butyronitrile (BuCN) and 2-methyltetrahydrofuran (2-MeTHF) showed that
the complex was only broad band stable in the last two solvents. In those two solvents,
no by-product formation could be detected. With assistance from mass spectroscopy
(found: m/zexp = 287.1268) and additional 2D-NMR spectra, the C-C-homocoupled
ligand-dimer 2,2'-di(1H-pyrazol-1-yl)-1,1'-biphenyl (m/z:peo = 286.1218) was identi-
fied as the main decomposition product after illumination of Fe(ppz)s.
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Figure 4.27: Mass spectrum of Fe'!!(ppz)s after irradiation in MeCN, highest signal belongs to the resulting
C-C-homocoupled product 2,2'-di(1H-pyrazol-1-yl)-1,1"-biphenyl (m/z;pe, = 286.1218).[99]
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4. Characterisation

Accordingly, irradiated Fe!(ppz)3, and the functionalised complexes as well, undergo
reductive ligand elimination. The C-C-coupling mechanism (fig. 4.28) is presumably
close to the related Co(ppz)s3 complex, which was already investigated by THOMPSON
et al..[98]
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Figure 4.28: Proposed degradation mechanism after illumination of the initial Fef(ppz)3 complex towards
2,27-di(1H-pyrazol-1-yl)1,1 biphenyl. Adapted from literature.[98, 99]

The reason for this solvent-dependent behaviour needs to be explored in the future. The
UV-Vis-spectra had to be accordingly recorded in BuCN and the CV was conducted un-
der light exclusion. In this context, the use of 2-MeTHF might be a promising alternative.
Its good miscibility with water, beneficial stability and its possible origin from renewable
sources makes it a promising candidate for applications in organometallic catalysis.[126]

Additionally interesting is the time frame in which the degradation occurs. Therefore,

time-dependent measurements with a specified concentration of a Fe!! (ppz)3-complex
solution were measured and the integrated signals were compared.
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Figure 4.29: Left: NMR-spectra after irradiation for (from bottom to top): 0, 3, 5, 10, 16 h, referenced against
TMS; Right: Decomposition of Fe(ppz)s, time against relative concentration of the signal at
6.21 ppm for two protons at the coupled ligand and 7.90 ppm, for three protons at the complex.
Calculation included the relative intensity, multiplied by their fracture of the protons. The linear
regression shows a slope of -0.0144 h—1.[99]

About 4% of the complex disintegrated during the first five hours of radiation, and 15%
did so after 16 hours. This indicates that even after 24 hours of light, at least 85% of
the complex remains intact, indicating a first order reaction (fig. 4.29) with a break-
down constant of k = -0.0144 h—1. With the linear plot of the time against the natural
logarithm of the complex and ligand concentration, the slope was determined as 0.0014
and the intercept as -0.014, with a R-square of 0.96.

Lastly, a variety of wavelengths were used to monitor the breakdown of FelI(ppz)s. In

order to facilitate wavelength-dependent measurements, bandwidth filters at 320, 360,
and 390 nm as well as long-pass filters at 400 and 495 nm were installed.
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Figure 4.30: Decomposition of FeIH(ppz)3, with different filters. Blue: before irradiation; red: 320 nm band-
width filter, green: 360 nm bandwidth filter, purple: 390 nm bandwidth filter; yellow: 400 nm
longpass filter, orange: 495 longpass filter. At 7.90 ppm complex signal, additional diamagnetic
species in yellow spectra is the product of the reductive elimination.[99]

Decomposition only occurred for wavelengths higher than 400 nm and smaller than
495 nm. Therefore, excitation into the broad band composed of 2LMCT and ?MLCT
transitions leads inevitably to decomposition of the compound, whereas the 2MC-transitions
do not lead to decomposition.

A tentative explanation reiterates the absence of luminescence: Excitation of the 2MLCT
state leads to ISC into the *MLCT state, which relaxes into a *MC state. Due to popu-
lation of the anti-bonding metal based -orbitals, the bonds of the pyrazole to the iron are
elongated further or completely dissociated, as seen in photochemically induced ligand
release, allowing the coordination of solvent molecules and possibly leading to reductive
elimination.[127]
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4.5 Hard X-Ray Spectroscopy

The electronic structure of selected complexes was further accessed by synchrotron
X-ray spectroscopy. The samples of the complexes Fe!!!(ppz)s, Fe!!l(m-CF3ppz);
and FelI(bppz)s could be measured at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, at the beamline 1D26. Advanced calculations were made
by MSc. Ms. Fritsch and have been reported previously.[99]

The techniques of X-ray absorption (XAS) and X-ray emission (XES) spectroscopy are
helpful in obtaining electronic and structural details about metal complexes.[128] In the
pre-edge of the XANES (X-ray absorption near edge structure) region, transitions from
the 1s to the lowest unoccupied molecular orbital (LUMO) occur in K-edge spectra. For
d® transition metals, the LUMO usually contains high fractions of the metal d-orbitals.
Since 1s — nd transitions are dipole forbidden, intensity increases by ligand mediated hy-
bridisation with metal p-orbitals. Information on the complex’s geometry and symmetry
is gained, since the overlap depends on these parameters.[129] By measuring its energy,
the prepeak also offers details about the oxidation state. Since the signal line-width
is inversely proportional to the lifespan of the observed final states (HERFD-XANES),
it is possible to identify a defined emissive final state and improve the experimental
resolution.[130, 131]

XES examines the relaxation processes after the photoionization described above.[132,
133] Core-to-core (CtC)-XES spectra result from 3p — 1s transitions, where information
about the spin state, the oxidation state of the metal and the covalency of the bond
between ligand and metal is obtained due to the 3p-3d exchange interaction. 3d — 1s
transitions are the origin of valence-to-core (VtC)-XES spectra.[134]
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Figure 4.31: Experimental XANES (a) and VtC (c) spectra of Felll(ppz)s, Fe!'I(bppz)s, Fe!'I(CF3ppz)s
and comparison of experimental and calculated XANES (b) and VtC (d) spectra exemplary for

FelI(ppz); with main character of acceptor (b) and donor (d) orbitals accountable for the
peak.[99]

The experimental XANES (fig. 4.31) was compared to theoretically calculated XANES

(fig. 4.32), which has also been done for the VtC spectra of the three complexes,
FeIII(ppZ)3, FeIII(bppZ)3, FeIII(CF3ppz)3_

The XANES spectra of Fel!!(ppz)s, Fe!!I(bppz)s and Fe!!I(CF3ppz)s shown in
fig. 4.31 look nearly identical, indicating the very similar chemical and electronic struc-
ture in all three compounds. Due to the non-inversion symmetric character of the Cs-
point group, hybridization leads to two prepeak signals at 7111 eV and 7114 eV. These
two prepeaks imply accessible empty states in the non-degenerate ligand field states.
TDDFT calculations based on the TPSSh functional along with the def2-TZVPP basis
set and the def2/J auxiliary basis set furthermore show, that the first signal at 7111
eV can be ascribed to iron dy,-orbitals as acceptor orbitals. The second signal at 7114
eV shows the transitions to the d,>_ 2 /,> orbital set. Because of the greater number of
accessible holes in this d-orbital set, the intensity is substantially higher here, indicating
a low-spin state. This is also confirmed by CtC spectra (fig. 4.33), showing just a small
splitting between the KB1 3 main line at around 7058 €V and the KB’ signal at 7045 eV
for the three complexes.
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Figure 4.32: Comparison of experimental and calculated XANES (a, b) and VtC (c,d) spectra with main char-
acter of acceptor (a,b) and donor (c,d) orbital components for pyrazol (Py) and phenyl (Ph)
accountable for the peak.[99]
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Figure 4.33: Experimental CtC spectra of FeHI(ppz)3, FeHI(bppz)3 and FeIH(CF3ppz)3.[99]

Moreover, none of the complexes show a shift in the XANES spectra signal, indicating
that all oxidation states are the same. Therefore, it may be inferred that all of the com-
plexes that are being studied here share this characteristic.
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In the further course, two features appear at 7120 and 7124 eV. The first signal at
7120 eV emerges mainly from transitions into the pyrazole C, orbitals and the signal
at 7124 eV can be related to transitions into the phenyl C, orbitals. While the spectra
at 7120 eV overlap exactly, small differences become apparent in the further course at
7124 €V. This can be attributed to the different substituents on the phenyl, shifting the
Cp orbitals in energy. The slight shift to higher energy follows the order Fe!ll(CF3ppz)3
< Felll(ppz)3 < Fe!!l(bppz)s and shows the electron withdrawing and donating ef-
fects of CF3- and phenyl-substituents, respectively.

The VtC spectra, in fig. 4.31, show a similar behaviour. For analysis DFT calculations
using the TPSS functional along with the def2-TZVPP basis set and def2/J auxiliary ba-
sis set for the RI-J approximation are used. The computed spectra and the experimental
data show good agreement. This allows the main peak at 7109 €V to be attributed to
transitions from the phenyl Cp-orbital with an admixture of iron-d-orbitals (20%) in all
cases. The shoulder at 7106.5 €V can be attributed to transitions from the N-orbitals
of the pyrazole with an admixture of iron-d-orbitals. At lower energies the cross-over
transitions are located. From 7101 to 7105 eV transitions from the phenyl- and pyrazole
p-orbitals and around 7085 to 7100 eV from ligand s-orbitals.
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4.6 Advanced NMR Characterisation

The effectiveness of pNMR approaches is demonstrated by the accurate resonance as-
signments in sec. 4.2. These methods also provide new insights into how these complexes
behave in solutions, which may provide new information on catalytic applications. As
a result, it is possible to measure the resonance’s temperature dependency, the total
shift, and the relaxation process. Regardless of the data collecting challenges, adapted
pulse sequences and measurement parameters for paramagnetic complexes allows for the
collection of structural information that would otherwise be hidden by their diamagnetic
counterparts.[110]

4.6.1 Total Shift Determination

In paramagnetic complexes, the observed chemical shift (67°t2) is made up of contribu-
tions from the diamagnetic (§9/2™) and paramagnetic (65°"%, hyperfine or paramagnetic)
shifts. The temperature-dependent shift §7°"° is composed of the (fermi-) contact (§$°")
and the pseudo-contact (67°°") shift with varying pronounced ratios.[111, 135]

grotel—  gdiam 4 ghare (4.6.1)
§p2re = ggon 4 gbeon (4.6.2)

The predominant NMR shift in this context is referred to as §7°°" and is the consequence

of dipolar-coupling, which are frequently temperature-dependent and result from spin-
spin interactions.[105] Unpaired electron trough-bond transfer generates §7°°", which is
directly related to the adjacent nucleus” electron density. Since the experimental assess-
ment is difficult, one way of determination is via DFT computations.[105, 135] Further
comprehension of the behaviour in solution and following excitation can be aided by
the longitudinal relaxation time T; and their temperature dependency relative to the
appropriate resonance. Influence of the unpaired electron, and therefore the electron den-
sity distribution, on the ligand scaffold is temperature dependent as well, which may be
directly related to catalytic electron transfer reactions of these iron complexes. Consider-
ing the predominantly LMCT-based photoexcitation of iron(I11) complexes, the electron
density distribution and its ability for electron-transfer to the metal centre crucially char-
acterises the catalytic activity.[99] With the temperature dependent measurements and
assignment of the composition of the proton shift (eq. 4.6.1 and eq. 4.6.2), predetermi-
nation of reaction conditions could be established by this methods.

Typically, 69’-‘"3 is more dominant than §92™  therefore the effect of chemical prop-
erties and functional groups may be marginal.[111] For direct comparison to iron(ll1)-
complexes, the diamagnetic congener is usually a gallium(lll)-complex or the free lig-
and. Since fac-Fe!I(ppz)3 was successfully reduced to the diamagnetic complex mer-
[Fe!!(ppz)s3]~, so that the calculations of §2°*@/ can be carried out without detours.
67" is either dominated by the contact §°" or pseudo-contact 65°°" term. §5°" has
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a linear dependence of the inverse temperature (T—!). Spin-orbit coupling in 67°°" has
an influence and leads to a dependency of T~2.[111, 136] This component may be
identified by analysing the resonance shift as a function of temperature. Calculating
the overall major chemical contribution can be calculated by eq. 4.6.1. Since the other
complexes’ behaviours could be roughly defined as being similar, transferability could be
assumed for all of them as well. These computations were demonstrated for the unfunc-
tionalised parental complex. Consequently, Fel!I(ppz)3 the 'H-NMR resonance shifts

were recorded from 253 to 333 K (fig. 4.34).
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Figure 4.34: "H-NMR-resonance shift for Fe!!(ppz)3 from 253 to 333 K (from 253 to 273 K in 10 K steps,
from 273 to 333 K in 5 K steps).

The resonance signals do not sharpen or expand considerably when temperature in-
creases or decreases. Therefore, the FWHM at different temperatures was determined
for comparison. This steady behaviour is demonstrated by the highest (FWHM (333
K) = 15.80 Hz) and lowest (FWHM (253 K) = 15.60 Hz) temperatures for the trans-
positioned proton. This is not the case for the iron(IV) species, which may indicate
exchange mechanisms, yet unidentified, within the complex (FWHM (333 K)= 15.60
Hz, FWHM (243 K)= 10.40 Hz). The proton resonance shift of paramagnetic com-
plexes drifts low field with increasing temperature, as previously established in other
iron(111) complexes such as [(TSMP),Felf[Ky (TSMP = tris-skatylmethylphosphonium)
and [(TSMP),FefV].[108, 137] The degree of the shift is proportional to the distance
between the proton and the iron(lll) centre; closer protons exhibit a bigger shift.

When the resonance shift is plotted against the temperature, the linearity of the iron(lll)
and iron(IV) species can even be seen more clearly (fig. 4.35).
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Figure 4.35: Temperature dependent shift of FeIH(ppz)3 against the chemical shift in ppm for the respective

position. Left: FelTI(ppz)s; Right: [Fe!V (ppz)3]T. Dashed line: signal on the pyrazole, straight
line: signal on the phenyl part.

With these, the fit parameters were summarised in tab. 4.7.
The chemical shifts are temperature sensitive, with a maximum temperature dependent-

Table 4.7: Fit-parameters (intercept and slope) for Fel!!(ppz)3 and FeIV(ppz)3 for fig. 4.35.

Position
Complex
> @ A v |
I Slope 0.28 -0.001 | 0.03 0.02 -0.03 | 0.04 0.06
Fe’**(ppz)3
Intercept | -159.50 | 8.30 -14.17 | -7.62 22.49 | -16.29 | -28.12
v Slope 4.32 0.29 1.43 0.90 0.86 0.95 2.12
Fe'” (ppz)3
Intercept | -386.38 | 16.32 | -75.19 | -76.21 | 27.35 | -77.32 | -178.28

coefficient (CT) at the ortho-proton of the phenyl-ring with (8exp/dT) = 0.28 22% for
iron(l11) and 4.32 287 for iron(IV). Other positions produce a slope in a range of -0.03
to 0.06 257 for iron(Ill) and 0.29 - 2.12 B2 for iron(IV), respectively. The slight neg-
ative slope may imply non-Curie behaviour, but since the values are relatively low and
only occur in two positions (only on the iron(lll) complex), in the remaining positions
Curie-behaviour and hyper-Curie behaviour can still be expected.[138, 139]

Unfortunately, the temperature shift per kelvin is insufficient for the application of the
iron(111) (Fel!I(ppz)3) in temperature-dependent paraSHIFT applications.[106] The
steady line widths with temperature change may be beneficial, but the CT values are
too low, in comparison to similar complexes.[140] Additionally, paraSHIFT agents should
exhibit a T? relaxation time of 0.37 - 2.4 ms, to allow fast acquisition times.[106] This
application would at least be possible for the iron(IV) species with CT = 4.32 ppm/K
and relaxation times of 14 - 147 ms. Therefore, measurements in albumin serum solution
could be considered to compare these to other MRI paraSHIFT agents.
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The inverse temperature is plotted against the chemical shift for each proton to estab-
lish the major contribution to the paramagnetic shift 59’-‘"3. In the event of a dominant
contact shift 65°”, a linear behaviour based on Curie’s rule that depends on T-1is seen.
In the event of a pseudocontact shift dominated contribution, an extra T~2 dependency
develops, which includes the contribution from the Boltzmann-distribution of inhabited
states.[104, 108, 141]

Curie Law : 877" = % (4.6.3)

- _ )D
Boltzmann—D. :§s—1 = (%)3251‘;’73-[1 — %] (4.6.4)
= BT 1+CT? (4.6.5)

Note: A = Contact coupling constant /J, A = Plank constant /J-Hz_l, g = Average g-tensor, ug =
Bohr magneton gyromagnetic ratio /JK™!, k = Boltzmann constant /JK=1, T = Temperature /K,
g /&L = Anisotropic g-tensor, D = ZFS parameter.

