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Abstract

In times of fossil fuel scarcity, the use of solar energy to initiate chemical processes is a promising
alternative to reduce the fossil energy consumption. This approach offers the possibility of a
sustainable form of energy production and storage in the form of transportable energy carriers.
Carrying out such reactions with 3d metals such as iron instead of expensive and environmentally
critical precious metals would be a milestone on the road to a sustainable future.

In this dissertation, the application of the multichromophoric approach — a concept successfully
used in noble metal complexes — in iron(ll) photosensitizers is investigated in detail. In this
approach, organic chromophores are integrated in the backbone of the coordinating ligands,
which can fundamentally improve the photophysics of these photosensitizers. By introducing an
organic chromophore, a reservoir effect can drastically extends the lifetime of catalytically active
states. Additionally, an antenna effect — an intramolecular energy transfer — that significantly
increases the fraction of occupied catalytically active states is observed for noble metal-based
photosensitizers.

To investigate these effects also in iron complexes, five different classes of ligands and complexes
have been synthesized, each functionalized with different organic chromophores. A reservoir
effect, which was originally targeted, could not be observed but by functionalization three main
effects were discovered in these complexes. Firstly, the functionalization leads to a red shift and
an increase in the extinction coefficient of the MLCT absorption bands. Secondly, the lifetime of
the catalytically active MLCT states also increases. And thirdly, all presented ligands and
complexes are emissive due to the additional organic chromophore. This leads to an antenna
effect, which results in a larger occupation of MLCT states. All these effects were found for all fully
characterized complexes.

Catalytic energy transfer and electron transfer reactions were performed for selected complexes
prepared as part of this work. One iron complex shows energy transfer from an excited state to
oxygen (30,), leading to the formation of reactive oxygen (0,). This kind of energy transfer has
never been described for iron complexes in the literature before. The reactive oxygen was
successfully combined with various organic diene systems. On multichromophoric ruthenium
complexes, an improvement of catalytic properties in proton reduction was demonstrated,
showing the potential of the multichromophoric approach in electron transfer reactions.

The obtained results of the photophysical studies of the ground and excited states provide a
fundamental understanding of the complexes after excitation with light and show a significant
improvement in both the absorption properties and the lifetimes of the catalytically active states.
The results of the catalytic experiments demonstrate the potential of this class of complexes in
both energy transfer and electron transfer reactions.
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Kurzfassung

In Zeiten sinkender Vorkommen fossiler Energietrager, muss der Menschheit bewusstwerden,
dass die aktuell zur Energiegewinnung genutzten Ressourcen endlich sind. Daher kommen der
Entwicklung und Nutzung von erneuerbaren Energietragern ein hohes gesellschaftliches und
Okologisches Interesse zu. Die Entwicklung von Systemen zur effektiven Nutzung von solarer
Energie auf molekularer Ebene steht daher aktuell im Fokus der Forschung. Dieser Ansatz bietet
die Moglichkeit einer nachhaltigen Form der Energieerzeugung und -speicherung in Form von
transportablen Energietragern. Die Durchfiihrung solcher Reaktionen mit 3d-Metallen wie Eisen
anstelle von teuren und umweltkritischen Edelmetallen ware ein Meilenstein auf dem Weg in eine
nachhaltige Zukunft.

Im Rahmen dieser Dissertation wird die Anwendung des multichromophoren Ansatzes in Eisen(ll)-
Photosensibilisatoren ausfihrlich untersucht. In diesem Ansatz werden organische Chromophore
im Rickgrat der koordinierenden Liganden integriert, was die Photophysik dieser
Photosensibilisatoren fundamental verbessern kann. Durch die Einflihrung eines organischen
Chromophors wird fiir edelmetallbasierte Photosensibilisatoren ein Reservoir-Effekt, der die
Lebenszeit katalytisch aktiver Zustande deutlich verlangert, erreicht. Zusatzlich wird ein
Antennen-Effekt — ein intramolekularer Energietransfer — beschrieben, wodurch die Haufigkeit,
mit der die katalytisch aktiven Zustdnde besetzt werden, deutlich erhéht wird.

Um diese Effekte auch in Eisenkomplexen zu untersuchen, wurden in dieser Arbeit fiunf
verschiedene Liganden- und Komplexklassen synthetisiert, die jeweils mit verschiedenen
organischen Chromophoren funktionalisiert wurden. Ein Reservoir-Effekt, welche urspriinglich
anvisiert wurde, konnte nicht beobachtet werden, aber durch die Funktionalisierung wurden drei
wesentliche Effekte in diesen Komplexen entdeckt. Zum ersten fiihrt die Funktionalisierung zu
einer Rotverschiebung und einer Erhdhung des Extinktionskoeffizienten der katalytisch aktiven
MLCT Zustdnde. Zum zweiten erhoht sich auch die Lebenszeit der katalytisch aktiven MLCT
Zustande. Und zum dritten lumineszieren alle dargestellten Liganden und Komplexe aufgrund des
zusatzlichen organischen Chromophors. Dieses fiihrt zu einem Antennen-Effekt, der eine
haufigere Besetzung von MLCT Zustdanden bewirkt. All diese Effekte wurden fiir alle vollstandig
untersuchten Komplexe gefunden.

Fir ausgewdhlte Komplexe wurden katalytische Energietransfer- und Elektronentransfer-
Reaktionen durchgefiihrt. Ein dargestellter Eisenkomplex zeigt einen bisher in der Literatur fur
Eisenkomplexe nie zuvor beschriebenen Energietransfer von einem photo-angeregten Zustand
auf Sauerstoff (30,), was zur Bildung von reaktivem Sauerstoff (*0,) fiihrt. Dieser wurde mit
verschiedenen organischen Dien-Systemen umgesetzt. An multichromophoren
Rutheniumkomplexen konnte eine Verbesserung der katalytischen Eigenschaften in der
Protonenreduktion gezeigt werden, wodurch das Potential des multichromophoren Ansatzes auch
in Elektronentransferreaktionen gezeigt wurde.
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Die erhaltenen Ergebnisse der photophysikalischen Untersuchungen der Grund- und angeregten
Zustande liefern ein grundlegendes Verstandnis der Komplexe nach Anregung mit Licht und zeigen
eine deutliche Verbesserung sowohl der Absorptionseigenschaften als auch der Lebenszeiten der
katalytisch aktiven Zustdande. Die Ergebnisse der katalytischen Experimente zeigen das Potential
dieser Komplexklasse in sowohl Energietransfer- als auch Elektronentransferreaktionen.
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Introduction

Scarcity of fossil fuels and global climate change raise the challenge for scientists to develop novel
and sustainable methods for energy production and storage. To design resource-efficient supply
chains and energy circles free from emissions is an imperative necessity for the next decades and
generations. In this context, iron is in the focus of interest, as it is the most earth abundant
transition metal in the earth crust. Transition metal complexes (TMCs) as molecular
photosensitizers using iron as their central atom are in the focus of this thesis to enable the
utilization of solar energy on a molecular scale.

1.1 Utilization of solar Energy on a Molecular Scale

The earth's climate is influenced by a wide variety of factors. To be able to specifically identify
these influencing variables, the climate data of many countries and regions have long been
collected by weather services and climate research institutes and made publicly available to
document climate changes. For Germany, these data are provided by the German Weather Service
(Deutscher Wetterdienst, DWD), including documentation of the mean annual temperature in
Germany (Figure 1.1.1). Compared to the long-term mean from 1961 to 1990, the linear trend of
the mean annual temperature from 1881 to 2021 in Germany is +1.6 K.[!!
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Figure 1.1.1: Annual temperature anomaly in Germany in the time period 1881-2021 with positive (red) and negative
(blue) anomalies with respect to the multi-annual mean (1961-1990) of 8.2 °C. Dashed line shows the linear trend of the
mean annual temperature from 1881 to 2021 of +1.6 K.[



It is particularly striking that, relative to the reference period, nine of the ten hottest years in
Germany occurred in the last 20 years and only two below-average warm years (1996, 2010)
occurred in the last 34 years.[

This significant increase in average annual temperatures is associated with CO; released into the
atmosphere as a product of burning fossil fuels in combustion engines or power plants. The
concentration of CO; in the earth's atmosphere has been recorded in the Keeling curve since 1958
(Figure 1.1.2). The curve shows a characteristic cyclic annual pattern that mirrors the vegetation
cycle in the northern hemisphere. The natural process of CO, uptake and release by plants is a
closed cycle in which the amount of CO; released is reabsorbed throughout the year if no human-
caused (anthropogenic) events occur. The dramatic slope of the Keeling curve impressively
documents the resulting anthropogenic increase in CO, concentration in the Earth's atmosphere
due to changes in land use and the use of fossil fuels. The anthropogenic input represents a
notable additional source in the CO; cycle, which cannot be completely absorbed by soils, plants,
and oceans. The Keeling curve is thus a particularly important metrological indication of human-
induced climate change.!?
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Figure 1.1.2: Atmospheric CO in ppm at Mauna Loa Observatory (Keeling-Curve 1958-2021).12

Renewable energies offer a solution for the decoupling of increasing energy demand and the
emission of CO; by civilization. In 2020, renewable energies had a share of 45.3 % of the total
electricity consumption in Germany. This was the first time the production of renewable energies
overcame the production of electricity by fossil sources. However, photovoltaics, which are the
most common use of solar energy, have a share of only about 19.4 % of the total composition of
renewable energy (250.2 billion kWh).! This corresponds to an energy of 48.6 billion kWh,
whereas solar energy alone has a potential of up to 2482 TWh in our latitudes.

A more dramatic situation is revealed in the global renewable energy usage data. Again, solar
energy in the form of photovoltaics accounted for only 8.6% of global generation of renewable



electricity. This represents a dramatically low share of only about 2.5 % of solar energy in total
global electricity generation in 2019.5

To exploit this enormous potential more adequately, new strategies for harnessing solar energy
must be developed. These include the development of new ways to use solar energy besides
photovoltaics. One possible variant may be the photocatalytic production of green hydrogen.

Green hydrogen, which is produced completely without emission of CO, in the production
processes, is currently almost exclusively being produced through electrolysis of water by
electricity from photovoltaic, hydro or wind power. Electrolysis has an efficiency of up to 85 %,
resulting from losses during the two conversion processes of solar, wind or hydro energy into
electricity and the subsequent conversion of the electricity into hydrogen.!® Moreover, the local
production of hydrogen in this process is always dependent on the possibility of local production
of green electricity. Green hydrogen can be produced by electrolysis only in regions with the
possibility to produce green electricity. Regions without this possibility must first be supplied with
electricity via power lines, which often meet with widespread public opposition, or be supplied
directly with green hydrogen, for which a completely new infrastructure must be built.

One possibility for the local production of green hydrogen lies in photocatalytic proton reduction.
In this process, water is also split into the elements hydrogen and oxygen. In these systems, light
is absorbed by special chemical compounds and the protons in the water are reduced to green
hydrogen by catalysts. The advantages of photocatalytic proton reduction are the possibility of
local production of green hydrogen without the need to build a supraregional hydrogen
infrastructure or additional power lines. In addition, there is the possibility of a very large increase
in efficiency compared to electrolysis, since the solar energy does not first have to be converted
into electricity but is used directly to produce hydrogen.

Essential components in all conceivable systems to produce green hydrogen by solar energy,
whether electrolytically by green electricity or photocatalytically, are photosensitizers, the
sustainable conception of which is outlined in the following introductory section.

1.2 Substitution of Platinum Group Metals by Iron

Research in the field of photoactive substances plays a key role in the utilization of solar energy
at the molecular level. These photosensitizers absorb the light of the solar spectrum, the solar
energy is converted into chemical energy in the form of excited states of the photosensitizers.
From the excited states electrons are passed onto a catalyst where the reduction of protons to
hydrogen takes place. Such photosensitizers are used in photocatalytic proton reduction as well
as in photovoltaics and other photochemistry. Substances that are currently frequently used are
organic chromophores and transition metal complexes containing noble metals.

Since organic chromophores can absorb only a narrow range of the solar spectrum and transition
metal complexes containing noble metals offer economic and ecological disadvantages, iron
complexes have become the focus of research.!”! Transition metal complexes used as standard in
photochemistry are based on ruthenium and iridium as central atoms. These platinum group
metals (PMGs) are extremely rare and are only produced in small quantities annually worldwide.



The largest deposits are in South Africa and Russia. Together with the USA, Canada, and
Zimbabwe, these five countries provide the global quantity of PMGs!®. The total concentration of
PMG ore ranges from 3-8 g/t in the deposits. The concentrations of ruthenium and iridium are
varying from 0.3 g/t in the Merensky Reef to 1 g/t in the UG2 Reef, both located in South Africa.!
The production of these metals from small total concentrations has a high degree of pollution and
compounds containing ruthenium and iridium are extremely toxic to the environment, water and
to humans.

To balance factors from different fields in a single indicator, Graed| et al. implemented the
“Criticality Score” for 62 different metals and metalloids in 2015. The Criticality Score (CS) is
considering 17 different subcategories from the various fields such as long- and short-term supply
risks, environmental implications, and vulnerability to supply restrictions. This analysis results in
the CS as an indicator for each metal or metalloid in the range from 0 (of little concern for nature
and humans) to 100 (of extreme concern).!® To illustrate the findings of Graedl et al. selected
categories are visualized in Figure 1.2.1 for ruthenium, iridium, and iron. The global production
(GP) and the global CO; emission (CE) is given in kilogram. The effect on climate change (CC) is
given in kg CO, equivalents per produced kg of pure metal. The human toxicity (HT), terrestrial
ecotoxicity (TE) and the marine ecotoxicity (ME) are given in equivalents to mg 1,4-dichloro-
benzene (1,4-DB) per kg of pure metal. Water depletion (WD) is shown in liters. All data are taken
from the work of Graedl et al. and are referred to the year 2008.1%
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Figure 1.2.1: Diagram of selected categories included in the criticality score according to Graed! et al. and the
corresponding CS for ruthenium, iridium and iron.[20.71

The impact of the production of the pure metals is quite different. In comparison of these three
metals, iron has the largest global production, which is about the factor 108 larger than iridium
and ruthenium. Due to this fact the global CO, emission of iron is higher by the factor of about
10% Referring to the CO, equivalents per produced mass, the results look quite different. The kg



CO; equivalents per kg pure iron is smaller by a factor of 10*. The values for terrestrial and marine
ecotoxicity and human toxicity are higher by at least the factor 10* in iridium and ruthenium in
comparison to iron. The water depletion is by about the factor 10° lower for iron. Combining these
categories among others, results in a criticality score of 54.2 for ruthenium and 66.3 for iridium.
The criticality score of iron is overwhelming 0.8. The factor of economic efficiency, namely the
price is even more drastic. The prices for PGMs in general are quite high (ruthenium approx.
12.000 €/kg; iridium approx. 180.000 €/kg),*"! while iron costs around 10 €/kg.*? Additionally,
iron offers a larger molar quantity, which is important for chemical use, due to its smaller molar
mass.

Given these figures, it is obvious that iron as a metal could be a much more sustainable and
ecologically friendly alternative to precious metals and there is a strong need to replace PMGs in
photochemical applications to yield a novel approach for a sustainable future.

1.3 Structure of this work

The introductory part of this work is schematically divided into four main sections. First, the
thematic background will be described in detail. The photocatalytic production of green hydrogen
will be described, which is a sustainable method for the storage of solar energy and allows a
diverse and location-independent use of the stored energy. This is followed by the introduction of
photosensitizers, which are required for the utilization of solar energy at the molecular level. Their
necessary properties are presented based on photosensitizers containing noble metals.
Subsequently, strategies are shown how noble metal-containing photosensitizers can be
substituted to provide a more sustainable alternative in photocatalytic proton reduction and
photocatalysis in general. For this purpose, different strategies are presented to optimize the most
important properties of iron complexes in photocatalysis. Finally, the multichromophoric
approach in iron complexes, which is the main aspect of this dissertation, is presented and
described in detail.
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Scientific background

Hydrogen is the fuel with the highest mass-related energy density and can be used in fuel cells
without releasing greenhouse gases. For this reason, hydrogen and the fuel cell have a very high
public profile and are seen by politicians, the public and business as an important building block
in the energy transition. In addition to hydrogen itself, derived products made from hydrogen
(ammonia, methanol, methane, etc.) are important basic materials for the chemical, agricultural
and pharmaceutical industries. But regeneratively produced hydrogen is currently not available to
a large extend, which is why there is great research interest in revolutionizing sustainable
hydrogen production.

Photocatalytic proton reduction is a method for using solar energy to directly generate molecular
hydrogen. The production of electricity from sunlight is no longer necessary for this process.
Therefore, this method promises lower losses due to an omitted conversion process of the energy
und possibly higher efficiencies than the production of hydrogen by electrolysis. Suitable quantum
yields of the photosensitizers are prerequisite for a high efficiency. However, photosensitizers
based on precious metals limit the sustainability of this method from an economic and ecological
point of view. Finding sustainable alternatives as photosensitizers such as iron complexes is thus
a big challenge.

2.1 Hydrogen

Hydrogen is the most abundant element in the universe. About two thirds of the total mass of the
universe consists of hydrogen. In the earth's crust, every sixth atom is a hydrogen atom. Elemental
hydrogen, however, only occurs in the atmosphere in traces (volume fraction: 5-10° %).13! For this
reason, hydrogen for industrial applications is currently produced almost exclusively from fossil
raw materials. To highlight the energy source used in the production and to label the sustainability
of different hydrogen production strategies a color code is often used (Figure 2.1.1).

Grey hydrogen is based on the use of fossil hydrocarbons. The steam reforming of natural gas and
higher hydrocarbons is decisive to produce grey hydrogen. Its production is associated with
considerable CO; emissions. Blue hydrogen is hydrogen whose production is coupled with a CO;
capture and storage process (CCS). The CO, produced during hydrogen production is thus not
released into the atmosphere and hydrogen production can be considered CO,-neutral in balance
sheet terms. Turquoise hydrogen is hydrogen that has been produced by the thermal splitting of
methane (methane pyrolysis). Instead of CO,, solid carbon is produced. Prerequisites for the CO,
neutrality of the process is the heat supply of the high-temperature reactor from renewable or



CO;-neutral energy sources and the permanent binding of the carbon. Green hydrogen is
produced by electrolysis of water, whereby only electricity from renewable energies is used for
electrolysis.[**

2.1.1 Production of hydrogen

The primarily used process to produce hydrogen is steam reforming. The process utilizes carbon-
based energy sources and steam to generate hydrogen. This technique delivers about 70 % of the
global hydrogen production. Two endothermic key steps are involved in the steam reforming
process. In the first step fossil hydrocarbons and steam are reacting at the surface of a
heterogeneous nickel catalyst to carbon monoxide and hydrogen (eq. 2.1). This reaction takes
place at 750 °C-1000 °C and a pressure of 15 bar-20 bar.!**!

CnHm + TlHZO(g) = TlCO(g) + (Tl + OSm)Hz(g) (2.1)

The resulting mixture of carbon monoxide and hydrogen — called synthesis gas — is feed into a shift
reactor. In this reactor, in the second step additional steam is added to oxidize the carbon
monoxide to carbon dioxide and thus to increase the yield of produced hydrogen (eq. 2.2). This
reaction is performed at 200 °C- 300 °C.13!

CO +H,0 = COyg) + Hag) (2.2)

Finally, the produced hydrogen is purified by adsorption. The efficiency of this process is up to
70 %. The process is limited by two different side reactions. First, in the methanation the produced
hydrogen reacts with carbon monoxide to methane and reduces the overall yield of hydrogen.
Second, in the Boudouard reaction carbon monoxide decomposes to carbon dioxide and carbon,
reducing the overall yield of produced hydrogen by a smaller amount of carbon monoxide in
eq. (2.2)."% As fossil fuels are used, steam reforming is forming grey hydrogen. In the case of a
following CO, capture and store (CSS) process, steam reforming is resulting in blue hydrogen.

A promising alternative to this method is methane pyrolysis (eq. 2.3). This is using methane from
natural gas or biomass to produce hydrogen and elemental carbon. Methane is split in its elements
in an endothermic reaction at high temperatures. Methane is added in a bubble column reactor
filled with molten tin at 1000 °C heated by electricity. Produced hydrogen bubbling to the top of
the column while carbon slag is deposited at the top of the column. This technique is not
associated with carbon dioxide as a direct byproduct of the hydrogen production. Hydrogen
produced by methane pyrolysis is claimed as turquoise hydrogen. Carbon as the resulting
byproduct can be stored or used as fertilizer in agriculture for example.[*®!

CHy — Cisotiay + 2Hz(g) (2.3)

In principle, however, all the processes mentioned to produce hydrogen from fossil energy sources
take place at high process temperatures. They require large amounts of energy. If this energy
comes from fossil fuels, even more carbon dioxide emissions are associated with it. In terms of
climate protection, it is usually better to burn natural gas or crude oil directly than to first produce



hydrogen at great expense and then use it in a supposedly environmentally friendly way. Other
processes are therefore necessary for the climate-friendly production of hydrogen. One possibility
is electrolysis with alkaline electrolysis cells.

electricity (2 4)
2NaCl + 2H,0 ——5 2NaOH + H, + Cl, :

In alkaline electrolysis, water is split by applying electrical energy to two electrodes immersed in
an aqueous alkaline electrolyte. At the anode hydroxide ions are oxidized to oxygen and water. At
the cathode water is consumed to produce hydroxide ions and hydrogen (eq. 2.4). Both half-cells
are separated by a diaphragm, which is permeable to hydroxide ions and water molecules to
enable the transport of hydroxide ions from the cathode to the anode by a gradient in the osmotic
pressure. The half-cells are also separated to keep the evolved gases apart from each other for
safety and efficiency reasons.l! Today, efficiencies of up to 85 % are achieved in alkaline
electrolysis.®

In a proton exchange membrane (PEM, eq. 2.5) cell, no additional electrolyte is required like it is
necessary for alkaline cells. The half cells are separated by a PEM, which is only permeable to
protons. At the anode, water is oxidized to oxygen and protons. The protons pass through the
membrane to the cathode at which hydrogen is evolved. The electrodes are based on noble
metals. At this time, the PEM is not competitive with the alkaline cells, as no stack option is
available at this stage.™*”!

lectricit,
2H,0 =501, + 0, (2.5)

Optimally, the electrical energy for electrolysis comes from renewable power plants, so that the
hydrogen is produced without carbon dioxide emissions. While electrolysis has already reached a
high technical level as a climate-friendly option for hydrogen production, other alternative
processes are still under development. No electricity is needed for photocatalytic proton
reduction. In contrast to electrolysis, sunlight directly drives the chemical process that produces
hydrogen. This method therefore has the potential to generate green hydrogen with a high degree
of efficiency.

Hydracarbons Hydrocarbons

Steam
Reforming

Steam
Reforming

Electricity

CH,

Methane

Pyrolysis Electrolyzer

Figure 2.1.1: Schematic illustration of different colors of hydrogen including grey, blue, turquoise, and green hydrogen.



2.1.2 Photocatalytic Proton Reduction

Sustainable hydrogen production from solar energy without the use of fossil raw materials is a
special challenge for the future. One of the most promising methods is the photocatalytic splitting
of water into the elements hydrogen and oxygen. Due to the complexity of the individual partial
reactions of photocatalytic water splitting, they are usually considered separately in research.
Oxygen production is referred to as oxidative water splitting and hydrogen production as
reductive water splitting.[*® When carrying out the partial reactions, an oxidizing agent is required
in oxidative water splitting and a reducing agent in reductive water splitting. Therefore, the
subsequent combination of the sub-processes is necessary to carry out the water splitting atom-
economically and economically. Systems for the simultaneous development of hydrogen and
oxygen are currently an exception.

The first results on photocatalytic water splitting were published at the end of the 1970s.
Semiconducting metal compounds such as TiO, were used in heterogeneous systems,!** but
homogeneous systems were also developed.?” The first homogeneous system for reductive water
splitting with tris(2,2 -bipyridine)-ruthenium(ll) [Ru(bpy)s]** as photosensitizer (PS) and
[CoMes[14]dienN4(H20),]%* as catalyst was published by Sutin et al. in 1979.Y The used PS was
already synthesized in 1936 by Burstall et al. and is nowadays a very intensively researched
standard PS.1?? Two basic approaches for homogeneous systems are currently being in the focus
of research for reductive water splitting and will be discussed in more detail below.

In general, systems for photocatalytic water splitting consist of a PS, a water reduction catalyst
(WRC) and an electron donator (ED). The PS is excited by light and provides the electrons needed
to reduce the protons. The WRC catalyzes the reduction of the protons to elemental hydrogen.
The ED is easily oxidized and reduces the PS after electron transfer to ensure that this catalytic
cycle is completed. After excitation with visible light, an electron is transferred from a metal-
centered d orbital to a ligand-centered orbital of higher energy. This transfer is called metal-ligand
charge transfer (MLCT) and corresponds to a formal intramolecular oxidation of the metal center
and simultaneous reduction of the ligand.!??! Two different mechanisms can be described for the
transfer of this excited electron to the WRC. On the one hand, the excited electron can be
transferred to the WRC. The PS results in its oxidized form (oxidative quenching). It is then reduced
by a reducing agent —the ED — and can be excited again by light. On the other hand, the PS can be
excited, and an electron can be transferred from the ED to the formally oxidized metal center. The
PS is then present in a reduced form (reductive quenching). Subsequently, the excited electron is
transferred to the WRC and the PS can be excited again by light.[?*! If the components described
are not linked, this is called a multi-component system. In these systems, the PS, WRC, and ED are
present in a mixture of solvent and water. Optionally, an electron mediator (EM) can be added to
pass the electrons provided by the PS to the WRC. The mechanism by which reductive water
splitting occurs in a multi-component system is shown schematically adapted from the literature
(Figure 2.1.2, right panel). An exemplary and intensively researched multi-component system
consists of [Ru(bpy)s]** as PS, EDTA or triethyl amine as ED (not shown), methyl viologen as EM
and a Pt system as WRC.[?>?4

In addition, organized systems are used for photocatalytic water reduction. These are called
molecular dyads or PHEMDs (photo-hydrogen-evolving molecular devices). In these systems, PS
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and WRC are linked via a bridging ligand (BL), which transfers the electrons provided to the WRC.
In dyads, an ED is also necessary to reduce the PS. As an example, a dyad and a multi-component
system in which a ruthenium PS and a platinum WRC are used are shown, based on Sakai et al.

(Figure 2.1.2, left panel).12®!
EM WRCC H, +"OH
)
2H,0

ED* 2 H,0

Figure 2.1.2: Schematic representation (top) and examples (bottom) of a molecular dyad (left panel)26l and
multicomponent systems (right panel) [24],

Researchers have different views on which of these basic systems achieves better results.[?”:?! The
expectations of some authors that dyads achieve better results can be justified with the help of
direct electron transfer. The transfer of electrons through the bridging ligand is diffusion-
independent and is postulated to be more efficient than the diffusion-dependent transfer of
electrons through a solution.!*® In contrast, it was found that dyads are currently less active
systems,!?”) although they have a significantly higher long-term stability than multi-component
systems.?®! For the utilization of solar energy, the PS plays a decisive role in both systems. In this
work, novel concepts for photosensitizers used in multi component systems are investigated. The
basic properties and the state of research on photosensitizers are described below.

2.2 Photosensitizers

Photosensitizers are needed for the application of solar energy at the molecular level, both in
photocatalytic water splitting and in applications of photocatalysis in organic synthesis. For such
applications, transition metal complexes containing noble metals have become established in the
past. Particularly d® transition metals such as Ru?*, Re* or Ir¥* complexes are prominent, but also
noble metal-free Cu*, Co® and Fe?* complexes have been described in the literature.l?®3% The
following section describes the photophysical properties of d®-TMCs and has basically been
published in terms of this work."”!

2.2.1 Photophysical properties of d®>~TMCs

Utilization of solar energy in photocatalysis with TMCs fundamentally bases on the ability of the
PS to take part in energy transfer (EnT) or in electron transfer (ET) processes with organic
substrates or catalysts in multicomponent systems upon photoexcitation. Effective absorption of
visible light and the population of photocatalytically active excited states after the excitation
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process are mandatory in TMCs suitable for photocatalysis. Efficient EnT or ET processes to
substrates or catalysts need sufficiently long excited state lifetimes in these TMCs. This is
important to overcome diffusion limitation in catalytic application. States fulfilling these
requirements are long-lived metal-to-ligand charge-transfer (MLCT) states in complexes of noble
metals (e.g., Ru®, Ir¥*, Os?*, Re*) coordinated by polypyridine ligands with low-energy m* orbitals
featuring a 4d® or 5d® electron configuration, as in [Ru(bpy)s]** (bpy = 2,2’-bipyridine) as a very
prominent example.B3Y

A simplified description of the photoexcitation processes in Ru'ls complexes assumes an
octahedral ligand field (Figure 2.2.1). It should be emphasized that of course a lower symmetry
requires a slightly modified description, but due to the rather large ligand field splitting in Ru
complexes the key message remains unaltered. The five metal-centered (MC) d-orbitals split into
three orbitals with t;; symmetry and two orbitals with e; symmetry in an octahedral ligand field.
The six valence electrons are located in the ty; orbitals in the presented case. The ty orbitals are
representing the highest occupied molecular orbitals (HOMOs), leading to a t»,° low-spin ground-
state configuration. The egorbitals remain unoccupied. Because of the strong ligand-field splitting,
resulting from the effective metal-ligand interactions in the cases of 4d and 5d metal complexes,
the unoccupied rt* orbitals of the polypyridine ligands are lower in energy than the e; orbitals and
represent the lowest unoccupied molecular orbitals (LUMOs) of such complexes.?? After
photoexcitation, an electron from one the metal centered t,;-HOMO:s is excited into a m*-LUMO
orbital. The lowest electronically excited state therefore has MLCT character. From the singlet
ground state (*GS), the singlet !MLCT state is initially populated in the Franck-Condon regime,
followed by a rapid intersystem crossing (ISC), which takes typically place on the femtosecond
time scale.® The finally populated triplet 3MLCT states are quite long-lived, often emissive, and
able to drive photocatalytic processes. In the case of [Ru(bpy)s]** a 3MLCT lifetime of 1100 ns is
sufficiently long to engage in bimolecular EnT and ET reactions with a huge variety of organic
substrates in competition with its deactivation pathways to the ground state.*

[RuLg]?* [FeLgl**

Smc
>100 ng: J

!