Both examples were plotted to identify the best fit, and the R%-values for both plots
were compared.
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Figure 4.36: Plot of the temperature dependence in case of: Left: Curie’s law applies; Right: dominant
Boltzmann-distribution, fit with A=0. Plot was exemplarily plotted for FeIH(ppz)3 at temper-
atures from 253 to 333 K.

The temperature dependent signals for Fe!/I(ppz)s display a linear function of the
inverse temperature, thus indicating a behaviour according to the Curie-law (eq. 4.6.1).
Additionally, the intercept of at 1/T = 0, does not represent 8 4i2m, as has been reported
in the literature. Temperature induced spin-crossovers can occur, as in (X[FeaL3])3*
(L = 1,3-bis(3-(pyridin-2-yl)-1H-pyrazol-5-yl)benzene), where a low-spin turns into a
high-spin configuration or vice versa.[141, 142] The signals do not merge nor do the
Curie-plots show any curvature, implying that relatively modest dynamic processes of
the complex, i.e. no conformational rearrangement, occur in the solution and that no spin
crossover is seen, therefore the Curie-law behaviour is constant across the temperature
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range studied. The spectra reveal just the fac-isomer and no traceable decomposition,
demonstrating thermodynamic and kinetic stability in addition. The only concern that
developed was the low temperature solubility of certain compounds. Observations at
lower temperatures, on the other hand, may be necessary to complete the picture.

The overall orbital shift might be determined using the diamagnetic shift from Fe!!I(ppz)s3,
as detailed below (tab. 4.8). For this, the iron(l11) and iron(IV) species three magnetically
inequivalent states of the reduced iron(Il) complex and the free ligand were calculated
individually (tab. 4.8).

Table 4.8: Determination of the total chemical shift by eq. 4.6.1 and the use of the paramagnetic and the
diamagnetic shift FeIH(ppz)3.

Red. Position
Complex Speci

pecies | ), A v <
Fell(ppz)s | Ligand | -67.94 | 1532 | 2.01 |6.55 |20.93 | 3.09 | -1.59
Fe!I(ppz); | 1° -67.85 | 1471|137 |[6.12 |21.26 |290 |-2.22
Felll(ppz); | 2° -67.95 | 14.48 | 1.37 | 6.01 |21.20 | 273 |-2.56
FellI(ppz); | 3° -68.43 | 1448 | 127 |590 |21.09 |273]-2.98
FelV(ppz)s | Ligand | -180.35 | 22.33 | -75.20 | -25.92 | -23.10 | 3.29 | -24.59

a) The complex Fel’I(ppz)3 and Fe!V(ppz)s, as well as the free ligand have been

CD3CN, the Fe!f(ppz); was measured in THF-dg

b) Numbered ligand of mer-Fe!l(ppz)3

measured in

To summarise the findings, the contribution of paramagnetic or hyperfine shift 677" is
most likely dominated by the pseudocontact shift. This may be induced by the non-
centrosymmetric nature of the complexes. This allows for both isotropic and anisotropic
contributions to the chemical shift. Furthermore, the computation of the chemical shift
with the free ligand or the mer-complex species is in good agreement despite the solvent-
problem, with the variation on respective shifts being within 1 ppm. The comparison of
the changes to computed temperature dependence values was unsuccessful. Considering
the broad shift range, no comparable situation has been reported for these cases, further
analyses are necessary.
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Summary and Outlook

This chapter provides a conclusion based in the research data provided in ch. 3 and
ch. 4. A short review of the data will show the purpose of this research, contextualizes
the data to the literature and summarizes the findings. By adding recommendations and
an outlook for further research, a continuation of this topic might be provided.

5.1 Summary and Conclusions

An essential step towards renewable energy sources could be by water splitting as an in-
spiration to develop a novel energy landscape. By using solar radiation for photocatalysis,
energy production might be revolutionised and carbon-based emissions could be reduced.

One aim of this thesis was the synthesis of complexes with the previous synthesised
ligands. The ligands use N-arylated heterocycles, specifically phenyl-1H-pyrazole, as a
motif. Utilising copper as a catalyst, the synthesis makes use of cross-coupling pro-
cedures and Ullmann-type condensation. Variously functionalised phenylbromides and
pyrazoles are reacted with copper(l) oxide as a catalyst, caesium carbonate as a base,
and salicylaldoxime as a co-catalyst in the ligand synthesis process, in excellent yields
during 24-48 hours. The ligand scope includes various substitutions, with the intention of
examining their effects on the metal centre in the complex formation that follows, elec-
tron donating or withdrawing, as well as w-system expansion on the phenyl or pyrazole
part, impacting the electron density distribution within the aromatic rings. Challenges
occurred when applying multiple substitutions, where the pattern of substitutions did
not always result in the anticipated outcome.

The synthesis of an iron-based bidentate complex with the previously described ligands
was the second goal of this thesis. The complex synthesis involves two critical steps:
ligand activation by orthometalation and transmetalation via an appropriate iron precur-
sor, building an iron-carbene and iron-nitrogen bond. One important element influencing
the activation process is the proton’s acidity in the ortho-position of the phenylpyra-
zole ligand, which could be deprotonated by reagents as n-BulLi and EtMgBr. For
transmetalation, a ligand-grignard solution is reacted with an iron precursor solution.
The iron-precursor (FeBry)THF1 5 is freshly prepared and added to the deprotonated
ligand. The resulting complex is obtained through further workup, including removal
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of grignard-based residues, washing, and drying. The complexes synthesized include
Fe!!I(ppz)3, Fe'''(3Me-ppz)s, Fe!!!(MeOppz)3, Fe''! (bppz)s, Fe''! (naphpz)s,
Fe!!l(p-CF3ppz)3, Fe!'!(m-CF3ppz)s and Fe!!!(Fppz)s. Yields vary, with n-BulLi
activation resulting in higher yields, up to 48% for Fe!!!(3Me-ppz)3. Complexes with
additional ligands or substitutions on the pyrazole were challenging to isolate, and sep-
aration issues were encountered.

Third aim was a throughout analysis of theses complexes, especially concerning their
ground and excited state behaviour and redox properties. First, analysis of the single
crystals, generated by the slow diffusion technique, displayed a fac-only, C3-symmetric,
distorted octahedral geometry, forming both A- and A-enantiomers, which could not be
separated. The functional groups of the ligand influenced structural factors such as Fe-N
and Fe-C bond lengths, chelate bite angles, and trans angles. DFT calculations agreed
with crystallographic data and indicated thermodynamic stability of fac-conformers for
most complexes. Especially successful is the analysis through NMR spectroscopy. The
existence of unpaired electrons in iron(lIl) and iron(IV) complexes makes them para-
magnetic, causing issues in NMR characterisation. Because of the large chemical shift
ranges and resonance widening generated by unpaired electrons, paramagnetic transition
metal complexes are challenging to study and the corresponding pulse programs were
carefully chosen. The complexes revealed sharp signals in the 'H-NMR spectra, in line
with a fac-complex. Attempts were made to chemically reduce and oxidise the com-
plexes to iron(I1) species, resulting in significant colour shifts for both directions. For the
iron-complexes a switch from fac- to the mer-isomer occurred, resulting in an instability
and prevented isolation. /n situ oxidation to iron(IV) species gave blue to green solids,
though solubility decreased with increased ligand scaffold size.

The investigated compounds exhibit three redox processes within their potential window.
The iron(I11/1V) and iron(l1/111) redox potentials are influenced by different substituents,
but the impact is marginal. The ligand-based redox process shows irreversibility in all
cases. The electrochemical bandwidths indicate trends in electronic properties, in line
with a small influence of the functional groups. The computed HOMO energies correlate
with experimental CV data, providing insights into oxidation potentials and metal-based
orbitals.
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Figure 5.1: Achieved Complexes within this work, after previously synthesizing ligands and successful complex-
ation, throughout analyses gave in-depth insights into their characteristics.

After stability test of the complexes in various solvents, butyronitrile did not lead to
complex segregation during irradiation. The spectra reveal three distinct zones, includ-
ing intense absorption bands below 325 nm attributed to transitions between 7- and
m*-orbitals. A pronounced feature within 350 and 400 nm suggests a metal-to-ligand
charge transfer (MLCT) process. Above 375 nm, a broad absorption band is observed.
Theoretical calculations support MLCT and ligand-to-metal charge transfer (LMCT)
transitions, with the MLCT dominating and being more pronounced. The unexpected
absence of fluorescence in all complexes can be attributed to the strong donor environ-
ment created by the ligands, which suppresses the emissive behaviour by low-lying MC
states. No catalytic active reaction, especially not water-splitting, could be discovered

93



5.2. Outlook

since there were no catalytic active states.

Selected complexes, including Fe!!!(ppz)3, Fe!!!(m-CF3ppz)s, and Fe!!!(bppz)s,
underwent synchrotron X-ray spectroscopy at ESRF, Grenoble, utilizing X-ray absorp-
tion (XAS) and X-ray emission (XES) techniques. XAS probed transitions from 1s to the
LUMO, revealing insights into geometry, symmetry, and oxidation state. Pre-edge fea-
tures in XANES spectra indicated low-spin states with accessible empty states. CtC spec-
tra supported a low-spin state as well, showing minimal splitting. VtC spectra analysis
showed agreement between experimental and calculated data. The main peak (7109 eV)
represented transitions from the phenyl Cp-orbital with iron-d-orbitals. Shifts in spectra
indicated electron-withdrawing and donating effects of substituents on the phenyl ring.
Albeit with marginal impact on the metal centre. Overall, the study provided valuable
electronic structure details for the examined iron complexes.

The effectiveness of advanced pNMR techniques could already be demonstrated by
successful resonance assignment, for most complex even in all three oxidation states.
Techniques allow measuring temperature-dependent resonance, total shift determina-
tion, and insights in relaxation processes. Despite challenges, adapted pulse sequences
enable collecting structural information for paramagnetic complexes, revealing hidden
details compared to diamagnetic counterparts. In paramagnetic complexes, the ob-
served chemical shift (67°%@') combines diamagnetic (69/3™) and paramagnetic (67°"%)
shifts. The temperature-dependent shift 677" includes fermi-contact (§$°") and pseudo-
contact (65°°") shifts. Notably, §7°°", arising from dipolar coupling, depends on adjacent
nucleus-electron density, affecting the ligand scaffold temperature behaviour. Prelimi-
nary demonstrated on Fe!!I(ppz)s, showing linear behaviour in chemical shift versus
inverse temperature which indicates a Curie-Weiss-like behaviour. While potential ap-
plications like paraSHIFT-agents are considered, the low temperature shift per Kelvin
for Fe!!I(ppz)3 challenges its use in temperature-dependent applications, although it
could be considered for the iron(I1V)-species.

In summary, the study provides in-depth insights into the electronic and structural as-
pects of iron(lll)-complexes with phenylpyrazole based ligands through advanced spec-
troscopic techniques, paving the way for understanding their behaviour in solution and
potential catalytic applications for photoactive compouns.

5.2 Outlook

The results presented here are just a minor step towards catalytic active iron-complexes.
Additionally the understanding of the complexes presented here are still part of ongoing
research. Despite the impressing NMR-spectroscopic investigations, numerous questions
remain unsolved. DFT-calculations could assists in some of these problems, like the
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extensive search for the remaining signals in the 'H- and !3C-spectra. Likewise, the
chemical shift could not be explained to its full extent, like the different impact on the
shift in paramagnetic compounds on proton and carbon signals. The Orbach-relaxation
was shortly introduced here, but its full impact n iron(ll1) and iron(1V) complexes must
be compared to related complexes, to get a full picture on relaxation pathways.

Thus, further steps towards photoactive iron-complexes is still ongoing. The synthe-
sis presented here can be used as inspiration to improve the ligand structure positively.
The next logical step towards new complexes would be to combine ligands with different
functional groups. Therefore, push-pull systems with both EDG and EWG could be imple-
mented, or the better absorptive behaviour of the m-conjugated bbpz or naphpz could
compliment the characteristic behaviours. As demonstrated by VUKADINOVIC et al., two
ligands with contrary effect on the electron distribution on iron-NHC complexes.[147]
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Figure 5.2: Possible new reaction pathways towards novel PS. Left: Push-Pull Systems with countering func-
tional groups, middle: varying functional groups on different ligands, right: addition of better -
accepting ligands.

Furthermore, the bidentate structure not only offers the freedom of tuning the ligand it-
self, but also the potential of building heteroleptic bis-tridentate complexes. By carefully
selecting o-donating and m-accepting components, the adaptability grows dramatically
and numerous functions may be implemented. First steps in this direction were made,
by change of the starting material from Fe(THF); 5Bry to Fe(bpy)Bra. These showed
the desired heteroleptic complex, when the reaction conditions were the same as for the
homoleptic complexes, introduced in ch. 3.2.

Third alternative direction of complex synthesis here, the redirecting effect of the pyra-
zole amine is missing, which complicates the ligand activation. The formerly used grig-
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nards might be able to activate the phenyl-carbene, hence tests towards ligand activation
is inevitable. Secondly, the activation of the pyrrole on the desired position demands
further research. Here preconditioned syntheses with imidazole as carbene-functionality
might give insight for possible bases for deprotonation. The interplay between the two
separate deprotonations needs delicate adjustments of the reactions conditions. Correct
choice of the iron-precursor could also help in complexation.
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Experimental Details

The following chapter summarizes the used general working techniques, spectroscopic
methods and synthetic pathways. Detailed insights are given in the corresponding liter-
ature.

6.1 General Information

Unless otherwise described, the syntheses were carried out under inert conditions, work-
ing with standard schlenk-techniques under dry argon atmosphere (Argon 5.0). Glassware
was evacuated by oil pump vacuum (1-1073 mbar), heated and refilled with argon at least
three times. Dry solvents were taken from a solvent purification system from MBRAUN
of the type SPS-800. Other solvents were dried according to the literature.[148] All sol-
vents were flushed with argon for 15-30 min prior use. As an alternative the pump-freeze
method was used. The degassed solvents were used directly by using syringes, which were
flushed several times with argon, and septum technique. The products were purified by
column chromatography with silica 60 or aluminum oxide and the corresponding solvents
noted. Used chemicals were purchased from the company MERCK/SIGMA-ALDRICH,
TCI, THERMO FISCHER SCIENTIFIC and ABCR. Chemicals were used without further
purification, with their assigned purity. Exception were solvents for UV-Vis-spectra and
Cyclic Voltammetry, which were HPLC grade for spectroscopy.

6.2 Analytical and Spectroscopic Techniques

Nuclear Magnetic Resonance Spectroscopy

The nuclear magnetic resonance measurements (NMR) were recorded at a BRUKER
Avance 500 (500 MHz) and a BRUKER Ascent 700 (700 MHz) spectrometer. This
includes the 1H-, the 13C-and the DEPT135-spectroscopy. Additional two-dimensional
and diffusion-ordered NMR spectroscopy was performed. The measurements were carried
out at 30°C if not noted otherwise. The chemical shifts were given at the ppm-scale
and calibrated by the non-deuterated part of the solvent.[149] Exact classification of the
signals was ensured by the use of two-dimensional NMR through COSY, HMBC and
HSQC experiments.[150] Analysis of the spectra is executed with the BRUKER TOPSPIN
NMR SOFTWARE. The failure of the relaxation time can be estimated be 1 ms since this
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represents the deviation of the used device. Calculations of the total chemical shift were
within a failure of 1 ppm since different solvents must be used in some circumstances.