Smc

Energy

e, (Ru)

x L) 7 (L)
MLCT i eg« (Fe)
tyg (Ru) =/ i tag (Fe) os

metal-ligand bond length r (M-L)

Figure 2.2.1: Schematic ground- and excited-state landscapes of ruthenium(ll) (left) and iron(ll) (right) polypyridine
complexes. Middle: Simplified molecular orbital diagrams for the corresponding ruthenium(ll) and iron(ll)
complexes.(336]

In Fe'Ls complexes with the 3d® configuration the extension of the lifetimes of photoactive MLCT
states is still a challenge. The intrinsically smaller ligand field splitting in first row transition metals
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compared to their higher homologues is limiting the photofunctionality in iron complexes.*? In
iron(Il) polypyridine complexes the eg* orbitals are lower in energy than the ligand ni* orbitals and
are thus representing the LUMOs. Since ty-eg transitions are Laporte forbidden, visible light
absorption processes still lead to the population of *MLCT states. The 3MLCT state is populated
after rapid ISC in the same way as described in [Ru(bpy)s]?*. In contrast to the ruthenium
analogues, in iron(ll) complexes the 3MLCT decays usually into triplet 3MC states essentially
without a barrier, followed by ISC and vibrational cooling. Consequently, a long-lived, non-
emissive quintet °MC state is populated.B”! Relaxation from *MC into the GS is both spin- and
Laporte forbidden and therefore rather slow in comparison to the deactivation from 3MLCT into
3MC and from 3MC into *MC states. As a result of the relaxation cascade, the 'GS->’MC transition
can be achieved by visible light absorption and iron(ll) polypyridine complexes result in a long-
lived, non-emissive and non-catalytic active state. This effect is referred to as light-induced excited
spin-state trapping (LIESST).B”! According to this discussion, in [Fe(tpy).]>* (tpy = 2,2":6",2"-
terpyridine) the populated 3MLCT state relaxes ultrafast within 150 fs into the 3MC. A following
deactivation into the *MC state is observed, with a lifetime of 5.35 ns, which drastically limits its
use in catalytic application.3%3°

The main challenge in iron(ll) complexes is to avoid the loss of photocatalytic activity following
from the deactivation of 3MLCT via MC states in the LIESST process. Therefore, the two main
strategies to target the inversion of ¥*MC and *MLCT state energies are the stabilization of MLCT
and the destabilization of ¥*MC states. For this purpose, the ligand field splitting can be increased
by the improvement of the octahedral geometry and by strong o-donor ligands (i.e. N-heterocyclic
carbenes; NHCs and mesoionic carbenes; MICs), which both leads to energetically higher MC
states. Better m-acceptor ligands or by increased electronic delocalization are stabilizing the
LUMO-levels, both reducing the energy of MLCT states.!”3°

2.2.2 Strategies to improve the photophysical properties of iron(ll) complexes

There are several strategies described in literature to improve the 3MLCT lifetimes and catalytic
properties of Fe?* complexes. In numerous excellent reviews these strategies are summarized with
detailed examples. In this section the most important milestones will be discussed in detail using
selected examples. More comprehensive collections of strategies and examples of iron-base PS
can be taken from very comprehensive reviews,3>3040229.406=dl jnclyding the one that has been
published in the frame of this work.!”!

Symmetry

A strategy to destabilize the eg orbitals is to maximize the overlap between metal and ligand
orbitals. A high local symmetry with a N-Fe-N trans angle as close as possible to 180° in FeNg ligand
systems results in the maximized destabilization of the eg levels (Figure 2.2.2). In a [Fe(dcpp).]*
complex McCusker and coworkers achieved a N-Fe-N trans angle of 178.3°. Electron withdrawing
carbonyl groups in the dcpp (= 2,6-bis(2-carboxypyridinyl)pyridine) ligand lead to a further
destabilization of the ligands nt* orbitals.*® The lifetime of 280 ps at room temperature was
assigned to have °MC character.*!
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The ddpd (= N,N’-dimethyl-N, N’-dipyridine-2-yl-pyridine-2,6-diamine) ligand is more electron rich,
due to the electron amines instead of the carbonyl groups. The combination of dcpp with the
electron-rich ddpd ligand by Heinze and coworkers in a heteroleptic push-pull ligand design gave
a N-Fe-N trans angle of 178.4°. A ground state recovery within 528 ps was observed after
photoexcitation. [Fe(dcpp)(ddpd)]?* still exhibits a 3MLCT > 3¥*MC energy ordering.!*243

Gros and coworkers published [Fe(dqa).]** (dga = 2,6-di(quinoline-8-yl)pyridine) — prepared using
microwave techniques — with a N-Fe-N trans angle of 178.4° and a relaxation behavior, which is
more like the benchmark complex [Fe(tpy)2]%*. A 3MLCT state with a lifetime of 0.45 ps is initially
populated upon photoexcitation in [Fe(dga).;]**, relaxing into a *MC state with a lifetime of
3.0 ns.[*4

The improvement of octahedral geometry has also successfully been transferred to CANAC ligands
using N-heterocyclic carbene ligands as strong o-donors. A C-Fe-C trans angle of 176.1° is realized
in [Fe(pdmmi);]** (pdmmi = 3,3’-pyridine-2,6-diyl(methylene)bis(1-methylimidazolylidene)). The
lifetimes of one triplet state were determined in a range of 7-17 ps, while the lifetimes of the other
range between 0.8 ps and 1.5 ps. The two proposed deactivation pathways include on the one
hand a parallel decay from the 3MLCT state and 3MC state back into the 'GS and on the other hand
a mixed state decay. Longer lifetimes are most probable assigned to the 3MC state. The *MC is
excluded from the relaxation pathway in [Fe(pdmmi);]*, but the complete deactivation process

has not fully been understood yet.[**!

[Fe(dcpp).2* [Fe(dcppi(ddpd)]®* [Fe(dap)I®* [Fe(pdmmi),[2*
Twc = 280 ps Tuc = 528 ps Tuct = 045 ps Tyer=0.8-1.5ps
Tuc=3.0ns Tmg = 7-17 ps

Figure 2.2.2: Molecular structures and excited state lifetimes of [Fe(dcpp).]?*,13¢! [Fe(dcpp)(ddpd)]?*,[#>43] [Fe(dqp).]?***
and [Fe(pdmmi),]?*(*4] with optimized octahedral geometry.

The exclusion of MC states from the relaxation cascade is frequently reported and well
understood for N-heterocyclic carbene metal complexes and further described in the following
section.

Strongly o-donating ligands

Introduction of strongly o-donating N-heterocyclic carbenes (NHCs) induces a stronger ligand field
and significant destabilization of the eg orbitals (Figure 2.2.3). Ground-breaking studies on iron(Il)
photosensitizers with NHC ligands reported [Fe(bim);]** (bim = 1,1’-(pyridine-2,6-diyl)bis(3-
methyl-1H-imidazol-3-ium) with a lifetime of 9 ps assigned to a 3MLCT state.’*! A computational
study confirmed the assignment of the 3MLCT state and showed that the MC states are
destabilized by the NHC ligands compared to [Fe(tpy):]**. To populate a >MC state, large structural
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rearrangements and significant elongation of the metal-ligand bonds is necessary. Population of
the °MC state is therefore unlikely and it is bypassed in the deactivation cascade.!*!

To counteract the destabilization of the ligand centered LUMO orbitals in NHCs, while achieving a
maximal destabilization of the HOMO levels, expansion of the ligand m-system by benzimidazoles
showed promising results in [Fe(bbp):]** (bbp = (pyridine-2,6-diyl)bis(1-methyl-benzimidazol-2-
ylidene). [Fe(bbp):]** exhibits stabilized LUMO levels by the increased m-system at the
benzimidazole. However, the stronger m-acceptor properties of benzimidazole also stabilize the
tag-orbitals (HOMO), leading to an increased HOMO-LUMO gap. Despite this blue shift [Fe(bbp)2]**
exhibits an extended 3MLCT lifetime of 16 ps.[®!

While NHCs are strong o-donor ligands, their t-acceptor capability is limited. Mesoionic carbenes
(MICs) carry a negative charge on the carbene carbon atom in one of their resonance structures
and therefore act as stronger o-donor ligands than classical NHCs.!*” Beside this, the i* levels are
lower in energy than in NHCs by the increased number of N atoms, resulting in an improved
Ti-acceptor capability. This concept was first used in the heteroleptic [Fe(btz),(bpy)]** complex
(btz = 3,3’-dimethyl-1,1’-di-p-tolyl[4,4’-bis-(1,2,3-triazol-5-ylidene)]). Excited state kinetics of
[Fe(btz)a(bpy)]** exhibited a decay process with three different time components, all showing
MLCT character by comparison with spectroelectrochemical experiments. Time constants of
maximum 13 ps for the 3MLCT lifetimes were reported.l*® Detailed time-resolved X-Ray
spectroscopy revealed a hot branching mechanism of the relaxation cascade. This means a
vibrationally excited, hot *MLCT is populated after photoexcitation by ultrafast ISC and vibrational
redistribution leads then quickly to a relaxed 3MLCT state. The redistribution process competes
with a direct channel to the 3MC state, in which a fraction of 30% of the population ends up within
the first 0.15 ps. The remaining population of 70% in the relaxed *MLCT state decays comparatively
slowly (7.6 ps) to the 3MC state, which deactivates more rapidly (2.2 ps) back to the *GS.!**!
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Figure 2.2.3: Molecular structures and excited state lifetimes of [Fe(bim)2]?*,3°! [Fe(bbp)2]?*[“¢! and [Fe(btz),(bpy)]?*!*¢!
with strongly o-donating ligands.

Fe'"-d® complexes

As an alternative to Fe'-d® metal complexes remarkable advances could be achieved with Fe"'-d>
compounds with respect to photochemical applications. Prominent examples with long excited
state lifetimes, more complex absorptivity and emission are the three metal complexes
[Fe(btz)s]®*, [Fe(phtmeimb);]* (phtmeimb = phenyl(tris(3-methylimidazol-1-ylidene))borate) and
[Fe(ImP),]* (ImP=1,1'-(1,3-phenylene)bis(3-methyl-1-imidazol-2-ylidene)). The molecular
structures and excited state energy landscapes are shown in Figure 2.2.4. Progress is caused by
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" metal complexes. Frontier MOs are typically the same in

the distinct photophysics of Fe
octahedral 3d°> and 3d® metal complexes. The MO diagrams include the same basic metal- and
ligand-based orbitals. The partially filled t,; orbitals in the t° low-spin ground-state configuration
enable LMCT (ligand to metal charge transfer) transitions from a filled m orbital of the ligands to
the partially filled ty; orbitals (Figure 2.2.4). Optical spectra thus consist of m-t*, MLCT and,
additionally, LMCT transitions in 3d> metal complexes, while LMCT bands are typically the lowest

" hexa-carbene compounds.® [Fe(btz)s]** displays a 2GS-2LMCT charge

energy transition in Fe
transfer absorption band at 558 nm resulting in an emissive 2LMCT excited state with a lifetime of
100 ps and a quantum yield of 3-10* in MeCN. This assignment is based on transient absorption
kinetics of the ground state recovery and time resolved luminescence kinetics, which exhibit

identical kinetics.?Y

With [Fe"(phtmeimb),]* a metal complex with nearly ideal octahedral geometry and an additional
negative charge on the ligand to further is improving the o-donor properties is realized. In
[Fe"(phtmeimb),]* a 2GS-2LMCT charge transfer absorption band at 502 nm and an emission with
a maximum at 655 nm with a quantum yield of 2% is observed. The excited state lifetime is 2 ns
following the 2GS-2LMCT excitation/deactivation processes.”? After a tris(bidentate) and
scorpionate ligand arrangement, a bis(tridentate) complexes was realized recently with
[Fe"(ImP),]*. The iron center is sixfold carbon coordinated by four NHCs units and two
cyclometalating phenyl rings. This ligand design leads to a dual 2GS-2LMCT absorption at 585 nm
and a 2GS-2MLCT absorption at 351 nm. After 2LMCT-excitation at low energies an emission with
a maximum at 675 nm is observed. After 2MLCT-excitation at higher energies an additional
emission with a maximum at 450 nm is detected together with the 675 nm luminescence. Such a
dual or two color luminescence is a rare observation and was never reported for iron compounds
before. The excited state landscape is dominated by a 2LMCT state with a lifetime of 0.24 ns at low
energies and a 2MLCT state with a lifetime of 4.2 ns at higher energies.
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Figure 2.2.4: Schematic ground- and excited-state landscapes of iron(lll) complexes (top). Molecular structures and
excited state lifetimes of [Fe(btz)s]?*,[°1] [Fe(phtmeimb),]*1>?! and [Fe(ImP);]*!>3! with iron(lll) as central atom (bottom).

Although no experimental evidence is presented, participation of a *MC state in the deactivation
path cannot be excluded so far. As lifetimes are in the picosecond or low nanosecond range and
only moderate quantum yields are observed in Fe"' hexa-carbene metal complexes, non-radiative
mechanisms contributing to the deactivation from the photoactive 2LMCT to the 2GS must be
contemplated. As there is no obvious way to undergo ISC to higher spin states, there is still a
limitation of the lifetimes in this type of metal complexes by the spin-allowed direct relaxation
into the 2GS by fluorescence or non-radiative pathways. This fact is so far limiting the promising
photophysical results, and it presents a future challenge to overcome this fundamental property

of Fe"' complexes.

2.2.3  The Multichromophoric Approach

A very promising strategy to increase the 3MLCT lifetimes has been proposed for ruthenium
photosensitizers. The functionalization of the coordinating ligands by a second, organic
chromophore with a long triplet lifetime, leads to the so called multichromophoric approach.
In such multichromophoric complexes, m-extension leads to energetically lowered 3MLCT states
as described in the basic photophysical properties of d® metal complexes. Additionally, the long-
lived excited triplet states of the organic chromophores can act as reservoirs for the population of

the 3MLCT states.[>>°6-61]
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The fundamental processes of this reservoir effect are depicted in Figure 2.2.5 and eq. 2.5-2.7 for
the complex [Ru(phen-pyr)s]** (phen-pyr = 5-(pyren-1-yl)-1,10-phenanthroline) bearing a pyrene
backbone.
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Energy

[Ru(phen)s]?* pyrene

Figure 2.2.5: Effective prolongation of 3MLCT lifetimes by chromophore-states populated by MLCT states and
repopulation (reservoir effect) in Ru" complexes according to Castellano et al.[5657]

The initial photoexcitation of the metal complex from 'GS into *MLCT state (eq. 2.6) is followed by
ISC into the 3MLCT state (eq. 2.7). This situation is identical to the previously described processes
in d®-TMCs. From the 3MLCT state the energy can be transferred in an internal conversion (IC) step
to the nearly isoenergetic triplet chromophore-state (3Chrom; kic, eq. 2.8). Back-IC (kpack.ic) yields
the 3MLCT state, resulting in a thermal equilibrium of the 3MLCT and 3Chrom state (eq. 2.8). Due
to this equilibrium caused by coupling with a long-lived organic chromophore, the 3MLCT lifetime
is significantly extended, and the organic chromophore can be described as a reservoir for the
3MLCT state. Equilibration is most efficient with isoenergetic *MLCT and 3Chrom states. If the
triplet state of the chromophore is energetically higher than the thermal energy (ksT), there is no
energy transfer from the 3MLCT to this state.l®%°657] |f the triplet state of the chromophore is
significantly lower than the 3MLCT state, an irreversible energy transfer takes place, resulting in
the quenching of the 3MLCT state.®” These two cases show the limiting cases of the
multichromophoric approach, whose efficiency is described by the Boltzmann statistics.

h-9 (2.6)
ML, — Chrom. — M*L, — Chrom.

kisc (2.7)
IM*L, — Chrom. — 3M*L,, — Chrom.

kic (2.8)
3ML, — Chrom. <=  M*L,—3Chrom*
kback—IC

Beside the reservoir effect a second effect is observed in multichromophoric ruthenium
complexes. After photoexcitation using UV light, not the *MLCT, but the !Chrom state is populated,
which is higher in energy than the !MLCT state (eq. 2.9). From the 'Chrom state the energy can be
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transferred in an IC step to the lower lying *MLCT state (2.10). This energy transfer process on the
excited singlet state hypersurface is referred to as Forster Resonance Energy Transfer (keret;
eg. 2.10). This energy transfer step from the Chrom state to the MLCT state is claimed as the
“antenna effect” in literature. The antenna effect therefore enables the population of the *MLCT
states both by visible and by UV light and enhances the more frequent population of catalytically
active *MLCT states.!®!

h-9 (2.9)
ML, — Chrom. — ML, — ‘Chrom.*

kerer (2.10)
ML, — *Chrom.* - M*L, — Chrom.
Very successful examples of using the multichromophoric approach in ruthenium-based
photosensitizers are the increase of the 3MLCT lifetime in [Ru(phen)s]** from 510 ns to 148 ps®®
in [Ru(phen-pyr);]** and in [Ru(tpy):]** from 250 ps to 1806 ns in [Ru(tpy-pym-ant);]** using
9-anthryl-pyrimidine units (Figure 2.2.6).16%

— ]

[Rutpy)1** [Ru(tpy-pym-ant),]**
Taer = 250 ps TuieT = 1806 ns

[Ru(phen)s]** [Ru(phen-pyr)s]**
TyLer =510 ps Tper = 148 ps

Figure 2.2.6: Molecular structures and excited state lifetimes of [Ru(tpy)z]**, [Ru(tpy-pym-ant),]?*,16?] [Ru(phen)s]?* and
[Ru(phen-pyr)3]?*56] as examples of the multichromophoric approach.

Based on a series of experiments on [Ru(bpy)s]**-based multichromophoric complexes, the
extension of lifetimes can be linearly correlated with the number of bound chromophores.
McClenaghen et al. systematically increased the number of pyrene units attached to a [Ru(bpy)s]**
center from zero to six and found a linear correlation in the excited state lifetimes. The
[Ru(bpy)s]?** derivative carrying zero pyrenes has a 3MLCT lifetime of 0.87 s, that is increased to
18.1 ps in the case of six pyrene units.® Furthermore, it was shown on [Ru(phen)s]** complexes
that both chromophores bound directly to the ligand — as described in the examples before —and
the binding of the chromophore over longer distances (e.g.: polyethylene glycol, distance up to
1.2 nm) lead to an extension of the lifetimes.!®%
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The multichromophoric approach has also been investigated for Re(l) complexes. In a first
publication a single complex consisting of a [Re(phen)(CO)sCl]-center connected to N-(1,10-
phenanthroline)-4-(1.piperidinyl)naphthalene-1,8-dicarboximide (NPI) has been reported. The
resulting [Re(NPI-phen)(CO)sCl] has a lifetime of 651 ps, which represents an enhancement of the
lifetime by a factor of 3000 in comparison to the lifetime of 197 ns in [Re(phen)(CO)sCl]. In this
complex both the reservoir and antenna effect as described for Ru-complexes before have been
identified.[®® These effects have been more extensively investigated in two different ways. In a
first following work different naphthalimides (NIs) have been attached to the rhenium center Re0
resulting in a series of complexes Rel-Re5 to investigate the influence of different 3NI energies
(Figure 2.2.7).1%% In a second following work different ligands have been coordinated to the
rhenium-center to result in the series of complexes Re6-Rel0. In these complexes Re6-Rel0 the
same pyridinyl-NI (PNI) ligand has been used as second chromophore to investigate the influence
of different 3MLCT energies in multichromophoric rhenium complexes (Figure 2.2.8).1!

The investigations on different 3NI energies gave insight into the excited state dynamics of the
complexes Rel-Re5. In all the complexes the lifetime of the excited states is prolonged and the
3NI energy is below the 3MLCT state in each complex. In the complexes Rel-Re3 the LC state is
initially populated after photoexcitation with UV light. An energy transfer according to the
antenna effect enables the population of the IMLCT state. After rapid ISC the 3MLCT is populated
and a thermal equilibrium between the 3MLCT and the 3LC according to the reservoir effect is
achieved. For Rel-Re3 the excited state dynamics after photoexcitation can be described by a
ILC - MLCT — 3MLCT = 3LC relaxation cascade according to the description of d®-TMCs

before.[® In the complexes Re4 and Re5 the difference in the triplet energies is the largest and
the 3Nl energies are clearly below the 3MLCT energy. In Re4 and Re5 this difference is too large to
still observe black population of the 3MLCT since the 3LC state is once populated. The relaxation
cascade in Re4 and Re5 the 'LC — *MLCT — 3MLCT — 3LC relaxation cascade results in 3LC state
without any black population of the 3MLCT state. The observed lifetime in Re4 and Re5 is the
excited state lifetime of the 3NPI states.[®%
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Figure 2.2.7: Molecular structures, triplet-energy differences of the MLCT and NI character states and excited state
lifetimes of Re0-Re5 as examples of Re(l)-based multichromophoric complexes.[64

These findings clearly indicate that a slight mismatch between the triplet energies — even if the
triplet energy of the chromophore is below the 3MLCT state — is suitable for the achievement of a
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reservoir effect, but a clear mismatch leads into the population of the 3LC state without any back
population of the 3MLCT state.

The investigations on different 3MLCT energies gave insight into the excited state dynamics of the
complexes Re6-Rel0. In Re6-Re8 the 3MLCT states are higher in energy than the 3PNI energy. In
Re9 the triplet energies are nearly isoenergetic. In Re10 the 3MLCT energy is lower than the 3PNI
states (Figure 2.2.8). In Re6-Re8 the 3MLCT lifetimes are prolonged according to an equilibrium
between the 3MLCT and 3PNl states following the 'LC — MLCT — 3MLCT = 3LC relaxation cascade.

Consequently, the energy difference in Re8 results in the longest 3MLCT lifetime. In Re9 the triplet
energies are nearly isoenergetic, but the 3MLCT is not prolonged with the highest efficiency, as
the 3MLCT and 3LC states do not equilibrate without a barrier. In Re10 the 3PNl is higher in energy
than the 3MLCT state. In this case the 3LC state is excluded from the LC — MLCT — 3MLCT

deactivation cascade. These findings clearly indicate that the 3LC states should be located lower
in energy, but as close as possible to the 3MLCT states to realize both a reservoir and an antenna
effect in multichromophoric d®-TMCs.[®*!

L ~N_ L ~N L
~ ~ N L N L
/FQE*\'CO /Fée*\'CO /rée*\—co 7 “He'—co 7 Npet-co Oxg- Mg
to ° ¥ (I;o co “ | co W Yo #on] eo
co
N Eo. k! ©C o L co OO
o N
Reb Re7 Re8 Re% Rel0 PNI O
3Ewier= Eemrrk =
20 000 cm™! 19 900 cm™’ 19 500 cm™! 16 200 cm™' 14 900 em™ 16 200 cm™
Tra = TPL =
918 ps 1170 ps 5110 ps 1.17 ps 39.5ns

Figure 2.2.8: Molecular structures, triplet-energy of the MLCT states and excited state lifetimes of Re6-Re10 as examples
of Re(l)-based multichromophoric complexes. Triplett energy of PNI (right side).[65]

Additionally, to these examples of ruthenium and rhenium complexes, the multichromophoric
approach has also basically been investigated for platinum and one chromium complex.
Platinum(l) complexes are exclusively investigated with acetylene groups as linkers between the
metal complex center and the organic chromophore.[66a6766701 pt1 js an example of
multichromophoric platinum complexes (Figure 2.2.9). For chromium(0) very recently a first
example Crl has been published showing the potential of the multichromophoric approach also
for earth abundant metal centers (Figure 2.2.9).6%
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Figure 2.2.9: Molecular structures of Pt1 and Cr1 as examples of platinum!¢”! and chromium!€8! based multichromophoric
complexes.
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Despite numerous examples for the application of the multichromophoric approach with TMCs, it
is experimentally unexplored for iron(ll) as the central atom in combination with CANAC ligands.
A recent theoretical study evaluates the potential of anthracene-functionalized [Fe(bim),]*
complexes. The results show that even for the direct connection of anthracene to the bim ligand
the lowest energy triplet state is localized on anthracene, which could act as a reservoir for an
excited state population (Figure 2.2.10, Fel and Fe2). The authors suggested a mitigation of the
fast excited state decay of iron(ll) excited states due to the attachment of anthracene.®

N 2* @
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& d\ Y «/{

Fel Fe2

Figure 2.2.10: Molecular structures of Fel and Fe2 predicted to have 3MLCT states localized at the anthracenyl-
chromophore.[69

For iron as the central atom, no experimental studies have been published prior to this work that
address the multichromophoric approach leading to the transfer of the multichromophoric
approach from noble metal d®-TMCs to the more abundant and more sustainable iron as the
central metal in multichromophoric d®-TMCs as the aim of this work.
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Aim of this work

In this work two key strategies to improve the photophysical properties and the catalytic activities
of NANAN- and CAN~C-coordinated iron(ll) complexes are focused. All ligands designed in this
work consist of a central, coordinating pyridine ring. In the first strategy the o-donor and m-
acceptor properties of the ligand motifs, laterally attached to the central pyridine ring, are
investigated. Additional pyridines and triazoles are representatives of good m-acceptor ligand,
while different types of NHCs are chosen as strong o-donor ligands. In the group of NHCs
imidazolium, benzimidazolium and triazolium precursors, as representatives of MICs, are the
chosen to investigate the effect of different o-donor strength.

The second main strategy targeted in this work is the introduction and variation of an organic
chromophore in the 4-position of the central pyridine ring. Aromatic hydrocarbons from phenyl
to perylene will be used as backbone chromophores. With this not only the size and geometry of
the aromatic system varies, but also the energy and the lifetime of the 3Chrom state, which could
act as a “light-antenna” or as an excited state energy reservoir.

ag-Donor
r-Acceptor

= NN !
u ! Q ! |
t ' ! ‘
24 ' bim ! w
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| N©® : !
N | N ! :
N:N‘ : NL | :
btp | tri : 4 5
good m-acceptors strong o-donors variation of triplet energy and n-extension

Figure 3.1.1: Schematic representation of the two main strategies to improve photophysical properties of iron(ll)
complexes followed in this work: The variation of o-donor and m-acceptor properties (left side, red) and the variation of
organic chromophores in 4-position of the central pyridine ring (right side, blue) of the ligands. Abbreviations used in the
following in bold letters.

Prepared complexes will be intensively analyzed by advanced spectroscopic and quantum
chemical techniques. The ground state properties are characterized by steady state absorption
and cyclic voltammetry. The excited state properties are determined by transient absorption,
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steady state, and time-resolved emission spectroscopy and spectroelectrochemical experiments.
The results of ground and excited state characterization are accompanied by time-dependent
density functional theory (TD-DFT) calculations. For selected complexes ruthenium analoga are
prepared for comparison purposes.

In the final stage of this thesis, selected complexes, showing promising photophysical properties
are used in photocatalytic experiments. Two types of possible reactions will be addressed. The
possibility for these complexes to act as photosensitizers in single electron transfer reactions, in
the example of proton reduction reactions to evolve hydrogen. And second the possibility of these
complexes to enable energy transfer reactions will be tested. As an example, the activation of
oxygen in solution to yield reactive singlet oxygen will be addressed.

To identify the ligands and chromophores in this work the following abbreviations are used: tpy
(= 2,2":6’,2”-terpyridine), bim (= 1,1’-(pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium)), bbp (=
(pyridine-2,6-diyl)bis(1-methyl-benzimidazol-2-ylidene)), btp (= 2,6-bis(1-ethyl-1H-1,2,3-triazol-4-
yl)pyridine), tri (= 4,4'-(pyridine-2,6-diyl)bis(1-ethyl-3-methyl-1H-1,2,3-triazol-3-ium)), 1 (= phen-
1-yl), 2 (= naphthalen-1-yl), 3 (= anthracen-9-yl), 4 (= pyren-1-yl), 5 (= perylen-3-yl) according to
Figure 3.1.1.
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Synthesis

In this thesis five different classes of ligands were prepared to investigate the photophysical
properties and catalytic activities of multichromophoric iron(ll) complexes. In this section the
synthetic strategies, used to prepare ligands with organic chromophores attached in their
backbones, will be discussed in detail.

4.1 Synthesis of terpyridine-based ligands and complexes

The synthesis of terpyridines has been described in many forms,!”? and is discussed in the context
of this work as a reaction of two equivalents of acetylpyridine and one equivalent of anthracenyl
and pyrenyl aldehyde, respectively.!”*~73!

1) KOH, EtOH, RT, 2h

2) B-R, 16h R 1) FeBry, MeOH, RT
o ' 2) KPF
R 3)NH;(aq.), 16h Z ) KPFg aq.
2 ~ + ~ ‘ B ——S—E—d
| N H S0 N SN
P | ‘
=N N =
1 2-R tpy-R [Fe{tpy-R)1(PFg)z

Scheme 4.1.1: Syntheses of tpy-R ligands and [Fe(tpy-R)2](PFs), complexes.