Mass Spectrometry

Mass spectrometry was measured with a quadrupol time-of-flight mass spectrometer
(MS) Synapt 2G by the company WATERS. The solvent used is given with every analysis
and the result is noted in the mass-to-charge proportions m\z and compared with the
theoretical mass of the compounds.[151]

Elemental Analysis

Elemental analysis measurements were performed with a Micro Cube by ELEMENTAR
and were compared with the theoretical calculated mass.

IR

A BRUKER Vertex FT-IR spectrometer in ATR mode enabled the measurements without
the use of an extra medium.

Single Crystal X-Ray Analysis

The presented X-ray single crystal data were collected on a BRUKER Venture D8 three-
cycle diffractometer equipped with a Mo Ka p-source (A=0.71073 A). Monochroma-
tization of the radiation was obtained using INCOATEC multilayer Montel optics and a
Photon Il area detector was used for data acquisition. All crystals were kept at 120 K
during measurement. Data processing was carried out using the BRUKER APEX 4 soft-
ware package: This includes SAINT for data integration and SADABS for a multi-scan
absorption correction. Structure solution was obtained by direct methods and the re-
finement of the structures using full-matrix least squares method based on F2 were
achieved in SHELX. All non-hydrogen-atoms were refined anisotropically and the hy-
drogen atom positions were refined at idealized positions riding on the carbon atoms
with isotropic displacement parameters Ujso(H)=1.2 Ueg(C) resp. 1.5 Ugq(-CH3) and
C-H bond lengths of 0.93-0.96 A. All CH3 hydrogen atoms were allowed to rotate but
not to tip.

Crystallographic data have been deposited at the Cambridge Crystallographic Data Cen-
tre with their corresponding deposition numbers. Copies are available free of charge via
www.ccdc.cam.ac.uk.

Electro Chemistry: Cyclic Voltammetry

A METRONOHM-AUTOLAB POTENTIOSTAT PGSTAT 101 with a three electrode mode
was used to record the cyclic- and square-wave-voltammograms. A based working elec-
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trode (d = 1 mm) and counter electrode were used with an Ag/AgNO3 (0.01 M)
reference electrode. At room temperature under the exclusion of light with a inert argon
atmosphere measurements were conducted in water-free, degassed acetonitrile. Concen-
tration of the complex was 1-1073 M with NBugPFg (0.1 M) as supporting electrolyte
while Ferrocene as an internal standard was used to reference (Fc/Fc™) the measure-
ments, which was added after the original data was recorded.

X-Ray Absorption and Emission Spectroscopy

X-ray absorption and emission experiments were performed at beamline ID26 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble.[152] The electron energy
was 6.0 GeV, and the ring current varied between 180 and 200 mA. Incident energy
calibration was performed using a Fe foil. For K-edge measurements, the solid samples
were prepared as wafers using degassed cellulose as a binder to avoid self-absorption
effects. The XANES spectra were monitored using a photodiode installed at about a 90°
scattering angle and at 45° to the sample surface. To exclude radiation damage, fast
measurements over the pre-peak were carried out under the measurement conditions
(attenuated beam, cryostat to cool the sample to 80 K). No signs of radiation damage
could be detected. VtC-XES spectra were recorded at an excitation energy of 7300 eV
measured with a Johann type spectrometer.[153]

MoRbauer Spectroscopy

M@dssbauer spectra were recorded with a >"Co source in a Rh matrix using an alternat-
ing constant acceleration Wissel Mdssbauer spectrometer operated in the transmission
mode and equipped with a Janis closed-cycle helium cryostat. Isomer shifts are given
relative to iron metal at ambient temperature.

Simulation of the experimental data was performed with the mf2.SL program using
Lorentzian line doublets (E. Bill, Max-Planck Institute for Chemical Energy Conversion,
Milheim/Ruhr, Germany).

Magnetic Suceptibility Measurements

Temperature-dependent magnetic susceptibility measurements were carried out with a
Quantum Design MPMS3 SQUID magnetometer equipped with a 7 Tesla magnet in the
range from 295 to 2.0 K at a magnetic field of 0.5 T. The powdered samples were con-
tained in a in a polycarbonate capsule and fixed in a non-magnetic straw. Each raw data
file for the measured magnetic moment was corrected for the diamagnetic contribution
of the sample holder. The molar susceptibility data were corrected for the diamagnetic
contribution.

Experimental data for were modelled by using a fitting procedure to the appropriate
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Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for Zeeman splitting and zero-
field splitting: H = gugBS + D[§§-%S(S + 1)] . Temperature-independent paramag-
netism (TIP) and a Curie-behaved paramagnetic impurity (Pl) with spin S =1 (6.9 %
for iron(IV)) were included according to ccac = (1-Pl)- + Pl-cpy + TIP. Simulation of
the experimental magnetic data was performed with the julX or julX 2s program (E.
Bill: Max-Planck Institute for Chemical Energy Conversion, Miilheim/Ruhr, Germany).

6.3 Theoretical Calculations

All calculations presented here were conducted with the ORCA quantum chemistry pack-
age (version 5.0.3).[154] Unconstrained geometry optimization was performed using the
PBEh-3¢[101] composite method, whereas a frequency calculation was performed and
checked for the absence of negatives values to confirm a minimum structure. Optimized
structures are used as input for further calculations. Time depended (TD)-DFT calcu-
lations for the extraction of orbital energies and the prediction of vertical transitions
were conducted using the TPSSh functional[155] together with the def2-TZVP basis
set, as well as def2/J auxiliary basis set[156] and the RIJCOSX approximation[157] for
the Hartree-Fock component. The tight convergence criterion was imposed on all cal-
culations and the D4 dispersion correction[157] was always employed when not using
the PBEh-3c method. The conductor-like polarizable continuum model (CPCM)[158]
for MeCN accounting for solvent effects was applied. For the simulation of XANES and
VtC XES spectra, the same settings except the CPCM model were used. Whereas for
XANES the TD-DFT approach with the TPSSh basis set and the expanded CP(PPP)
basis set[159] only for iron was applied. VtC-XES spectra, were calculated based on the
DFT approach using the TPSS and CP(PPP) functional.[155] XANES transitions were
plotted with linearly increasing broadening to higher energies, starting from 0.6 (fwhm)
at the prepeak and were shifted by 155.3 €V to match the experimental spectrum. VtC-
XES transitions were broadened by 2.5 eV (fwhm) and all spectra were shifted by 170.6
eV. Ligand or atom projected VtC-XES spectra were created by taking only a set of donor
orbitals with significant populations of a given atom or fragment into account. The anal-
ysis of fractions of the molecular orbitals is based on the Lowdin population analysis,
which was extracted from the ORCA output file using MOAnalyzer (version 1.3).[160]
Spatial distributions of orbitals were visualized using IboView (version 20150427).[161]

6.4 Syntheses

6.4.1 Ligand Syntheses

General procedure of ligand syntheses

Under dry argon atmosphere, was charged with solid CoCO3 (5 equiv.), Cu20 (0.1 equiv),
functionalised brom-phenyl (2 equiv), pyrazole (3 equiv) and salycilaldioxime (0.4 equiv)
and suspended with acetonitrile and refluxed at 85°C for 72 h under vigorous stirring.
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After cooling to room temperature, suspension with DCM, the suspension was filtered
through a plug of celite and washed with additional DCM. The organic layer was washed
with water (2x150 mL) and a saturated NaCl-solution (2x150 mL). After drying with
water and removal of the solvent, the residue was absorbed on silica. Flash column chro-
matography further purified the product and was directly applied in complex synthesis.

The ligands ppz and 3Me-ppz were bought from the vendors mentioned before and
were used in complex synthesis without further purification.

1-(4-Methoxyphenyl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in s o %

the synthetic process. 1-Brom-4-(trifluoromethyl)benzol (12.9 g, 7 3 ; .
68.8 mmol) and pyrazole (7.0 g, 103 mmol) resulted in a yield of EANTY
13.4 g (77.1 mmol, 74.9%). b N=/
IH-NMR (700.38 MHz, CDCl3): § = 7.82 (d, 3Jyy = 2.28 Hz, MeOppz

1H, 6-H), 7.69 (d, 3Jyy = 1.50 Hz, 1H, 8-H), 7.58 (d, 3Jyy = 9.07 Hz, 2H, 1,1"-H),
6.97 (d, 3Jypy = 9.06 Hz, 2H, 2,2"-H), 6.43 (t, 3Jyy = 1.40 Hz, 1H 7-H), 3.84 (s, 3H,
4-H) ppm.

13C-NMR (176 MHz, CDCl3): § = 158.47 (1C, 3-C), 140.76 (1C, 8-C), 134.17 (1C,
5-C), 127.08 (1C, 6-C), 121.15 (2C, 2,2°-C), 114.72 (2C, 1,1°-C), 107.37 (1C, 7-C),
55.77 (1C, 4-C) ppm.

I5N-NMR (70.97 MHz, CDCl3): § = 300.0 (1IN, N-b), 219.5 (IN, N-a) ppm.

MS (ESI in MeCN): m\z 175.0905 (for C19H10N20 calc. 174.0793).

Elemental Analysis: calc. for C;oH19N2O: C: 68.95%, H: 5.79%, N: 16.08%, found:
C: 68.71%, H: 5.57%, N: 15.83%.

1-(4-Trifluormethylphenyl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the P
synthetic process. 1-Brom-4-(trifluoromethyl)benzol (7.05 mL, CF3\3|<j\1'a 3
50.1 mmol) and pyrazole (5.1 g, 55 mmol) resulted in a yield 2N\F 5N \ 7
of 8.92 g, (42.1 mmol, 84.1%). ! bND
'H-NMR (700.38 MHz, CDCl3): § = 7.99 (d, 3Jyp = 2.50 Hz, p-CFappz
1H, 8-H), 7.83 (d, 3Jyy = 8.40 Hz, 2H, 2,2"-H), 7.77 (d, 3Jyny

= 154 Hz, 1H, 6-H), 7.72, (d. 3Jyy = 8.43 Hz, 2H, 1,1"-H), 6.51 (t, 3Jyy = 2.34
Hz, 1H 7-H) ppm.

13C-NMR (176 MHz, CDCl3): § = 108.73 (1C, 7-C), 119.02 (2C, 2,2"-C), 123.37 (1C,
8-C), 124.91 (1C, 3C), 126.97 (m, 2C, 1,1°-C), 128.49 (m, 1C, 4-C) 142.15 (1C, 6-C),
142.73 (1C, 5-C) ppm.

I5SN-NMR (70.97 MHz, CDCl3): § = 301.47 (1N, N-b), 217.38 (1N, N-a) ppm.
YF_NMR (658.7 MHz, CDCl3): § = -62,30 (s, 3F) ppm.

MS (ESI in MeCN): m\z 213.0622 (for C19HgF3N> calc. 212.1752).
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Elemental Analysis: calc. for C1gHgF3Ny: C: 56.61%, H: 3.33%, N: 13.20%, found:
C: 58.16%, H: 3.26%, N: 13.32%.

1-(3-Trifluormethylphenyl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the 5
synthetic process. 1-Brom-3-(trifluoromethyl)benzol (7.05 mL, GFs

50.1 mmol) and pyrazole (5.1 g, 55 mmol) resulted in a yield 3 e s
of 6.42 g, (30.3 mmol, 60.5%). 2 AN
'H-NMR (700.38 MHz, CDCl3): § = 7.97 (d, 1H, 10-H), 8.0 (s, ! ND
1H, 6-H), 7.89 (d, 3Jpyy = 8.79 Hz, 1H, H-1), 7.76 (s, 1H, H-10),  pGrappz

7.58 (t, 3Jyy = 7.95 Hz, 1H, 2-H), 7.54 (d, 3Jyy = 7.74 Hz,

1H, 3-H), 6.51 (t, 3Jyy = 1.96 Hz, 1H, 9-H) ppm.

13C-NMR (176 MHz, CDCl3): § = 142.0 (1C, C-9), 140.7 (1C, C-5), 132.3 (m, C-5),
130.3 (1C, C-4), 127.0 (1C, C-2), 124.7 (1C, C-10), 123.2(1C, m, C-3), 122.2 (1C,
C-1), 116.2 (1C, m, C-6), 108.6 (1C, C-9) ppm.

I>N-NMR (70.97 MHz, CDCl3): § = 217,1 (IN, N-a) , 301,2 (1IN, N-b) ppm.
YF-NMR (658.7 MHz, CDCl3): § = -62.81 (s, 3F) ppm.

MS (ESI in MeCN): m\z 213.0632 (for C1oHgF3N2 calc. 213.0561).

Elemental Analysis: calc. for C1gHgF3Ny: C: 56.61%, H: 3.33%, N: 13.2%, found: C:
56.25%, H: 3.36%, N: 13.44%.

1-(4-Fluormethylphenyl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the syn- o
thetic process. 1-Bromo-4-fluorobenzene (7.05 mL, 50.1 mmol) Fﬁ'
and pyrazole (5.1 g, 55 mmol) resulted in a yield of 3.42 g PN
(21.1 mmol, 52.7%). T N=
IH-NMR (700.38 MHz, CDCl3): & = 7.86 (d, 3J1y = 2.63 Hz, Fopz

1H, H-7), 7.71 (d, 3Jyy = 1.60 Hz, 1H, H-5), 7.65 (m, 2H, H-3),

7.14 (m, 2H, H-2), 6.46 (dd, 3Jyy = 2.06 Hz, 3y = 2.06 Hz, 1H, H-6) ppm.
13C-NMR (176 MHz, CDCl3): § = 162.0 (1C, C-4), 160.6 (1C, C-1), 141.3 (1C, C-5),
127.0 (1C, C-7), 121.2 (2C, C-3), 116.4 (1C, C-2), 107.9 (1C, C-6) ppm.

I5N-NMR (70.97 MHz, CDCl3): § = 301.19 (IN, N-a), 217.68 (1N, N-b) ppm.
YF_.NMR (658.7 MHz, CDCl3): § = -116.00 (m, 1F) ppm.

MS (ESI in MeCN): m\z 163.0688 (for CoHgFNy™, calculated: 163.0593).
Elemental Analysis: calc. for CgH7FNo: C: 66.66%, H: 4.35%, N:17.27%, found:
C:66.47%, H: 4.68%, N: 17.55%.
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1-(3,5-Bis(trifluoromethyl)phenyl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the syn- &

thetic process. 1-Bromo-3,5-bis(trifluoromethyl)benzene (6.92 ml, ,0Fa

40.1 mmol) and pyrazole (4.1 g, 60.2 mmol) resulted in a yield of j@ ]
2.76 g (9.68 mmol, 24.6%). CF5 2 :N N 7
'H-NMR (700.38 MHz, CDCl3): 6 = 8.18 (s, 2H, 1,1"-H), 8.03 * ! ND
(d, 3Jyy = 259 Hz ,1H, 6-H), 7.79 (d, 3Jyy= 1.71 Hz, 1H, o8
8-H), 7.77 (s, 1H, 3-H), 6.56 (t, 3Jyy = 2.22 Hz, 1H, 7-H) ppm.
I3C-NMR (176 MHz, CDCl3): § = 142.71 (1C, 8-C), 141.32 (1C, 5-C), 133.29 (m,
2C, 2,2°-C), 127.03 (1C, 6-C), 125.45-120.85 (m, 2C, 4,4°-C), 119.76 (m, 1C, 3-C),
118.96 (m, 2C, 1,1°-C), 109.44 (1C, 7-C) ppm.

I>N-NMR (70.97 MHz, CDCl3): § = 301.7 (1IN, N-a), 214.7 (1N, N-b) ppm.
YF_.NMR (658.7 MHz, CDCl3): 6 = -63.1 (s, 6F) ppm.

MS (ESI in MeCN): m\z 281.0501 (for C11HgFsNo™, calculated: 280.0435).
Elemental Analysis: calc. for C11HgFgNo: C: 47.16%, H: 2.16%, N:10.0%, found: C:
47.42%, H: 2.63%, N: 9.84%.