To optimize existing procedures, KOH and 2-acetylpyridine 1 were stirred in ethanol for 2h to
achieve the most quantitative deprotonation of 1 as possible. Subsequently, the corresponding
aldehyde 2-R was added and stirred at room temperature for 16h before an ammonia solution
was added. This reaction time was considerably longer than in previously described syntheses in
literature. After the addition of the ammonia solution, the crude product was formed as a solid,
separated from the solution and purified by recrystallization. The ligands tpy-3 and tpy-4, which
had previously been prepared in two-step syntheses,”*! were obtained in a single-step synthesis
with yields of 53% (tpy-3) and 27% (tpy-4) in this work. The corresponding terpyridine complexes
[Fe(tpy-3):](PFs)2 and [Fe(tpy-4):](PFs). were obtained by the reaction of tpy-3 and tpy-4 with
FeBr, at room temperature in methanol. After filtration of insoluble solids, an aqueous KPFs
solution was added to give the hexafluorophosphate salts [Fe(tpy-3).](PFs)> and [Fe(tpy-4)2](PFs)..
The resulting solids were separated and taken up in acetone. After crystallization by diffusion of
n-pentane into acetone solution of the complexes. The compounds were obtained in 90%
([Fe(tpy-3)21(PFs)2) and 80% ([Fe(tpy-4)2](PFs)2) yield (Scheme 4.1.1).
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Table 4.1.1: Yields of the syntheses of (tpy-R) ligands and [Fe(tpy-R);](PFs), complexes.

Compound Yield Compound Yield
tpy-3 53 % [Fe(tpy-3)2](PFs)2 90 %
tpy-4 27 % [Fe(tpy-4):2](PFs)2 80 %

According to the distinct photophysical characterization and the not promising results
(section 5.1) the synthesis of a larger variety of terpyridine ligands and complexes was not
performed in this work.

4.2 Syntheses of (benz)imidazole-based complexes

A more promising approach to implement the multichromophoric approach in iron complexes is
the use of NHC-based ligands. They cause a stronger ligand field splitting of the d-orbitals, which
leads to longer 3MLCT lifetimes. This section is divided into three parts. These parts are the
description of different synthetic routes for the important precursor molecule 7, the discussion of
the syntheses of imidazole and benzimidazole based pro-ligands and complexes, and the
discussion of follow-up syntheses to enable further improvement of the photophysical properties
and to gain a better photophysical understanding by acetylene-linked pro-ligands and complexes.

Syntheses of precursor molecule 7

4-iodo-2,6-dichloro-pyridine 7 is the starting point to introduce organic chromophores in the
backbone of the ligands in multichromophoric carbene complexes. Three different synthetic
procedures have been prepared for the synthesis of 7 (Scheme 4.2.1).

In the first multistep route 2,6-dichloropyridine 3 is oxidized to the N-oxide-derivative 4 and
subsequently treated with nitrating acid to yield 5.74 After reduction using iron powder in acetic
acid 6 is received.[™ Intermediate 6 is an important starting molecule for following syntheses to
prepare complexes with larger distances between the metal center and the organic backbone
molecule. 7 was obtained in a Sandmeyer-reaction (Scheme 4.2.1, upper reaction).l’® The overall
yield of this sequence is 21 % with respect to the starting amount of 3. Two optimization steps
have been performed to improve the yield in the preparation of 7. Nevertheless, this reaction
sequence is an important part as the dibromo-derivative of 6 (later named 6-Br) is important for
follow up syntheses.

Both attempts to optimize the yield rely on a direct iodination of 3 in 4-position. In a first attempt
3 is deprotonated and metalated by n-butyllithium and subsequently iodinated by elemental
iodine (Scheme 4.2.1, middle reaction). As n-butyllithium is a strong and sterically non-
demanding base 3 is metalated not only in 4-, but also in 3-position. For this reason, 3-iodo-2,6-
dichloropyridine is obtained as a side-product (Scheme 4.2.1, middle reaction, colored in grey).
Both isomers can be separated by stepwise crystallization and 7 is obtained with a yield of 30 %.!”)
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To selectively deprotonate 3 in 4-position the sterically demanding base TMPMgCI (= 2,2,6,6-
tetramethylpiperidinylmagnesium chloride lithium chloride complex) — also called Turbo-Hauser
base —is used (Scheme 4.2.1, lower reaction). The sterically demanding tetramethyl-piperidinyl is
selectively deprotonating the 4-position and metalating by magnesium and lithium. The
subsequent iodination gives 7 with a yield of 68 %.[7®

NO, NH, 1) HCI, RT |
H,S0, Fe, AcOH, 2) NaNQ,, 0°C
| = TFA, H;0, | = +HNO; | = 100°C | = 3)KI, RT | =
g ®/ ®/ e o
Cl N Cl Cl l}l Cl Cl l}l Cl Cl N Cl Cl N Cl
o] 0
© Q
3 4 5 6 7
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Cl N Cl Cl N Cl
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® ®
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Scheme 4.2.1: Optimization of the synthesis of 7 starting from a four-step synthesis (upper reaction)74-76] over one-step
synthesis using n-BulLi (middle reaction)””I resulting in a more selective one-step synthesis using TMPMgCl as base (lower
reaction).[78]

Table 4.2.1: Yields of the syntheses described in this section. *3 is commercially available )Yield of the Sandmeyer
reaction, 2Yield of deprotonation using TMIPMgClI.

Compound Yield Compound Yield
3 -k 4 70 %
5 60 % 6 88 %
7Y 58 % 72 68 %

Syntheses of imidazole-based pro-ligands and complexes

The synthetic sequence developed for the syntheses of the complexes [Fe(bim-R):](PFs), is
discussed in this section (Scheme 4.2.2).

The Suzuki coupling using 7 and the corresponding chromophore-boronic-acids to introduce the
organic backbone to yield in 4-chromophore-2,6-dichloro-pyridine (8-R) derivatives has been
optimized in six steps using 8-3 as an example (Table 4.2.2).
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Table 4.2.2: Parameters in the optimization process of the Suzuki-Coupling resulting in 8-R products. In this table the
yields of 8-3 are shown.

Catalyst Base Solvent Temperature Time Yield
Pd(OAc),+SPhos NaCOs3 THF 65 °C 24 h 27 %
Pd(OAc),+SPhos NaCOs THF 65 °C 72 h 40 %
Pd(OAC),+P('Bu)s NaCOs THF 65 °C 72 h -
Pd(OAc),+SPhos K3POa THF 65 °C 72 h 22 %
Pd(OAc),+SPhos NaCOs3 THF RT 144 h 11%
Pd(OAc),+SPhos NaCOs toluene 110 °C 72 h 59 %

In the beginning Pd(OAc); as palladium source and SPhos (= dicyclohexyl(2’,6’-dimethoxy[1,1’-
biphenyl]-2-yl)phosphane) as ligand were chosen.” The increase of the reaction time from 24 h
to 72 h results in an increase of the yield from 27 % to 40 %. The P(*Bu)s ligand, often chosen for
Suzuki couplings using aryl-boronic acids in literature® did not give 8-3. SPhos is thus kept as the
supporting ligand in this reaction. The pure anthracene was found as a side product in all reactions.
Therefore, a protodeboronation was assumed to be a side reaction, limiting the vyields.
Protodeboronation reactions can be suppressed either by using weaker bases
(pKs (K3PO4) = 1.68[8Y, pKg (Na2COs) = 3.60%Y) or by lower temperatures.®? Using K3PO, as
stronger base indeed reduces the yield to 22 %. At lower temperature 8-3 was formed, but even
with an increase reaction time to 144 h the yield was still low (11 %).

The most successful parameters were obtained after changing the solvent from THF to toluene
and using Na,COs as base. This allows the reaction to work at a higher temperature of 110 °C.
While still protodeboronation was observed, the yield was increased to 59 %.

For perylene 5 the pinacol-protected boronic acid has been used instead of the unprotected acid
for the other chromophores 1-4. The yield was increased to 95 % using this strategy. It can be
assumed that this strategy will increase the yield for 8-1 - 8-4 as well !
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Scheme 4.2.2: Syntheses of pro-ligands [Ha-bim-R](PFs), and [Fe(bim-R),](PFs), complexes.[3¢]
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According to literature procedures a neat coupling of 8-R and N-methyl-imidazole at 150°C for 5 d
was performed. This neat coupling was only successfully performed for the phenyl-derivative
8-1to yield in [Hz-bim-1](PF¢), with a yield of 23 % after anion exchange. All other derivatives
8-2to 8-5 decomposed under these conditions and no formation of the pro-ligands was
detected.®¥

To receive the pro-ligands for the other chromophores a two-step synthesis has been developed,
first the imidazole-derivatives 9-2 to 9-5 have been prepared. An attempt to deprotonated
imidazole by NaH and to perform a nucleophilic aromatic substitution was not successful.®

The imidazole derivatives 9-2 - 9-5 finally have been synthesized by a copper-mediated Ullmann-
reaction.!® For this the 8-R has been heated in DMF at 150°C for 48 h in the presence of imidazole,
CuO and K,COs. After column chromatography (stationary phase: SiO,/ mobile phase:
DCM/MeOH 9/1 V/V) the imidazole derivatives 9-2 - 9-5 have been received.®”

In a first attempt to obtain the pro-ligands [H»-bim-2](PFs), - [H2-bim-4](PF¢), the imidazole
derivatives have been methylated with Mel in acetonitrile for 24 h at 80°C according to literature
procedures, but methylation was incomplete.®® To optimize this reaction the stronger
methylating agent MeOTf has been used. A successful methylation with 2.2 eq. MeOTf in dry DCM
at -80°C for 16 h has been observed for [Ha-bim-2](OTf),-[H,-bim-4](OTf),. After anion exchange
using an aqueous KPF¢ solution the final pro-ligands [H2-bim-2](PFg),-[H2-bim-4](PFs), have been
obtained according to Scheme 4.2.2.13¢)

This strategy was not successful for [H,-bim-5](PFs). as not complete methylation was observed.
The obtain [Hz-bim-5](OTf), 20 eq. MeOTf in dry CHCl; at 65°C were necessary. No anion-exchange
was performed and [H,-bim-5](OTf), was obtained in a yield of 79 %.

The iron complexes [Fe(bim-R);](PFs). were prepared by deprotonation of the imidazolium pro-
ligands with LiIHMDS in THF followed by addition of FeBr, as the iron(ll) source. The crude
complexes were purified by column chromatography (stationary phase: basic AlOx/ mobile phase:
acetonitrile) and subsequent crystallization using diffusion techniques (solvent: acetone/ anti-
solvent: diethyl ether).®®

Table 4.2.3: Yields of syntheses performed according to the procedures described in this section.)8-1 was not obtained
without impurities. 2 Synthesis of 9-1 was not performed as 8-1 was used in a neat coupling to result in [Hy-bim-1](PFs)..

Compound Yield Compound Yield
8-1 - 9-1 -2

8-2 62 % 9-2 83%
8-3 58 % 9-3 85 %
8-4 86 % 9-4 92 %
8-5 94 % 9-5 80 %
[H2-bim-1](PF¢), 23 % [Fe(bim-1),](PFe); 59 %
[H2-bim-2](PF¢), 83% [Fe(bim-2),](PFs); 71%
[H2-bim-3](PF¢), 92 % [Fe(bim-3).](PFs)> 68 %
[H2-bim-4](PF¢), 86 % [Fe(bim-4),](PFs)> 72 %
[Hz-bim-S](PFe)z 79 % [Fe(bim-S)zl(PFe)z 24 %
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Syntheses of benzimidazole-based pro-ligands and complexes

In the following section the synthetic sequence developed for the syntheses of the complexes
[Fe(bbp-R);](PF¢): is discussed (Scheme 4.2.3).
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Scheme 4.2.3: Syntheses of pro-ligands [H>-bbp-R](PFg), and [Fe(bbp-R);](PFs), complexes.

The synthetic procedures to prepare the [Fe(bbp-R):](PFs). complexes are basically the same as
for the preparation of the [Fe(bim-R),](PFs). complexes.

8-R derivatives were used in an Ullmann-style coupling with benzimidazole to result in 10-R
products. The final pro-ligands [H2-(bbp-R)](PFs); were obtained after methylation with methyl
triflate in DCM at -80°C. Only the perylene containing pro-ligands [Ha-(bbp-5)](OTf), was obtained
after methylation with methyl triflate in CHCl3 at 65°C. The iron complexes [Fe(bbp-R),](PFs), were
obtained by deprotonation of the benzimidazolium ligands with LIHMDS in THF followed by
addition of FeBr, as the iron(ll) source. The crude complexes were purified by column
chromatography (stationary phase: basic AlOx/ mobile phase: acetonitrile) and subsequently
following crystallization using diffusion techniques (solvent: acetone/ anti-solvent: diethyl ether).

Table 4.2.4: Yields of syntheses of 10-R derivatives, pro-ligands [Ha>-bbp-R](PFs), and [Fe(bbp-R),](PFs). complexes
performed according to the procedures described in this section.

Compound Yield Compound Yield Compound Yield
10-1 18 % [H2-bbp-1](PFs)2 92 % [Fe(bbp-1),](PFs)> 47 %
10-2 21% [H2-bbp-2](PFs)2 95 % [Fe(bbp-2).](PFs)2 63 %
10-3 25 % [H2-bbp-3](PFs)2 84 % [Fe(bbp-3).](PFs)2 56 %
10-4 23 % [H2-bbp-4](PFs) 92 % [Fe(bbp-4).](PFs). 64 %
10-5 35% [H2-bbp-5](PFs)2 91% [Fe(bbp-5)2](PFs). 22 %

After crystallization using diffusion technique (solvent: acetone/ anti-solvent: diethyl ether) a
single crystal X-Ray structure of [Fe(bbp-3).](PFs), is obtained. The key structural parameters of
the anthracene substituted complex [Fe(bbp-3).](PF¢), are mainly described by the Fe-N and Fe-C
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bond lengths, the C-Fe-C-trans angles and the torsion of the backbone chromophore with respect
to the central pyridine ring. The Fe-N bond length has an averaged distance of 1.894(4) A and the
Fe-C bond length an averaged distance of 1.920(4) A. The complex is spanning a distorted
octahedral geometry with an averaged C-Fe-C-trans-angle of 159.4(2)°. The anthracene
chromophore in the ligand’s backbone favors two different torsion angles. One anthracene unit is
twisted by 67.2(6)° and the second by 84.3(7)° with respect to the central pyridine ring. The
twisting of the second anthracene backbone may possibly be due to packing effects in the crystal.

c117

Figure 4.2.1: Single crystal X-Ray structure of [Fe(bbp-R),](PFs)..

Syntheses of acetylene-linked imidazole-based pro-ligands and complexes

To increase the distance between the iron centre and the organic backbone an acetylene linker in
the 4-position of the central pyridine unit of the ligands is introduced. With this attempt more
information about the phtophysical deactivation cascade after photoexcitation should be
obtained. In particular, considering that Francés-Monerris et al. described the lowest excited
triplet state localized at the anthracenyl-backbone in the heteroleptic complex Fe2 (Figure 2.2.10)
as received from quantum chemical calculations.®® In this section the synthetic procedures
leading to the similar homoleptic complex [Fe(bim-ac-3),](PFs). are described (Scheme 4.2.4).

The starting molecule of the synthetic sequence 6-Br is received from 2,6-dibromo-pyridine
according to the sequence described in Scheme 4.2.1 (upper reaction). An Ullmann-style coupling
of 6Br with imidazole catalyzed with CuO and K,COs as a base in DMF at 150°C leads to 11.8” The
amino group in 11 is transferred into an iodine group in 12 by a Sandmeyer reaction, which is one
of substrates needed in a Sonogashira coupling to reach 14.15°

9-bromoanthracene is coupled with TMS-acetylene in a Sonogashira coupling according to a
literature procedure using Pd(PPhs),Cl, and Cul in a mixture of diisopropylamine (DIPA) and
triethylamine (TEA, NEts) at 110°C for 16 h. After subsequent deprotection of the TMS group by
K2COs 13 is obtained, which is the second substrate needed in a Sonogashira coupling to reach
14.0°
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In the Sonogashira coupling of 12 and 13 a very brief screening of catalysts and solvents was
performed. Pd(PPhs)s in TEA did not show any reactivity, while Pd(PPhs),Cl, in TEA results in a yield
of 29 %. Changing the solvent to a mixture of TEA and toluene (1/1 V/V) allows to increase the
temperature of the reaction to 110°C, which results in a yield of 58 %. All these yields are reported
for reaction scales of 0.1 mmol. An upscaling approach to 1 mmol results in drastically reduced
yields.

Table 4.2.5: Parameters in the optimization process of the Sonogashira-Coupling of 12 and 13 resulting in 14.

Catalyst Solvent Temperature Time Yield

Pd(PPhs)s TEA 90°C 17h No reaction
Pd(PPhs),Cl, TEA 90°C 17h 29%
Pd(PPhs),Cl, TEA/toluene 110°C 17h 58%

The final pro-ligands [H2-(bim-ac-3)](PFs). were obtained after methylation with methyl triflate in
DCM at -80°C. The iron complexes [Fe(bim-ac-3),](PFs), were obtained by deprotonation of the
benzimidazolium ligands with LIHMDS in THF followed by addition of FeBr; as the iron(ll) source.
The crude complexes were purified by column chromatography (stationary phase: basic AlOx/
mobile phase: acetonitrile) and subsequently following crystallization using diffusion techniques
(solvent: acetone/ anti-solvent: diethyl ether).3628!
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In the following, the crystal structure received for [Fe(bim-ac-3),](PFs); is compared with the
geometry optimization of the analogous heteroleptic complex with an anthracene backbone by
Francés-Monerris et al. (Fe2, Figure 2.2.10).1°! The spatial position of the anthracene backbone
relative to the coordinating unit is the main focus. Further, the lengths of the C=C triple bonds are
compared. As this crystal structure is provisional and not published or deposited at databases, no
sigma values are given for this structure. In the geometry optimization of Francés-Monerris et al.
of Fe2 the anthracene backbone is twisted by 2.4° relative to the coordinating unit.® In the crystal
structure of [Fe(bim-ac-3);](PF¢),, the anthracene backbone is twisted by 4.3° relative to the
coordinating unit in one ligand and 24.4° relative to the coordinating unit in the other ligand. The
high planarity predicted by Francés-Monerris et al. through geometry optimization can be
confirmed experimentally for one of the two anthracene backbones in [Fe(bim-ac-3),](PF¢),. Such
a high planarity could result in an enlargement of the n-system due to a good orbital overlap. This
could have beneficial effects on the energetic location of the m*-orbital, resulting in a red shift of
the MLCT absorption and finally in a higher MLCT lifetime. The twisting of the second anthracene
backbone may possibly be due to packing effects in the crystal. For the length of the C=C triple
bond, a length of 1.22 A is reported by Francés-Monerris et al.*® For [Fe(bim-ac-3).](PFs),, a bond
length of 1.2006 A and 1.2012 A is measured, respectively. Thus, the calculated bond lengths can
also be confirmed by the experimental data of X-ray structural analysis.

Figure 4.2.2: Provisional single crystal X-Ray structure of [Fe(bim-ac-3);](PFs)..

To further increase the distance between the iron center and the anthracenyl-backbone an
attempt to introduce a second acetylene spacer was made, which is described in the following
section (Scheme 4.2.5). Commercially available 1,4-bis-(trimethylsilyl)-butadiyne was single-
deprotected by MelLi in DCM at room temperature for 24 h. The reaction was quenched by the
addition of a saturated NH4Cl solution at -80°C. Only unilaterally deprotected 15 was separated
from the educt and the two-site deprotected site product by distillation.® 16 was obtained by
Sonogashira coupling 9-bromoanthracene and 15. Using the condition described in literature,
Pd(PPhs),Cl; and Cul in a mixture of DIPA and TEA at 110°C for 16 h, gave 16 with a yield of 26 %.1°"
Also using PEPPSI-iPr as a catalyst more suitable for sterically demanding substrates did not
significantly increase the yield.® To improve the yield of 16 a Hay coupling of 13 with TMS-
acetylene was performed. Therefore 13 and TMS-acetylene were added to an in situ prepared Hay
catalyst (CuCl-TMEDA (= N,N,N’,N’-Tetramethylehane-1,2-diamine)) bubbled with O, for 45 min
and stirred for 24 h, but 16 could not be observed in this attempt.[**!
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Scheme 4.2.5: Synthetic procedure attempting to yield in 17.

In a Sonogashira coupling of 12 and 16 using PEPPSI-iPr as a catalyst for sterically demanding
substrates and Cul in a mixture of toluene and TEA at 110°C for 16 h 17 was prepared. The
presence of 17 was proved by ESI-MS data and NMR spectroscopy. In both analytical techniques
the presence of unreacted 12 next to 17 was detected. It was not possible to separate 12 and
17 by column chromatography or crystallization techniques (Figure 4.2.3).

12
m/z calc.: 336.9824 17

m/z found: 337.9897 m/z calc.: 435.1484
m/z found: 436.1556

J

T —
7.0 [ppm]

Figure 4.2.3: NMR-spectrum and ESI-MS data proving the synthesis of 17 not separated from educt 12.

Therefore, is introduction of a second acetylene-linker was not performed successfully, but still is
an interesting attempt to investigate the influence of the distance of the metal center and the
organic chromophore backbone.

Table 4.2.6: Yields of syntheses of 11-14, pro-ligand [H,-bim-ac-3](PFs), and [Fe(bim-ac-3);](PFs). complex performed
according to the procedures described in this section. ) 17 could not be purified.

Compound Yield Compound Yield Compound Yield
11 67 % 14 58 % 15 54 %
12 38% [H2-bim-ac-3](PFs): 83 % 16 26 %
13 72 % [Fe(bim-ac-3),](PFs), 46 % 17 -1
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4.3 Synthesis of triazole and mesoionic-carbene based ligands and complexes

Since triazolylidenes, which represent a special class of MICs, can be synthesized via methylation
of the corresponding triazoles and subsequent deprotonation of the triazolium salts. These types
of ligands offer a unique possibility to address some fundamental questions in the photochemistry
of Fe' complexes using tridentate ligands. Although Fe'" triazole complexes are well-known for
their spin-crossover properties their photo physics remain unexplored.

The triazole-based ligand btp is obtained by Sonogashira coupling of 2,6-dibromopyridine with
trimethylsilyl acetylene to give 18 and a subsequent copper catalyzed azide-alkyne cyclization of
18 with in situ prepared ethylazide. The reaction of FeBr, in degassed ethanol with btp yields
[Fe(btp)2](PFs)2. For the preparation of the mesoionic carbenes btp is methylated with methyl
triflate in DCM at -80 °C to give the triazolium salt [Hz-tri](OTf),. The preparation of [Fe(tri)2](PFs):
requires deprotonation of [H»-tri](OTf); with LIHMDS in THF at -80 °C and addition of FeBr;
(Scheme 4.3.1).194-%]
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Scheme 4.3.1: Syntheses of complexes [Fe(btp);](PFs), and [Fe(tri)z](PFe),.[9%
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[Fe(btp),]* [Fe(tri),]**

Figure 4.3.1: Single crystal X-Ray structures of [Fe(btp),](PFs). (left) and [Fe(tri);](PFs)2 (right).

The Fe-N bond length of 1.9539(9) A in [Fe(btp).](PFs), and the N-Fe-N trans angle of 161.06(4)°
are only slightly changed with respect to 1.987(3) A and 161.55(12)° in [Fe(tpy)2]**.®” Thus, the
different electronic properties of the btp and tpy ligands only slightly affect the crystal structure
parameters. A different picture can be found for [Fe(tri);]J(PFs). in comparison to the
bis(tridentate) [Fe(bim);])**. The C-Fe-C trans angle of 159.72(18)° in [Fe(tri)2](PFs). indicates a
slightly increased octahedral symmetry in comparison to 158.32(15)° in [Fe(bim).](PFs). The
Fe-Npyrigine bond length is elongated from 1.925(3) A in [Fe(bim),]J(PFs), to 1.958(3) A in
[Fe(tri)2](PFs)2 by stronger m-backdonation, potentially caused by a higher electron density at the
iron center due to the stronger o-donating character of the triazolylidene units.®® This
interpretation is confirmed by the shortening of the Fe-Cearbene bond length from 1.9665(3) A in
[Fe(bim).](PFs), to 1.9495(4) A in [Fe(tri)2](PFs).. The structural parameters, which are also in line
with those reported by Iwasaki et al.,’*® therefore support the stronger o-donating character of
mesoionic carbene ligands in comparison to classical NHCs.

Table 4.3.1: Yields of syntheses performed according to the procedures described in this section resulting in
[Fe(btp)2](PFs), and [Fe(tri)z](PFs)2.

Compound Yield
18 85 %
btp 69 %
[Ha-tri](OTf), 92 %
[Fe(btp)2](PFs)2 74 %
[Fe(tri)2](PFs)2 46 %
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Syntheses of chromophore-substituted triazolylidene-based pro-ligands and complexes

Based on the synthesis of [Fe(btp).](PFs). and [Fe(tri)2](PFs), it was attempted to combine the
strategy of using triazole and triazolylidene ligands and the multichromophoric approach.
Synthetic realization of this attempt is described in this section. As a first attempt a direct
iodination of btp in 4-position of the central pyridine ring under the conditions reported for 7 was
performed.’® In a first MS-analytic of the crude product a single-iodinated product was found,
next to the educt btp and a two-fold iodinated product. After separation by column
chromatography the products turned out to be remaining btp, btp-l and btp-2I. The interpretation
following from these findings is, that the triazole proton is more acidic than the 4-pyridine proton
and therefore no deprotonation in the 4-position is observed, but at the triazole (Scheme 4.3.2,
first row). The direct iodination of btp thus is no suitable synthetic pathway to introduce organic
backbone molecules in the backbone of btp and type [Hz-tri](OTf); ligands and complexes.
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Scheme 4.3.2: Synthetic procedure attempting to yield in 19-3.

A second attempt was starting at the stage of 18. Again, an iodination in 4-position of the central
pyridine ring was performed according to the procedure reported for 7.8 The successful
synthesis of 18-1 was not observed in this attempt. Also, the use of the TMS-protected version of
18 did not lead to the formation of 18-l. Unfortunately, no products formed in these reactions
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could be identified (Scheme 4.3.2, second reaction). A completely different approach uses 8-3 in
a Sonogashira reaction to introduce acetylene side chains into a molecule having an organic
chromophore already attached to the backbone. In this case only traces of 19-3 have been isolated
(Scheme 4.3.2, third reaction). To overcome the low yield changing the chlorine-leaving groups in
8-3 to the better leaving group of bromine has been tried. Therefore, 7-Br was prepared according
to the procedure reported for 7 using 2,6-dibromopyridine as starting material. But performing a
Suzuki-coupling with 7-Br does not lead to the analogous 8Br-3, but a three-time functionalization
leading to Py-3Ant was exclusively observed (Scheme 4.3.2). As a Sonogashira reaction using 8-3
is the method of choice to yield 19-3 in the end of this screening of different approaches. The
Sonogashira conditions have been optimized in a catalyst screening process. The use of
Pd(PPhs),Cl; as catalyst in TEA/toluene gave only traces of 19-3, while Pd,(dba)s; and Josiphos as
the ligand gave no reaction. Pd(dppf)Cl, gave a yield of 6 % and Pd(PPhs),+PPhs gave a yield of
10 %. The change from NEts/toluene to NEts/DMF gave a slightly increase of the yield up to 12 %
but changing the solvent did not affect the yield drastically. The most successful approach was the
use of a PEPPSI-iPr catalyst using additional PPhs as supporting ligand. PEPPSI catalysts are quite
stable catalysts often used in the coupling of sterically demanding substrates.!?

Table 4.3.2: Parameters in the optimization process of the Sonogashira-Coupling resulting in 19-3.

Catalyst Solvent Temperature Time Yield
Pd(PPhs).Cl, TEA/toluene 90°C 2d Traces
Pd(PPh3)4+PPh; TEA/toluene 90°C 2d 10 %
Pd,(dba)s+Josiphos TEA/toluene 90°C 2d No reaction
Pd(dppf)Cl, TEA/toluene 90°C 2d 6%
Pd(PPhs)4+PPhs TEA/DMF 90°C 2d 12%
PEPPSI-IPr+PPhs TEA/toluene 90°C 2d 70%

The copper catalyzed [2+3]-Cycloaddition of in situ prepared ethyl azide with 19-3 was optimized
by different approaches. The conditions used for the synthesis of btp gave only 6 % yield in the
synthesis of btp-3. The increase of temperature from RT to 60°C results in the increase of the yield
up to 17 %. The change of the supporting ligand from pyridine to TBTA (= tris((1-benzyl-4-
triazolyl)methyl)amine) increases the yield to 35 %. In this reaction TBTA is hindering the
disproportionation and the oxidation of the Cu(l) catalyst.® Further increase of the temperature
to 100 °C further increases the yield to 55 %. And finally, the change of the copper-source from
CuSOsto Cul increases the yield to 67 %.

Table 4.3.3: Parameters in the optimization process of the Huisgen-[2+3]-cyclization resulting in btp-3.

Catalyst Ligand Temperature Yield
CuSO4+Ascorbic Acid Pyridine RT 6%
CuSOa+Ascorbic Acid Pyridine 60°C 17%
CuSOs+Ascorbic Acid TBTA 60°C 35%
CuSOa+Ascorbic Acid TBTA 100°C 55%

Cul+Ascorbic Acid TBTA 100°C 67%

The corresponding triazole complex [Fe(btp-3).](PFs). was obtained by the reaction of btp-3 with
FeBr; at room temperature in ethanol. After filtration of insoluble solids, an aqueous KPFs solution
was added to give the hexafluorophosphate salts and [Fe(btp-3).](PFs). precipitated.¥
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To result in the triazolium salts as pro ligands btp-3 was methylated using MeOTf at -80°C in DCM
to give [H»-tri-3](OTf),. The preparation of [Fe(tri-3):](PFs)> requires deprotonation of
[H2-tri-3](OTf), with LIHMDS in THF at -80 °C and addition of FeBr,. In contrast to the previously
described complexes, [Fe(tri-3);](PFs). was purified by column chromatography using SiO; as
stationary phase and a mixture of acetone/KNOs(q.sat)/H20 (10/3/1V/V/V) and following
crystallization (solvent: acetone/ antisolvent: diethyl ether).
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Scheme 4.3.3: Syntheses of complexes [Fe(btp-3),](PFs), and [Fe(tri-3);](PFg)>.
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Table 4.3.4: Yields of syntheses performed according to the procedures described in this section resulting in
[Fe(btp-3)2](PF5)2 and [Fe(tri-3)2](PF5)2.

Compound Yield
19-3 70 %
btp-3 67 %
[H2-tri-3](PFs)2 94 %
[Fe(btp-3):](PFs)2 90 %
[Fe(tri-3).](PFe): 37%

4.4 Synthesis of multichromophoric ruthenium complexes

To investigate the effect of the higher homologous Ru" center on the multichromophoric effect
using NHC-based ligands three different ruthenium complexes have been prepared.

Q 2x PFg

1) RuClsx 6H,0, ethylene glycaol, N~

2% PFg ) 3X 6H3 ylene gly y @
~N_

185°C, 4 h N
= 2) KPFG(aq.) — /‘—N
| RSP
ij N" I\L \ /NJR“\ﬂn:}—
-
®N~ =N® N —N
/ \ / By @
~~
[Hy-bbp](PF;), [Ru(bbp),](PFg),

Scheme 4.4.1: Synthetic procedure of [Ru(bbp)z](PFs).. The same procedure results in the formation of [Ru(bbp-1),](PFs);
and [Ru(bbp-3);](PFg),.[100,101]

To synthesize [Ru(bbp-R):](PFs), complexes, RuCl;:6H,0 as the ruthenium source is stirred in
presence of the ligand in ethylene glycol for 4 h at 185 °C. In this reaction ethylene glycol is used
as the solvent as well as the reductant to reduce ruthenium from the +lll to the +ll form. Cooling
to room temperature and addition of an aqueous KPFs solution, leads to the precipitation of the
[Ru(bbp-R):](PFs) complexes. The phenyl-derivative [Ru(bbp-1);](PFs). and anthracene-
derivative [Ru(bbp-3).](PFs). are prepared next to [Ru(bbp).](PFs) without any backbone-
functionalization for comparison purposes. The crude complexes were purified by column
chromatography (stationary phase: basic AlOx/ mobile phase: acetonitrile) and subsequently
following crystallization using diffusion techniques (solvent: acetone/ anti-solvent: diethyl
ether).[loo'lol]

Table 4.4.1: Yields of syntheses performed according to the procedures described in this section resulting in
[Ru(bbp);](PFe)>, [Ru(bbp-1);](PFs); and [Ru(bbp-3):](PFs)..

Compound Yield
[Ru(bbp)2](PFe). 64 %
[Ru(bbp-1),](PFs), 52 %
[Ru(bbp-3)2](PFe)2 85 %
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5

The photophysical properties of the pro-ligands and complexes prepared for this thesis are

Characterization

characterized by advanced spectroscopic and quantum chemical techniques to reveal insights into
the excited state dynamics. The ground state properties are characterized by steady state
absorption and cyclic voltammetry. The excited state properties are determined by transient
absorption, steady state and time-resolved emission spectroscopy and spectroelectrochemical
measurements. The results of ground and excited state characterization are accompanied by time-
dependent density functional theory (TD-DFT) calculations. Back coupling of the results laid the
ground for the synthetic variations to further improve the photophysical and catalytical properties
unveiled in the chapter before.

5.1 Photophysics of [Fe(tpy-R)2](PFs)2 complexes

For the terpyridine-based complexes and their ligands, the ground state was first investigated by
UV/Vis spectroscopy and cyclic voltammetry in comparison with the [Fe(tpy).](PFs). complex
known from literature (Figure 5.1.1; Table 5.1.1).[88 UV/Vis spectroscopy revealed characteristic
absorption bands for the m-i* transitions within the respective chromophore in addition to the
n-1t* transitions in the terpyridine unit for the two ligands tpy-3 and tpy-4. These characteristic
absorption bands were also detected in the respective complexes [Fe(tpy-3).](PFs). and
[Fe(tpy-4):](PFs)2. Moreover, a bathochromic shift for the absorption band with the lowest energy
was detected in the UV/Vis spectra of the complexes. The absorption shifts from 552 nm
(11 200 Mt cm™) in [Fe(tpy)2](PFs)2 over 561 nm (21 500) in [Fe(tpy-3)2](PFe)2 to 568 nm (26 800)
in [Fe(tpy-4)2](PFs)2. This absorption band was characterized as the MLCT absorption band based
on literature comparisons!®¥ and using cyclic voltammetry. Cyclic voltammograms of the iron(ll)
complexes show no significant shift of the fully reversible Fe'/Fe"" oxidation potentials going from
[Fe(tpy)2](PFs)2 (0.72V vs. FcH/FcH') to potentials of [Fe(tpy-3).](PFs)2(0.74V) and
[Fe(tpy-4):](PFs)2 (0.68 V), indicating a similar energy of the highest occupied metal centered
d-orbitals in each complex. Irreversible oxidations can be found at anodic potentials for the
bichromophoric complexes that are assigned to the oxidation of the organic chromophores.’® At
cathodic potentials irreversible ligand-based reductions occur, which are assigned to the tpy-R
moiety in each ligand. [Fe(tpy-3)2](PFs). and [Fe(tpy-4).](PFs). are reduced irreversibly at cathodic
potentials. This leads to the assumption that the lowest energy absorption in optical spectroscopy
is a MLCT transition.
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After excitation of the characteristic absorption bands for the m-m* transitions within the
respective chromophore, emission was detected for each of the ligands and the complexes. These
are independent of the excitation wavelength and exhibit an emission maximum at Ay = 420 nm
for all four compounds. Strikingly, the emission quantum vyield is significantly reduced in the
complexes compared to the respective ligands. The emission is not sensitive to oxygen, which is
indicative of a fluorescence process. After excitation of the respective MLCT absorption bands, no
emission was detected for any of the complexes.
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Figure 5.1.1: Optical absorption and emission spectroscopy data (left panel) and cyclic voltammograms (right panel) of
tpy-R ligands and [Fe(tpy-R).](PFs). complexes.

To determine the dynamics of the excited states, time correlated single photon counting (TCSPC)
was performed to determine the emission lifetimes after excitation of the rm-rt* transitions of the
organic chromophores and transient absorption (TA) was performed to determine the dynamics
after excitation of the MLCT absorption band (Figure 5.1.2). The results from the TCSPC show an
emission lifetime in the nanosecond range. All measurements are fitted with one time component,
so that in all compounds presumably the fluorescence from an excited singlet state located at the
chromophore back to the ground state (*Chrom — GS) is observed. It is noticeable that for the

complexes, in addition to the quantum yield, the emission lifetime is also slightly reduced,
suggesting more likely non-radiative deactivation in the complexes. These non-emissive
deactivation pathways were probed by ultrafast pump—probe spectroscopy. For [Fe(tpy-3):2](PFs)2
the TA spectra and decay associated spectra (DAS) reflect the ground state bleach (GSB) but
deviate significantly from what is expected for a populated charge transfer state. The signature
and the very long lifetime of the TA signal indicate that excitation of [Fe(tpy-3).](PFs). results in
an ultrafast population (tmc = 5.8 ns) of a MC or ligand field state. Similar findings related to
SMC-1GS ground state recovery were also reported for other [FeNs]?* complexes.8!
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Figure 5.1.2: Decay associated spectrum (DAS; left panel) and TCSPC data (right panel) of [Fe(tpy-3)z](PFs)> .

Table 5.1.1: Photo- and electrochemical properties of tpy-R ligands and [Fe(tpy-R):](PFs), complexes.

Compound (:E‘:\;IC_TI [cr::_‘lll) Fe!'/' [V vs. FcH/FcH*] Aem [Nnm] e Tem [NS]  tmc [ns]
552
- - - [38]
[Fe(tpy)2](PFe)2 (11 200) 0.72 5.4
tpy-3 - - 420 23% 5.9 -
561 .
[Fe(tpy-3)2](PFe)> (21 500) 0.74 420 <1% 5.8 5.8
tpy-4 - - 420 56 % 4.0 -
568 .
[Fe(tpy-4)2](PFs), (26 800) 0.68 420 3% 3.3 6.4

In summary, an increase in MLCT lifetime cannot be observed in terpyridine-based Fe(ll)
complexes. This remains in the range of tumicr < 100 fs and cannot be determined more precisely.
The lifetime of the MC states is comparable to that of [Fe(tpy)2](PFs)2 (tmc = 5.4 ns)B8. The
emission quantum yields are significantly reduced in both complexes. A slight reduction was
observed for the emission lifetimes in both complexes. Nevertheless, the optical properties could
be improved, in terms of an MLCT absorption shifted into the visible spectrum with a significantly
higher extinction coefficient than in [Fe(tpy):](PFs)2. Thus, the multichromophoric approach
initially represents a possibility to improve the optical properties of Fe(ll) complexes with other
ligand systems as well. Based on these results, the preparation of further terpyridine-based
multichromophoric Fe(ll) complexes was omitted.
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5.2 Photophysics of [Fe(bim-R)2](PFs)2 complexes

For all complexes [Fe(bim-1);](PFs). - [Fe(bim-5),](PFs),, the absorption spectra are composed of
three distinct spectral regions (Figure 5.2.1, left panel). The intense bands at wavelengths shorter
than 320 nm correspond to n-rt*-transitions within the bim moieties of the ligands®*021%1 |n the
range of 320 — 420 nm n-rt*-transitions of the organic chromophores in the backbone can be
found for [Fe(bim-3),](PF¢): - [Fe(bim-5),](PFs). containing several intra-chromophore
transitions.['° The anthracenyl derivative [Fe(bim-3),](PFs). show the typical vibrational fine
structure of anthracene.[*®! The n-i*-transitions of the organic chromophores in [Fe(bim-1)](PFs).
- [Fe(bim-2),](PFs)> are in the UV region below 350 nm. According to the results of TDDFT
calculations, the low intensity band at 389 nm of [Fe(bim);](PFs); has a dominant MLCT
character.[*! At longer wavelengths, MLCT transitions appear for all complexes. These bands are
clearly red-shifted for the bichromophoric complexes compared to [Fe(bim);](PFs). and in line
with the electrochemical data discussed below. The absorption bands and intensities shift from
473 nm (26 800 Mt cm™®) in [Fe(bim-3),](PFs)2 to 497 nm (23 400 Mt cm™) in [Fe(bim-5);])(PFs)2,
which does not correlate with the size of the organic chromophore in the ligand backbone or any
other attribute like the triplet energy level. The energy of the MLCT absorption is also referred to
as optical energy gap (AE,). The absorption maxima at longer wavelengths and the higher
absorption coefficients render the bichromophoric complexes potentially more suited as
photosensitizers than [Fe(bim);](PFs)2.
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Figure 5.2.1: Optical absorption and emission spectroscopy data (left panel) and cyclic voltammograms (right panel) of
[Fe(bim-R);](PFs), complexes in MeCN.

Cyclic voltammograms of the iron(Il) complexes (Figure 5.2.1, right panel) show no distinct trend
in the shift of the fully reversible Fe'/Fe"' oxidation potentials going from [Fe(bim-1),](PFe).
(0.32 V) to [Fe(bim-3);])(PFs)> (0.37 V) indicating a similar energy of the HOMOs, but slightly
stabilized HOMOs for larger organic chromophores in the backbones of the ligands. Irreversible
oxidations can be found at anodic potentials for the multichromophoric complexes, but not for
[Fe(bim).](PF¢).. Comparison of the cyclic voltammograms of [Ha-bim](PFs),, [H2-bim-3](PF¢), and
[H2-bim-4](PFs), with those of pure anthracene and pyrene and with those of the complexes
[Fe(bim),](PFs),, [Fe(bim-3);](PFs), and [Fe(bim-4),](PFs), — that can be found in literature®® —
reveals that the irreversible oxidation can be assigned to the oxidation of the organic
chromophore.*”! At cathodic potentials irreversible ligand-based reductions occur, which are
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assigned to the bim moiety in each ligand. [Fe(bim).](PFs): is reduced irreversibly at -2.37 V vs.
FcH/FcH*, while the reduction in the multichromophoric complexes ranges from [Fe(bim-1),](PFe).
(-2.16 V) to [Fe(bim-5);](PFs), (-1.93 V). These values are in accordance with the electron-
accepting properties of multichromophoric ligands and the lower energies of their t* levels in
comparison to [Ha-bim](PFs)..1*?! A similar behavior is found in bis-polypyridine iron(ll) complexes
where two consecutive one-electron reductions are observed for each polypyridine ligand.[*%! The
potential difference of Fe''/Fe!" oxidation and ligand reduction is referred to as electrochemical
energy gap. The resulting electrochemical energy gap AE, roughly correlates to the optical energy
gap AE.. The values confirm the assignment of the lowest energy absorptions to MLCT states
(Table 5.2.1).

Table 5.2.1: Photo- and electrochemical properties of [Fe(bim-R)](PFs), complexes.

Compound Amier [nm] CV [V vs. FcH/FcH*] AE; (eV) AE, (eV)
(e [M?* cm?])
[Fe(bim)2](PFs). 444 0.34 (rev.) 2.71 2.71
(13 200) -2.37 (irrev.)
[Fe(bim-1),](PFe), 490 1.82 (irrev.) 2.48 2.53
(25 400) 0.32 (rev.)
-2.16 (rev.)
-2.36 (rev.)
[Fe(bim-2),](PF¢), 479 1.61 (irrev.) 2.51 2.59
(24 600) 0.35 (rev.)
-2.16 (irrev.)
-2.36 (irrev.)
[Fe(bim-3),](PF¢), 474 1.15 (irrev.) 2.38 2.62
(26 800) 0.37 (rev.)
-2.01 (irrev.)
[Fe(bim-4),;](PFe), 489 1.05 (irrev.) 2.36 2.54
(32 900) 0.34 (rev.)
-2.02 (irrev.)
[Fe(bim-5),](PF¢), 497 1.05 (irrev.) 2.29 2.49
(23 400) 0.36 (rev.)
-1.93 (irrev.)

All multichromophoric pro-ligands exhibit luminescence in solution at room temperature.
Excitation at different wavelengths in the region of the m-m*-transitions of the organic
chromophores (Aex=320 — 390 nm) leads to luminescence (Table 5.2.2, example of
[H2-bim-3](PFs)2 in Figure 5.2.2). All ligands show an emission spectrum which is independent of
the excitation wavelength. This emission is assigned to the lowest electronically excited singlet
states of the organic chromophores. Coupling of the organic chromophore to the (bim) pro-ligand
results in a redshift of the emission in comparison to the pure chromophore.*® This lower energy
points to low lying m*-orbitals which further supports the conclusion the pro-ligands being good
n-acceptor ligands. Quantum Yields have been determined for anthracene, pyrene and perylene
containing ligands. Emission lifetime was determined by streak camera measurements. For
[H2-bim-1](PFs), the emission intensity was too weak to perform streak camera measurements.
For all pro-ligands a single exponential decay of the population of the luminescent state with a
lifetime was revealed.

All complexes — except [Fe(bim-1);](PFs). — also exhibit luminescence at room temperature in
solution after excitation of the organic chromophores (Aex = 320 — 390 nm). Emission bands of the
complexes are shifted to higher energies in comparison to the emission of the pro-ligands. The

45



emission spectra at different excitation energies match nearly perfectly. The excitation spectra
recorded at the wavelength with maximum emission intensity reproduce merely the part of the
absorption spectrum, which is related to the organic chromophore, but not the MLCT absorption
band. Consequently, the observed emission is safely attributed to the singlet state of the
appended organic chromophores. But through coordination to the iron(ll) centre, this
chromophore-based luminescence is shifted to higher energies. This is still in line with the
interpretation of the low lying m*-orbitals of the good m-acceptor ligands. Quantum yields of the
anthracene, pyrene and perylene containing complexes are drastically reduced compared to the
free pro-ligands. In all complexes two exponential time constants were required to fit the emission
decay. Due to the similarity of the longer lifetimes 11 with those of the pro-ligands and due to the
fact, that excitation spectra of the complexes resemble the absorption spectra of the pro-ligands,
the luminescence is more specifically assigned to the fluorescence of the organic chromophore.
The complex formation by coordination of the chromophore-functionalized ligand to iron(ll)
results in the second, shorter lifetime T, in the luminescence decay. This suggests an additional
non-radiative pathway opened by the iron(ll) center. The absorption and emission spectra show
a broad spectral overlap between the singlet emission band of the ligand and the MLCT
absorption of the complexes. A key requirement for a Forster-Resonance-Energy-Transfer (FRET)
is thus fulfilled.[**®! The excited organic chromophore singlet state can therefore act as a donor in
a FRET process resulting in the formation of the MLCT state. This interpretation is supported by
the drastically reduced quantum yield of the complexes in comparison to the quantum yield of
the pro-ligands. Within this excited state kinetic model, the time constant of the FRET process
contributes to the reduced luminescence quantum yields of complexes with respect to their pro-
ligands. The MLCT state populated by FRET decays rapidly to the 3MLCT and further to the non-
luminescent 3MC states. Following the discussion above, attachment of an organic chromophore
to a photoactive iron(ll) complex shows unprecedented and so far unreported luminescence
results.'?® No MLCT emission is observed, but the emission wavelength of the organic
chromophore can be tuned by coupling to the bim ligand motif and coordination to an iron(ll)
centre over a large range.

According to the preceding discussion, luminescence measurements cannot access the
photochemically relevant MLCT states. Therefore, fs-TA measurements with excitation pulses at
480 nm were used to track the early excited state dynamics of the complexes. The TA spectra are
analyzed together with DAS resulting from a global multi-exponential fit of the data. For all
complexes, a pronounced excited state absorption (ESA) is found at wavelengths larger than
500 nm beside the GSB at 480 nm. The kinetics can be fitted with two time constants, which are
similar in each complex. In all compounds a very short lifetime of 0.1 ps is found and a longer one
which differs slightly with 12.8 ps in [Fe(bim-4);](PFs). and 14.4 ps in [Fe(bim-1);](PF¢),.
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Figure 5.2.2: Steady state absorption and emission spectroscopy (top left panel), experimental data and analysis of time
resolved emission spectroscopy performed by streak camera measurements (top right panel) and transient absorption
and decay associated spectra including results of spectroelectrochemical experiments AAe™ (bottom panel). These
experimental data are shown for [H-bim-3](PFs), and [Fe(bim-3);](PFs), as examples.

The DAS of the long-lived component shows two ESA signals. One in the blue and one in the red
spectral region, respectively. This feature is very similar to the reported TA spectra for the 3MLCT
state of [Fe(bim).](PFes). and different from the characteristic ESA of °T, states, observed for
example in [Fe(tpy)2](PFe)2.2" Moreover, the difference spectra AA«S™ obtained by
spectroelectrochemistry reproduce the ESA reasonably well, except for a sharp signal at about
560 nm in each case assigned to a reduced ligand. Consequently, the longer time constant is
assigned to the 3MLCT lifetime. The fast decay component with a time constant of 0.1 ps shows in
both complexes sharp features, which are typical for Raman artefacts at time zero, and red shifted
replica of the main ESA and bleach bands pointing to contributions of vibrational
redistribution.!*®1! Therefore, this component is not further considered in the analysis. Since no
feature in the TA points to population of MC states, the 3MC lifetimes in the complexes are
supposed to be much shorter than the 3MLCT-lifetimes. In this case, the observed dynamics lead
to negligible population of the MC states and repopulation of the electronic ground states from
the 3MLCT states occurs essentially within the 3MLCT lifetime. This behavior is frequently reported
for Fe-NHC-complexes with 3MLCT-lifetimes in the ps range.!#6:11248]
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Table 5.2.2: Excited state properties of [Hz-bim-R](PFs)> pro-ligands and [Fe(bim-R):](PFs). complexes. “Data not
collected due to weak emission. ®’ Measurements still in progress.

Compound Aem [NmM] Tem [NS] Dem [%] et [ps]
[Ha-bim](PFs), -a) -2 ) -
[Fe(bim)2](PFs). -a) -a) -a) 9gl39]
[Hz-bim-1](PF¢)> 330 -b) -b) -
[Fe(bim-1);](PFs). -2) -2) -2) 14.4
[Hz-bim-Z](PFe)z 429 7.6 -b) -
[Fe(bim-2),](PFs). 408 4.0 b) 13.5

10.7
[Hz-bim-3](PF6)z 502 10.2 37 =
[Fe(bim-3).](PF¢). 421 3.4 6 13.4
11.8
[Hz2-bim-4](PF¢), 492 5.9 79 -
[Fe(bim-4),](PFs)2 468 3.4 2 12.8
6.9
[Hz2-bim-5](OTf), 545 - 90 =
[Fe(bim-5).](PFg). 478 - 5 13.0

Long-lived triplet states can undergo energy transfer to 30, and generate highly reactive *0,.1**3]
To finally complement the model for the excited state dynamics, the existence of long-lived triplet
states is chemically probed by the reaction of luminescent DPBF (1,3-diphenylisobenzofuran) with
reactive singlet oxygen to non-luminescent ortho-dibenzoylbenzene.™¥ In none of the probed
[Fe(bim-R):](PFs), complexes reactive 0, was detected after irradiation with A= 480 nm.
[Ru(bpy)s](PF¢), as a reference for effective oxygen sensitization is selected for comparison. This
result is expected for [Fe(bim),](PFs); since in this compound the only possible triplet states are
the short lived 3MLCT and 3MC states. In contrast, the excited state landscapes in the
multichromophoric [Fe(bim-R).](PFs)> could in principle include triplet chromophore states
(3Chrom) in addition to the 3MLCT states. The lifetimes of anthracene and pyrene triplet states are
typically in the ps range and therefore able to sensitize the formation of singlet oxygen.[**
Accordingly, the lack of 0, formation after irradiation of [Fe(bim-R),](PFs), suggests that there is
no appreciable population of 3Chrom states in these complexes. Consequently, no equilibrium
between 3Chrom and 3MLCT states - which is found in ruthenium complexes that exhibit the
“reservoir’ effectl”05861 _ js present in [Fe(bim-R).](PFe).. Rather, rapid deactivation of the
SMILCT state occurs (Figure 5.2.3).

The energy of the lowest excited 3MLCT state is 2.447 eV according to literature.**®! The lowest
excited triplet states of the chromophores have been calculated by quantum chemical calculations
by the research group of Prof. Dr. Oliver Kithn to be 4.1789 eV (3phen), 2.9746 eV (3naph),
2.3340 eV (3pyr), 2.0319 eV (3ant) and 1.7391 eV (3per). Literature values from spectroscopic
experiments reveal triplet chromophore energies of 3.66 eV (3phen), 2.64 eV (3haph), 2.09 eV
(®pyr), 1.85eV (3ant) and 1.52 eV (3per).’** In both cases — according to quantum chemical
calculations and according to spectroscopic experiments — the 3MLCT and the 3Chrom states are
most isoenergetic in [Fe(bim-2),](PFs)> and in [Fe(bim-4),](PF¢), in the class of [Fe(bim-R);](PFs)2
complexes. Nevertheless, those complexes do not show more prolonged lifetimes than the other
[Fe(bim-R);](PF¢), complexes.
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Summarizing, these results indicate the absence of observable ISC from the 1Chrom to the 3Chrom
state due to the spin-orbit coupling imposed by iron(ll) in [Fe(bim-R).](PFs). (Figure 5.2.3).
Accordingly, the triplet chromophore state cannot act as reservoir for emission originating from
the 3MLCT state. Instead, emission can only be observed from the states that are dominated by
the singlet chromophore states, which are quenched by internal conversion into the MLCT states
in [Fe(bim-R);](PFs)2. Although the discussed iron(ll) complexes are indeed luminescent, the
emission properties result from a metal-modified emission from the organic chromophore. It has
to be emphasized that the separation between the [Fe(bim).](PFs). core complex and the
chromophore constituents in the discussion and in the graphic representation of the result (like
in Figure 5.2.3) is somewhat artificial and used for better clarity and comparison with Ru-based
work. The involved chromophore transitions are likely to be delocalized onto the bim ligand (CT
type) such that a strict separation does not reflect reality. High energy irradiation causes an
excitation of the appended chromophore connected to the NHC-pyridine ligand directly
populating the singlet state of the chromophore. Intersystem crossing into the low-lying
chromophore localized triplet state does not occur to a significant observable extent. Instead,
either fluorescence or an internal conversion (FRET type) from the chromophore-dominated
ligand states to the IMLCT state occurs. The IMLCT state undergoes fast ISC into the 3MLCT state
as deduced from the fs-TA data. In contrast to chromophore-functionalized ruthenium(ll)-
polypyridine complexes, no reservoir effect, allowing for a 3MLCT = 3Chrom equilibrium resulting
in long-lived MLCT states is observed here. Two reasons might be speculated for this observation:
on the one hand, the mismatch between the 3MLCT and 3Chrom state energies for the
substituents; on the other hand, the very short lifetime of the 3MLCT state precluding back-IC to
chromophore-dominated triplet states.
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Figure 5.2.3: Schematic representation of excited-state dynamics in [Fe(bim-3);](PFs), as example. 3MLCT lifetime as
seen by transient absorption spectroscopy (black arrow). 1Chrom lifetime and IC time as deduced from streak camera
measurements (black dotted/green arrow). 3Chrom is not effectively populated by 1Chrom or 3MLCT state according to
10, experiments (gray dotted arrows). The nomenclature 3Chrom indicates a chromophore-dominated electronic state
within the bim-chromophore ligand assembly.
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Photophysics of acetylene-linked molecules

The idea of the preparation of the acetylene-linked complex [Fe(bim-ac-3),](PFs); is to earn more
information about the proposed FRET in [Fe(bim-R);](PFs). type complexes. The efficiency of the
FRET (nerer) is very high, if the distance between the energy donor and the energy acceptor is very
small and gets weaker with an increased distance. The efficiency is calculated by the fraction of
the emission quantum yield of the donor acceptor pair (¢dpa) and the quantum yield of the donor
itself (bp) or by the fraction of the emission lifetime of the donor acceptor pair (toa) and the
emission quantum yield of the donor itself (tp), respectively. In the case of the multichromophoric
approach the donor is the pro-ligand and the donor acceptor pair is the complex (eq. 5.1).[10%117,105]
Dpa Tpa (5.1)

In the complex [Fe(bim-ac-3),](PFs),, the distance between the between the chromophore and
the metal center is increased, which should decrease nerer. The fraction of ¢pa and ¢p should
increase as well as the fraction of tpa and tp. This unique possibility to gain insights into the
intramolecular excited state dynamics in this class of complexes makes [Fe(bim-ac-3),](PF¢); a very
interesting compound.
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Figure 5.2.4: Steady state absorption and emission spectroscopy of [H>-bim-ac-3](PFs), pro-ligand and
[Fe(bim-ac-3),](PFs), complex.

The ground state absorption spectra of [H.-bim-ac-3](PF¢), and [Fe(bim-ac-3),](PF¢), differ
distinctly from those of the analogous pro-ligand [Hz-bim-3](PFs). and [Fe(bim-3).](PFs), without
an acetylene linker (Figure 5.2.4). In [Hz-bim-ac-3](PF¢), m-m*-transitions show two absorption
maxima at 439 nm (23 900 Mt cm™) and 417 nm (22 700 M cm™?), which is red-shifted and shows
stronger extinction in comparison to the absorption of free anthracene and [Hz-bim-3](PFg).. This
bathochromic shift can be explained by the enlargement of the n-system by the introduction of
the acetylene linker. In [Fe(bim-ac-3),](PFs), the mt-rt*-transitions can be found at similar energies
(417 nm; 48 200 Mt cm™). The MLCT absorption is at 554 nm (74 100 M* cm™), which is also
drastically red-shifted and stronger in extinction in comparison to the data of the complex without
acetylene linker.B® This is also explained by the enlargement of the m-system and is in line with
quantum chemical calculations performed by Francés-Monerris et al. who predict a large
bathochromic shift and a stronger extinction in the heteroleptic complex Fe2, as discussed in the
introduction.® A distinct photophysical analysis of the excited state dynamics and the following
possibility to discuss the influence on the FRET is still in progress.
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5.3 Photophysics of [Fe(bbp-R)2](PFs)2 complexes

Simplified, the absorption spectra of [Fe(bbp-R):](PFs). complexes consist of three distinct
spectral regions (Figure 5.3.1, left panel). The intense bands at wavelengths shorter than 300 nm
correspond to m-mt* transitions within the bbp moieties in the ligands with some transitions within
the chromophore moieties and intrachromophore transitions.10336:3%102 |n the range of 300-
420 nm m-1t* transitions of the organic chromophores in the backbone of the ligands containing
several intrachromophore transitions as well as MLCT transitions can be found. The anthracenyl
derivatives [H2-bbp-3](PFs). and [Fe(bbp-3).](PFs). show the typical vibrational fine structure of
anthracene.['%! At longer wavelengths, MLCT transitions appear for all complexes. This is indicated
by electrochemical experiments and optical ground state spectra of the ligands, which do not
show the specific MLCT absorption feature. The bands are clearly red-shifted for the
bichromophoric complexes compared to [Fe(bbp).](PF¢), and is in line with the electrochemical
data discussed before. The absorption bands and intensities shift from 444 nm (13 200 cm™ M)
in [Fe(bbp):](PFs). to a range of 459 nm (20200 cm™* M) in [Fe(bbp-3):](PFs), to 478 nm
(53500 cm™ M?) in [Fe(bbp-5):](PFs). within the bichromophoric complexes. The HOMO and
HOMO-1 levels are quite close in energy for [Fe(bbp-3).](PF¢), [Fe(bbp-4):](PFs). and
[Fe(bbp-5):](PFs): as predicted by quantum chemical calculations by the group of Prof. Dr. Oliver
Kihn. Those predict the HOMOs to be located at the chromophores. This HOMO-Inversion is not
realized according to optical ground state spectra and electrochemical experiments.