(CF3)2ppz

1-([1,1’-Biphenyl]-4-yl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the syn- 6
thetic process. 4-Bromo-1,1'"-biphenyl (23.41 g, 100.0 mmol) and 7
pyrazole (10.20 g, 151.0 mmol) resulted in a yield of 16.70 g, 6 4 s

(75.7 mmol, 76.7%). 2L A28 % o
'H-NMR (700.38 MHz, CDCl3): § = 7.96 (d, 3Jyy = 2.42 Hz, ToN=
1H, 7-H), 7.77 (m, 3H, 6,6 ,9-H), 7.61 (m, 2H, 5,5°-H), 7.47 (m, bppz ©

2H, 2,27-H), 7.46 (m, 2H, 1,1°-H), 7.37 (m, 1H, 11-H), 6.51 (t,

3JyH = 2.12 Hz, 1H, 10-H) ppm.

13C-NMR (176 MHz, CDCl3): § = 141.40 (1C, 11-C), 140.31 (1C, 4-C), 139.58 (1C,
8-C), 139.56 (1C, 3-C), 129.10 (2C, 6,6°-C), 128.28 (2C, 2,2"-C), 127.72 (1C, 7-C),
127.18 (2C, 5,5°-C), 126.95 (1C, 9-C), 119.68 (2C, 1,1°-C), 107.93 (1C, 10-C) ppm.
ISN-NMR (70.97 MHz, CDCl3): § = 217.1 (1IN, N-a) , 301.2 (1IN, N-b) ppm.

MS (ESI in MeCN): m\z 220.1000 (for C;5H12F3N5 calc. 213.0561).

Elemental Analysis: calc. for CisH1oF3No: C: 81.79%, H: 5.49%, N: 12.72%, found:
C: 80.77%, H: 5.50%, N: 12.44%.

1-(Naphthalen-2-yl)-1H-pyrazole

The typical protocol for ligand syntheses was followed in the syn- 6
thetic process. 2-Bromonaphthalene (7.46 g, 35.0 mmol) and 57
pyrazole (4.23 g, 65.0 mmol) resulted in a yield of 6.53 g, = 4>3°\¢
(33.6 mmol, 84.0%). L Al
IH-NMR (700.38 MHz, CDCl3): 8.12 (d, 3Jyy = 2.03 Hz, 1H 1 ‘}12
. , 3). 0. , HH . z, , N=
13

4-H), 8.07 (d, 3Jyy = 2.38 Hz, 1H, 7-H), 7.95 (d, 3Jyy = 8.84
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Hz, 1H, 2-H), 7.88 (m, 3H, 5,6,11-H), 7.79 (d, 3Jyy = 1.57 Hz,

1H, 9-H), 7.53 (m, 1H, 13-H), 7.49 (m, 1H, 1-H), 6.53 (t, 3Jyy = 2.21 Hz, 1H, 12-
H) ppm.

13C-NMR (176 MHz, CDCl3): § = 141.47 (1C, 13-C), 137.83 (1C, 10-C), 133.81 (1C,
8-C), 132.09 (1C, 3-C), 129.76 (1C, 5-C), 128.18 (1C, 6-C), 128.02 (1C, 2-C), 127.25
(1C, 4-C), 127.22 (1C, 7-C), 126.13 (2C, 11-C), 118.81 (1C, 9-C), 116.63 (1C, 1-C),
108.00 (1C, 12-C) ppm.

I>N-NMR (70.97 MHz, CDCl3): § = 219.7 (1IN, N-a) , 300.6 (IN, N-b) ppm.

MS (ESI in MeCN): m\z 195.0908 (for C13H10N2 calc. 194.0844).

Elemental Analysis: calc. for C13H19No: C: 80.39%, H: 5.19%, N: 14.42%, found: C:
79.94%, H: 5.17%, N: 14.25%.
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6.4.2 Complex Syntheses

Method A

Under Argon atmosphere respective ligand (3 equiv) was suspended in tetrahydrofuran
(THF) (10 mL). Ethylmagnesium bromide (4 equiv, 0.9 M in THF) was added dropwise
and refluxed overnight. In a second round bottom flask, iron powder (12 equiv) was
added to THF solution of iron(Il) bromide (1.5 equiv) (40 mL) and refluxed overnight.
After refluxing, the flask was cooled to room-temperature and the ligand-solution was
cooled in an ethanol-nitrogen bath to -80°C. The iron(ll) bromide solution was added
dropwise and slowly warmed to room temperature under an argon atmosphere. To the
reaction mixture a solution of NH4Cl (100 mL, 15 g/L) was added, and extracted with
dichloromethane (DCM) (3x100 mL). The combined organic portions were dried with
MgSO4 and concentrated under reduced pressure. Column chromatography with silica
as solid phase and DCM as eluent was applied. The combined fractions were concen-
trated under reduced pressure and crystallized with slow diffusion of cyclopentane into
the DCM-analyte solution. After removing the crystalline product and drying at 50°C at
high vacuum, the compound was received as elemental analysis pure product.

Method B

The synthesis of the complex was conducted with methods previously described.[99] In
10 mL of tetrahydrofuran (THF), the ligand (3-Methyl-1-phenyl-1H-pyrazole) (3 equiv)
was suspended under an argon environment. Dropwise addition of n-buthyllithium (4
equiv, 2.5 M in hexanes) followed by overnight refluxing. Iron powder (12 equiv) was
added to a THF solution of iron(Il) bromide (1.5 equiv) (40 mL) and refluxed overnight
in a second round button flask. Refluxing was followed by cooling the flask to ambient
temperature and cooling the ligand solution to -80°C in an ethanol-nitrogen bath. Under
an argon environment, the iron(Il) bromide solution was added dropwise and gradually
warmed to room temperature. To the reaction mixture, a solution of NH4Cl (100 mL,
15 g/L) was added, and extracted with dichloromethane (DCM) (3x100 mL). The com-
bined organic components were concentrated under low pressure after being dried with
MgSO4. Column chromatography with silica as solid phase and DCM as eluent was
applied. The combined fractions were concentrated under reduced pressure and crys-
tallized with slow diffusion of cyclopentane into the DCM-analyte solution. Afterwards,
removing the crystalline product and drying at 50°C at high vacuum gave the compound
was received as elemental analysis pure product.
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Tris(1-phenylpyrazolato-N,C?)iron(l11)

Complex synthesis followed method A and was obtained as
yellow powder (7.45%).

Fe'’!(ppz)s

'H-NMR (700.38 MHz, CD3CN): § = -75.20 (s, 3H, 2-
H), -9.27 (s, 3H, 9-H), -5.25 (s, 3H, 4-H), -3.35 (s, 3H,
8-H), -1.15 (s, 3H, 5-H), 7.90 (s, 3H, 3-H), 13.04 (s, 3H,
7-H) ppm.

13C{*H}-NMR (176.1 MHz, CD3CN): § = 93.3 (3C, 3-
C),-75.2 (3C, 5-C) 100.4 (3C, 7-C), 118.4 (3C, 8-C), 123.1
(3C, 9-C), 240.2 (3C, 4-C), 388.1 (3C, 2-C), 394.0 (3C,
6-C) ppm.

MS (ESI in MeCN): m\z 485.1160 (for Co7H21FeNg calc. 485.1177).

Elemental Analysis: calc. for Co7Ho1FeNg: C: 66.82%, H: 4.36%, N: 17.32%, found:
C: 66.77%, H: 4.56%, N: 17.25%.

IR (ATR, [cm™1]): 3139w, 3041w, 1573w, 1506w, 1461m, 1434m, 1417m, 1398m,
1328w, 1270m, 1236w, 1193w, 1153w, 1099w, 1064m, 1043m, 1012m, 960m, 918w,
871w, 825w, 742s, 715m, 698m, 661w, 644w, 609m.

Fe(pp2z);

[Fe!V (ppz)3]PFs

'H-NMR (700.38 MHz, CD3CN): § = -187.60 (s, 3H, 2-H), -82.46 (s, 3H, 4-H), -33.62
(s, 3H, 5-H), -32.27 (s, 3H, 9-H), -30.98 (s, 3H, 7-H), -3.15 (s, 3H, 8-H), 14.91 (s, 3H,
3-H) ppm.

13C{'H}-NMR (176.1 MHz, CD3CN): § = -680.2 (d, 168.49 Hz, 3C, 3-C), -594.3 (d,
153.37 Hz, 3C, 5-C), 27.9 (d, 186.39 Hz, 3C, 8-C), 288.4 (d, 195.76 Hz, 3C, 7-C), 417.7
(d, 197.37 Hz, 3C, 9-C), 498.9 (d, 168.08 Hz, 3C, 2-C), 621.1 (d, 160.51 Hz, 3C, 4-C),
632.4 (s, 3C, 6-C) ppm.

I5N-NMR(70.96 MHz, CD3CN): § = 136.20 ppm.

MS (ESI in MeCN): m\z 485.1161 (for [Co7H21FeNg] ™t calc. 485.1177).

mer-[Fe!!(ppz)s]Na

'H-NMR (700.38 MHz, THF-dg): § = 6.08 (m, 2H, 823-H), 6.25 (t, 3Jyy = 2.18 Hz,
1H, 81-H), 6.29 (s, 1H, 92-H), 6.52 (t, 3Jyy = 7.20 Hz, 1H, 4%-H), 6.62 (m. 2H, 413-
H), 6.58 (m, 2H, 323-H), 6.77 (m, 1H, 22-H), 6.71(1H, 93-H), 6.81 (t, 3Jyy = 7.00
Hz, 1H, 3'-H), 7.05 (d, 3Jyy =1.09, 1H, 91-H), 7.08 (d, 3Jyy = 7.51 Hz, 1H, 5%-H),
7.16 (d, 3Jyy = 7.51 Hz, 1H, 53-H), 7.25 (d, 3Jyy = 6.44 Hz, 1H, 21-H), 7.27 (d,
3Jyy = 7.36 Hz, 1H, 5'-H), 7.35 (d, 3Jyy = 6.79 Hz, 1H, 23-H), 8.05 (d, 3Jyy =
2.52 Hz, 1H, 73-H), 8.16 (d, 3Jyy = 2.59 Hz, 1H, 7%-H), ), 8.22 (d, 3Jyy = 2.03 Hz,
1H, 7%-H) ppm.

13C-NMR (176.1 MHz, THF-dg): § = 17.2 (1C, 1}-C), 18.0 (2C, 123-C), 106.3 (1C,
81-C), 106.6-106.9 (2C, 8%3-C), 107.2 (1C, 52-C), 108.1 (1C, 53-C), 108.2 (1C, 5'-C),
114.1 (1C, 4°-C), 117.3 (1C, 31-C), 117.9 (1C, 413-C), 118.5 (1C, 43-C), 120.70 (1C,
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73-C), 122.1 (1C, 72-C), 122.4-122.5 (2C 223-C), 122.9 (1C, 71-C), 123.4 (1C, 32-C),
134.9 (1C, 92-C), 136.3 (1C, 63-C), 137.5 (1C, 2!-C), 140.5 (1C, 6'-C), 140.9 (1C,
91-C), 142.9 (1C, 6°-C), 144.4(1C, 93-C), 145.6(1C, 33-C) ppm.

ISN-NMR (70.96 MHz, THF-dg): § = 243.5 (N21), 247.3 (N22), 249.0 (N13), 281.0
(N1%), 283.7 (N21), 284.5 (N13) ppm.

Tris(1-(4-(trifluoromethyl)phenyl)pyrazolato-N,C?)iron(lII)

Complex synthesis followed method A and was obtained as
yellow powder (17.2%).

Fe!’I(m-CF3ppz)3

'H-NMR (700.38 MHz, THF-dg): § = -75.17 (s, 3H, 2-
H), -10.47 (s, 1H, 10-H), -3.39 (s, 3H, 9-H), -3.17 (s, 3H,
5-H), 0.27 (s, 3H, 6-H), 11.23 (s, 3H, 8-H) ppm.
BC{'H}-NMR (176.1 MHz, THF-dg): § = -93.4 (3C,
3-C), -68.6 (3C, 6-C), 108.9 (3C, 8-C), 112.6 (3C, 9-C),

126.5 (dd, 1JcF = 272.85 Hz 275.09 Hz, 4-C), 3C, 132.8 Fe(m-CF3ppz)s
(3C, 10-C), 229.9 (3C, 5-C), 361.9 (3C, 2-C), 382.0 (3C,
7-C) ppm.

I5N-NMR (70.96 MHz, THF-dg): § = 84.0 ppm.

YF-NMR (659.0 MHz, THF-dg): § = -71.5 (s, 9F) ppm.

MS (ESI in MeCN): m\z 689.0800 (for C3pH1gFgFeNg calc. 689.0799).

Elemental Analysis: calc. for C3gH1gFoFeNg: C: 52.27%, H: 2.63%, N: 12.19%, found:
C: 51.90%, H: 2.81%, N: 12.12%.

IR (ATR, [cm~1]): 3155w, 3033w, 2360w, 2335w, 1585w, 1508w, 1477w, 1396m, 1315s,
1272s, 1249m, 1159m, 1110s, 1066s, 1045s, 960m, 900m, 838w, 821w, 804m, 746s,
702m, 661m, 607w.

[Fe!V(m-CF3ppz)3]PFs

'H-NMR (700.38 MHz, THF-dg): § = -200.79 (s, 3H, 2-H), -71.12 (s, 3H, 4-H), -47.68
(s, 3H, 5-H), -41.64 (s, 3H, 7-H), -31.46 (s, 3H, 8-H), 4.28 (s, 3H, 9-H) ppm.
IBC{'H}-NMR (176.1 MHz, THF-dg): § = -679.0 (3C, 3-C), -555.9 (3C, 6-C), -9.3
(d, 188.7 Hz, 3C, 9-C), 134.07 (dd, 834.5 Hz, 270.8 Hz, 3C, 4-C), 354.4 (d, 197.87 Hz,
3C, 8-C), 435.8 (d, 159.9, 3C, 10-C), 447.2 (d, 189.4, 3C, 5-C), 573.2 (1C, 2-C), 576.9
(d, 169.7 Hz, 3C, 7-C) ppm.

YF_NMR (659.0 MHz, THF-dg): § = -155.66 (s, 9F) ppm.

Nitrogen atoms could not be detected.

mer-[Fe!!(m-CF3ppz)3]Na

'H-NMR (700.38 MHz, THF-dg): = 6.01 (s, 1H, 93-H), 6.04 (s, 1H, 92-H), 6.18 (s, 1H,
103-H), 6.30 (s, 1H, 9'-H), 6.38 (s, 1H, 10%-H), 6.45 (d, 3Jyy = 7.35 Hz, 1H, 53-H),
6.57 (s, 1H, 23-H), 6.73 (d, 3Jyy = 7.41 Hz, 1H, 5%-H), 6.84 (d, 3Jyy = 7.67 Hz, 1H,
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51-H), 6.90 (d, 3Jyy = 7.81 Hz, 1H, 63-H), 7.01 (s, 1H, 10%-H), 7.10 (s, 1H, 22-H),
7.13 (d, 3Jyy = 7.85 Hz, 1H, 62-H), 7.27 (d, 3Jyy = 7.89 Hz, 1H, 61-H), 7.62 (s,
1H, 22-H), 8.00 (s, 1H, 83-H), 8.14 (d, 3Jyy = 1.47 Hz, 1H, 82-H), 8.35 (s, 1H, 81-H)
ppm.

13C-NMR (176.1 MHz, THF-dg): § = 105.7 (1C, 63-C), 106.4 (1C, 62-C), 107.2 (1C,
93-C), 107.5 (1C, 6'-C), 107.7 (1C, 9%-C), 107.9 (1C, 91-C), 112.8 (1C, 53-C), 115.1
(1C, 52-C), 115.7 (1C, 5*-C), 121.9 (1C, 83-C), 123.2 (1C, 82-C), 123.6 (m, 3C, 1-C),
(124.1 (1C, 8-C), 125.6 (m, 3C, 7-C), 127.2 (m, 43-C), 128.7 (m, 1C, 42-C), 130.2
(m, 1C, 41-C), 135.9 (1C, 103-C), 136.5 (1C, 10'-1), 136.8 (1C, 10%-C) ppm.
I5SN-NMR (70.96 MHz, THF-dg): § = 247.5 (N21), 247.0 (N22), 242.5 (N23), 271.1
(N1%), 272.9 (N12), 281.33 (N13) ppm.

Tris(1-(3-(trifluoromethyl)phenyl)pyrazolato- N, C?)iron(lII)

The compound was received as elemental analysis pure,
yellowish-red product (10.6%).

Fe!’l(m-CF3ppz);

'H-NMR (700.38 MHz, CD3CN): § = -72.54 (s, 3H, 2- \
H), -9.98 (s, 3H, 10-H), -3.60 (s, 3H, 9-H), 1.31 (s, 3H,
6-H), 9.36 (s, 3H, 3-H), 11.75 (s, 3H, 8-H) ppm. ,©/
3C{'H}-NMR (176.1 MHz, CD3CN): § = -102.6 (d, _
165.81 Hz, 3C, 3-C), -72.6 (d, 156.01 Hz, 3C, 6-C), 91.1
(9, 265.2 Hz, 810.23 Hz, 3C, 5-C), 105.7 (d, 198.87
Hz, 3C, 8-C), 113.9 (d, 191.51 Hz, 3C, 9-C), 129.1 (d, Fe(p-CFapp2)s
198.80 Hz, 3C, 10-C), 243.5 (d, 33.1 Hz, 3C, 4-C), 375.4

(d, 136.4 Hz, 3C, 2-C), 390.1 (3C, 7-C) ppm.

I5N-NMR (70.96 MHz, CD3CN): § 84.8 ppm.

9F_NMR (659.0 MHz, THF-dg): § = -45.95 (s, 3F) ppm.

MS (ESI in MeCN): m\z 689.0798 (for C3oH1gF9gFeNg calc. 689.0799).

Elemental analysis: calc. for C3gHigFgFeNg-C4H19O: C: 53.49%, H: 3.70%, N:
11.01%, found: C: 54.16%, H: 4.07%, N: 10.26%.

IR (ATR, [cm~!]): 3143w, 3130w, 3010w, 2921m, 2852m, 1909w, 1747w, 1716w,
1664w, 1598m, 1513m, 1477m, 1444m, 1409m, 1340m, 1317s, 1269s, 1240m, 1161s,
1108s, 1070s, 1047s, 1010s, 966s, 931m, 967m, 831s, 806m, 748s, 721m, 707s, 667m,
642m, 603m, 522m.

[Fe!V(m-CF3ppz)3]PFs

'H-NMR (700.38 MHz, THF-dg): § = -182.17 (s, 3H, 2-H), -39.37 (a, 6H, 8-H, 10-H),
-25.41 (s, 3H, 6-H), -4.23 (s, 3H, 9-H), 18.48 (s, 3H, 3-H) ppm.

3C{'H}-NMR (176.1 MHz, THF-dg): § = -681.8 (3C, 3-C), -564.1 (3C, 6-C), 8.9
(3C, 9-C), 328.0 (3C, 8-C), 436.6(3C, 10-C), 463.8 (d, 160.03 Hz, 3C, 2-C), 576.8 (s,
3C, 7-C), 607.7 (3C, 4-C) ppm.
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mer-[Fe!! (p-CF3ppz)3]Na could not be achieved.

Tris(1-(4-(fluoromethyl)phenyl)pyrazolato- N, C?)iron(lI1)

Complex synthesis followed method A and was obtained as red
powder (2.73%).

Fe!'!(Fppz);

IH-NMR (700.38 MHz, CD3CN): § = -75.89 (1s, 3H, 2-H),
-10.61 (s, 3H, 9-H) -4.82(s, 3H, 5-H), -4.15(s, 3H, 4-H), -3.11
(s, 3H, 8-H), 10.99 (s, 3H, 7-H) ppm.

BC{'H}-NMR (176.1 MHz, CD3CN): § = -119.23 (
247.2 Hz, 3C, 3-C), -110.10 (d, 162.2 Hz, 3C, 5-C), 107.6 (
186.9 Hz, 3C, 7-C), 112.3 (d, 177.6 Hz, 3C, 8-C), 134.3 (
205.7 Hz, 3C, 8-C), 234.2 (d, 158.9 Hz, 3C, 3C, 4-C), 359.1

(3C, 2-C), 398.1 (3C, 6-C) ppm

YF_.NMR (659.0 MHz, CD3CN): § = 158.4 (3F) ppm.

MS (ESI in MeCN): m\z 539.0904 (for Co7H1gF3FeNg calc. 539.0894).

IR (ATR, [cm™!]): 3151w, 3153w, 3083w, 3037w, 2663w, 2320w, 1830w, 1756w,
1710w, 1591m, 1562m, 1508m, 1469s, 1421s, 1404s, 1332m, 1265m, 1240m, 1176s,
1110m, 1066m, 1041m, 1016m, 960m, 873m, 850m, 838m, 792s, 746s, 713m, 659m,
619m, 607m, 574m, 526m, 445m.

d,
d,
d,

Fe(Fppz)s

[Fe!V(Fppz)3]PFes and [Fe!!(Fppz)3]Na were not synthesized during the course of this
thesis.

Tris(1-(4-methoxyphenyl)pyrazolato-N,C?)iron(l11)

Complex synthesis followed method A and was obtained as
red powder (2.65%).

Fe!!l(MeOppz);

'H-NMR (700.38 MHz, CD3CN): § = -79.93 (s, 3H, 2-
H), -10.34 (s, 3H, 10-H), -5.36 (s, 3H, 6-H), -5.12 (s, 3H,
5-H), -3.19 (s, 3H, 9-H), 1.44 (s, 9H, 4-H), 12.06 (s, 3H,
8-H) ppm.

I3C{'H}-NMR (176.1 MHz, CD3CN): § = -106.1 (3C,
156.6 Hz, 6-C), -93.0 (3C, 3-C), 49.1 (3C, 139.07 Hz, 4- Fe(MeOppz)s

C), 103.9 (3C, 182.9 Hz, 8-C), 114.1 (3C, 191.7 Hz, 9-C)

130.1 (3C, 182.9 Hz, 10-C), 232.4 (3C, 159.9 Hz, 5-C), 360.8 (3C, 129.6 Hz, 2-C),
403.2 (3C, 7-C) ppm.
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I5N-NMR (70.96 MHz, CD3CN): § = 80.2 (N2) ppm.

MS (ESI in MeCN): m\z 575.1530 (for C3oHa7FeNgO3 calc. 575.1494).

Elemental analysis: calc. for C3oH27FeNgO3: C: 62.62%, H: 4.73%, N: 14.61%, found:
C:62.49%, H: 5.19%, N: 14.35%.

[Fe!V(MeOppz)3]PFg

IH-NMR (700.38 MHz, CD3CN): § =-192.10 (s, 3H, 2-H), -82.29 (s, 3H, 5-H), -48.29
(s, 3H, 6-H), -33.34 (s, 3H, 8-H), -30.47 (s, 3H, 10-H), -4.45 (s, 3H, 9-H), 1.9 (d, 9H,
4-H) ppm.

I3C{IH}-NMR (176.1 MHz, CD3CN): § = -756.2 (3C, 3-C), -702.5 (d, 162.8 Hz, 3C,
6-C), 29.5 (d, 182.9, 3C, 9-C), 40.0 (3C, 4-C), 286.9 (d, 189.59 Hz, 3C, 8-C), 416.5 (d,
188.6 Hz, 3C, 10-C), 428.6, (d, 160.27 Hz, 3C, 2-C), 635.7 (d, 162.57 Hz, 3C, 5-C),
681.2 (3C, 7-C) ppm.

The nitrogen atoms could not be detected.

mer-[Fe!!(MeOppz)3]Na

H-NMR (700.38 MHz, THF-dg): 6 = 6.03 (s, 3H, 93-H). 6.04 (s, 3H, 9°-H) 6.08 (d,
3JyH = 7.12 Hz, 3H, 53-H), 6.17 (dd, 3Jyy = 10.90 Hz, 2Jyy = 2.81 Hz, 3H, 5%-H),
6.21 (t, 3Jyy = 1.71 Hz, 3H, 91-H), 6.24 (s, 3H, 103-H), 6.31 (d, 3Jyy = 2.25 Hz, 3H,
23-H), 6.32 (d, 3Jyy = 2.24 Hz, 3H, 5!-H), 6.83 (s, 3H, 22-H), 6.73 (s, 3H, 10%-H),
7,00 (s, 3H, 21-H), 7.02 (d, 3Jyy = 8.20 Hz, 3H, 63-H), 7.07 (s, 3H, 10%-H), 7.08 (d,
3H, 62-H), 7.22 (d, 3Jyy = 8.21 Hz, 3H, 6%-H), 7.95 (d, 3Jyy = 2.32 Hz, 3H, 83-H),
8.05 (d, 3Jyy = 2.26 Hz, 3H, 82-H), 8.12 (d, 3Jyy = 2.06 Hz, 3H, 8!-H) ppm.
13C-NMR (176.1 MHz, THF-dg): § = 54.7 (3C, 43-C), 55.04 (3C, 4°-C), 55.2 (3C,
41-C), 101.7 (3C, 53-C), 103.6 (3C, 5-C), 104.6 (3C, 5%-C), 106.7 (3C, 9!-C), 107.1
(3C, 93-C), 107.7 (3C, 9%-C), 108.9 (3C, 62-C), 108.8 (3C, 63-C), 109.3 (3C, 6°-C),
121.3 (3C, 83-C), 122.6 (3C, 8°-C), 122.8 (3C, 23-C), 123.3 (3C, 8-C), 124.3 (3C,
22-C), 124.4 (3C, 13-C), 127.1 (3C, 1%-C), 129.2 (3C, 11-C), 129.3 (3C, 2!-C), 137.0
(3C, 73-C), 140.9 (3C, 103-C), 141.3 (3C, 10'-C), 141.4 (3C, 71-C), 143.22 (3C, 10%-
C), 143.4 (3C, 7?-C), 156.9 (3C, 3°-C), 157.1 (3C, 33-C), 157.9 (3C, 3'-C) ppm.
I5SN-NMR (70.96 MHz, THF-dg): § = 242.5 (N13), 242.6 (N12), 246.7 (N13), 246.7
(N22), 248.2 (N21), 248.4 (N23) ppm.
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Tris(3-methyl-1-phenylpyrazolato- N, C?)iron(ll1)

Complex synthesis followed method B and was obtained
yellowish-red product (48.1%)

Felll(3Me-ppz)3

'H-NMR (700.38 MHz, CD3CN): § =-72.28 (s, 3H, 2-H),
-12.42 (s, 9H, 10-H), -6.39 (s, 3H, 4-H), -2.31 (s, 3H, 8-H),
-0.58 (s, 3H, 5-H), 3.41 (s, 3H, 3-H), 13.50 (s, 3H,7-H) ppm.
13C{IH}-NMR (176.1 MHz, CD3CN): § = -121.7 (d, 189.1
Hz, 3C, 3-C), -77.5 (d, 139.4 Hz, 3C, 5-C), 7.6 (d, 129.4 Hz,
3C, 10-H), 89.3 (d, 179.2 Hz, 3C, 7-C), 213.8 (d, 179.2 Hz, Fe(3Me-ppz);

3C, 8-C), 163.2 (3C, 9-C), 238.6 (d, 159.3 Hz, 3C, 4-C), 278.7

(3C, 2-C), 377.2 (3C, 6-C) ppm.

MS (ESI in MeCN): m\z 527.1625 (for C3pHa7FeNg calc. 527.1647).

Elemental analysis: calc. for C3gHo7FeNg: C: 52.27%, H: 2.63%, N: 12.19%, found:
C: 51.90%, H: 2.81%, N: 12.12%.

IR (ATR, [cm™!]): 3141w, 3120w, 3045w, 1573w, 1556w, 1513m, 1458w, 1438m,
1375m, 1357m, 1272m, 1232m, 1155w, 1114w, 1083w, 1051m, 1010m, 950m, 927m,
846w, 744s, 713s, 659m, 644m, 619m, 514m.

[Fe!V (3Me-ppz)3]PFs

'H-NMR (700.38 MHz, CD3CN): § = -137.77 (s, 3H, 2-H), -72.16 (s, 3H, 4-H),
-34.07 (s, 3H, 5-H), -29.03 (s, 3H, 7-H), -6.64 (s, 9H, 4-H), -0.65 (d, 3Jyy = 5.6 Hz,
3H, 8-H), 39.63 (s, 3H, 3-H) ppm.

13C{'H}-NMR (176.1 MHz, CD3CN): § = -660.8 (d, 151.5 Hz, 1C, 3-C), -553.8 (d,
170.9 Hz, 3C, 5-C), -41.3 (d, 137.3 Hz, 3C, 10-C), 64.8 (d, 190,8 Hz, 3C, 8-C), 197.1
(d, 201.4 Hz, 3C, 7-C), 336.7 (d, 169.6, 3C, 2-C), 483.6 (3C, 9-C), 555.5 (d, 169.6,
3C, 4-C), 621.2 (3C, 6-C) ppm.

mer-[Fe!!(3Me-ppz)3]Na

H-NMR (700.38 MHz, THF-d8): 6 = 1.25 (s, 3H, 10%-H), 1.34 (s, 3H, 10%-H), 1.74
(s, 3H, 103-H), 5.79 (d, 3Jyy = 2.3 Hz, 1H, 83-H), 5.82 (d, 3Jyy = 2.3 Hz, 1H, 8%-H),
5.98 (d, 3Jyy = 2.2 Hz, 1H, 81-H), 6.28 (d, 3Jyy = 6.7 Hz, 1H, phenyl), 6.46 (m,
3H, phenyl), 6.57 (t, 3Jyy = 6.8 Hz, 1H, phenyl), 6.67 (m, 2H, phenyl), 6.96 (m, 2H,
phenyl), 7.17 (m, 4H, phenyl), 7.92 (d, 3Jyy = 2.4 Hz, 1H, 73-H), 8.13 (d, 3Jyy =
2.3 Hz, 1H, 7%-H), 8.23 (d, 3Jyy = 2.2 Hz, 1H, 7'-H) ppm.

I3C-NMR (176.1 MHz, THF-dg): § = 12.01, (1C, 103-C), 13.9 (1C, 10%-C), 15.1 (1C,
10'-C), 107.9 (1C, 83-C), 108.1 (1C, 92-C), 108.5 (1C, phenyl), 108.8 (1C, 9*-C), 108.9
(1C, phenyl), 109.0 (1C, phenyl), 109.2 (1C, phenyl), 114.2 (1C, phenyl), 116.1 (1C,
phenyl), 118.5 (1C, phenyl), 121.5 (73-C), 122.9 (1C, 7%-C), 122.9 (1C, 7*-C), 123.1
(1C, phenyl), 123.5 (1C, phenyl), 123.8 (1C, phenyl), 138.2 (1C, phenyl), 140.0 (1C,
phenyl), 141.6 (1C, phenyl), 146.1 (1C, phenyl), 150.3 (1C, phenyl), 150.3 (1C, phenyl),
150.3 (1C, phenyl), 150.4 (1C, phenyl), 150.7 (1C, phenyl), 152.7 (1C, phenyl), 153.6
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(1C, phenyl) ppm.
ISN-NMR (70.96 MHz, THF-dg): § = 239.7 (N13), 239.8 (N23), 244.0 (N12), 244.3
(N22), 245.9(N11), 246.1 (N21) ppm.

Tris(1-(([1,1'-biphenyl])-4-yl)phenyl) pyrazolato-N,C?)iron(111)

Complex synthesis followed method A and was obtained as red
powder (3.97%). S

Fe'I(bppz);

'H-NMR (700.38 MHz, CD3CN): § = -77.61 (1s, 3H, 2-H), 1
-10.18 (s, 1H, 13-H), -4.64 (s, 3H, 8-H), -3.21 (s, 3H, 12-H), £ \.. |
-1.74 (s, 3H, 9-H), 5.39 (d, 3Jyy = 8.19 Hz, 6H, 5,5°-H), 5.75 N "rel
(t, 3Jyw = 7.60 Hz, 6H, 6,6°-H), 7.10 (t, 3Jyy = 7.14 Hz,
3H, 6-H), 11.84 (s, 3H, 11-H) ppm). N.
BC{'H}-NMR (176.1 MHz, CD3CN): § = -77.9 (3C, 9-C), J Q
-75.8 (3C, 3-C), 106.5 (3C, 11-C), 114.7 (3C, 12-C), 114.8

(6C, 5,5°-C), 123.1 (3C, 7-C), 130.9 (6C, 6,6'-C), 133.8 (3C, Fe(bpp2)s

13-C), 154.1 (3C, 4-C), 240.6 (3C, 8-C), 365.7 (3C, 2-C), 392.5 (3C, 10-C) ppm.