Cyclic voltammograms of [Fe(bbp-R).](PFs). complexes show no distinct trend in the shift of the
fully reversible Fe'/Fe" oxidation potentials going from [Fe(bbp).](PFs). (0.62 V vs. FcH/FcH?) to
potentials between [Fe(bbp-1).](PFs), (0.59 V) and [Fe(bbp-4),](PFs); (0.64 V), indicating a similar
energy of the highest occupied metal centered d-orbitals in each complex (Figure 5.3.1, right
panel). This finding is in line with the TD-DFT calculations, giving similar d-(Fe) energies for each
complex.

Irreversible oxidations can be found at anodic potentials for the bichromophoric complexes that
are assigned to the oxidation of the organic chromophores.?® The chromophore oxidation
potential decreases with an increasing size of the ring starting at 1.98 V in [Fe(bbp-1).](PFs)2
ending at 0.75 V in [Fe(bbp-5)2](PFs).. This is indicating a shift of the chromophore-based n-levels
closer to the metal-centered tys-levels and make them energetically better aligned, causing an
increase in the tyz-m-mixing. This might result in multiple mixed MLCT/ILCT transition and in strong
increase and red shift in the absorption spectra. These findings are not completely in line with the
findings of the TD-DFT calculations. In TD-DFT calculations the dx(Fe) energies of [Fe(bbp)2](PFs)2,
[Fe(bbp-1);](PFs). and [Fe(bbp-2);](PFs). are higher in energy than the highest occupied
chromophore-based orbitals. This energy ordering is confirmed by electrochemical experiments.
In TD-DFT calculations the dn(Fe) energies are lower in energy than the highest occupied
chromophore-based orbitals in [Fe(bbp-3).](PFs)2, [Fe(bbp-4).](PFs). and [Fe(bbp-5)2](PFs)2. This
inversion of dn(Fe)-HOMOs to chromophore-based-HOMOs found in TD-DFT calculations for
[Fe(bbp-3):](PFs),, [Fe(bbp-4),](PFes), and [Fe(bbp-5):](PFs). cannot be found in electrochemical
experiments. At this point TD-DFT calculations and electrochemical data are contradicting. The
similarity in energy of the highest occupied dr(Fe)- and chromophore-based-orbitals found in
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electrochemical experiments as well as in TD-DFT calculations might result in multiple mixed
MLCT/ILCT transition and in strong increase and red shift in the absorption spectra.**®

At cathodic potentials irreversible ligand-based reductions occur, which are assigned to the bbp
moiety in each ligand. [Fe(bbp):](PFs). is reduced irreversibly at -2.18 V, while the bichromophoric
complexes are reduced between -2.04 V in [Fe(bbp-2),](PFs)> and -1.80 V in [Fe(bbp-5).](PF)..
These values are in accordance with the estimated electron-accepting properties of the ligand
with extended m-systems and the lower energies of their m*-levels in comparison to [Ha-
bbp](PF¢)2.2% The resulting electrochemical energy gap AE, roughly correlates to the optical
energy gap AE, (Table 5.3.1). The values indicate the lowest energy absorptions to be MLCT
transitions.
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Figure 5.3.1: Optical absorption and emission spectroscopy data (left panel) and cyclic voltammograms (right panel) of
[Fe(bbp-R),](PFs), complexes.

Table 5.3.1: Photo- and electrochemical properties of [Fe(bbp-R);](PFs), complexes.

Compound Amcer [nm] CV [V vs. FcH/FcH*] AE, (eV) AE, (eV)
(e [M? em?])
[Fe(bbp)2](PFs): 444 (13 200) 0.62 (rev.) 2.80 2.79
-2.18 (irrev.)
[Fe(bbp-1),](PFe)2 473 1.98 (irrev.) 2.60 2.62
(9 700) 0.59 (rev.)
-2.01 (irrev.)
[Fe(bbp-2).](PFs)2 461 1.12 (irrev.) 2.65 2.69
(22 700) 0.61 (rev.)
-2.04 (irrev.)
[Fe(bbp-3),](PFe)2 459 1.06 (irrev.) 2.63 2.70
(20 200) 0.62 (rev.)
-2.01 (irrev.)
[Fe(bbp-4),](PFs)2 471 1.06 (irrev.) 2.61 2.63
(24 900) 0.64 (rev.)
-1.97 (irrev.)
[Fe(bbp-5),](PFs)2 478 0.75 (irrev.) 2.42 2.59
(53 500) 0.61 (rev.)
-1.80 (irrev.)

In contrast to [Fe(bim-R);](PFs). type complexes, the [Fe(bbp-R):](PFs). type complexes are only
weak emissive at room temperature as well as at 77 K (Figure 5.3.2, bottom panel). For this reason,
it is not possible to give any lifetime or interpretation regarding the “antenna effect” as discussed
for [Fe(bim-R);](PFs), type complexes.
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Photochemically relevant MLCT states in the iron complexes are inaccessible by luminescence
spectroscopy as they are non-luminescent neither at room temperature nor at 77 K. Therefore,
femtosecond (fs)-TA measurements were used to track the early excited state dynamics of the
iron(ll) complexes (Figure 5.3.2, top left and right panel, Table 5.3.2). The transient spectra of the
various complexes exhibit a very similar behavior. After optical excitation at 490 nm, intense
negative signals are detected in a range from 415-505 nm that are caused by ground state bleach
(GSB). The GSB mirrors nearly perfectly the ground state MLCT absorption. Positive bands are
visible above 505 nm, corresponding to an ESA. A second ESA band below 415 nm is indicated with
a maximum at about 390 nm for each complex. In general, two components are found, one with
a short time constant of a few picoseconds and a dominant one with a decay time of about 20 ps.
A very similar behavior was found by Haacke and Gros et al. for iron(ll) complexes with

benzimidazole-2-ylidene-based ligands.[*10¢!

They observed dynamics, which they also
characterized by two time constants. The short component was assigned to the relaxation of a hot
3MILCT state, directly populated by an ultrafast intersystem crossing from the MLCT state into the
SMLCT state. The second one varying between 19 and 23 ps was attributed to the 3MLCT
lifetime.[**! In the present case, the short time constant varies between 1.5 and 2.0 ps depending
on the complex, which seems to be too long for ultrafast intersystem crossing from the *MLCT to
the 3MLCT state. Probably this component is due to vibrational redistribution and cooling which is
often reported to occur on the picosecond time scale*?®! representing the relaxation of a hot
3SMLCT state.[*®! The assignment is supported by the shape of the corresponding DAS. They
correlate with the slope of the DAS of the second component and have minima and maxima where
this slope is particularly steep. This behavior reflects a blueshift of the transient spectra during the

first picoseconds, which is expected in the case of vibrational relaxation processes.
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Figure 5.3.2: absorption (top left panel) and decay associated spectra (top right panel) of [Fe(bbp-3),](PFs); and emission
of anthracene, [Hy-bbp-3](PFs), and [Fe(bbp-3);](PFs), at 77 K (bottom panel).

Table 5.3.2: Excited state properties of [Fe(bbp-R),](PFs), complexes.

Compound 1 [ps] T, [ps] Akm, chromophore [NM] Akm, complex [nM] Aem,Pro-ligand [NM]
[Fe(bbp)2](PFs): \ 16.41461 | (.2046) = = =

[Fe(bbp-1)2](PFs) 21.6 1.5 276 297 322

(358) (405) (450)
[Fe(bbp-2):](PFs);  19.6 1.6 320 403 367
[Fe(bbp-3)2](PFs) 20.8 1.9 402 416 417
[Fe(bbp-a)](PFe),  20.1 1.9 371 403 410
[Fe(bbp-5)2](PFs)- 23.0 2.0 442 463 473

(469) (494) (500)

(500) (531) (535)

Calculation of the triplet energies gave a value of 1.1416 eV for the lowest excited triplet state in
[Fe(bbp):](PFs)., which has MC character. The energy of the lowest excited *MLCT state is
2.2460 eV. The lowest excited triplet states of the chromophores have been calculated to be
4.1789 eV (3phen), 2.9746 eV (3naph), 2.3340 eV (3pyr), 2.0319 eV (3ant) and 1.7391 eV (3per). For
reasons of comparability the triplet states have been calculated using the same methods and basis

sets.

The two complexes with the most isoenergetic 3MLCT and triplet chromophore states are
[Fe(bbp-4):](PFs); and [Fe(bbp-3).](PFs).. The triplet energy of pyrene is 0.0980 eV higher than the
SMLCT of [Fe(bbp):](PFs).. The triplet energy of anthracene is 0.2141 eV lower than the 3MLCT of
[Fe(bbp).](PFs),. Thermal energy at room temperature approximately values ksT = 0.025 eV,
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which gives a hint to the energy match between the triplet energies that should be received.
Experimental reports by Castellano et al. covering Re(l) complexes bearing a naphthalimide-
backbone-chromophores gave an achievement of a reservoir effect even with a triplet energy of
the chromophore 0.3472 eV lower than the 3MLCT energy of the corresponding Re(l)
complex.!®>® The findings by Castellano et al. clearly indicate that a slight mismatch between the
triplet energies — even if the triplet energy of the chromophore is below the 3MLCT state — is
suitable for the achievement of a reservoir effect. This indicates the possibility to find a reservoir
effect at least in [Fe(bbp-3).](PFs)>.
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Figure 5.3.3: Schematic representation of excited-state dynamics in [Fe(bbp-3);](PFs), as example. 3MLCT lifetime as
seen by transient absorption spectroscopy (black arrow). 1Chrom lifetime and FRET time could not be deduced by streak
camera measurements due to weak emission (black dotted/green arrow). 3Chrom is not effectively populated by 1Chrom
or 3MLCT state according to 10, experiments (gray dotted arrows). The nomenclature 3Chrom indicates a chromophore-
dominated electronic state within the bbp-chromophore ligand assembly.

In general, the chromophores discussed in this section cover a large variety of triplet energies and
therefore allows to discuss the impact of nearly isoenergetic triplet states and the possibility to
reach a reservoir effect. Furthermore, the impact of chromophores having clearly higher (3phen
and 3naph) or lower (3per) triplet energies than the 3MLCT of [Fe(bbp).](PFs). can be discussed.

Summarizing, a reservoir effect could not be observed in one of the complexes (Figure 5.3.3). This
is expected for [Fe(bbp-1);](PFs). and [Fe(bbp-2),](PF¢), as the triplet chromophore energy is
significantly higher than the 3MLCT energy. But also, in [Fe(bbp-2)2](PF¢),, [Fe(bbp-4).](PFs), and
[Fe(bbp-5)2](PFs)> no population of the triplet chromophore states is observed, although these
states are nearly isoenergetic or lower in energy than the 3MLCT states. The absence of long-lived
spectroscopically inaccessible states was probed by NIR-10,-phosphoresence. Accordingly, no
reservoir for MLCT states exists.
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With this series of complexes, the absorption properties can be turned and the MLCT absorption
maximum is shifted towards the red part of the spectrum. While converging a HOMO inversion
the extinction can drastically be optimized**®, which is promising for following catalytic
applications, as well as increased MLCT lifetimes. Still no reservoir effect is achieved, although the
energy match at least between *MLCT and 3pyrene/3anthracene should be sufficient for electron
transfer and back transfer. Nevertheless, an increase of the MLCT lifetimes is achieved. What
remains open is the role of the spin-orbit coupling via the heavy atom effect imposed by iron,
which can be addressed by the investigation of analogous ruthenium complexes in one of the
following sections.
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5.4 Photophysics of [Fe(btp-R)2](PFs)2 complexes

In the optical absorption spectra of [Fe(btp).](PFs);: and [Fe(btp-3):](PFs)2 the intense bands below
340 nm are dominated by ligand m-mt*-transitions (Figure 5.4.1, left panel and Table 5.4.1). In
[Fe(btp-3).](PFs); and the corresponding btp-3 ligand the typical vibronic fine structure of the
anthracene backbone is detected in the range of 340-400 nm. [Fe(btp):](PFs). exhibits a sharp
absorption maximum at 444 nm (11 500 M cm™) with an additional shoulder at higher energies.
These features are assigned to MLCT transitions with some admixture of MC character, which is
also known for [Fe(tpy)2](PFs)2.*%! In [Fe(btp-3).](PFs), the MLCT absorption maximum in the
visible is shifted to 456 nm (14 700 Mt cm2). These findings are supported by TD-DFT calculations,
which are not discussed in further detail in this work.®* This red-shift and the increase of the
extinction [Fe(btp-3).](PFs), can be explained by improved m-acceptor properties. The MC-
character admixture as described for [Fe(btp).](PFs). cannot be separately detected in
[Fe(btp-3).](PF¢): as it is overlapping with the anthracene absorption.

The cyclic voltammogram of [Fe(btp).](PFs). shows a reversible wave at 0.74 V (vs. FcH/FcH?),
which is assigned to the Fe"”" couple (Figure 5.4.1, right panel and Table 5.4.1).2%1%1 The shift to
more anodic potentials compared to [Fe(tpy)2](PFs)2 (0.72 V) indicates a slightly reduced HOMO
energy. The HOMO in [Fe(btp).](PFs). has a distinct dn(Fe) character. This points to similar
m-acceptability of btp in comparison to tpy. At cathodic potentials, two reversible reductions
at-1.79 Vand -2.11V are detected. In analogy to [Fe(tpy):](PFs)2, they are assigned to a stepwise
reduction of the two ligands. In [Fe(btp-3):](PFs). the reversible Fe"" couple is at an anodic
potential of 0.76 V. At more anodic potentials the partially irreversible oxidation of anthracene
(1.05 V) is detected. At cathodic potentials to reductions at -1.77 V and -2.00 V are observed,
which are not fully reversible. In analogy to [Fe(btp).](PFs). and [Fe(tpy).](PFs). these reductions
are assigned to a stepwise reduction of the two ligands. The electrochemical band gaps are in line
with the absorption maximum in the MLCT region for both complexes. These findings point to a
very similar electrochemical behavior of the two complexes [Fe(btp):](PFs); and [Fe(btp-3).](PFs)..

— [Fe(btp),](PFg), [Fe(btp),1(PFg),
—— btp-3 [Fe(btp-3),1(PF),
[Fe(btp-3),1(PF,),

30000

£
[&] —_
% £
© 200004 =
E f—
w
10000 o
|1pA
0 T T T T T 1 T T T T T T T T T
300 350 400 450 500 550 600 25 20 -5 -0 05 00 05 10 15
2 [nm] E [V] vs. FcH/FcH"

Figure 5.4.1: Optical absorption spectroscopy data of [Fe(btp),](PFs),, btp-3 and [Fe(btp-3),](PFs), (left panel) and cyclic
voltammograms of [Fe(btp).](PFs), and [Fe(btp-3);](PF¢). (right panel).

Non emissive states are probed by ultrafast pump-probe spectroscopy (Figure 5.4.2, left panel).
For [Fe(btp):](PFs). a step-like absorption change at time zero is observed, which persists beyond
the experimental time window of 1.6 ns. The TA spectra reflect the GSB but deviate significantly
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from what is expected for a populated charge transfer state. Beside the dominant GSB signature,
ESA should be detected, which is missing in the TA spectra of [Fe(btp).](PFs).. This and the very
long lifetime of the TA signal indicate that excitation of [Fe(btp).](PFs). in the MLCT absorption
results in an ultrafast population of a ligand field MC state (Figure 5.4.2, right panel). Similar
findings relate to ¥**MC — !GS ground state recovery were also reported for other [FeNg]*
complexes.82Y For [Fe(btp-3)2](PFs). TA experiments are still under investigation. From the
findings of [Fe(btp).](PFs). and the multichromophoric [Fe(tpy-R2](PFs). complexes, it is expected
that [Fe(btp-3):](PFs), also has a quite long ¥*MC lifetime.
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Figure 5.4.2: Transient absorption and decay associated spectra including results of spectroelectrochemical experiments
[Fe]*-[Fe] (left panel) and schematic representation of excited-state dynamics in [Fe(btp).](PFs); (right panel).

After excitation in the m-t* transitions emission is observed in the ligands btp and btp-3 as well
as the complexes [Fe(btp):](PFs). and [Fe(btp-3):](PFs).. In btp and [Fe(btp).](PFs). emission with
Aem = 334 nm is observed after excitation at Aex = 295 nm. The emission lifetime in the complex is
2.9 ns as determined by TCSPC.®¥ In [Fe(btp):](PFs). the emission was found to be sensitive
against oxygen and 0,-phophorescence was observed after excitation with Ae = 295 nm. This
behavior makes [Fe(btp).](PFs). a very promising candidate as a photosensitizer in oxidation
reactions, which is discussed in Section 6.2 in more detail.

Table 5.4.1: Ground and excited state properties of [Fe(btp)2](PFs),, btp-3 and [Fe(btp-3)2](PFs)2.9' MC lifetime of
[Fe(btp-3),](PF¢)2 has not been determined yet.

Amicr [nm]

Compound (& [M cm1]) CV [V vs. FcH/FcH*] Aem [nm] Tem [NS] Tmc [ns]
444 0.74 (rev.)
[Fe(btp)2](PFs)2 (11 500) -1.79 (rev.) 334 2.9 >1.6
-2.11 (rev.)
btp-3 - - 420 5.0 -
1.06 (irrev.)
456 0.76 (rev.)
[Fe(btp-3)2](PFs): (14 700) -1.77 (irrev.) 420 6.7 .
-2.00 (irrev.)
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Figure 5.4.3: Steady state emission spectroscopy (left panel) and time streak camera measurements (right panel) of
btp-3 and [Fe(btp-3);](PFs) .

In btp-3 and [Fe(btp-3).](PFs), emission with Aem = 420 nm after excitation with Aex = 348 nm. The
lifetime of the ligand emission was found to be Tem(btp-3)=5.0ns and
Tem([Fe(btp-3):](PFs)2) = 6.7 ns as determined by streak camera measurements (Figure 5.4.3). In

btp and [Fe(btp-3).](PFs). the emissive state is the anthracene state, as deduced from excitation
spectra.
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5.5 Photophysics of [Fe(tri-R)2](PFs)2 complexes

The optical absorption spectra of [Fe(tri)2](PFs). and [Fe(tri-3):](PFs)2 show a very similar behavior
as the previously described multichromophoric complexes (Figure 5.5.1, left panel and Table
5.5.1). Both complexes show intense bands below 340 nm, which are dominated by ligand mt-rt*-
transitions. [Fe(tri)2](PFs)2 shows a more red-shifted MLCT absorption than the previously
described complexes with a maximum at 593 nm (21 000 M cm™). A second maximum at 411 nm
(11 200) also has a predominant MLCT character as deducted from quantum chemical
calculations. The lowest energy MLCT transition in [Fe(tri-3)2](PFs)z is found at 607 nm (23 500),
while the MLCT transition with higher energy is overlapping with the vibronic fine structure of
anthracene in the range of 340 — 400 nm. In [Fe(tri)2](PFs)2 the lowest adiabatic triplet state has
MC character with an energy of 1.62 eV. The excitation from the ground state to the lowest triplet
state is accompanied by an elongation of the central Fe-N bond by 0.28 A, which is forcing a
rearrangement of the ligand shell after photoexcitation. The lowest 3MLCT state has an energy of
1.88 eV according to quantum chemical calculations.

The Fe"" couple in [Fe(tri):](PFs). is found at a low cathodic potential of -0.15 V (vs. FcH/FcH*)
(Figure 5.5.1, right panel and Table 5.5.1). This significant shift in comparison to [Fe(bim).](PFs);
(0.34 V) is connected to the MIC coordination and agrees with reported trends.™*! The HOMO has
dominating dx(Fe) character and is destabilized by weaker m-acceptability of the triazolylidenes in
comparison to triazoles.*?>*8! |n comparison to imidazolylidene ligands in [Fe(bim);](PFe),, the
triazolylidene ligands in [Fe(tri)2](PF¢), might have a better m-acceptability, as the two irreversible
reduction steps of the ligands occur at potentials of -1.91V and -2.15 V. In [Fe(tri-3),](PFs). the
reversible Fe'"”" couple is found at -0.05 V and two irreversible ligand reduction steps are found at
-2.05 V and -2.24 V. Additionally, the irreversible anthracene oxidation is observed at 1.00 V. The
electrochemical band gaps are in line with the absorption maximum in the MLCT region for both
complexes.
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Figure 5.5.1: Optical absorption spectroscopy data of [Fe(tri);](PFs), [Ha-tri-3](PFg), and [Fe(tri-3),](PFs), (left panel)
and cyclic voltammograms of [Fe(tri);](PFs), and [Fe(tri-3),](PFs), (right panel).

The TA of [Fe(tri)2](PFs)2 is dominated by GSB causing a strong negative band around 600 nm and
a less intense one around 420 nm (Figure 5.5.2, right panel). In addition, two ESA features are
observed, one at about 455 nm and another one in the red spectral region. The TA disappears in
less than 50 ps with an evolution which has to be described by four exponential decay
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components. One component of 5 fs is an artefact at time zero. The component with a time
constant of t;=0.1ps is slightly red-shifted compared to the longer living contributions,
suggesting an ultrafast relaxation like vibrational redistribution or intersystem crossing (ISC). The
DAS of the dominating decay component with t; =2.7 ps and the weaker one with t3 =8.7 ps
consist both of the described GSB and ESA features in the blue and red of the GSB, most probably
a feature of 3MLCT contributions.*® This conclusion is supported by the difference spectrum of
[Fe]*-[Fe]. It reproduces the ESA in the blue at 455 nm and the GSB of the two decay components
very well. In contrast, the ESA in the red is only insufficiently reflected. This may result from the
fact, that for a more realistic description of the MLCT spectrum the difference spectrum [Fe]* +
[Fe] - [Fe] should be considered™?!, which is impossible due to the irreversible ligand reduction.
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Figure 5.5.2: Schematic representation of excited-state dynamics in [Fe(tri)2](PFs); (left panel) and transient absorption
and decay associated spectra including results of spectroelectrochemical experiments [Fe]*-[Fe] (right panel).

Analogous behavior of the TA is observed in [Fe(btz).(bpy)](PFs): and the spectral components
were assigned to multiple MLCT states (Figure 5.5.2, left panel).*¥! The analysis of data from time-
resolved X-Ray spectroscopy on this tris(bidentate) reference associated the time constants to
different transitions in a hot branching scenario.l*! Transferred to [Fe(tri)2](PFs); this means a
vibrationally hot 3MLCT state is populated after photoexcitation by the ultrafast ISC and
vibrational redistribution leads within 0.1 ps to a relaxed 3MLCT state. In case of hot branching,
the redistribution process competes with a direct channel to the 3MC state in which a large
fraction of the population ends up within the first 0.1 ps. The remaining population in the relaxed
3MLCT state decays comparatively slowly (8.7 ps) to the 3MC state, which deactivates more rapidly
(2.7 ps) back to the 1GS. This relaxation scenario is supported by the observation that the DAS of
both, the 2.7 ps and the 8.7 ps component exhibit a strong GSB contribution. Although it is not in
line with the current literature reports on similar complexes, the following second scenario could
also explain the reported findings. The 3MLCT state exhibits two parallel relaxation channels one
leading directly back to the !GS and the second one to the 3MC state. Then the 2.7 ps have to be
assigned to the lifetime of the 3MLCT state and the 8.7 ps to that of the 3MC state.
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Table 5.5.1: Ground and excited state properties of [Fe(tri)z](PFs), and [Fe(tri-3):](PFs)..%Transient absorption of
[Fe(tri-3);](PFs), has not been determined yet.

Amier [nm] +
Compound (e [M cm]) CV [V vs. FcH/FcH*] Aem [nm] Tra [ps]
-0.15 (rev.) 711=0.1
[Fe(tri)2](PFe)2 iii gi ggg; -1.91 (irrev.) - ,=2.7
-2.15 (irrev.) 73=8.7
1.00 (irrev.)
X -0.05 (rev.)
_ -a)
[Fe(tri-3)2)(PFs)2 607 (23 500) 2,05 (irrev.) 582 a
-2.24 (irrev.)

As [Fe(tri-3):](PFs). is carrying anthracene as backbone chromophore [H,-tri-3](PFs). and
[Fe(tri-3)2](PFs), are luminescent at room temperature after excitation with Aec= 348 nm.
[H2-tri-3](PFs)2 has an emission maximum at Aem = 420 nm, while [Fe(tri-3),](PFs); has an emission
maximum at Aem = 582 nm. A more detailed interpretation of this data has not been performed
yet. For [Fe(tri-3),](PF¢). TA and time resolved emission spectroscopy experiments are still under
investigation. This specific complex [Fe(tri-3);](PFs); is a very promising candidate in this
multichromophoric approach as the energy of the lowest 3MLCT was calculated to 1.88 eV.°* The
triplet energy of anthracene is given in the literature with 1.85 eV.'*> The resulting difference
between the triplet energies is 0.03 eV, very close to the value of the thermal energy at room
temperature ksT = 0.025 eV. Quantum chemical calculations using the same functionals for
[Fe(tri-3).](PF¢)2 and anthracene gave a triplet energy of anthracene of 2.0319 eV.
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5.6 Photophysics of [Ru(bbp-R)2](PFs)2 complexes

In the ruthenium complexes a similar picture as observed in multichromophoric iron complexes
can be drawn. The intense bands at wavelengths shorter than 320 nm correspond to m-m*
transitions within the bbp moieties in the ligands. In the range of 320-420 nm n-rt* the typical
vibrational fine structure of anthracene can be found in [Ru(bbp-3),](PF¢),. At longer wavelengths
MLCT transitions appear for all complexes. The MLCT absorption band is more intense and red-
shifted to 403 nm (37 100 cm™ M?) in [Ru(bbp-1);] (PFs), and 393 nm (33 700 cm? M) in
[Ru(bbp-3),](PFs); in comparison to 378 nm (16 600 cm™ M) in [Ru(bbp).](PFs),. These findings
are in line with those reported in multichromophoric iron complexes.

In [Ru(bbp)2](PFs). the reversible Ru"'/Ru" oxidation is at 0.92 V (vs. FcH/FcH*) and thus is shifted
to more anodic potentials compared to [Fe(bbp):](PFs).. Due to the intrinsically large ligand field
splitting in ruthenium complexes the metal-centered t,;-HOMO levels are stabilized in energy
compared to iron complexes.? In [Ru(bbp-1),](PFs), the Ru"/Ru" oxidation is at 0.87 V, which
shows a slight stabilization of the t,;-HOMO by the multichromophoric ligand design. At 1.72 V the
irreversible oxidation of the phenyl-backbone is observed. A more complex interpretation can be
drawn in [Ru(bbp-3)2](PFs)2. The metal- (0.93 V) and ligand based (1.02 V) oxidations are as close
in energy, that these oxidations cannot be completely distinguished. In a square wave
voltammetry experiment it is possible to separate these oxidations and to identify two different
oxidation processes. This is indicating a shift of the ruthenium-centered t,;-HOMO levels closer to
the energetically stabilized anthracene-based m-levels and make them energetically better
aligned, causing an increase in the ty-m-mixing.*® Its not possible to clearly figure out the
reversibility of the reduction and oxidation events in [Ru(bbp-3).](PFs).

The irreversible ligand-based reduction at cathodic potentials is at -2.17 V in [Ru(bbp).](PFs), and
thus not significantly different than in [Fe(bbp):](PFs)2. In [Ru(bbp-1);](PFs). and
[Ru(bbp-3).](PFs). the situation at cathodic potentials is similar. The ligand-based reduction is
shifted slightly to more anodic potential of -1.95 V ([Ru(bbp-3):]J(PFs)2) and -1.88V
([Ru(bbp-1)2](PFs)2), which is in line with the interpretation of the more m-accepting character of
the multichromophoric ligands.®!
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Figure 5.6.1: Optical absorption spectroscopy data (left panel) and cyclic voltammograms (right panel) of
[Ru(bbp)2](PFs), [Ru(bbp-1);](PFs); and [Ru(bbp-3)2](PFs)>.
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In [Ru(bbp).](PFs)2 an emission with a maximum at 525 nm after MLCT excitation can be detected
at room temperature and at 77 K (Figure 5.6.2, top panel). The quantum yield was determined to
be ®=(0.940.2)-103 at room temperature. This emission originates from the 3MLCT state
populated after ultrafast ISC from the initially excited MLCT state. This interpretation is
substantiated by excitation spectra. These are resembling the MLCT absorption band in the
complexes nearly perfectly. In [Ru(bbp-1),](PFs). an emission with a maximum at 585 nm after
MLCT excitation can be detected at room temperature and at 77 K (Figure 5.6.2, bottom left
panel). Also, this emission originates from the 3MLCT state populated after ultrafast ISC from the
initially excited MLCT state. This interpretation is substantiated by excitation spectra as they are
tracking the MLCT absorption band nearly perfectly.