MS (ESI in MeCN): m\z 713.2150 (for C45H33FeNg calc. 713.6460).

Elemental Analysis: calc. for C45H33FeNg: C: 75.74%, H: 4.66%, N: 11.78%, found:
C: 71.15%, H: 4.84%, N: 10.78%.

IR (ATR, [cm~!]): 3108w, 3056w, 3020w, 1598w, 1564w, 1502w, 1465m, 1400m,
1373w, 1330w, 1261m, 1112w, 1064m, 1047m, 1016w, 958w, 916w, 894w, 808s, 757s,
734s, 694s, 663w, 649w, 607w.

[Fe!V (bppz)3]PFs

IH-NMR (700.38 MHz, CD3CN): § = -198.19 (1s, 3H, 2-H), -81.01 (s, 3H, 8-H), -3.05
(s, 3H, 12-H), -39.16 (s, 3H, 9-H), -36.52 (s, 3H, 11-H), -34.22 (s, 3H, 13-H), 9.21/8.56
(d, 6H, 5,5°-H), 9.75 (d, 3Jyy = 7.14 Hz, 3H, 6-H), 9.99 (t, 3Jyy = 6.67 Hz, 6H,
7,7°-H), ppm.

13C- and ®N-signals could not be assigned, due to poor solubility in several solvents.

mer-[Fe!l(bppz)3]Na could not be achieved.
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Tris(1-(naphthalen-2-yl)pyrazolato- N, C?)iron(111)

Complex synthesis followed method A and was obtained as red
powder (5.31%).

Fe!!l(naphpz)s

IH-NMR (700.38 MHz, DMSO-dg): § = -85.19 (s, 3H, 2-H),
-12.51 (s, 3H, 13-H), -1.68 (d, 3Jyyy = 6.3 Hz, 3H, 4-H), -1.31
(s, 3H, 12-H), 1.10 (s, 3H, 9-H), 1.25 (t, 3Jyy = 7.10 Hz, 3H,
6-H), 8.12 (, 3y = 6.30 Hz, 3H, 5-H), 11.15 (s, 3H, 11-H),
12.83 (d, 3Jyy = 8.50 Hz, 3H, 7-H) ppm.

3C{'H}-NMR (176.1 MHz, DMSO-dg): § = -97.6 (3C, 3-C), =
-56.79 (d, 150.66 Hz, 3C, 9-C), 80.3 (d, 150.66 Hz, 3C, 7-C),
81.6 (d, 160.34 Hz, 3C, 5-C), 99.4 (d, 180.91 Hz, 3C, 12-C),
124.3 (d, 188.74 Hz, 6C, 11-C), 126.6 (d, 88.74 Hz, 3C, 13-C), 3C, 172.1 (d, 157.98
Hz, 6C, 6-C), 180.5 (d, 157.98 Hz, 3C, 4-C), 216.3 (3C, 8-C), 365.3 (3C, 2-C), 413.9
(3C, 10-C) ppm.

MS (ESI in MeCN): m\z 635.1640 (for C3gHo7FeNg calc. 635.1647).

Elemental Analysis: calc. for C3gHo7FeNg : C: 73.71%, H: 4.28%, N: 13.22%, found:
C: 74.29%, H: 5.10%, N: 12.42%.

IR (ATR, [cm™1]): 3126w, 6047w, 2917w, 2854w, 1585w, 1593w, 1560w, 1510w,
1486w, 1459m, 1405m, 1332w, 1313w, 1251w, 1197w, 1134w, 1107w, 1062m, 1037w,
977w, 935w, 889w, 856m, 831w, 736s, 682w, 651w.

Fe(naphpz);

[Fe!V (naphpz)3]PFg

'H-NMR (700.38 MHz, DMSO-dg): § = -250.70 (s, 3H, 2-H), -38.75 (s, 3H, 6-H),
-33.81 (s, 3H, 9-H), -28.05 (s, 3H, 13-H), -27.43 (s, 3H, 4-H), -24.50 (s, 3H, 11-H),
-1.07 (s, 3H, 12-H), 18.41 (s, 3H, 5-H), 26.12 (s, 3H, 7-H) ppm.

3C{*H}-NMR (176.1 MHz, DMSO-ds): § = -776.0 (3C, 3-C), -455.9 (3C, 9-C), -
116.9 (d, 158.1 Hz, 3C, 7-C), -103.2 (d, 157.3 Hz, 3C, 5-C), 46.5 (d, 184.5 Hz, 3C,
12-C), 271.7 (d, 204.69 Hz, 3C, 11-C), 356.3 (d, 211.3 Hz, 3C, 13-C), 367.9 (d, 156.2
Hz, 3C, 4-C), 379.5 (d, 156.2 Hz, 3C, 6-C), 464.4 (3C, 8-C), 482.3 (3C, 10-C), 679.8
(3C, 2-C) ppm.

mer-[Fe!l(naphpz)3]Na could not be achieved.
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DFT calculations

Table A4: Analysis of the main acceptor and donor orbital contribution to the TD-DFT calculated vertical
transitions of fac-Fe!'I(ppz)3. The lettering of the transitions a-h refers to the assigned transitions.
Additionally, the calculated wavelength X\ and oscillator strength f is given for the selected transitions.
Calculations performed by Msc. Lorena Fritsch.

. Main Donor Or- | Main  Acceptor Contribution
Transition . . to the tran-
bital Orbital .
sition
a 13%
A = 451 nm
f = 0.0022
11%
10%
b A A ] 13%
A=449nm| A e
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DFT calculations

11%

10%
C

84%
A = 400 nm
f = 0.0085
d 30%
A = 388 nm
f =0.0128

30%
4’

58%
A =389 nm
f =0.0108 HOMO-2 B
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e 15%
A =351 nm
f = 0.0159
12%
12%
f
68%
A =346 nm
f =0.0251
g 26%
A = 281 nm
f =0.0328
16%

LUMO+5 o
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DFT calculations

7%
10%

h

A = 264 nm

f = 0.02085
9%
7%
7%
6%

HOMO-5 B
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Figure A2: 13C-NMR spectrum for ligand (MeOppz) in CDCl3.
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Figure A6: 1°F-NMR spectrum for ligand (p-CF3ppz) in CDCls.
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Figure A27: ESI-MS spectrum of ligand bppz in MeCN.
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Figure A28: 'H-NMR spectrum for ligand naphpz in CDCl3.
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Figure A29: 13H-NMR spectrum for ligand naphpz in CDCls.
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Figure A30: 5N-HMBC-NMR spectrum for ligand naphpz in CDCl3.
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Figure A31: ESI-MS spectrum of ligand naphpz in MeCN.

152



Appendix

153



Complex Spectra

Complex Spectra

Table A5: Crystal structure data and refinement for Fe(ppz)s3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

154

TH-439-1 (TH_0188)
219100

Cs5Hag ClaFea N1

C27 H21 N6 Fe

1055.62 Da

brown

needle

119(2) K

0.71073 A

Orthorhombic

P2:12124

a = 13.6656(7) A o =90°
b = 15.4759(8) A B = 90°
c = 22.6671(11) A vy = 90°
4793.8(4) A3

4

1.463 mg/m?3

0.770 mm™1

2176

0.300 x 0.060 x 0.020 mm3
2.182 to 30.524°
-19<h<19,
-32<1<32
144195

14658 [R(int) = 0.0379]
99.8 %

Semi-empirical from equiva-
lents

Full-matrix least-squares on
F2

14658 / 0 / 641

1.075

R1 = 0.0270, wR2 = 0.0694
R1 = 0.0321, wR2 = 0.0737
0.499 e/A=3 (0.51 A3 from
H223) and -0.367 e/A~3
(0.52 A=3 from Fel)

ff}/.;,

22<k<22,
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Figure A32: "H-NMR spectrum for complex Fe***(ppz)3 in CD3CN.
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Figure A33: 3C-NMR spectrum for complex FeHI(ppz)3 in CD3CN.

155



Complex Spectra

L
r

I I I T I
10 5 0 F2 [ppm]

Figure A34: >N-HMBC-NMR spectrum for complex Fe!'!(ppz)3 in CD3CN.
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Figure A35: 'H-NMR-spectra of complex FeHI(ppz)3 from 243 to 333 K in CD3CN.
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Figure A36: Curie-Plot of complex FeHI(ppz)3 from 243 to 333 K in CD3CN on the marked positions. Dashed
line represents pyrazole-based protons, solid lines represent phenyl-based protons.
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Figure A37: ATR-IR spectrum for complex FeIH(ppz)3.
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MeCN
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Figure A38: ESI-MS spectrum of complex Fe/”(ppz)3 in MeCN.
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Figure A39: 'H-NMR spectrum for complex FeIV(ppz)3.
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Figure A40: 13C-NMR spectrum for complex FeIV(ppz)3-part 1.
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Figure A41: 3C-NMR spectrum for complex FeIV(ppz)3—part 2.
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Figure A42: 13C-NMR spectrum for complex FeIV(ppz)3-part 3.
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Figure A43: ®®N-HMBC-NMR spectrum for complex FeIV(ppz)3.

160

40 [rel]

20 30

10

-10

-20

150 100 50 0 F1 [ppm]

200



Appendix

F1 [ppm]

I I I T T
-20 -30 -40 F2 [ppm]

J\L | . 333K

1 " R 243 K

A\
T T T T T T TANT T T

' L T — T 1
20 -20 -40 -60 -80 -100 -180 -200 -220 -240
Chemical shift / ppm

Figure A45: 'H-NMR-spectra of complex FeIV(ppz)3 from 243 to 333 K.
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Figure A46: Curie-Plot of complex FeIV(ppz)g from 243 to 333 K on the marked positions. Dashed line rep-

resents pyrazole-based protons, solid lines represent phenyl-based protons.
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Figure A47: ESI-MS spectrum of complex Felv(ppz)g in MeCN.
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Figure A48: 'H-NMR spectrum for complex FeH(ppZ)3, integrated signals represent the mer-species of the

complex.
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Figure A49: I3H-NMR spectrum for complex FeH(ppZ)3, integrated signals represent the mer-species of the

complex.
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.

Figure A50: I5N-HMBC-NMR spectrum for complex FeH(ppz)3.
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Figure A51: COSY-NMR spectrum for complex FeH(ppz)3.
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Figure A52: HMBC-NMR spectrum for complex FeH(ppz)3.

=

b

Ky
L e e By B B ) Bt B B ) B B

8.0 75 7.0 6.5 6.0 F2 [ppm]

Figure A53: HSQC-NMR spectrum for complex FeH(ppz)3.
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Figure A54: NOESY-NMR spectrum for complex FeH(ppz)3.
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Figure A55: Overview of FeIH(ppz)3 CV-data. Complete overview and the different redoxcouples at scanrates
from 50 to 1000 mV/s.
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Table A6: Cyclic Voltammetry data for Fe(ppz)s at different scan rates at E; jp=-1.80 V vs. Fc/Fct

Appendix

-10,00

y=-0,2987x + 0,2691

-15,00

R?=0,9985

V2 [(mV/s)Y/2]

Scanrate | [mV/s] | 50 100 | 200 |400 |600 |800 | 1000
Epe V] -1.835 | -1.828 | -1.833 | -1.835 | -1.835 | -1.840 | -1.838
Epa [V] -1.762 | -1.765 | -1.759 | -1.762 | -1.760 | -1.760 | -1.762
Ei/ [V] -1.80 |-1.80 |-1.80 [-1.80 |-1.80 |-1.80 |-1.80
AE [V] 0.073 | 0.063 | 0.074 |0.073 | 0.076 | 0.081 | 0.076
lpe [WA] | -168 |-273 |-411 |-576 |-7.11 |-8.17 |-9.07
lpa [WA] | 164 |278 |411 |587 |7.14 |824 |9.14
lpa/lpe -0.98 |-1.02 |-1.00 |-1.02 |-1.00 |-1.01 |-1.01

e

p— 0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00

500

Figure A56: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(ppz)s E;/»= -1.80 V vs.
Fc/Fct
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Table A7: Cyclic Voltammetry data for Fe(ppz)s at different scan rates at E; p=-0.26 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 | 200 |400 | 600 |800 | 1000
Epe V] -0.296 | -0.286 | -0.289 | -0.289 | -0.289 | -0.294 | -0.291
Epa [V] -0.223 | -0.225 | -0.223 | -0.223 | -0.225 | -0.223 | -0.223
P [V] 026 |-026 |-026 |-026 |-026 |-0.26 |-0.26
AE [V] 0.073 | 0.061 | 0.066 | 0.066 | 0.063 | 0.071 | 0.068
lpe [uA] | -1.88 |-2.65 |-3.80 |-543 |-6.88 |-8.00 |-9.00
lpa [A] | 155 |241 [380 |553 |669 |7.79 |8.72
lpe/lpa -0.83 |-091 |-1.00 |-1.02 |-0.97 |-0.97 |-0.97

10,00
y=0,2915x - 0,4369

8,00 R2=0,999
6,00
4,00
2,00
<
3 000
— 0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00
-2,00
-4,00
-6,00
-8,00 y =-0,2914x + 0,2699
R? = 0,9993

-10,00
V2 [(mV/s)Y/2]

Figure A57: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(ppz)s at E;/5=-0.26 V vs.
Fc/Fct
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Table A8: Cyclic Voltammetry data for Fe(ppz)s at different scan rates at E; jp= 1.17 V vs. Fc/Fc™

Appendix

Scanrate | [mV/s] | 50 | 100 | 200 |400 | 600 |800 | 1000
Epe V] 1.126 | 1.131 | 1.123 | 1.128 | 1.128 | 1.128 | 1.126
Epa [V] 1.211 | 1.209 | 1.209 | 1.216 | 1.216 | 1.221 | 1.226
Ei/ [V] 117 | 117 | 117 |117 | 117 |1.17 |1.18
AE V] 0.085 | 0.078 | 0.085 | 0.088 | 0.088 | 0.093 | 0.100
lpe [WA] | -1.70 | -1.88 | -2.77 | -3.77 | -457 | -5.17 | -5.73
lpa [WA] | 135 202 [292 [397 |464 |512 |552
lpe/1pa -0.80 | -1.08 | -1.06 | -1.05 | -1.01 | -0.99 | -0.96
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4,00

2,00

0,00

0,00
-2,00

I [uA]

-4,00

-6,00

-8,00

y =0,1696x + 0,3651
R?=0,9883
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y=-0,1702x - 0,3571

R?=0,9965

vI/2 [(mV/s)1/2]

15,00

20,00

25,00

30,00

35,00

Figure A58: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(ppz)s at E; /o= 1.17 V vs.

Fc/ Fct
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Table A9: Crystal structure data and refinement for Fe(MeOppz)3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

170

TH-455-1 (TH_0231)
2191104
C30H27FeNg O3
C30H27FeNg O3
575.42 Da

red

block

120(2) K
0.71073 A
Trigonal

R-3

a = 19.9138(11)
b = 19.9138(11)
c = 48.704(4) A
16727(2) A3

24

1.371 mg/m?3
0.584 mm™1
7176

0.18 x 0.18 x 0.10 mm3
2.400 to 32.048°
20<h<29,
72<1<72
660843

12775 [R(int) = 0.0674]
96.8 %

Semi-empirical from equiva-
lents

Full-matrix least-squares on
F2

12775 / 0 / 505

1.143

R1 = 0.0350, wR2 = 0.0834
R1 = 0.0530, wR2 = 0.0997
0.701 e/A=3 (0.2.28 A3
from H13D) and -0.556
e/A=3 (0.64 A3 from Fel)

A o =90°
AR B =90
v = 120°

29<k<29,
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Figure A59: 1'H-NMR spectrum for complex Fe(MeOppz)3 in CD3CN.
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Figure A60: “3C-NMR spectrum for complex Fe(MeOppz)3 in CD3CN.
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Figure A61: 15N-HMBC-NMR spectrum for complex Fe(MeOppz)3 in CD3CN.
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Figure A62: ATR-IR spectrum for complex Fe(MeOppz);3
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Figure A63: ESI-MS spectrum of complex Fe(MeOppz)3 in MeCN
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Figure A64: "H-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 1.
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Figure A65: 1H-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 2.
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Figure A66: 3C-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 1.
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Figure A6T: 13C-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 2.
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Figure A68: 3C-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 3.
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Figure A69: 13C-NMR spectrum for complex FeIV(MeOppz)3 in CD3CN, part 4.
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Figure A70: "H-NMR spectrum for complex mer-FeH(MeOppz)3 in THF-dg.
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Figure A71: 23C-NMR spectrum for complex mer-Fe!!(MeOppz)3 in THF-dg.
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Figure A72: I5N-HMBC-NMR spectrum for complex mer-FeH(MeOppz)g in THF-dg.
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Figure A73: Overview of FeIH(MeOppz)g, CV-data. Complete overview and the different redoxcouples at scan-
rates from 50 to 1000 mV//s.