In [Ru(bbp-3).](PFs); at room temperature an only slightly weaker emission with a maximum at
535 nm and a shoulder at 430 nm is observed (Figure 5.6.2, bottom right panel). The quantum
yield of the maximum at 535 nm was determined to be ® = (0.8+0.2)-103 at room temperature.
As in the excitation spectra using Aem = 430 nm, only the vibrational fine structure of the
anthracene motif is reproduced and the stokes shift is rather small, this emission is assigned to
the !Anthracene emission. As the Anthracene emission still has an overlap with the MLCT
emission with a maximum at 393 nm a FRET on the singlet hypersurface is possible. In the
excitation spectra using Aem = 535 nm, mainly the lowest energy absorption band is reproduced,
which is assigned to the MLCT absorption band. The emission at Aem=535 nm is therefore ascribed
to the 3MLCT phosphorescence in [Ru(bbp-3):](PFs).. At 77 K only the phosphorescence resulting
from the 3MLCT state is detected, but with a very weak intensity. From the very weak 3MLCT
phosphorescence in [Ru(bbp-3)2](PFs); at 77 K, while the *Ant and 3MLCT states are emissive at
room temperature, it is deduced, that the *Ant states decays into the 3MLCT followed by rapidly
decay into the 3Anthracene state, which is non-luminescent and energetically stabilized relative
to the 3MLCT state. The 'Ant emission is quenched due to the population of lower lying 3Ant or
3MLCT states in [Ru(bbp-3);](PFe),.[*%*!
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Figure 5.6.2: Steady state absorption (black), emission (blue/orange dotted) and excitation spectra (red/pink) of
[Ru(bbp),](PFs); (top panel), [Ru(bbp-1),](PFs). (bottom left panel) and [Ru(bbp-3)2](PFs). (bottom right panel).

Photochemically relevant 3MLCT states in both ruthenium complexes are investigated in more
detail by time resolved emission spectroscopy using streak camera measurements. The emission
of [Ru(bbp).](PFe); was fitted with a lifetime of t=0.9 us. Streak camera measurements of
[Ru(bbp-1).](PFs), are still in progress. For the emission analysis of [Ru(bbp-3):](PFs),, the two
different emissive features must be discussed separately. The emission at Aem = 430 nm assigned
to the 'Ant-state before, are also found in the streak camera measurements. The lifetime is
drastically shorter than the lifetime of the emission at Aem = 535 nm assigned to the *MLCT state
and cannot be revealed more precisely by streak camera measurements. To fit the emission at
Aem = 535 nm, three different time components were necessary. Differential associated amplitude
spectra (DAS) were generated to investigate the spectral shapes. The global fits of the DASs reveal
only two different time components. The shortest time component of the streak camera
measurement fit of T, = 1.5 ps is reproduced in the DAS. The second time component of the DAS
is 8.21 ps, which exactly is averaged lifetime of the lifetimes fitted in the streak camera
measurements of T, = 6.4 ps and of 13 = 14.5 ps. The similar spectral shapes of the DASs assume
that the emission described with two respectively three exponential decays is originating from the
same emissive state, which is assigned to the 3MLCT state. The averaged lifetime of the three
different lifetimes in the streak camera measurements fit is 5.96 ys.
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Table 5.6.1: Ground and excited state properties of [Ru(bbp).](PFs)., [Ru(bbp-1):](PFs), and [Ru(bbp-3).](PF)..
a)Streak camera experiments of [Ru(bbp-1):](PFs); have not been performed yet.

Compound (:E"“LACE [cr:rr:'Illl) CV [V vs. FcH/FcH*] Aem [nm] Tem [Ms]
[Ru(bbp):](PFe)2 378 (16 600) 3372 ((irr'i;’;/)') 525 0.9
1.72 (irrev.)
[Ru(bbp-1)](PFs) 403 (37 100) 0.87 (rev.) 585 )
-1.95 (irrev.)
1.02 (irrev.) =15
[Ru(bbp-3),](PFs)2 393 (33 700) 0.93 (rev.) 535 7,=6.4
-1.88 (irrev.) T3=14.5

After excitation of the MLCT states in all three ruthenium complexes 0, phosphorescence has
been detected. In all complexes this is straight forward to the interpretation of the emission
originating from a 3MLCT state. As long-lived 3MLCT states are promising candidates in photo

redox catalysis, catalytic proton reduction experiments have been performed.
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Figure 5.6.3: Provisional schematic representation of excited-state dynamics in [Ru(bbp-3);](PFs),. 3MLCT lifetime as
seen by streak camera measurements (black arrow). Relaxation cascade from 1Ant into *MLCT by FRET and from 3MLCT
into 3Ant is deduced by emission spectroscopy at room temperature and at 77 K. Back-IC (Kpack-ic) seems not to be possible
at 77 K. This representation bases on the current results and might be completed by further detailed spectroscopic

investigations and quantum chemical calculations.
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6

Catalytic Experiments

In this section, two photocatalytic applications of the prepared photosensitizers are discussed in
detail. First, the proton reduction to elemental hydrogen, which was already explained in detail in
the introduction, is carried out with the ruthenium photosensitizers presented. In another section,
the possibility of energy transfer in triazole complexes to produce reactive oxygen is discussed
and the produced reactive oxygen species is used to oxidize diene systems.

6.1 Photocatalytic Protonreduction

For the photocatalytic proton reduction experiments, the multicomponent system approach was
chosen. For this purpose, the ruthenium-based [Ru(bbp-R).](PFs). photosensitizer was placed
together with the cobalt-based water reduction catalyst [Co(dmgH).pyCl] (dmgH = N,N’-
Dihydroxy-2,3-butanediimine ; py = pyridine) in a solvent system based on acetonitrile or THF.
Acetonitrile was combined with triethanolamine (TEOA) as an electron donator (ED) and HBF, as
a proton source (0.5 M TEOA; 0.05 M HBF4 in MeCN). The second solvent mixture used, was THF
combined with triethylamine (TEA) as ED and water as proton source (THF/H,O/TEA: 8/1/1
V/V/V).24124 The use of an electron mediator was omitted. In the photocatalytic proton reduction,
an electron from the excited 3MLCT state is transferred to the WRC and it reduces protons to
elemental hydrogen (Figure 6.1.1).
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Figure 6.1.1: Molecular structures of used photosensitizer [Ru(bbp-R),](PFs), and [Co(dmgH)pyCl] as water reduction
catalyst (top) and schematic representation of the catalytic mechanism (bottom).
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Catalytic samples have a volume of 3.6 ml containing 1 umol PS, 1 umol [Co(dmgH).pyCl] and
4 umol dmgH as supporting ligand. Samples have been illuminated at a constant temperature of
25 °C of the sample. While illumination the change in pressure was detected in the catalytic
experiments. In each of the experiments, four samples of each PS together with the WRC and one
sample of each PS without catalyst were performed. The pressure difference of the sample
without catalyst was used as a reference value and subtracted from the pressure differences of
the catalyst systems. The pressure differences of the combination of the PS and WRC were
averaged and plotted against time after the start of irradiation (Figure 6.1.2).
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Figure 6.1.2: Pressure differences in photocatalytic proton reduction in acetonitrile (left panel) and THF (right panel).

These experiments are analyzed in detail according to the ideal gas law (eq. 6.1). In this equation
p is the pressure measured in this set up. Vis the volume of the gas phase in the reactor set up,
consisting of the gas volume inside the reactor (1 ml) and inside the pressure sensor (0.594 ml).
R is the gas constant (R = 8.314 J K mol?) and T is the temperature, which is 25 °C in this set up.
This equation is enabling the calculation of produced hydrogen in this run.

p-V=n-R-T (6.1)
As the run in MeCN did not give large quantities of hydrogen, only the run in THF is analyzed in
this section. The detected difference in pressure is 487.25 mbar. According to the ideal gas law,
the produced amount of hydrogen is 31.3 umol (H,). To produce one hydrogen molecule, two
protons are reduced by 1 umol of the PS inside the reactor. This is resulting in a turnover number
(TON) of 62.6 with respect to the PS (Table 6.1.1).

Table 6.1.1: Parameters used to calculate the TON in photocatalytic proton reduction in THF/H,O/TEA (8/1/1 V//V/V).

p [mbar] V [ml] T [K] nes [umol] NHydrogen [HMOI] TON
487.25 | 1.594 = 29815 1 31.3 62.6

The TON of [Ru(bbp-1):](PFs). is in the range of noble metal based multicomponent systems,
tested in this working group before.['?”

The prepared iron complexes have not been tested in detail but the complexes [Fe(bbp)2](PFs)2
and [Fe(bbp-3).](PFs). did not show significant activity. The photocatalytic behavior of especially
[Ru(bbp-1).](PFs). shows the potential of the multichromophoric approach in catalysis. Not only
the ground and excited state properties of multichromophoric ruthenium and iron-based PSs are
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improved, but also the catalytic applications. This development is also promising for the
photocatalytic application of iron complexes, which is still limited in the moment.

6.2 Sensitization of oxygen

Catalytic processes initiated by photoinduced electron transfer are well studied. Currently, there
is growing interest in triplet energy transfer, also known as sensitization, because it can be used
to achieve high selectivity in photochemical reactions.[*?®! Oxygen is one of the few molecules with
triplet ground state 30,. It can quench almost any excited triplet state of a photosensitizer. Often,
the energy transfer is from the excited triplet state of PS (3MLCT) to the triplet ground state of
molecular oxygen, producing high-energy 0, with lifetimes of 3 us to 300 ms.?”! In chemical
quenching !0, reacts with another molecule to form various products. 10, reacts preferentially
with nucleophilic compounds. Synthetically known 0, reactions to generate oxygen-containing
compounds include [2+2] and [4+2] cycloadditions, which work with a variety of substrates.!*?®! |n
this work, the [4+2] cycloaddition of reactive oxygen to three different organic diene systems was
investigated.

The reaction of 1,3-diphenyl-isobenzofuran (DPBF) with 0, was used to indirectly detect the
presence of non-luminescent high spin states and was investigated most detailed in this work. The
measurements were carried out at room temperature in MeOH under ambient conditions. 2.5 ml
DPBF (20 uM in MeOH) were mixed with 0.5 ml of the triazole-based complex [Fe(btp).](PFs)2
(10*M in MeOH) in a fluorescence cuvette and illuminated with A = 480+5 nm. The consumption
of DPBF was detected by monitoring the decreasing luminescence intensity at 475 nm.
[Ru(bpy)s](PFs), with an 0, quantum yield of 0.86 in ambient MeOH was used as a reference. The
decomposition reaction of DPBF is effectively initialized by [Ru(bpy)s](PFs). and [Fe(btp)2](PFs)..
The effectivity of [Ru(bpy)s](PFs). is about twice as high as the effectivity of [Fe(btp).](PFs)-.
Therefore, singlet oxygen sensitization for these two complexes is assumed. DPBF without any
additional photosensitizer and DPBF + [Fe(btp).](PFs). in a degassed solution show no
decomposition of DPBF. Additionally, the ability of [Fe(tpy):2](PFs). to sensitize oxygen was tested,
but no decomposition of DPBF was detected. This leads to the interpretation, that
[Fe(btp).](PFs)2 could be ending up in a long-lived triplet state after photoexcitation in the MLCT
band and is probably not resulting in a long-lived >MC state like [Fe(tpy)2](PFe).. This interpretation
needs to be clarified by further investigations (Figure 6.2.1).1°%
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Figure 6.2.1: [4+2] cycloaddition of DPBF and 10; (top) and resulting change in emission intensities of DPBF in presence
of [Fe(btp),](PFs). (bottom left panel). Analysis for different conditions and with [Ru(bpy)s]Cl, as reference plotted at
different reaction times (bottom right panel).

The cycloaddition of reactive oxygen with anthracene was detected by absorption and
luminescence spectroscopy (Figure 6.2.2).1228 Therefore 2.5 ml of 200 uM solution of anthracene
in CHCl; was mixed with 0.5 ml of a 100 uM [Fe(btp):](PFs)2 solution in MeOH and irradiated using
a long-pass filter (A > 400 nm). Progress of the reaction was probed each 60 min. The EI-MS data
were calculated for C14HgO, to be 208.0524 (m/z). After irradiation 207.9863 (m/z) was found. The
peroxo-species was not detected in EI-MS. The decrease of absorbance and emission in the sample
without PS, can be explained by photodimerization of anthracene at A >300 nm. In the blank
samples a decrease of the intensities is observed, but the shapes of the signals stay the same. This
is not the case while anthraquinone is formed.
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Figure 6.2.2: [4+2] cycloaddition of anthracene and 10, (top) and resulting change in absorption (left bottom) and
emission (right bottom) at different reaction times for a mixture of anthracene and [Fe(btp).](PFs)..
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Figure 6.2.3: [4+2] cycloaddition of naphthalene-1,5-diole and 10, (top) and resulting changes in absorption intensities
of the mixture of naphthalene-1,5-diole and [Fe(btp),](PFs). at different reaction times (bottom).

The cycloaddition of reactive oxygen with naphthalene-1,5-diole was detected by absorption
spectroscopy (Figure 6.2.3).1*?°! Therefore 2.5 ml of 200 uM solution of naphthalene-1,5-diole in
CHCIl; was mixed with 0.5 ml of a 100 uM [Fe(btp).](PFs). solution in MeOH an irradiated using a
long-pass filter (A > 400 nm).

Progress of the reaction was probed each 60 min. In the absorption, three different regions with
a change in the absorption are detected. The absorption is decreasing at around A =340 nm. A
small decrease is also found for pure naphthalene-1,5-diole at this wavelength. Furthermore, the
absorption is increasing at around A = 440 nm and A = 520 nm because of the formation of juglone
(5-hydroxynaphthalene-1,4-dione). In the sample without any photosensitizer no change in the
absorption at these wavelengths is detected. The EI-MS data calculated for C10HsO5 to be 174.0317
(m/z). After irradiation 173.9510 (m/z) was found. The peroxo-species was not detected in EI-MS.

In summary, this type of oxygen sensitization represents a reactivity not yet described for iron
complexes. Through the different experiments and substrates, it could be shown that the oxygen
sensitization is induced by light in the visible spectral range, although it can be assumed by the
spectroscopic data that it is not an active MLCT state. A possible suggestion would be a 3MC
reactivity in this complex, which is not proven yet. A detailed mechanistic elucidation of this
reactivity is still in progress.
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Summary and Conclusion

In addition to the development of new sustainable processes to achieve the climate targets the
further development of existing processes plays an important role. From this point of view, iron
has become established as an ecological alternative in photocatalysis, and there have been
pioneering advances in tuning of the photophysical properties of iron complexes in the recent
years. The multichromophoric approach, which is the first time investigated for iron(ll) complexes
in the frame of this work is a further step to make the application of iron complexes in
photocatalysis increasingly efficient. The multichromophoric approach leads to a red shift and an
increase in the extinction coefficient of the MLCT absorption bands. The lifetime of the
catalytically active MLCT states increases. All multichromophoric complexes show an antenna
effect, which results in a larger occupation of MLCT states. The effects elucidated in this work
make multichromophoric complexes very important key components in the development of
iron(ll) photosensitizers and the understanding of fundamental excited state properties after
photoexcitation, which are groundbreaking in the implementation of iron(ll) photosensitizers in
photo redox catalysis.

The preparative aim of this work was the preparation and characterization of novel
multichromophoric Fe(ll) complexes for use as molecular photosensitizers. In this work, the
preparation of five different multichromophoric ligand classes is discussed in detail.
Multichromophoric complexes based on tpy (= 2,2":6,2"”-terpyridine), bim (= 1,1’-(pyridine-2,6-
diyl)bis(3-methyl-1H-imidazol-3-ium)), bbp (= (pyridine-2,6-diyl)bis(1-methyl-benzimidazol-2-
ylidene)), btp (= 2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine), tri (= 4,4'-(pyridine-2,6-diyl)bis(1-
ethyl-3-methyl-1H-1,2,3-triazol-3-ium)) ligands and pro-ligands were successfully synthesized. In
addition, problems and difficulties in selected synthesis steps were presented and possible
solutions were discussed in detail.

After successful synthesis of terpyridine complexes, the synthesis of the important intermediate
7 was first discussed. Selective deprotonation of 3 in 4-position and subsequent iodination with
elemental iodine turned out to be most effective. Starting from 7, the synthesis of 8-R was
developed, which is a splitting point in the synthetic routes of [Fe(bim-R),](PF¢)./[Fe(bbp-
R)2](PFs); and [Fe(btp-R).](PFe)2/[Fe(tri-R)2](PFs). complexes. 9-R/10-R was prepared by the
Suzuki coupling of 8-R and the respective chromophore boronic acids.

[Fe(bim-R).](PFs)./[Fe(bbp-R):](PFs), were prepared by a sequence of one Ullmann coupling
followed by methylation of the imidazole groups. Complexes were prepared by subsequent
coordination of the ligands to Fe(ll). For comparison purposes [Ru(bbp-1).](PFs). and
[Ru(bbp-3).](PFs)> have been prepared as well. [Fe(btp-R):](PFs)./[Fe(tri-R).](PFs)> were prepared
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by a sequence of a Sonogashira coupling, a [2+3]-cycloaddition and subsequent methylation. The
complexes were prepared by subsequent coordination of the ligands to Fe(ll).

Detailed photophysical investigations were carried out for all substance classes with various
cooperation partners. The most detailed investigations were carried out for the group of
[Fe(bim-R);](PF¢), complexes. Three main findings were obtained. Firstly, an increase in the
extinction coefficient and a red shift of the MLCT absorption maximum were observed. This can
be explained by the increase in the m-system of the ligands. This observation was confirmed by
electrochemical characterization. Secondly, an increase in MLCT lifetime was observed by TA
spectroscopy. Confirmation that these are indeed MLCT lifetimes was provided by
spectroelectrochemical experiments. Thirdly, both the pro-ligands and the final complexes show
emission upon excitation into the m-t* transitions of the chromophores. Through time-dependent
fluorescence spectroscopy and TDDFT calculations, a FRET between a photo-excited
1Chromophore state to a MLCT state is assumed. This effect is called the "antenna effect"
following the literature. In addition, the photosensitizers were investigated for long-lived
3Chromophore states. For this purpose, the energy transfer to oxygen was studied indirectly. By
reactivity of reactive 'O, with organic diene systems and by direct observation of !0,
phosphorescence, the presence of long-lived triplet states was indirectly investigated. No energy
transfer to oxygen was observed for any of the multichromophoric complexes presented, leading
to the interpretation that no long-lived 3Chromophore states exist. This also means that the
originally targeted "reservoir effect" could not be realized.

The increase of the extinction coefficient and a red shift of the MLCT absorption maximum were
observed for all multichromophoric iron complexes prepared in this work. An increase in MLCT
lifetimes was also found for all fully characterized multichromophoric complexes. Not all
complexes have yet been investigated for an "antenna effect". Detailed investigations are
currently underway.

Besides the fundamental understanding of the dynamics of the photoexcited states in the
multichromophoric complexes, some properties remain poorly understood. One of the most
important properties that remains to be investigated is the lack of correlations of both the redshift
and the increase in extinction coefficients of the MLCT absorptions and the increased MLCT
lifetimes with other properties of the complexes. So far, it has not been possible to correlate any
of these properties with properties of the chromophores. There is no clear correlation with, for
example, the size, singlet or triplet energies, or intrinsic lifetimes of the chromophores.

Besides numerous activities to understand and improve the photophysics of iron complexes
following visible light absorption, applications of iron complexes to initiate and enable chemical
reactions are still rarely reported and the mechanistic details for the photocatalytic processes
remain mainly unexplored, although iron-mediated photo redox chemistry is surely an emerging
field. The photochemical applications as photosensitizers based on the multichromophoric design
approach investigated in terms of this work are summarized in the following.

Of particular interest in this work is complex [Fe(btp).](PFs)2, as it exhibits a never described
reactivity with oxygen that could be used, for example, in [4+2] cycloadditions with organic diene
systems. In terms of this work the [4+2] cycloadditions of reactive oxygen with DPBF, anthracene
and naphthalene-1,5-diole after photoexcitation of the MLCT transition in [Fe(btp).](PFs). was
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investigated. The most detailed analysis was performed for the oxidation of DPBF. In this case the
activity was found to be even half of the activity of [Ru(bpy)s]Cl,. Through detailed photophysical
studies, it is hypothesized that this complex relaxes into a long-lived 3MC state capable of oxygen
sensing upon excitation into the MLCT absorption transitions. More detailed photophysical
evidence for this interpretation has yet to be provided.

The use of the iron-based multichromophoric complexes as photosensitizers in the photocatalytic
proton reduction did not provide any activity of the complexes. However, the use of ruthenium-
based multichromophoric complexes [Ru(bbp-1),](PFs). showed increased activity compared to
[Ru(bbp):](PFs)2, which has no additional chromophore in the backbone of the ligand. This
increased activity shows the potential of the multichromophoric approach also in electron transfer
reactions, even if some basic research is still needed especially in the field of iron-based
multichromophoric complexes to increase the MLCT lifetimes to a point where electron transfer
processes can also take place with these complexes.

The ability of the class of multichromophoric complexes to undergo both energy transfer reactions
to singlet oxygen and electron transfer to a water reduction catalyst for proton reduction
demonstrates the potential for a wide range of photocatalytic applications.

An outlook on possible further research questions in the field of multichromophoric iron
complexes, which will be discussed below, points to the possibility of understanding the
photophysical processes within the complexes and optimizing the complex properties with
respect to photocatalytic applications.
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8

The long term perspective of this thesis is to be a part of the deep understanding and to enable

Perspectives

the rational tuning of excited state energy landscapes of iron(ll) and iron(lll) complexes to devise
(photo)stable complexes for applications, e.g. in dye-sensitized solar cells, light-emitting
electrochemical cells, organic light-emitting diodes, bioanalytics or photo(redox) chemistry to
replace and complement noble metal sensitizers based on e.g. ruthenium(Il) or iridium(lIl) in these
applications.

8.1 Short-, medium-, and long-term perspectives

For this purpose, different targets with different - short-, medium- and long-term - perspectives
of success are described. As a first target with short-term prospects of success, the already
presented complex [Fe(tri-3):](PFs). should be completely investigated in terms of its
photophysical behavior by spectroscopic and quantum chemical techniques (Figure 8.1.1). This
one is particularly interesting because in this compound the energy difference between the 3MLCT
and the 3Ant state are almost isoenergetic. The energy of the 3MLCT state of the unsubstituted
complex [Fe(tri)2](PFs)2 has already been calculated quantum mechanically in the context of this
work. The calculated energy value of the 3MLCT state is 1.88 eV.°* The literature value of the *Ant
energy is 1.85 eV.!**), The resulting difference between the triplet energies is 0.03 eV, very close
to the value of the thermal energy at room temperature kgT = 0.025 eV. This energy difference is
the smallest for all complexes described in this work and significantly lower than the energy
differences for which a reservoir effect is described in various publications on noble metal
complexes and a back-population of initially occupied states is described for rare earth complexes.
Calculated in the context of this work was a 3Ant energy with a value of 2.0319 eV. With the precise
photophysical description of complex [Fe(tri-3):](PFs)2, it allows the influence on the relative
energetic position between the 3MLCT and 3Chrom states to be studied in detail.

[Fe(tri-3)2](PFs)2

Figure 8.1.1: Molecular structure of [Fe(tri-3);](PFs), which is a promising candidate as multichromophoric
photosensitizer due to the small energy gap between 3MLCT and 3Chromophore states.
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As a project with medium-term prospects of success, the antenna effect discovered for
multichromophoric iron complexes can be applied in molecular dyads (Figure 8.1.2).13% Molecular
dyads with an iron complex as the photoactive moiety and a cobalt complex as the catalytic active
site have already been successfully used in photocatalytic proton reduction.*?! In this process, an
electron is transferred from the 3MLCT state of the iron complex to the cobalt catalyst, from where
it is utilized in the proton reduction. The antenna effect described in this work implies an energy
transfer on the singlet hypersurface from the *Chrom state to the MLCT state. This is a second
pathway of the population of MLCT states besides direct population by the absorption of light in
the visible region and broadens the spectral range suitable in photocatalytic application. The
antenna effect has been interpreted to mean that the MLCT state is more frequently populated
as a result. In such dyads, electron transfer to the cobalt center, which is the catalytically active
center of the dyads, initialized by the MLCT state. A more frequent population of the iron center
is followed by a more frequent population of catalytically active cobalt states, promising an
increase in activity. A possible design of a Dyad with a multichromophoric photosensitizer is
shown in Figure 8.1.2. For the photoactive iron complex with the anthracene in the backbone of
the outer ligand, the antenna effect due to the more frequent population of the MLCT state
ensures that the 3MLCT state is populated more frequent. The catalytically active cobalt complex
is also excited more frequently, because of the electron transfer from the iron to the cobalt center.
This is a possible variant to further enhance the catalytic activity of a Fe-Co dyad that already
shows catalytic activity.

2+

\/\\/

TN/CO\7\C|

Figure 8.1.2: Molecular structure of a Dyad carrying an aromatic chromophore at one ligand. The antenna effect might
increase the population of the 3SMLCT state by the proposed Férster Resonance Energy Transfer. This could increase the
photocatalytic properties of this type of molecular dyads.

A long-term perspective is the transfer of the multichromophoric approach from iron(ll)
complexes to iron(lll) complexes bearing a slightly different type of photophysical behavior as
discussed in detail in the introduction. After a tris(bidentate) and scorpionate ligand arrangement,
a bis(tridentate) version of hexa-carbene complexes was realized recently with [Fe"'(ImP),]PF¢.5>*
The iron center is coordinated by four NHCs units and two cyclometalating phenyl rings. This ligand
design leads to a dual >GS->LMCT absorption at 585 nm and a *GS-2MLCT absorption at 351 nm.
After 2LMCT-excitation at low energies an emission with a maximum at 675 nm is observed. After
2MLCT-excitation at higher energies an additional emission with a maximum at 450 nm is detected
together with the 675 nm luminescence. Such a dual or two color luminescence is a rare
observation and was never reported for iron complexes before. The excited state landscape is
dominated by a 2LMCT state with a lifetime of 0.24 ns at low energies and a 2MLCT state with a
lifetime of 4.2 ns at higher energies. In this type of iron(lll) complexes, the bichromophoric
approach will be used to increase the absorptivity of both the MLCT and LMCT bands caused for
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example by a cyclometalated ligand in the proposed complex [Fe"(ImP-3),]PF¢ (Figure 8.1.3).
Further ligand tuning with electron donating and withdrawing groups and carbene variations will
allow to tune the energy of the characteristic (dual) emission and to optimize the luminescence
guantum yields as well as the photochemical and photocatalytic behavior.
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[Fe(lmP-3),]PFg

Figure 8.1.3: Molecular structure of [Fe"(ImP-3);]PFs. The multichromophoric approach could help to increase the
photophysical properties of iron(lll) complexes.

The general overview (Figure 8.1.4) of possible deactivation processes and the influence of the
multichromophoric approach oniron(ll) and iron(lll) complexes, shows which questions about this
approach are still open and which still have to be addressed. In addition, the possible structural
design concepts of the complexes are generically presented. The synthetic approaches rely on
tridentate ligands with iron(ll) and iron(lll) centers in 5-ring chelates in a classical C*NAC and
CACAC arrangement to ensure a very high octahedrality and rigidity. It is possible to introduce
different types of carbenes, from classical NHC, over mesoionic to cyclometalated carbenes in all
these concepts. The number of different carbenes with N-donors can be optimized with respect
to the photophysical (tuning of the energy of different states and luminescence) and
photochemical (reactivity) properties. The generic Figure 8.1.4 shows the full potential that can
be covered by the multichromophoric approach in iron photosensitizers.

Light-Ant
\ "Chrom T —

8 y— Spin-Orbit |/ ‘l | \
E Coupling |/ \ [ Spin-Orbit
" m ping d 1| Coupling

]
Increase of
Increase of |77 """
Absorbance

Energy

Chromophaore
L

|

M

m:

jw]

Loy
Chrom]ophore
Chromaophore

1

m

m:

jw]
Chromophore

y

iron(ll) centre chromophore iron (l1l) centre

Figure 8.1.4: Schematic representation of photophysical processes in multichromophoric iron (Il) complexes (left side)
and multichromophoric iron (Ill) complexes (right side). Effects that have been found and discussed in terms of this work
are highlighted in green boxes. Effects that are still under investigation and of huge interest for following projects are
highlighted in red boxes.
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In this section, experimental details of analytical and spectroscopic methods and published and
unpublished syntheses are described. A more detailed insight into the methods of the published
results can be found in the corresponding publications and their supplementary information.%°4

Experimental Details

9.1 General information on equipment and chemicals

The synthesis of all compounds is performed due to sensitivity against air or humidity of chemicals
used under inert and anhydrous conditions. Therefore, standard Schlenk conditions are applied,
and the used glass equipment is baked out at least three times and filled with pre-dried argon. All
synthesis under inert conditions were carried out using water free solvents, which either were
dried by literature references*** or picked from a solvent-drying plant by the firm MBraun model
MB SPS 800.

The used chemicals were commercially purchased by following providers: Sigma-Aldrich, abcr, TCI
and Fisher Scientific. All Chemicals were used for synthesis without further purification unless
otherwise noted.

9.2 Annotations to the used analytical and spectroscopic techniques

Nuclear Magnetic Resonance Spectroscopy:

'H-, 3C-, F- and 3!P-Spectra of the different substances were recorded. These spectra are
recorded by NMR-spectrometer type Avance 500 or and Ascent 700 of company Bruker at the
University of Paderborn by the team of PD Dr. Hans Egold. 'H-NMR-spectra are measured at a
frequency of 500 MHz and the 3 C-measurements are recorded at a frequency of 125 MHz by the
Bruker Avance 500. 'H-NMR-spectra are measured at a frequency of 700 MHz, the 3C-
measurements are recorded at a frequency of 176 MHz, the 3'P-spectra are recorded at 283.5 MHz
and the F-spectra are recorded at 659 MHz by the Bruker Ascent 700. For measurement of the
spectra the relevant substance is dissolved in an appropriate deuterated solvent which is
specifically listed for each compound. The chemical shifts used indicated in ppm are related to the
8-scale.’32 For analysis of the spectra the software Topspin (version 4.0.6) by Bruker is used. For
correlation of the different signals to the belonging molecular parts two-dimensional NMR-spectra
(COSY, HMBC, HMQC, HSQC) are used.3]
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Mass Spectrometry:

The ESI-mass spectra were recorded using a quadrupole-time of flight-mass spectrometer (QTOF)
type Synapt 2G by the firm Waters by the team of Dr. Adam Neuba. The solvents used in each case
are listed for each compound. El-mass spectra were recorded using a DFS sector field
spectrometer by Thermo Scientific.

Elemental Analysis:

The measurements of elemental analysis were realized with a device of type vario MICRO Cube of
the company Elementar. WOs was added as an oxidation catalyst to specified samples.*3%

Single Crystal X-Ray Diffraction:

The X-ray single crystal data were recorded by Dr. Roland Schoch on a Bruker Venture D8
diffractometer, equipped with a Mo Kq IS 3.0-source (A=0.71073 A) and a Photon Il area detector
at 120 K. The obtained data were integrated with SAINT and a multi-scan absorption correction
was carried out by SADABS.[***! The structure solution by direct methods and the refinement of
the structures using full-matrix least squares method based on F? were achieved in SHELX — all
three software programs are parts of the Bruker APEX Il package.[*3®! All non-hydrogen-atoms
were refined anisotropically and the hydrogen atom positions at idealized positions residing on
the carbon atoms with isotropic displacement parameters Uiso(H)=1.2 Ueq(C) resp. 1.5 Ueq(-CHs)
and C-H bond lengths of 0.93-0.96 A. All CH; hydrogen atoms were allowed to rotate but not to
tip. If needed due to significant disorders of solvent molecules, those were treated using SQUEEZE
from the Platon software package.!*>”!

IR Spectroscopy:

The infrared spectra were measured with an IR-spectrometer Vertex 70 by Bruker. Solid
compounds were measured as pure powders using the ATR-technique. IR data were used in
TD-DFT calculations for comparison pursoses and are not shown in this thesis.

UV/Vis Spectroscopy:

Absorption spectra were recorded at concentrations of 10° M on a PerkinElmer Lambda 465 single
beam spectrophotometer. Spectroscopy grade solvents from VWR and quartz cuvettes by Hellma
with a pathlength of 1 cm were used.

Transient Absorption Spectroscopy:

Transient absorption spectroscopy was performed and analyzed by the group of Prof. Dr. Stefan
Lochbrunner at the University of Rostock. Transient absorption spectra were measured with a
time resolution of about 100 fs by means of a pump-probe setup in which a non-collinear optical
parametric amplifier (NOPA) tuned to a center a specified wavelength for each complex was used
for exciting the sample and a white light continuum generated in a CaF, crystal for probing.*3®
Both, the NOPA and the white light stage were pumped by a regenerative Ti:sapphire laser system
(CPA 2001, Clark MXR, Inc.) operating at a center wavelength of 775 nm and a repetition rate of
1 kHz. The dispersion of the NOPA pulses was minimized by a compressor based on fused silica
prisms and the polarizations of the pump and probe pulses were set to magic angle with respect
to each other to avoid effects caused by orientational relaxation. Pump and probe beam were
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focused onto the sample to overlapping spots with diameters of approximately 200 um and
100 um, respectively. After the sample, the probe was dispersed by a prism and transient
absorption changes were spectrally resolved recorded by a photodiode array detector. Transient
absorption spectra with an excitation wavelength of 400 nm were recorded with a similar setup
using another Ti:sapphire laser system (Spitfire Ace PA, spectra physics). The compounds were
dissolved in MeCN under argon and the sample solution was filled into a fused silica cuvette with
a thickness of 1 mm.

Luminescence Spectroscopy:

The emission spectra were recorded using the fluorometer FluoroMax-4 from Horiba Scientific by
the research group of Prof. Dr. Stefan Lochbrunner at the University of Rostock. Emission and
excitation spectra were also recorded at the University of Paderborn with a Jasco FP-8300
fluorometer and an Edinburgh Instruments FLS1000. Low temperature emission spectra at 77 K
were recorded on an Edinburgh Instruments FLS1000 while cooling with liquid nitrogen.

Time-resolved Emission Measurements:

Time-resolved luminescence measurements were carried out by means of a streak camera system
(C10627, Hamamatsu Photonics) using ultrashort excitation pulses at 388 nm by the research
group of Prof. Dr. Stefan Lochbrunner at the University of Rostock. The latter were generated by
frequency doubling the output of a regenerative Ti:sapphire laser system (CPA 2001, Clark MXR,
Inc.) which provides 160 fs long laser pulses with a center wavelength of 775 nm at a repetition
rate of 1 kHz. MeCN solutions of the compounds were prepared under argon and measured in
1 cm thick fused silica cuvette.

Luminescence lifetimes were measured on a Horiba Ultima-01-DD (HORIBA Jobin Yvon GmbH)
applying the time-correlated single photon counting (TCSPC) technique at the Paderborn
University. Samples were excited at specified wavelengths (Horiba DeltaDiode-300 LED, 20 MHz,
HORIBA Jobin Yvon GmbH) and the emission was recorded at the given luminescence maximum
until the peak signal reached a specified count. Decay data analysis was performed using the DAS6
software (version v 6.8, HORIBA Scientific). The goodness of the fits was evaluated by x? values.

Cyclic Voltammetry:

Potentiometric measurements were performed in deoxygenated MeCN at room temperature
using a PGSTAT 101 potentiostat from Metrohm-Autolab. An analyte concentration of 103 M and
a [n-BusN][PFs] concentration of 0.1 M as inert electrolyte were used. In a three-electrode
configuration, a Pt working electrode (1 mm diameter), Ag/0.01 M AgNOs, 0.1 M [n-BusN][PF¢] in
MeCN as reference electrode, and a Pt pin as a counter electrode were applied. After the
measurements, ferrocene FcH was added as an internal standard to reference against the
FcH/FcH* redox couple. The resulting voltammograms were analyzed using the software
Nova 2.1.3. The reversibility of the redox couples was checked by using the criteria from
Nicholson3%! and the Randles-Sevcik-equation.4%
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Spectroelectrochemistry:

Spectroelectrochemical and coulometric measurements were performed by Dr. Adam Neuba at
room temperature in an optically transparent cell (d = 1 mm) using a deoxygenated MeCN/0.1 M
[n-BusN][PF¢] solution and a Pt wire mesh working electrode (counter electrode: Pt wire). Spectral
changes during oxidations/reductions were recorded on a Varian Cary 50 spectrophotometer.

Photocatalytic Experiments:

The reaction of 1,3-diphenyl-isobenzofuran (DPBF) with reactive oxygen 'O, was carried out at
room temperature in MeOH under ambient conditions. 2.5 m DPBF (20 uM) were mixed with
0.5 ml complex (10*M) in a 1cm path Hellma fluorescence cuvette and illuminated with
A =48015 nm in a Jasco FP-8300 fluorescence spectrophotometer. The consumption of DPBF was
detected by monitoring the decreasing luminescence intensity at 475 nm.

The reaction of anthracene and naphthalene-1,5-diole with reactive oxygen was carried out at
room temperature in a mixture of CHCl; and MeOH. 2.5 ml of the substrate (200 uM in CHCIs)
were mixed with 0.5 ml of the complex (100 uM in MeOH) and irradiated by 300 W Xenon light
source equipped with a long-pass filter (A > 400 nm) to cut of short wavelengths. The progress of
the reaction was tracked by absorption and emission spectroscopy.

Protonreduction was carried out in a homemade catalytic set up. 15 samples were irradiated in
parallel by LEDs simulating a solar spectrum. The samples cooled by an /KA HRC 2
control thermostat. The temperature of the solution was controlled by a temperature sensor
placed directly in a vial, which is containing the solvent used for catalysis. While illumination the
change in pressure was detected in the catalytic experiments.

Computational Methods:

Quantum chemical calculations have been performed by the research group of Prof. Dr. Oliver
Kihn at the University of Rostock. Absorption spectra were computed with linear-response time-
dependent density functional theory (TD-DFT) using the optimally-tuned LC-BLYP functional
together with the polarizable continuum model (PCM) to account for solvent effects (acetonitrile).
The two-parameter optimal tuning of LC-BLYP was done via the ASCF method,**!! the details of
the present setup can be found in the literature.[**? The 6-31G(d) basis set was used for the tuning
procedure, while a larger basis set (def2-TZVP on Fe, 6-311G(d,p) on other atoms) was employed
for calculations of absorption spectra. The broadening of the resulting stick spectra was done by
Gaussians with a width (FWHM) of 0.15 eV. All calculations were performed with the Gaussian16
suite of programs.!*! Excited state analysis was performed using the TheoDORE package,**¥
which enables automatic quantitative wavefunction analysis and localization of excitations at
predefined molecular moieties. Pre- and post-processing of the data was done with homemade
programs.
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9.3 Syntheses

4'-(anthracen-9-yl)-2,2":6',2"-terpyridine tpy-3:

KOH (2.1 g, 37.5 mmol, 7.5 eq.) was suspended in ethanol (20 ml) and 2-acetylpyridine (2.8 ml,
25 mmol, 5eq.) was added.”®! The reaction was stirred for 2h at room temperature.
9-anthracenecarboxaldehyde 2-3 (1.031g, 5 mmol, 1eq.) was dissolved in THF (5ml) and
transferred to the previously described solution and stirred for 16 h at room temperature.
Aqueous NHs (25 %, 15 ml) was added and stirred for additional 16 h. Precipitate was filtered,
washed with water and methanol, and recrystallized with methanol from chloroform. Final
tpy-3 was obtained as yellow solid (53 %).

1H-NMR (500 MHz, CDCl3): & (ppm) = 8.80 (dt, J = 8.5 Hz; J = 0.7 Hz, 2H, Ha); 8.64 (m, 2H, H,); 8.62
(s, 2H, H7); 8.55 (s, 1H, Hie); 8.07 (d, J = 8.5 Hz, 2H, Hua); 7.91 (dt, J = 7.8 Hz, J = 1.8, 2H, Hs); 7.72
(dd, J = 8.8 Hz, J = 0.7 Hz, 2H, Hu1); 7.47 (m, 2H, Hi3); 7.38 — 7.31 (m, 4H, H1> & Ha).

13C-NMR (125 MHz, CDCl3): 6 (ppm) = 156.6 (s, 2C, Cs); 156.1 (s, 2C, Cs); 149.9 (s, 1C, Cs); 149.6 (s,
2C, C1); 137.2 (s, 2C, C3); 134.8 (s, 1C, Co); 131.7 (s, 2C, Cis); 130.0 (s, 2C, Cio0); 128.8 (s, 2C, Cua);
127.8 (s, 1C, Ci6); 126.8 (s, 2C, C11); 126.2 (s, 2C, C12); 125.6 (s, 2C, Ci3); 124.3 (s, 2C, C7); 124.2 (s,
2C, Cy); 121.8 (s, 2C, C4).

ESI-MS (pos) (m/z in MeCN) calculated for CagHisFeNs: 409.1657; found: 410.1682[M+H]*.
Elemental analysis calculated for CxgH19N3: C = 85.06 %, H = 4.68 %, N = 10.26 %.

Found: C=84.46 %, H=4.76 %, N = 10.33 %.
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[Fe(tpy-3).]1(PFe),:

[Fe{typ-3)21(PFe).

tpy-3 (2 eq.) and FeBr; (1 eq.) were stirred in MeOH for 16 h. Insolouble solid was filtered, the
filtrate was concentrated and dropped in an aqueous KPFg solution. Arising precipitate was filtered
and washed with water. The crude product was dissolved in acetone and precipitated in
diethylether.[Y After filtering, the product was purified by crystallization (solvent: acetone/anti-
solvent: diethyl ether). [Fe(tpy-3).](PFs)> was obtained as violet crystals (90 %).

'H-NMR (500 MHz, des-acetone): & (ppm)=9.44 (s, 4H, Hiy); 8.99 (s, 2H, Han); 8.94 (d, 4H,
3Jun = 7.9 Hz, Hypy); 8.38 (d, 4H, 3Juw = 8.4 Hz, Ham); 8.34 (d, 4H, 3Juw = 8.4 Hz, Hant); 8.10 (dt, 4H,
3)un = 7.7 Hz, 3Jun = 1.3 Hz, Hypy); 7.86 (d, 4H,3Jun = 5.1 Hz, Hypy); 7.75-7.70 (m, 4H, Han); 7.69-7.65
(m, 4H, Hant); 7.44-7.39 (m, 4H, Hypy).

13C-NMR (125 MHz, ds-acetone): & (ppm) = 162.0 (s, Cq, 4C, Cypy); 159.5 (s, Cq, 4C, Cipy); 154.8 (s,
4C, Cipy); 150.7 (s, Cqy 2C, Cant); 140.0 (s, 4C, Cipy); 133.1 (s, Cq, 2C, Cupy); 132.6 (s, Cqy 4C, Cane); 130.9
(s, Cq, 4C, Cant); 130.0 (s, 2C, Cant); 129.9 (s, 4C, Cant); 128.8 (s, 4C, Cipy); 128.1 (s, 4C, Cant); 127.8 (s,
4C, Cipy); 127.1 (s, 4C, Cant); 126.8 (5, 4C, Can); 125.4 (s, 4C, Cipy).

ESI-MS (pos) (m/z in MeCN) calculated for CsgHasNeFe?* [M]**:437.1248; found: 437.1274 [M]*.
Elemental analysis calculated for CsgH3gN¢F12FeP;: C=59.81 %, H=3.29 %, N =7.22 %.

Found: C=59.67 %, H=3.42 %, N = 7.38 %.
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4'-(pyren-1-yl)-2,2":6',2"-terpyridine tpy-4:

tpy-4

KOH (0.842 g, 15 mmol, 7.5 eq.) was suspended in ethanol (15 ml) and 2-acetylpyridine (1.1 ml,
10 mmol, 5eq.) was added.”® The reaction was stirred for 2h at room temperature.
1-pyrenecarboxaldehyde 2-4 (465 mg, 2 mmol, 1 eq.) was dissolved in THF (5 ml) and transferred
to the previously described solution and stirred for 16 h at room temperature. Aqueous NH; (25 %,
15 ml) was added and stirred for additional 16 h. Precipitate was filtered, washed with water and
methanol, and resolved in a minimal amount of hot chloroform. Addition of methanol forced the
precipitation of a green solid, which was filtered. The remaining solution was cooled to 0 °C for
1 h and precipitating yellow tpy-4 was filtered (27 %).

1H-NMR (500 MHz, CDCls): 6 (ppm) = 8.79 (s, 2H, Hyyy); 8.76 (d, 2H, 3)Jun = 8.0 Hz, Hyy); 8.70 (d, 2H,
3Jun = 4.7 Hz, Hipy); 8.28-8.05 (M, 8H, Hpyrene); 8.03 (t, 1H, 3Jun = 7.6 Hz, Hpyrene); 7.91 (dt, 3)un = 7.8 Hz,
3JHH = 1.8 Hz, Htpy),‘ 7.35 (ddd, 2H, 3J|-||-| =7.5Hz, 3J|-||-| =4.7 Hz, 3.]|-||-| =1.2 Hz, Htpy).

13C-NMR (125 MHz, CDCls): & (ppm) = 156.5 (s, Cq, 2C, Cipy); 155.8 (s, Cq, 2C, Cipy); 151 (s, Cq, 1C,
Coyrenc); 149.4 (s, 2C, Cipy); 137.0 (s, 2C, Cipy); 135.4 (s, Cq, 1C, Cipy); 131.6 (s, Cq, 1C, Cpyrenc); 131.5 (s,
Cay 1C, Coyrenc); 131.1 (s, Cqy 1C, Coyrenc); 128.5 (s, Cqy 1C, Coyrenc); 128.3 (s, 1C, Coyrene); 128.0 (s, 1C,
Coyrene); 127.6 (s, 1C, Coyrene); 127.4 (s, 1C, Coyrene); 126.2 (s, 1C, Coyrene); 125.5 (s, 1C, Coyrene); 125.3
(s, 1C, Coyrenc); 125.1(s, Cqy 1C, Coyrene); 125.0 (s, Cq) 1C, Coyrenc); 124.9 (s, 1C, Coyrene); 124.0 (s, 1C,
Coyrenc); 124.0 (s, 2C, Cipy); 123.0 (s, 2C, Cipy); 121.6 (s, 2C, Cipy)-

ESI-MS (pos) (m/z in MeCN) calculated for C31H19N3 [M]: 433.1579; found: 434.1756 [M+H]*
Elemental analysis calculated for C3;H19N3: C=85.89 %, H=4.42 %, N = 9.69 %.

Found: C=84.93 %, H=4.46 %, N =9.68 %.
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[Fe(tpy-4),](PFe),:

[Fe(tpy-4)2](PFg)2

tpy-4 (2 eq.) and FeBr; (1 eq.) were stirred in MeOH for 16 h. Insolouble solid was filtered, the
filtrate was concentrated and dropped in a agueous KPFg solution. Arising precipitate was filtered
and washed with water. The crude product was dissolved in acetone and precipitated in
diethylether.[¥! After filtering, the product was purified by crystallization (solvent: acetone/anti-
solvent: diethyl ether). [Fe(tpy-4).](PF¢). was obtained as violet crystals (80 %).

1H-NMR (500 MHz, dg-acetone): & (ppm) = 9.63 (s, 4H, Hipy); 9.03 (d, 4H, 3Jun = 7.9 Hz, Hypy); 8.88
(d, 2H, 3Ju = 9.2 Hz, Hpyrene); 8.67 (a, 4H, 3Jun = 3.0 Hz, Hoyrene); 8-49 (G, 4H, 3w = 7.6 Hz, Hpyrene);
8.42 (t, 6H, 3Jun = 8.5 Hz, Hpyrene); 8.24 (t, 2H, 3 = 7.5 Hz, Hoyrene); 8.11 (t, 4H, 3w = 7.5 Hz, Hipy);
7.81(d, 4H, 3 = 5.2 Hz, Hepy); 7.36 (t, 4H, 3Jin = 6.4 Hz, Hipy).

13C-NMR (125 MHz, ds-acetone): & (ppm) = 160.6 (s, Cq, 4C, Cipy); 158.6 (s, Cq, 4C, Cipy); 153.6 (s,
4C, Cipy); 151.4 (s, Cqy 2C, Coyrene); 139.0 (s, 4C, Cpy);133.3 (3, Cqy 2C, Crpy); 132.5 (s, Cay 2C, Coprene);
131.6 (s, Cq, 2C, Coyrene); 131.1 (s, Cq) 2C, Coyrenc); 129.1 (5, 2C, Cpyrenc); 128.9 (s, 2C, Coyrenc); 128.7 (s,
Ca 2C, Coyrenc); 128.3 (s, 2C, Coyrenc); 127.7 (s, 4C, Cupy); 127.5 (S, 2C, Coyrene); 126.9 (s, 2C, Coyrene);
126.3 (s, 2C, Coyrene); 125.9 (s, 2C, Coyrenc); 125.6 (s, 4C, Cpy); 125.3 (5, 2C, Coyrene); 124.9 (s, Cq, 2C,
Coyrene); 124.5 (5, C, 2C, Cpyrene); 124.5 (s, 2C, Coyrenc); 124.3 (s, 4C, Cipy).

ESI-MS (pos) (m/z in MeCN) calculated for Cs;H3sNeFe?* [M]?*:461.1248; found: 461.1332 [M]**.
Elemental analysis calculated for Cs;H3sNgF12FeP,: C = 61.40 %, H=3.16 %, N = 6.93 %.

Found: C=60.57 %, H=4.06 %, N = 6.41 %.
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2,6-dichloropyridine 1-oxide 4:

Cl Cl

2,6-dichloropyridine 3 (11.1g, 75 mmol, 1eq.) was dissolved in trifluoroacetic acid (90 ml).
Agqueous H,0, (35 %, 20 ml) was added dropwise while stirring. The solution was heated to 100 °C
for 4 h. The yellow solution was cooled to room temperature and water (30 ml) was added
dropwise. The resulting solid was filtered, and the remaining solution was extracted with DCM (10
x 30 ml). The combined organic layers were washed by an aqueous K,COs-solution (3 x 30 ml).
n-hexane was added, and the volume was reduced. Precipitated solid was filtered and 4 was
obtained as colorless solid (70 %).7%

1H-NMR (500 MHz, CDCl3): & (ppm) = 7.44 (d, 3Jus = 8.2 Hz, 2H, Ha); 7.11 (t, 3w = 8.2 Hz, 1H, Hy).

ESI-MS (pos) (m/z in MeCN) calculated for CsH3CI;NO: 162.9670; found: 163.9675 [M+H]".

2,6-dichloro-4-nitropyridine 1-oxide 5:

NO,

1
| o
Cl N Cl

0
o
5

4 (8.64 g, 52.5 mmol, 1 eq.) was dissolved in concentrated H,SO4 (50 ml) and red fuming HNO;
(20 ml) and stirred 20 h at 60 °C. The resulting yellow solution was cooled to room temperature
and neutralized by aqueous NHs (25 %, 100 ml) while cooling in an ice bath. The precipitating solid
was filtered and 5 was obtained as colorless crystals (60 %).7

1H-NMR (500 MHz, CDCls): & (ppm) = 8.31 (s, 2H, Ha).

ESI-MS (pos) (m/z in MeOH) calculated for CsH,Cl,N>03: 207.9521; found: 208.9508 [M+H]*.
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2,6-dichloropyridin-4-amine 6:

5 (6.52 g, 31.2 mmol, 1 eq.) was suspended in concentrated acetic acid (100 ml) and heated to
100 °C. lron powder (8.68 g, 156 mmol, 5 eq.) was added in portions within 15 min, while
evolution of gases was obtained. The dark red suspension was stirred for 24 h at 100 °C. After
cooling to room temperature, the suspension was neutralized by concentrated NaOH (200 ml) and
extracted with diethyl ether (5 x 50 ml).[® The crude product was recrystallized in chloroform. 6
was obtained as colorless crystals (88 %).

'H-NMR (500 MHz, DMSO-dg): & (ppm) = 6.73 (s, Hamin, 2H); 6.50 (s, H1, 2H).

ESI-MS (pos) (m/z in MeOH) calculated for CsH4CloN>: 161.9830; found: 162.9835 [M+H]*.

2,6-dichloro-4-iodopyridine 7:

Synthetic procedure 1: Sandmeyer reaction

6 (815 mg, 5 mmol, 1 eq.) was suspended in HCI (37 %, 20 ml) and stirred for 24 h at room
temperature. It was cooled to 0 °C and NaNO; (690 mg, 10 mmol, 2 eq.) dissolved in 5 ml water
was added dropwise. KI (2075 mg, 12.5 mmol, 2.5 eq.) was dissolved in 10 ml water and was
added to the previously described suspension. It was stirred until no further gas evolution was
observed. The suspension was dissolved in THF (15 ml) and extracted with diethyl ether (5 x
30 ml). The combined organic layers were washed in saturated NaS;0s-solution, until no color-
change was observed. The organic layer was dried over Na,SO,, and the crude product was
obtained by removing the solvent. It was purified by column chromatography (stationary phase:
Si0,/ mobile phase: n-hexane) and 7 was obtained as orange solid (58 %).17®!

Synthetic procedure 2: Deprotonation by n-butyllithium

6 (1 eq.) was dissolved in dry THF (20 ml) and cooled to -78 °C. n-butyllithium (1 eq., 1M in THF)
was added dropwise and it was stirred for 45 min. lodine (1.1 eq.) dissolved in dry THF (10 ml) was
added dropwise and it was stirred for 1 h at -78 °Cand 1 h at room temperature. The reaction was
stopped by the addition of saturated aqueous NaS;0s-solution. The mixture was extracted by
diethyl ether. The combined organic layers were dried over Na,SOs. The crude product was
obtained after removing the solvent. 7 was purified by fractional crystallization from ethanol
(30 %)."")
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Synthetic procedure 3: Deprotonation by TMPMgCI

3 (1 eq.) dissolved in THF was added dropwise to a solution of tetramethylpiperidine-
magnesium/lithium-chloride (1M in THF, 1.05 eq.) and stirred for 1 h at room temperature. The
solution was cooled down to -30 °C and iodine (1.1 eq. in THF) was added dropwise. After stirring
for 30 min the remaining iodine was deactivated by adding a saturated aqueous Na,;S,04 solution.
The aqueous layer was extracted with dichloromethane and the combined organic layers were
dried over Na,SO4. While removing the solvent under reduced pressure the product precipitated
as a colorless solid (68 %).!"8!

1H-NMR (700 MHz, CDCl3): & (ppm) = 7.68 (s, 2H, H,).

13C-NMR (176 MHz, CDCl5): 6 (ppm) = 150.7 (s, 2C, Cq, C1); 131.5 (s, 2C, C3); 107.6 (s, 1C, Cq, C3).
ESI-MS (pos) (m/z in MeCN) calculated for CsH,Cl>IN: 272.8609; found: 273.8671 [M+H]*.
Elemental analysis calculated for CsH,ClLIN. C=21.93 %, H=0.74 %, N =5.11 %.

Found: C=22.88 %, H=1.19 %, N =5.22 %.

General procedure for 4-chromophore-2,6-dichloropyridine 8-R:

Palladium acetate (0.05 eq.) and SPhos (0.22 eq.) were stirred in degassed toluene under inert
conditions for 30 min. In parallel 4-iodo-2,6-dichloropyridine 7 (1 eq.) and the corresponding
boronic acid (1.2 eq.) were suspended in degassed toluene under inert conditions. Solution
containing the Pd-catalyst was transferred to the reactants’ suspension. K,COs (2.4 eq.) was solved
in water and degassed by argon and transferred to the reaction mixture. The mixture was stirred
at 105 °Cfor three days. Reaction was cooled down to room temperature and extracted with DCM.
Combined organic layers were washed with water and dried over Na;SOs. The solvent was
removed under reduced pressure and the product was obtained after flash chromatography.®

2,6-dichloro-4-phenylpyridine 8-1:

Cl N~ CI

8-1 is obtained as colorless oil. The product could not be obtained without impurities (The yield
of the crude product is 58 %).
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2,6-dichloro-4-(naphthalene-1-yl)pyridine 8-2:

~

ey
Cl N Cl
8-2

Following the general procedure, the product was obtained as a colorless solid (62 %).

1H'NMR (700 MHZ, CDC|3): 6 (ppm) = 7.97'7.93 (m, 2H, Hnaphthalene); 7.79'7.76 (m, 1H, Hnaphthalene);
7.58‘7.52 (m, 3H, Hnaphtha|ene); 7.42 (S, ZH, prridine); 7.40 (dd, 1H, 3JHH:7.7 HZ, 3.]HH=0.6 HZ,

Hnaphthalene)-

13C-NMR (176 MHz, CDCls): 6 (ppm) = 154.7 (s, Cq, 1C, Cnaphthatene); 151.0 (s, Cq, 2C, Cpyridine); 135.1
(s, Cq, 1C, Cpyridine); 134.1 (s, Cq, 1C, Chaphthalene); 130.7 (s, Cq, 1C, Chaphthatene); 130.3 (S, 1C, Chaphthalene);
129.1 (S, 1C, Cnaphtha|ene); 127.6 (S, 1C, Cnaphtha|ene); 127.4 (S, 1C, Cnaphtha|ene); 126.9 (S, 1C, Cnaphtha|ene);
125.6 (s, 1C, Chaphthatene); 124.9 (s, 1C, Cnaphthatene); 124.4 (s, 2C, Coyridine)-

ESI-MS (pos) (m/z in MeCN) calculated for CisHsCloN: 273.0112; found: 274.0211 [M+H]*.

4-(anthracen-9-yl)-2,6-dichloropyridine 8-3:

AN

—

Cl N° Cl
8-3

Following the general procedure, the product was obtained as a bright yellow solid (58 %).

'H-NMR (700 MHz, CDCl3): 6 (ppm) = 8.57 (s, 1H, Hanthracene); 8.07 (d, 2H, 3Jun = 8.4 Hz, Hanthracene);
7.51-7.47 (m, 4H, Hanthracene); 7.47-7.45, 2H, Hanthracene); 7.39 (S, 2H, Hpyridine)-

13C-NMR (176 MHz, CDCls): & (ppm) = 153.5 (Cq, 1C, Canthracene); 151.2 (Cq, 2C, Cpyridgine); 131.3 (Cq, 2C,
Canthracene); 130.7 (Cq; 1C, prridine); 1294 (Cq; 2C, Canthracene); 128.9 (S, 2C, Canthracene); 128.8 (S; 1C,
Canthracene); 126.9 (S; 2C, Canthracene); 125.8 (S; ZC; prridine); 125.7 (5; 2C, Canthracene); 125.4 (S; ZC:

Canthracene)-

ESI-MS (pos) (m/z in MeCN) calculated for Ci9H11ClbN: 323.0269; found: 324.0336 [M+H]".
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2,6-dichloro-4-(pyren-1-yl)pyridine 8-4:

™
| P2

Cl N Cl
8-4

Following the general procedure, the product was obtained as a bright yellow solid (86 %).

1H-NMR (700 MHz, CDCl3): & (ppm) = 8.27 (d, 1H, 3y = 7.6 Hz, Hpyrene); 8.24 (d, 2H, 3Jun = 7.8 Hz,
prrene); 8.18'8.04 (m, 5H, prrene); 7.90 (d, 1H, 3JHH = 7.8 HZ, prrene); 7.56 (S, 2H, prridine).