Table A10: Cyclic Voltammetry data for Fe(MeOppz)s at different scan rates at E; o= -1.78 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc [V] -1.746 | -1.753 | -1.751 | -1.748 | -1.751 | -1.748 | -1.751
Epa V] -1.814 | -1.812 | -1.814 | -1.812 | -1.817 | -1.814 | -1.819
Ei)2 V] -1.7¢ |-178 |-1.78 |-1.78 |-1,78 |-1.78 |-1.78
AE V] -0.068 | -0.059 | -0.063 | -0.063 | -0.066 | -0.066 | -0.068
lpc [HA] -1.18 | -161 |-234 |-335 |-411 |-471 |-533
lpa [HA] 1.27 1.80 2.52 3.59 4,37 5.03 5.57
lpc/lpa -1.08 |-1.12 |-1.08 |-1,07 |-1.06 |-1.07 |-1.04
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Figure A74: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(MeOppz)3 E; »=-1.78 V
vs. Fc/Fc™

Table A11: Cyclic Voltammetry data for Fe(MeOppz)s at different scan rates at E; o= -0.23 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc [V] -0.268 | -0.265 | -0.265 | -0.275 | -0.268 | -0.265 | -0.265
Epa [V] -0.207 | -0.204 | -0.197 | -0.199 | -0.197 | -0.199 | -0.207
Ei2 V] -0.24 |-023 |-023 |-024 |-0.23 |-0,23 |-0.24
AE [V] 0.061 | 0.061 | 0.068 | 0.076 | 0.071 | 0,066 | 0.059
lpe [WA] | -128 |-172 | 254 |-362 | -441 | -505 |-5.62
lpa [HA] 1.27 1.82 2.56 3.52 4,35 5.06 5.61
lpc/lpa -099 |-106 |-1.01 |-097 |-099 |-1.00 |-1.00
Vi72 [(mV/s) 2]

Figure A75: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(MeOppz)3 E; »=-0.23 V
vs. Fc/Fct
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Complex Spectra

Table A12: Cyclic Voltammetry data for Fe(MeOppz)3 at different scan rates at E; o= 1.06 V vs. Fc/Fct

Scanrate | [mV/s] | 50 | 100 |200 | 400 |600 |800 | 1000
Epc [V] 1.023 | 1.023 | 1.027 | 1.018 | 1.018 | 1.013 | 1.013
Epa V] 1.091 | 1.088 | 1.096 | 1.093 | 1.103 | 1.103 | 1.106
Ei/ V] 1.06 | 1.06 | 1.06 |1.06 |1.06 |1.06 | 1.06
AE V] 0.068 | 0.066 | 0.068 | 0.076 | 0.086 | 0.090 | 0.093
lpe [WA] | -129 |-1.73 | -2.10 | -3.24 | -3.84 | -4.31 | -4.72
lpa [WA] | 0.94 | 138 [1.90 |2.71 |327 |3.67 |4.05
lpc/1pa -0.73 | -0.80 | -0.91 | -0.84 | -0.85 | -0.85 | -0.86
- R e

R?=0,9943
-6,00

V2 [(mV/s)"/2]

Figure A76: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(MeOppz)3 E; ,= 1.06 V
vs. Fc/Fct
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Table A13: Crystal structure data and refinement for Fe(3Me-ppz)3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

mo_ TanHir 0256 Oma_a
C3gHo7FeNg

527.42 Da

120(2) K

0.71073 A

Monoclinic

P21/C

a = 16.4050(14) A o =90°
b = 8.9136(8)
A B =90.331(3)°

c = 16.7064(14) Ay =90°
2442.9(4) A3

4

1.343 mg/m?3

0.650 mm™1

1100

0.200 x 0.100 x 0.040 mm?
2.743 to 32.039°
-24leqgh<24, -13<k<13, -
24<1<24

259512

8504 [R(int) = 0.0686]

99.8 %

Semi-empirical from equiva-
lents

Full-matrix least-squares on
F2

8504 / 0 / 337

1.106

R1 = 0.0359, wR2 = 0.0849
R1 = 0.0413, wR2 = 0.0880

Appendix

181



Complex Spectra

Qo ™ < @ N o
x S & © IN] @
< ol B8 & N 3
<t - N N
g ] A < T
I I I I T
0 -20 -40 - 60 [ppm]
: L1 f II1 .
Figure A77: "H-NMR spectrum for complex Fe***(3Me-ppz)3 in CD3CN.
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Figure A78: 3C-NMR spectrum for complex FeHI(3Me-ppz)3 in CD3CN.
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Figure A79: ESI-MS spectrum of complex Fe(3Me-ppz)3 in MeCN
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Figure A80: ATR-IR spectrum for complex FeHI(3Me-ppz)3.
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Figure A81: 'H-NMR spectrum for complex FeIV(3Me-ppz)3 in CD3CN.
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Figure A82: 3C-NMR spectrum for complex FeIV(3Me—ppz)3 in CD3CN, part 1.
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Figure A83: 13C_NMR spectrum for complex FeIV(3Me-ppz)3 in CD3CN, part 2.
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Figure A84: 'H-NMR spectrum for complex FeH(3Me-ppz)3 in THF-dg.
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Figure A85: 13C-NMR spectrum for complex FeH(3Me-ppz)3 in THF-dsg.
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Figure A86: I5N_-HMBC-NMR spectrum for complex FeH(3Me-ppz)3 in THF-dg.
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Figure A87: Overview of FeIH(3Me-ppz)3 CV-data. Complete overview and the different redoxcouples at scan-

rates from 50 to 1000 mV/s.

Table A14: Cyclic Voltammetry data for Fe(3Me-ppz)3 at different scan rates at E; o= -1.96 V vs. Fc/Fc™

Scanrate | [mV/s] | 50 100|200 |400 |600 |800 | 1000
Epe V] -1.900 | -1.902 | -1.902 | -1.897 | -1.897 | -1.900 | -1.895
Ep. V] -1.958 | -1.963 | -1.961 | -1.963 | -1.966 | -1.966 | -1.966
E1/2 [V] 193 |-1.93 |-1.93 |-1.93 |-1.93 |-1.93 |-1.93
AE V] -0.059 | -0.061 | -0.059 | -0.066 | -0.068 | -0.066 | -0.071
lpe [WA] | -0.82 |-1.28 |-1.84 |-2.62 |-3.19 |-3.66 | -4.06
lpa [WA] | 136 |208 |318 |411 |504 |578 |6.52
lpa/lpe 165 |-1.63 |-1.73 |-1.57 |-158 |-158 |-1.61
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Figure A88: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(3Me-ppz)3 at E; /,=-1.96
V vs. Fc/Fc™t

Table A15: Cyclic Voltammetry data for Fe(3Me-ppz)3 at different scan rates at E; o= -0.28 V vs. Fc/Fc™t

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc [V] -0.346 | -0.344 | -0.346 | -0.348 | -0.344 | -0.346 | -0.346
Epa [V] -0.278 | -0.275 | -0.278 | -0.275 | -0.278 | -0.278 | -0.280
E1/2 [V] -0.31 -0.31 -0.31 -0.31 -0.31 -0.31 -0.31
AE [V] 0.068 | 0.068 | 0.068 | 0.073 | 0.066 | 0,068 | 0.066
|pc [pA] -1.35 -1.92 -2.71 -3.81 -4.66 -5.37 -6.01
|pa [pA] 1.37 1.95 2.80 3.88 476 5.51 6.14
|pa/|pc -1.02 -1.01 -1.03 -1.02 -1.02 -1.02 -1.02
o y =0,1939x + 0,0141
6,00 R? = 0,9999
- ,
3‘_ 0,00
-6,00 y =-0,1893x - 0,0211
-8,00 R?=1
vi2 [(mV/s)2]

Figure A89: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(3Me-ppz)3 at E; o= -1.12
V vs. Fc/Fct
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Table A16: Cyclic Voltammetry data for Fe(3Me-ppz)3 at different scan rates at E; o= 1.20 V vs. Fc/Fct

-2,00

-4,00

-6,00

y =-0,1311x + 0,0456

R?=0,9991

v [(mV/s)*/2]

Scanrate | [mV/s] | 50 100 200 | 400 | 600 800 1000
Epc [V] 1.081 | 1.098 | 1.105 | 1.115 | 1.115 | 1.115 | 1.118
Epa V] 1.169 | 1.184 | 1.198 | 1.210 | 1.218 | 1.220 | 1.223
Ei/2 V] 112 (114 | 115 |1l16 |1.17 |1.17 |1.17
AE [V] 0.083 | 0.085 | 0.093 | 0.095 | 0.103 | 0.105 | 0.105
| pe [A] -1.03 | -1.07 | -0.92 | -0.84 | -0.99 |-1.29 | -1.39
lpa [HA] 286 | 255 |343 349 [336 |319 |290
lpa/lpc -2.79 | -2.38 | -3.74 | -4.13 | -3.40 | -2.47 | -2.09

Figure A90: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(3Me-ppz)3 at E; o= 1.20
V vs. Fc/Fct
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Table A17: Crystal structure data and refinement for Fe(bppz)3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

190

TH-444-2 (TH_0193)
2191101

Ca6.20 H35.40 Cl2.40 Fe Ng

C45 H3zFeNg

815.53 Da

red

prism

120(2) K

0.71073 A

Trigonal

R-3

a = 14.3819(5) A o =90°
b =14.3819(5) A B =90°
c =32.0647(16) A v = 120°
5743.7(5) A3

6

1.415 mg/m3

0.605 mm~!

2528

0.200 x 0.200 x 0.180 mm?3
2.833 to 36.372°
23<h<24, -24<k<23, -
53<I<53

198137

6215 [R(int) = 0.0423]
99.7 %

Semi-empirical from equiva-
lents

Full-matrix least-squares on
F2

6215 / 0 / 157

1.046

R1 =0.0332, wR2 = 0.0909
R1 = 0.0368, wR2 = 0.0940
0.538 e/A=3 (0.65 A3
from C4) and -0.355 ¢/A—3
(0.53 A=3 from Fel)
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Figure A91: 'H-NMR spectrum for complex FeIH(bppz)g, in CD3CN.
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Figure A92: 3C-NMR spectrum for complex FeHI(bppz)3 in CD3CN.
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Figure A93: > N-HMBC-NMR spectrum for complex Fe!'I(bppz)s in CD3CN.
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Figure A94: 'H-NMR-spectra of complex FeHI(bppz)g> from 243 to 333 K in CD3CN.
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Figure A95: Curie-Plot of complex FeIH(bppz)g, from 243 to 343 K in CD3CN on the marked positions. Dashed
line represents pyrazole-based protons, solid lines represent phenyl-based protons.
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Figure A96: ESI-MS spectrum of complex Fe(bppz)s in MeCN
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Figure A97: ATR-IR spectrum for complex Fe(bppz)s
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Figure A98: 1H-NMR spectrum for complex FeIV(bppz)3 in DMSO-de.
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Figure A99: Overview of FeHI(bppz)3 CV-data. Complete overview and the different redoxcouples at scanrates
from 50 to 1000 mV/s.

Table A18: Cyclic Voltammetry data for Fe(bppz)s at different scan rates at E; 5= -1.69 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc V] -1.774 | 1777 | -1.772 | -1.777 | -1.777 | -1.779 | -1.777
Epa V] -1.699 | -1.699 | -1.696 | -1.694 | -1.699 | -1.696 | -1.696
E1/2 [V] -1.74 | -174 |-1.73 |-1.74 |-1.74 |-1,74 | -1.74
AE V] 0.076 | 0.078 | 0.076 | 0.083 | 0.078 | 0.083 | 0.081
| pe [HA] -1.12 | -1.58 |-2.24 |-3.10 |-3,76 | -4.27 | -4.75
lpa [MA] 1.36 1.67 2.19 2.95 3.54 4.01 4.43
lpa/lpe 121 |-1.06 |-098 |-0.95 |-094 |-0.94 |-0.93
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Figure A100: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(bppz)s E;/p=-1.74 V vs.

Fc/Fct

Table A19: Cyclic Voltammetry data for Fe(bppz)s at different scan rates at E; 5= -0.21 V vs. Fc/Fc™

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc V] -0.241 | -0.241 | -0.246 | -0.241 | -0.241 | -0.249 | -0.244
Epa V] -0.175 | -0.175 | -0.180 | -0.180 | -0.175 | -0.183 | -0.173
E1/2 [V] -0.21 |-0.21 |-0.21 |-0.21 |-0.21 |-0.22 |-0.21
AE [V] 0.066 | 0.066 | 0.066 | 0.061 | 0.066 | 0.066 | 0.071
| pe [MA] -0.75 | -1.09 |-155 |-218 |-2.62 |-3.04 |-3.41
lpa [HA] 0.87 1.14 1.60 2.21 2.69 3.08 3.43
lpa/lpc -1.17 |-105 |-1.04 |-1.01 |-1.03 |-1.01 |-1.01
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Figure A101: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(bppz)s at E;p=-021V

vs. Fc/Fct

Table A20: Cyclic Voltammetry data for Fe(bppz)s at different scan rates at E; 5= 1.17 V vs. Fc/Fct

Scanrate | [mV/s] | 50 | 100 | 200 |400 | 600 |800 | 1000
Epc V] 1.129 | 1.127 | 1.134 | 1.132 | 1.124 | 1.122 | 1.110
Ep. [V] 1.217 | 1.222 | 1.232 | 1.239 | 1.244 | 1.246 | 1.261
Ei/ [V] 117 | 117 | 118 | 119 [1.18 |1.18 |1.19
AE [V] 0.088 | 0.095 | 0.098 | 0.107 | 0.120 | 0.125 | 0.151
lpe [WA] | -0.49 |-058 | -0.71 | -0.95 |-1.21 |-1.33 | -1.44
lpa [WA] | 053 |064 |076 [088 |1.02 |1.08 |1.13
lpa/lpe -1.08 | -1.10 | -1.07 |-0.92 | -0.84 | -0.82 | -0.78
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Figure A102: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(bppz)3 at E; p= 1.17 V
vs. Fc/Fc™
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Complex Spectra

Table A21: Crystal structure data and refinement for Fe(naphpz);3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

200

TH-524-1 (TH_0228)
2191103

CsoH37FeNg

C39Ha7FeNg

829.74 Da

orange

plate

120(2) K

0.71073 A

Monoclinic

P21/n

a = 11.3521(10) A a =90°
b = 30.655(3)
A B =110.723(2)

c =12.3313(11) A~y =90°
4013.7(6) A3

4

1.373 mg/m3

0.425 mm™1

1724

0.280 x 0.180 x 0.100 mm3
2.030 to 30.546°
-16<h<16,
17<1<17
190973

12271 [R(int) = 0.0682]
99.9 %

Semi-empirical from equiva-
lents

-43<k<43,

Full-matrix least-squares on
F2

12271 / 0 / 550

1.131

R1 = 0.0455, wR2 = 0.1075
R1 = 0.0734, wR2 = 0.1274
1.196 e/A=3 (0.763 A3
from H405) and -0.689
e/A=3 (0.69 A=3 from Fel)
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Figure A104: 13C-NMR spectrum for complex FeIH(naphpz)3 in DMSO-dg.
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Figure A105: ATR-IR spectrum for complex Fe(naphpz)s
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Figure A106: ESI-MS spectrum of complex Fe(naphpz)3 in MeCN
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Figure A107: Overview of FeIH(naphpz)g, CV-data. Complete overview and the different redoxcouples at scan-
rates from 50 to 1000 mV/s.

Table A22: Cyclic Voltammetry data for Fe(naphpz)s at different scan rates at E; 5= -1.68 V vs. Fc/Fc™

Scanrate | [mV/s] | 50 100|200 |400 |600 |800 | 1000
Epe V] 1712 | -1.712 | -1.712 | -1.717 | -1.714 | -1.709 | -1.714
Ep. V] -1.638 | -1.641 | -1.648 | -1.643 | -1.648 | -1.648 | -1.643
E1/2 [V] 168 |-1.68 |-1.68 |-1.68 |-1.68 |-1.68 |-1.68
AE V] 0.073 | 0.071 | 0.064 | 0.073 | 0.066 | 0.061 | 0.071
lpe [WA] |-0.18 |-021 [-039 |-053 |-059 |-0.77 |-0.81
lpa [WA] |018 |025 |037 |056 |062 |0.75 |0.88
lpe/lpa -1.02 |-1.18 |-0.95 |-1.05 |-1.04 |-0.98 |-1.08
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Complex Spectra
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Figure A108: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(naphpz)s E; »=-1.68 V

vs. Fc/Fct

Table A23: Cyclic Voltammetry data for Fe(naphpz)s at different scan rates at E; 5= -0.22 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 | 200 | 400 | 600 |800 | 1000
Epe V] -0.248 | -0.251 | -0.246 | -0.251 | -0.257 | -0.243 | -0.253
Ep. V] -0.177 | -0.182 | -0.182 | -0.192 | -0.191 | -0.190 | -0.185
Ey/2 [V] 021 [-022 [-021 |-022 |-022 |-022 |-0.22
AE [V] 0.071 | 0.068 | 0.063 | 0.059 | 0.066 | 0.054 | 0.068
lpe [WA] |-0.15 |-0.22 [-0.35 |-0.65 |-0.83 |-0.71 |-0.79
lpa WA] |017 |019 |032 |052 |065 |055 |0.60
loe/1pa 110 |-0.86 |-0.91 [-0.80 [-0.79 |-0.76 |-0.76
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Figure A109: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(naphpz)s3 E;p=-022V

vs. Fc/Fct

Table A24: Cyclic Voltammetry data for Fe(naphpz)s at different scan rates at E; ,=1.08 V vs. Fc/Fct

Scanrate | [mV/s] | 50 | 100 | 200 | 400 | 600 | 800 | 1000
Epe [V] 1.037 | 1.035 | 1.057 | 1.049 | 1.057 | 1.059 | 1.062
Ep. [V] 1.125 | 1.130 | 1.127 | 1.140 | 1.130 | 1.127 | 1.125
E1/2 [V] 108 (108 |1.09 |1.09 |1.09 |1.09 |1.00
AE [V] 0.088 | 0.095 | 0.071 | 0.090 | 0.073 | 0.068 | 0.063
lpe [WA] | -0.18 | -0.30 | -0.37 |-0.44 | -051 |-0.54 |-0.61
lpa [WA] | 020 | 025 |035 |043 |046 |050 |0.52
loe/|pa -1.07 | -0.84 |-0.94 | -0.98 | -0.90 | -0.92 | -0.86
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Figure A110: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(naphpz)s E; ;= 1.08 V
vs. Fc/Fc™
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Figure A111: 'H-NMR spectrum for complex FeIV(naphpz)3 in DMSO-de.
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Figure A112: 13C-NMR spectrum for complex FeIV(naphpz)3 in DMSO-de.
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Table A25: Crystal structure data and refinement for Fe(m-CF3ppz)3

Identification code
CCDC number
Empirical formula
Moiety formula
Formula weight
Color

Shape
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

TH-443-1 (TH_0198)
2191102

Ce7Haa F1gFea N2
C3pH1gFoFeNg

1470.84 Da

yellow

plate

120(2) K

0.71073 A

Triclinic

P-1

a = 13.5555(9) A o =90°
b = 16.6300(10)
A B = 108.952(2)°

c = 16.8788(10)
A v =100.287(2)°
3111.8(3) A3

2

1.570 mg/m3

0.575 mm~!

1488

0.100 x 0.100 x 0.020 mm?3
2.339 to 32.121°
-20<h<20, -24<k<24, -
25<1<25

314702

21751 [R(int) = 0.0566]
99.9 %

Semi-empirical from equiva-
lents

Full-matrix least-squares on
F2

21751 / 163 / 987

1.080

R1 =0.0447, wR2 = 0.1024
R1 =0.0694, wR2 = 0.1226
1.147 e/A=3 (077 A3
from F21D) and -0.789
e/A=3 (0.49 A3 from Fel)
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Figure A113: 'H-NMR spectrum for complex FeHI(m-CF3ppz)3 in CD3CN.
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Figure A114: 13C-NMR spectrum for complex FeHI(m-CF3ppz)3 in CD3CN.
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Figure A115: 1>N-HMBC-NMR spectrum for complex Fe!*!(m-CF3ppz)s in CD3CN.
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Figure A116: °F-NMR spectrum for complex FeIH(m-CF3ppz)3 in CD3CN.
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Figure A117: ATR-IR spectrum for complex FeHI(m-CF3ppz)3.
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Figure A118: ESI-MS spectrum of complex FeIH(m-CF3ppz)3 in MeCN.
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Figure A119: 1H—NMR—spectra of complex Fe”I(m-CF3ppz)3 from 243 to 333 K.
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Figure A120: Curie-Plot of complex FeIH(m-CF3ppz)3 from 253 to 343 K on the marked positions. Dashed
line represents pyrazole-based protons, solid lines represent phenyl-based protons.
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Figure A121: 'H-NMR spectrum for complex Fe!' (m-CF3ppz)s in THF-ds.
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Figure A122: 13C-NMR spectrum for complex FeIV(m—CF3ppz)3 in THF-dg, part 1.
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Figure A124: 1°F-NMR spectrum for complex FeIV(m—CF3ppz)3 in THF-dg.
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Figure A126: BBC.NMR spectrum for complex FeH(m—CF3ppz)3 in THF-dg.
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Figure A127: 1°>N-HMBC-NMR spectrum for complex Fe!f(m-CF3ppz)3 in THF-dg.
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Figure A128: Overview of FeHI(m-CF3ppz)3 CV-data. Complete overview and the different redoxcouples at

Table A26: Cyclic Voltammetry data for Fe(m-CF3ppz)3 at different scan rates at E; 5= -1.48 V vs. Fc/Fct

—50mV/s

—— 100 mV/s
—— 200 mV/s
——400 mV/s
—— 600 mV/s
—— 800 mV/s

— 1000 mV/s
1

-6 -

-8

T T T T T
-2.0 -1.8 -16 -14 -12 -1.0

E [V], vs FcH/FcH+

T T T T T
2 1 0 1 2

E/V (vs. FcH/FcH")

scanrates from 50 to 1000 mV/s.

—50 mV/s

—— 100 mV/s
——200 mV/s
——400 mV/s
—— 600 mV/s
—— 800 mV/s

— 1000 mV/s
T

T
-0.6 -0.4

T T
-0.2 0.0

T T
0.2 0.4

E [V], vs FcH/FcH+

0.6

Scanrate | [mV/s] | 50 100 |200 |400 | 600 |800 | 1000
Epe V] -1.522 | -1.524 | -1.531 | -1.530 | -1.541 | -1.544 | -1.541
Ep. V] -1.448 | -1.443 | -1.441 | -1.430 | -1.436 | -1.439 | -1.434
E1)2 V] 148 | -148 |-1.49 |-1.49 |-149 |-149 |-1.49
AE [V] 0.073 | 0.081 |0.090 |0.100 |0.105 |0.105 |0.107
lpe [WA] |-113 |-159 [-225 |-299 |-350 |-3.95 |-4.24
lpa [WA] | 110 |1.48 [202 |263 |303 |335 |3.63
lpa/lpe -0.97 |[-093 |[-090 |-0.88 |-0.86 |-0.85 |-0.86
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Figure A129: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(m-CF3ppz)3 E;jo=-1.48

V vs. Fc/Fc™

Table A27: Cyclic Voltammetry data for Fe(m-CF3ppz)3 at different scan rates at E; ,= 0.08 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 | 200 | 400 |600 |800 | 1000
Epc V] 0.045 | 0.040 | 0.037 | 0.037 | 0.035 | 0.037 | 0.033
Epa V] 0.113 | 0.113 | 0.118 | 0.120 | 0.123 | 0.118 | 0.118
Ei/2 V] 0.08 | 0.08 |0.08 |0.08 |[0.08 |0,08 |O0.08
AE V] 0.068 | 0.073 | 0.081 | 0.083 | 0.088 | 0.081 | 0.085
| pe [HA] -1.11 | -1.55 | -2.22 | -3.02 | -3.63 | -4.11 | -4.54
lpa [HA] 103 (147 | 204 |279 |333 |3,77 | 413
lpa/lpc -0.93 | -0.95 |-0.92 | -0.92 | -0,92 | -0.92 | -0.91

o v=01261x 0208 .

200 Lo

: i

N V2 [(mV/s)¥?]

Figure A130: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(m-CF3ppz)s E; /o= -0.23

V vs. Fc/Fc™t
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For Fe!!I(p-CF3ppz)3, no measurable single crystals were available.
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Figure A131: 1H-NMR spectrum for complex FeIII(p-CF3ppz)3 in CD3CN.
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Figure A132: 13C.NMR spectrum for complex FeHI(p-CF3ppz)3 in CD3CN.

220

2 4 6 8 10 12 frel]

0

[rel]



Appendix

F1 [ppm]

I I I I I T T
10 5 0 -5 F2 [ppm]

Figure A133: 1°>N-HMBC-NMR spectrum for complex Fe'!(p-CF3ppz)3 in CD3CN.
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Figure A134: ATR-IR spectrum for complex FeIH(p-CF3ppz)3.
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Figure A135: ESI-MS spectrum of complex FeIH(m-CF3ppz)3 in MeCN.
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Figure A136: 19F_NMR spectrum for complex FeHI(p-CF3ppz)3 in CD3CN.
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Figure A137: 'H-NMR-spectra of complex FeHI(p-CF3ppz)3 from 298 to 333 K.
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Figure A138: Curie-Plot of complex FeHI(p-CF3ppz)3 from 298 to 333 K on the marked positions. Dashed
line represents pyrazole-based protons, solid lines represent phenyl-based protons.
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Figure A139: Overview of FeHI(p-CF3ppz)3 CV-data. Complete overview and the different redoxcouples at
scanrates from 50 to 1000 mV/s.

Table A28: Cyclic Voltammetry data for Fe(p-CF3ppz)3 at different scan rates at Ei/2=-1.53 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc [V] -1.475 | -1.475 | -1.473 | -1.475 | -1.473 | -1.475 | -1.475
Epa [V] -1.412 | -1.414 | -1.409 | -1.409 | -1.409 | -1.407 | -1.409
Ei)2 [V] -144 | -144 |-144 |-144 |-144 |-144 |-144
AE [V] 0.063 | 0.061 | 0.063 | 0.066 | 0.063 | 0.068 | 0.066
lpc [HA] -0.73 | -1.04 |-147 |-2.07 |-252 |-290 |-3.24
lpa [HA] 1.06 1.57 2.21 3.08 3.76 4.47 5.02
lpa/pc 145 |-150 |-151 |-1.49 |-1.49 |-154 |-1.55
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Figure A140: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(p-CF3ppz)3 Eifo=-1.41
V vs. Fc/Fc™

Table A29: Cyclovoltammetry data for Fe(p-CF3ppz)3 at different scan rates at E; o= -1.53 V vs. Fc/Fc™

Scanrate | [mV/s] | 50 100 | 200 | 400 |600 |800 | 1000
Epc V] 0.028 | 0.028 | 0.028 | 0.025 | 0.025 | 0.028 | 0.028
Epa V] 0.093 | 0.096 | 0,093 | 0.096 | 0.096 | 0.096 | 0.096
Ei)2 V] 0.06 |0.06 |0.06 |0.06 |0.06 |0.06 |O0.06
AE V] 0.066 | 0.068 | 0.066 | 0.071 | 0.071 | 0.068 | 0.068
lpc [HA] -1.02 | -1.51 | -2.13 | -2.98 | -3.65 | -4.19 | -4.67
lpa [HA] 099 | 142 |202 |284 |350 |4.04 |4.52
lpa/lpc -0.97 | -0.94 | -0.95 | -0.96 | -0.96 | -0.96 | -0.97

o s

N VY2 [(mV/s)¥/2]

Figure A141: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(p-CF3ppz)s3 E; /o= 0.096
V vs. Fc/Fc™t
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Figure A142: 1H-NMR spectrum for complex FeIV(p-CF3ppz)3 in THF-dg.
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Figure A143: 13C-NMR spectrum for complex FeIV(p—Cngpz)g in THF-dg, part 1.
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Figure Al44: 13C-NMR spectrum for complex FeIV(p-CF3ppz)3 in THF-dg, part 2.
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Figure A145: 13C-NMR spectrum for complex FeIV(p—CF3ppz)3 in THF-dg, part 3.
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Figure A146: 13C-NMR spectrum for complex FeIV(p-Cngpz)g in THF-dg, part 4.
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Figure A147: 19F-NMR spectrum for complex FeIV(p—CF3ppz)3 in THF-dg.
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Figure A149: 13C.NMR spectrum for complex FeIH(Fppz)3 in CD3CN.
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Figure A150: ““F-NMR spectrum for complex Fe***(Fppz)3 in CD3CN.
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Figure A151: ESI-MS spectrum of complex Fe(Fppz)3 in MeCN

230



Appendix

>
=
(]
C
[0
e -
£
I v I v I N 1
4000 3000 2000 1000
-1
Wavelength [cm™']
H . IIT
Figure A152: ATR-IR spectrum for complex Fe""~ (Fppz)3.
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Figure A153: Overview of FeIH(Fppz)3 CV-data. Complete overview and the different redoxcouples at scan-
rates from 50 to 1000 mV/s.
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Table A30: Cyclovoltammetry data for Fe(Fppz)s at different scan rates at E; 5= -1.53 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 | 200 |400 |600 |800 | 1000
Epe V] -1.598 | -1.600 | -1.602 | -1.598 | -1.598 | -1.602 | -1.602
Epa [V] -1.534 | -1.529 | -1.529 | -1.529 | -1.529 | -1.529 | -1.574
E1/ [V] 157 |-156 |-157 |-156 |-156 |-1.57 |-1.59
AE [V] 0.063 | 0.071 |0.073 |0.068 | 0.068 | 0.073 | 0.028
lpe [WA] |-121 |-1.74 |-250 |-353 |-431 [-493 |-551
lpa [WA] |133 |191 |271 |377 |463 |531 |5091
lpa/lpe -1.09 |-1.09 |-1.08 |-1.07 |-1.07 |-1.08 |-1.07
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Figure A154: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(Fppz)3 E;/p=-1.53 V vs.
Fc/Fc™t

Table A31: Cyclovoltammetry data for Fe(Fppz)s at different scan rates at E; 5= -1.53 V vs. Fc/Fct

Scanrate | [mV/s] | 50 100 200 400 600 800 1000
Epc [V] -0.056 | -0.053 | -0.053 | -0.056 | -0.053 | -0.053 | -0.053
Epa [V] 0.017 | 0.016 | 0.015 | 0.017 | 0.015 | 0.015 | 0.015
E1/2 [V] -0.02 |-0.02 |-0.02 |-0.02 |-0.02 |-0.02 |-0.02
AE [V] 0.073 | 0.069 | 0.068 | 0.073 | 0.068 | 0.068 | 0.068
lpe [MA] -1.29 |-182 |-262 |-3.68 |-449 |-518 |-5.80
lpa [HA] 1.34 1.82 2.61 3.70 4.48 5.52 5.80
lpa/lpc -1.04 |-1.00 |-1.00 |-1.01 |-1.00 |-1.06 |-1.00
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Figure A155: Plotted data of Randles-Sevcik-Equation at different scan rates for Fe(Fppz)3 E; /o= 0.02 V vs.

Fc/Fc™
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Imagination is more important than knowledge. For
knowledge is limited, whereas imagination embraces the
entire world, stimulation progress, giving birth to evolution.

ALBERT EINSTEIN
1924