3C-NMR (176 MHz, CDCl3): & (ppm) = 155.2 (s, 1C, Cq, Coyrene); 151.1 (s, 2C, Cq) Coyridine); 132.4 (s,
1C, Cq, Coyrenc); 131.9 (s, 1C, Cq, Coyrigine); 131.7 (s, 1C, Cqy Cpyrene); 131.1 (s, 1C, Cq, Coyrenc); 129.4 (s,
1C, Cpyrene); 129.1 (s, 1C, Cpyrenc); 128.5 (s, 1C, Cq, Coyrene); 127.6 (s, 1C, Coyrene); 127.1 (s, 1C, Coyrene);
126.9 (s, 1C, Coyrenc); 126.4 (s, 1C, Coyrene); 126.1 (s, 1C, Coyrene); 125.3 (s, 1C, Cq, Coyrenc); 125.2 (s, 1C,
Coyrene); 124.9 (s, 1C, Cq) Coyrene); 124.8 (s, 2C, Coyricine); 123.8 (s, 1C, Cpyrene).

ESI-MS (pos) (m/z in MeCN) calculated for C19H1:ClbN: 347.0269; found: 348.0432 [M+H]".

=
=~

2,6-dichloro-4-(perylen-3-yl)pyridine 8-5:

|
cI” N el

8-5

In contrast to the general procedure the corresponding 4,4,5,5-tetramethyl-2-(perylen-3-yl)-1,3,2-
dioxaborolane has been used instead of the boronic acid. All other parameters are the same as
described in the general procedure. 8-5 has been obtained as yellow solid (94 %).

1H-NMR (700 MHz, CDCls): & (ppm) = 8.27 (d, 1H, 3 = 7.3 Hz, Hperylene); 8.24 (t, 1H, 3y = 7.6 Hz,
Hpery|ene); 7.76'7.74 (m, 2H, Hperylene); 7.64'7.63 (m, 1H, Hpery|ene); 7.53 (t, 3H, 3JHH = 7.8 HZ, Hpery|ene);
7.46 (s, 2H, Hoyridine); 7.40 (d, 1H, 3w = 7.7 Hz, Hoeryiene)-

13C-NMR (176 MHz, CDCls): & (ppm) = 154.5 (s, Cq, 1C, Cperylenc); 151.0 (s, Cq, 2C, Coyriane); 134.8 (s,
Cas 1C, Coeryiene); 134.2 (s, Cq, 1C, Cpyrigine); 133.2 (s, Cqy 1C, Coerylene); 132.1 (s, Cq, 1C, Cperytene); 132.0
(S, Cqy 1C, Cperyiene); 131.0 (s, Cq) 1C, Cperytene); 130.7 (S, Cqy 1C, Cperyiene); 129.3 (s, Cq 1C, Coeryiene);
129.0 (s, 1C, Cperylene); 128.7 (s, Cq) 1C, Cperyienc); 128.6 (S, 1C, Cperyiene); 128.0 (s, 1C, Cperylene); 127.9
(s, 1C, Cperylene); 127.0 (s, 1C, Cperytene); 126.9 (s, 1C, Coeryiene); 124.5 (s, 1C, Cperyiene); 124.1 (s, 2C,
Coyrigine); 121.2 (s, 1C, Cperytene); 121.1 (s, 1C, Cperyiene); 121.0 (5, 1C, Coeryiene); 119.8 (s, 1C, Cperyiene)-
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General Procedure for 2,6-di(1H-imidazol-1-yl)-4-(chromophore)pyridine 9-R:

Corresponding 4-chromophore-2,6-dichloropyridine 8-R (1 eq.), imidazole (2.4 eq.), potassium
carbonate (2.4 eq.) and copper(l)oxide (0.2 eq.) were suspended in DMF (10 ml/mmol), degassed
by bubbling through with argon and stirred at 150°C for 48 h. DMF was removed under reduced
pressure. Flash chromatography with pure DCM gave not reacted educt and incompletely coupled
4-chromophore-2,6-dichloropyridine and imidazole. Corresponding 2,6-di(1H-imidazol-1-yl)-4-
(chromophore)pyridine 9-R was obtained by flash chromatography with DCM/MeOH (9/1 V/V)
afterwards. If the product was containing imidazole, the mixture was dissolved in DCM and
extracted with water to transfer residual imidazole to the aqueous phase.®

2,6-di(1H-imidazol-1-yl)pyridine 9-0:

5

x4
A
/NTONTTNTY,
N';j 1\;-N

9-0

In contrast to the general procedure 2,6-dibromopyridine 3Br was used instead of the dichloro-
derivate 3. The product 9-0 was obtained as colorless solid (82 %).

1H-NMR (700 MHz, ds-DMSO): & (ppm) = 8.77 (s, 2H, Himidazole); 8.18 (t, 1H, 3Jun = 8.01 Hz, Hs); 8.15
(S; ZH; Himidazole); 7.75 (d; 2H, 3JHH =8.01 HZ, H4); 7.18 (Sr ZH; Himidazole)-

13C'NlVIR (176 MHZ, dG'DMSO): 6 (ppm) = 109.9 (C4); 117.0 (Cimidazole); 130.4 (Cimidazole); 135.8
(Cimidazole); 143.0 (Cs); 147.7 (Cq)

ESI-MS (pos) (m/z in MeCN): calculated for C31HsNs: 211.0850; found: 212.0960 [M+H]*.

2,6-di(1H-imidazol-1-yl)-4-(naphthalen-1-yl)pyridine 9-2:

=
o

7 N N7 NTN
9-2

The product was obtained according to general procedure as colorless solid. 9-2 was not obtained
without small amount of impurities, therefore no NMR analytic is given. The yield is calculated
referring to the crude product (83 %).

ESI-MS (pos) (m/z in MeCN): calculated for C,1H1sNs: 337.1327; found: 338.1436 [M+H]*.
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4-(anthracen-9-yl)-2,6-di(1H-imidazol-1-yl)pyridine 9-3:

X
L
9-3

In contrast to the general procedure the reaction mixture was stirred for 72 h at 150°C to optimize
yield. Product 9-3 was obtained as bright yellow solid (85 %).

'H-NMR (700 MHz, d-DMSO0): & (ppm) = 8.87 (t, 2H, 3Jun = 1.0 Hz, Himidazole); 8.82 (s, 1H, Hanthracene);
8.24 (t, 2H, 3Jun = 1.3 Hz, Himidazole); 8-22 (d, 2H, 3Jun = 8.5 Hz, Hanthracene); 7.96 (S, 2H, Hpyridine); 7.71
(d, 2H, 3Jun = 8.4 Hz, Hanthracene); 7.60-7.57 (M, 2H, Hanthracene); 7.53-7.48 (M, 2H, Hanthracene); 7.16 (t,
2H, 3Jun = 1.1 Hz, Himidazole)-

BC.NMR (176 MHz, de-DMSO): & (ppm) = 153.8 (S, Co, 1C, Canthracene); 148.1 (s, Cqy 2C, Coyridine);
135.8 (s, 2C, Cimidazole); 132.5 (s, Cq, 1C, Coyrigine); 130.7 (s, Cq, 2C, Canthracene); 130.4 (s, 2C, Cimidazole);
128.8 (s, Cq, 2C, Canthracene); 128.5 (s, 2C, Canthracene); 127.8 (S, 1C, Canthracene); 126.7 (S, 2C, Canthracene);
125.7 (s, 2C, Canthracene); 125.6 (S, 2C, Canthracene); 116.9 (s, 2C, Cimidazole); 112.0 (s, 2C, Cpyridine)-

ESI-MS (pos) (m/z in MeCN): calculated for C,sH17Ns: 387.1484; found: 388.1566 [M+H]*.

2,6-di(1H-imidazol-1-yl)-4-(pyren-1-yl)pyridine 9-4:

~
| ~
9-4

The product 9-4 was obtained as bright yellow solid (92 %).

1H'NlVIR (700 MHZ, CDCI?,): 6 (ppm) = 8.48 (t, 2 H, 3JHH = 1.1 HZ, Himidazo|e); 8.32'8.25 (m, 3H, prrene);
8.21-8.08 (M, S5H, Hoyrene); 8.01 (d, 1H, 3y = 7.8 Hz, Hoyrene); 7.75 (t, 2H, 3Juy = 1.4 Hz, Himidazole); 7.55
(S; ZH; prridine); 727 (m, ZH, Himidazole)-

13C.NMR (176 MHz, CDCl3): & (ppm) = 156.4 (s, 1C, Cq, Coyrenc); 148.7 (s, 2C, Cq, Coyricine); 135.4 (s,
2C, Cimidgazole); 132.7 (s, 1C, Cq, Coyridine); 132.4 (s, 1C, Cq, Coyrenc); 131.6 (s, 1C, Cqy Coyrene); 131.4 (s, 2C,
Cimidazole); 130.9 (s, 1C, Cq, Cpyrene); 129.4 (s, 1C, Cpyrene); 129.0 (s, 1C, Cpyrene); 128.4 (s, 1C, Cq, Coyrene);
127.4 (s, 1C, Cpyrenc); 126.9 (s, 1C, Coyrenc); 126.7 (s, 1C, Cpyrenc); 126.4 (s, 1C, Coyrene); 126.0 (s, 1C,
Coyrene); 125.2 (s, 1C, Cq, Coyrene); 125.1 (5, 1C, Coyrene); 124.8 (s, 1C, Cq, Coyrenc); 123.6 (s, 1C, Cpyrenc);
116.5 (S, ZC, Cimidazole),' 111.7 (S, ZC, prridine)-

ESI-MS (pos) (m/z in MeCN): calculated for C7H17Ns: 411.1484; found: 412.1675 [M+H]*.
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2,6-di(1H-imidazol-1-yl)-4-(perylen-3-yl)pyridine 9-5:

=
|
~
9-5

The product 9-5 was obtained as yellow solid (80 %).

1H-NMR (700 MHz, ds-DMSO): & (ppm) = 8.86 (t, 2H, J = 1.0 Hz, Himidazole); 8.53 (d, 1H, J = 7.9 Hz,
Hperylene); 8.49-8.47 (M, 2H, Hperyiene); 8.44 (d, 1H, J = 7.2 Hz, Hoeryiene); 8.24 (t, 2H, J = 1.4 Hz, Himidazole);
7.98 (s, 2H, Hoyridine); 7.87-7.84 (M, 2H, Hperylene); 7.79 (d, 1H, J = 8.5 Hz, Hperyiene); 7.68 (d, 1H,
1= 7.7 Hz; Hoeryiene); 7.61-7.58 (M, 3H, Hperyiene); 7.17 (t, 2H, J = 1.0 Hz, Himidazole)-

3C-NMR (176 MHz, dg-DMSO): & (ppm) = 154.8 (s, Cq) Coeryiene, 1C); 148.0 (s, Cq, Coyricine, 2C); 135.8
(S, Cimidazole, 2C); 135.7 (s, Cqy Coyridine, 1C); 134.3 (s, Cq, Coerytene, 1C); 131.7 (s, Cq Coerylene, 1C); 130.9
(s, Ca» Coerylene, 1C); 130.3 (s, Cq, Cperylene, 1C); 130.3 (S, Cimidazole, 2C); 130.0 (s, Cq, Coerylene, 1C); 128.6
(S, Coerylene, 1C); 128.3 (s, Cperytene, 1C); 128.2 (s, Cperytenes 1C); 128.1 (s, Cperytene, 1C); 127.9 (s, Coerylenes
1C); 127.8 (S, Cqy Coerytene, 1C); 127.1 (S, Cperylenes 1C); 125.3 (S, Cperylene, 1C); 121.4 (s, Coerylene, 1C);
121.3 (s, Cperylene, 1C); 121.2 (S, Coeryiene, 1C); 120.3 (S, Coerytene, 1C); 117.0 (5, Cimigazole, 2C); 116.8 (s,
Cay Coeryiene, 1C); 110.9 (s, Coyricine, 2C).

ESI-MS (pos) (m/z in MeCN) calculated for C31H1oNs: 461.1640; found: 462.1725 [M+H]*.
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1,1'-(4-phenylpyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H,-bim-1](PFs).:

2 "PFg
7
g
(/\N N N/\§
@/N‘j LtN\@

[H2-bim-1](PFg)2

2,6-dichloro-4-phenylpyridine 8-1 (1 eq.) was suspended in N-methylimidazole (10 eq.) under
reduced pressure in a small vial and heated to 150°C for 5d. After cooling down to room
temperature and precipitation was forced by adding acetone. Precipitate was filtered, dissolved
in a small MeOH, and added dropwise to an aqueous solution of KPFs (10 eq.). After cooling in an
ice bath, the precipitate was filtered, washed by cold water and dissolved in a small amount of
acetone. The solution was added dropwise to an ice-cold diethyl ether and the product was
filtered (23 %). Crystals could be obtained by diffusion of n-pentane in a solution of the product in
acetone. This synthetic procedure could only be successfully transferred to unfunctionalized
ligand.B%

ESI-MS (pos) (m/z in MeCN): calculated for Ci9H1sNs?**: 158.5815; found: 158.5846 [M-2 "PFe]**.

'H-NMR (700 MHz, de-acetone): 6 (ppm) = 10.09 (s, 2H, Himidazole); 8.80 (t, 2H, J = 1.9 Hz, Himidazole);
861 (S, 2H' prridine); 808'807 (ml ZH; thenyl); 806 (t, 2H, J = 18 HZ, Himidazole); 766'765 (m, 3H,
thenvl); 4.26 (sl 6H; Hmethyl)-

13C-NMR (176 MHz, de-acetone): & (ppm) = 158.0 (s, Cq, 1C, Cpheny); 147.5 (s, Cq, 2C, Cpyridine); 137.0
(S, ZC, Cimidazole),‘ 1363 (S, Cq, 1C, prridine); 1323 (S, 1C, Cphenyl); 1305 (S, ZC, Cphenyl); 1287 (S, ZC,
Cphenyl); 126.4 (S; ZC; Cimidazole); 120.8 (S: 2C, Cimidazole); 113.3 (S: 2C, prridine); 37.7 (5; 2C, Cmethyl)-
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General procedure for 1,1‘-(4-Chromophore-pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium)
[Hz-bim-R](PFs)zZ

The corresponding 2,6-di(1H-imidazol-1-yl)-4-(chromophore)pyridine 9-R (1 eq.) was suspended
in DCM under inert conditions and cooled down to -78°C. Methyl trifluoromethanesulfonate
(MeOTf; 2.05 eq.) was added dropwise. The suspension was stirred for 16 h while slowly getting
up to room temperature. It was cooled in an ice bath again and n-pentane was added. The product
[H2-bim-R](OTf), was obtained as unsolved particles, filtered and if necessary, washed again by
cold n-pentane.®

1,1’-(pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H>-bim](OTf),:

6

5. 2 x OTf
L N
7 "N N NN\

3
@Nﬁiz \QN@)
1

[H2-bim](OTf),

The product was obtained as colorless solid (95 %).

1H-NMR (700 MHz, ds-acetone): & (ppm) = 10.22 (s, 2H, H,); 8.67 (t, 2H, 3Juu = 1.9 Hz, Ha); 8.36 (t,
1H, 3Juy = 8.1 Hz, He); 8.19 (d, 2H, 3Jun = 8.1 Hz, Hs); 7.96 (t, 2H, 3Jun = 3.6 Hz, Hs); 4.19 (s, 6H, H1).

13C-NMR (176 MHz, de-acetone): & (ppm) = 37.5 (C1); 115.5 (Cs); 120.5 (Ca); 126.4 (Cs); 137.3 (Ca);
146.0 (Ce); 146.8 (Cg). (quartet-signal of triflate- anions!)

ESI-MS (pos) (m/z in MeCN): calculated for Ci3H1sNs2*: 120.5658; found: 120.5680 [M-2 "OTf]%*.

1,1'-(4-(naphthalen-1-yl)pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H,-bim-2](PFs),:

2 PFg
Z

@ W N

/N7 N7 NN

®/N’[ EN\@

[Hz-bim-2](PFg)2

The obtained triflate salt was dissolved in a small amount of acetone and dropped into an aqueous
solution of KPF¢ (10 eq.). The precipitate was filtered and purified by diffusion techniques. The
product was obtained as colorless solid (83 %).
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'H-NMR (700 MHz, de-acetone): & (ppm) = 10.41 (s, 2H, Himidazole); 8.81 (t, 2H, 3Jun = 2.0 Hz,
Himidazole); 8.84 (s, 2H, Hpyridine); 8.16 (d, 1H, 3Jun = 8.0 Hz, Hnaphthatene); 8.10 (d, 1H, 3Jun = 8.2 Hz,
Hnaphthatene); 8.05 (t, 2H, 3Juu = 1.9 Hz, Himidazole); 8.00 (dd, 1H, 3Jun = 8.8 Hz, 3Jun = 0.4 Hz, Haaphthalene);
7.76-7.69 (M, 2H, Hnaphthalene); 7.66-7.63 (M, 1H, Hnaphthalene); 7.58-7.55 (m, 1H, Hnaphthatene); 4.27 (s,
6H, Hmethyl).

13C-.NMR (176 MHz, ds-acetone): 6 (ppm) = 158.6 (s, Cq, 1C, Cnaphthatene); 147.2 (s, Cq, 2C, Cpyridine);
137.7 (s, 2C, Ccarbene); 135.8 (s, Cq, 1C, Cpyridine); 135.0 (s, Cq, 1C, Chaphthatene); 131.5 (s, 1C, Cnaphthalene);
131.3 (s, 1C, Cnaphthalene); 129.8 (s, 1C, Chaphthalene); 128.9 (s, 1C, Craphthatene); 128.6 (s, 1C, Cnaphthalene);
127.8 (s, 1C, Chaphthatene); 126.6 (s, 1C, Cnaphthalene); 126.5 (s, 2C, Cimidazole); 125.7 (s, 1C, Cnaphthalene);
120.9 (s, 2C, Cimidazole); 116.7 (s, 2C, Cpyridine); 37.7 (s, 2C, Cmethyi)-

ESI-MS (pos) (m/z in MeCN): calculated for Cx3H»1Ns**: 183.5893; found: 183.5947 [M-2PF¢]**.

1,1'-(4-(anthracen-9-yl)pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H,-bim-3](PFs),:

2 "PFg
/
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[Hz-bim-3](PFg)2

The obtained triflate salt was dissolved in a small amount of acetone and dropped into an aqueous
solution of KPFs (10 eq.). The precipitate was filtered and purified by diffusion techniques. The
product was obtained as bright yellow solid (92 %).

1H'NlVIR (700 MHZ, dG'DMSO): 6 (ppm) = 10.32 (S, 2H, Himidazole); 8.91 (S, 1H, Hanthracene); 8.81 (S, 2H,
Himidazole); 8.43 (s, 2H, Hpyridine); 8.27 (d, 2H, 3Jun = 8.5 Hz, Hanthracene); 8.06 (S, 2H, Himidazole); 7.68 (d,
ZH; 3JHH =8.8 HZ, Hanthracene); 7.65-7.61 (m; 2H, Hanthracene); 7.56-7.52 (m, 2H, Hanthracene); 4.01 (S ’ 6H;

Hmethyl)-

BC-NMR (176 MHz, de-DMSO): & (ppm) = 155.1 (s, Cq, 1C, Canthracene); 145.8 (s ,Cq, 2C, Coyrigine); 136.5
(s, 2C, Cearbene); 130.7 (s, Cq, 1C, Cpyridgine); 130.6 (S, Cqy 2C, Canthracene); 128.7 (s, 1C, Canthracene); 128.6
(s, 2C, Canthracene); 127.0 (s, 2C, Canthracene); 125.8 (s, 2C, Canthracene); 125.3 (s, 2C, Canthracene); 125.0 (s,
2C, Cimidazole); 119.8 (s, Cq, 2C, Canthracene); 1119.2 (s, 2C, Cimidazole); 116.4 (s, 2C, Cpyridine); 36.6 (s, 2C,

Cmethyl)-
ESI-MS (pos) (m/z in MeCN): calculated for Co7H23Ns2*: 208.5971; found: 208.5984 [M-2PF¢]**.
Elemental analysis calculated for Cy;H23F1;NsP;: C = 45.84 %, H=3.28 %, N = 9.90 %.

Found: C=45.64 %, H=3.59 %, N = 9.57 %.
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1,1-(4-(pyren-1-yl)pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H,-bim-4](PFs).:

2 PFg
=
|
(/\N N N’%
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[Ho-bim-4](PF¢),

The obtained triflate salt was dissolved in a small amount of acetone and dropped into an aqueous
solution of KPFs (10 eq.). The precipitate was filtered and purified by diffusion techniques. The
product was obtained as bright yellow solid (86 %).

IH-NMR (700 MHz, des-acetone): & (ppm) = 10.18 (s, 2H, Himidazole); 8.82 (t, 2H, 3Jun = 1.8 Hz;
Himidazole); 8.61 (S, ZH, prridine); 8.50‘8.18 (m, 9H, prrene); 8.08 (t, ZH, 3JHH = 1.7 HZ, Himidazo|e),’ 4.27 (S,
6H, Hmethyl)-

13C-NMR (176 MHz, de¢-acetone): & (ppm) = 157.9 (s, 1C, Cq, Cpyrene); 146.2 (s, 2C, Cq, Cpyridine); 136.1
(s, 2C, Cimidazole); 132.6 (s, 1C, Cq, Cpyrene); 131.6 (s, 1C, Cq, Coyrene); 131.4 (s, 1C, Cq, Cpyridine); 130.8 (s,
1C, Cq, Cpyrene); 129.3 (5, 1C, Coyrene); 129.1 (s, 1C, Coyrene); 128.2 (s, 1C, Cqy Coyrene); 127.4 (S, 1C, Coyrene);
127.3 (s, 1C, Coyrenc); 126.9 (5, 1C, Coyrenc); 126.4 (s, 1C, Coyrene); 125.9 (S, 2C, Cimidazote); 125.5 (s, 1C,
Coyrene); 125.1 (s, 1C, Coyrene); 124.6 (s, 1C, Cq, Coyrenc); 124.2 (s, 1C, Cq Coyrenc); 123.6 (S, 1C, Cpyrenc);
119.9 (s, 2C, Cimidazole); 116.3 (s, 2C, Cpyridine), 36.7 (S, 2C, Cmethyl)-

ESI-MS (pos) (m/z in MeCN): calculated for Co9H23Ns2*: 220.5971; found: 220.5985 [M-2 PF¢]**.
Elemental analysis calculated for CasH23F1;NsP2: C=47.62 %, H=3.17 %, N =9.57 %.

Found: C=48.29 %, H =3.51 %, N =9.67 %.
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1,1-(4-(perylen-3-yl)pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) [H,-bim-5](OTf),:

~
|
=~
7 N N NTN

[Hp-bim-5](OT#),

2,6-di(1H-imidazol-1-yl)-4-(perylen-3-yl)pyridine 9-5 (1 eq.) was dissolved in CHCl3 (20 ml/mmol)
under inert conditions at room temperature. MeOTf (20 eq.) was added dropwise, and the
reaction was stirred for 16 h at 60 °C. The reaction mixture was cooled down to room temperature
while the product started to precipitate. Product remaining in solution was precipitated by adding
n-pentane and cooling in an ice bath. The crude product was filtered and washed with n-pentane.
The ligand precursor was purified by diffusion crystallization (solvent: acetone/ antisolvent:
n-pentane) and the product was obtained as yellow powder (79 %).

1H-NMR (700 MHz, de-acetone): & (ppm) = 10.25 (s, 2H, Himidazole); 8.72 (S, 2H, Himidazole); 8.46-8.39
(m, 4H, Hpery|ene); 8.35 (S, 2H, prridine); 7.99 (S, 2H, Himidazo|e); 7.92‘7.89 (m, 3H, Hpery|ene); 7.69 (d,
1H, 3.JHH = 7.6 HZ, Hpery|ene); 7.63'7.58 (m, 3H, Hpery|ene); 4.23 (S, 6H, Hmethy|).

13C-NMR (176 MHz, ds-acetone): & (ppm) = 158,06 (s, Cq, 1C, Cperylene), 146,99 (s, Cq, 1C, Cperylene),
137,25(s, 2C, Cimidazole), 135,70 (s, Cq, 1C, Cperyiene), 134,94 (s, Cq, 2C, Cpyrigine), 134,13 (s, Cq, 1C,
Coyridine), 132,62 (s, Cq, 1C, Cperylene), 132,52 (s, Cq, 1C, Cperyiene), 131,42 (s, Cq, 1C, Coeryiene), 131,00 (s,
Cq, 1C, Cperyiene), 130,13 (s, 1C, Cperyiene), 130,09 (s, 1C, Cperylene), 129,69 (s, Cq, 1C, Cperylene), 129,62 (s,
1C, Coerylene), 129,16 (s, 1C, Cperylenc), 129,13 (s, Cq, 1C, Cperytene), 128,05 (s, 1C, Cperyiene), 127,96 (s, 1C,
Coeryiene), 126,29 (s, 2C, Cimidszole), 125,64 (s, 1C, Cperytene), 123,19 (s, 1C, Cperyiene), 122,30 (s, 1C,
Coerylene), 122,21 (s, 1C, Cperyiene), 121,37 (s, 1C, Cperyiene), 120,65 (s, 2C, Cimidazol), 116,05 (s, 2C, Coyridine),
37,54 (s, 2C, Cmethyl), 121,8 (q, 2C, Ctrifiate-anion).

ESI-MS (pos) (m/z in MeCN) calculated for CssHasNs2*: 491.2099; found: 245.6048 [M]%*.

101



General procedure of complexation [Fe(bim);](PFe)2:

Ligand [H2-bim-R](PFs)2 (2 eq.) was suspended in THF under inert conditions and cooled down to
-78°C. LiHMDS (6 eq., 1M in THF) was added dropwise. Successful deprotonation can be seen by
getting from a suspension of the imidazolium salt to a complete solution of the free carbene. After
complete deprotonation FeBr; (1 eq.) was dissolved in THF under inert conditions and added
dropwise to the carbene solution. The mixture instantly turned into a dark red suspension, which
was stirred for 16 h while slowly getting to room temperature. The solvent was removed, and the
residue was dissolved in acetone. Not soluble residue was filtered off. Acetone was removed to a
minimum amount and added dropwise to a solution of KPFs (10 eq.) in water cooled by an ice bath
and stirred for 15 min. Precipitate was filtered of and rinsed with cold water. The crude complex
was dissolved in acetone, dropped into diethyl ether cold by an ice bath, filtered, dissolved in
acetone again and finally purified by column chromatography (stationary phase: basic aluminum
oxide/mobile phase: acetonitrile) crystallization methods.5®

IFe‘bimb“PFslzZ

5
~ 2x°PFg
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[Fe(bim)2](PFg)2
The complex was obtained as red crystals (86 %).

'H-NMR (700 MHz, ds-acetone): & (ppm) = 8.40 (d, 3Jun = 2.1 Hz, 4H, H,); 8.38 (t, 3Jun = 8.1 Hz, 2H
H1); 8.09 (d, 3JHH =8.1 Hz, 4H, Hz); 7.29 (d, 3JH|-| =21 Hz, 4H, H4),' 2.74 (S, 12H, Hs).

13C-NMR (176 MHz, de¢-acetone): & (ppm) = 210.3 (Ccarbene, 4C); 155.3 (Cq, 4C); 139.7 (C4, 2C); 127.7
(Ca, 4C); 117.6 (Cs, 4C); 106.5 (Ca, 4C); 35.3 (Cs, 4C).

ESI-MS (pos) (m/z in MeCN): calculated for CysH3oFeN1?*: 538.1193; found: 267.0905 [M-2 PF¢]**.
Elemental analysis calculated for Cy¢H6F12FeN1oP,: C=37.88 %, H=3.18 %, N = 16.99 %.

Found: C =38.09 %, H=3.33 %, N = 16.86 %.

102



[Fe‘bim-l)zl(PFs)zi
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[Fe(bim-1),](PF¢),
The complex was obtained as red powder (59 %).

'H-NMR (700 MHz, ds-acetone): & (ppm) = 8.58 (d, 4H, 3Jun = 2.1 Hz, Himidazole); 8.53 (S, 4H, Hpyridine);
8.18-8.16 (M, 4H, Hphenyl); 7.68-7.60 (M, 6H, Hphenyl); 7.33 (d, 4H, 3Juu = 2.1 HZ, Himidazole); 2.85 (s,
12H, Hmethy|).

13C'NlVIR (176 MHZ, ds-acetOHE)Z 6 (ppm) = 201.5 (S, Cq, 4C, Ccarbene); 155.6 (S, Cq, 4C, prridine); 152.0
(S, Cq, ZC, Cphenyl); 1376 (S, Cq, ZC, prridine); 1314 (S, ZC, Cphenyl); 1304 (S, 4C, Cphenyl); 1285 (S, 4C,
Cphenyl); 127.7 (S, 4C; Cimidazole); 117.7 (S; 4C, Cimidazole); 104.1 (Sr 4C, prridine); 35.5 (S: 4C, Cmethyl)-

ESI-MS (pos) (m/z in MeCN): calculated for CsgHzsFeN1o?*: 343.1153; found: 343.1213 [M-2PFe]?*.

[Fe(bim-2),](PFe),:

[Fe(bim-2),](PFg).
The complex was obtained as red powder (71 %).
'H-NMR (700 MHz, ds-acetone): 6 (ppm) = 8.55 (d, 4H, *Jun = 2.1 Hz, Himidazole); 8-33 (S, 4H, Hpyridine);
8.17 (d, 4H, 3Jun=8.2 Hz, Hnaphthatene); 8.14 (d, 2H, 3Jun=8.0 Hz, Hnaphthalene); 7.88 (dd, 2H,

3JHH =6.9 HZ, 3JHH =0.9 HZ, Hnaphtha|ene); 7.76-7.74 (m, 2H, Hnaphthalene)} 7.69-7.67 (m, ZH, Hnaphthalene);
7.63'7.60 (m, 2H, Hnaphtha|ene); 7.37 (d, 4H, 3JHH = 2.1 HZ, Himidazole); 3.00 (S, 12H, Hmethyl).

13C-NMR (176 MHz, de-acetone): & (ppm) = 200.9 (s, Cqy, 4C, Cearbene); 154.6 (s, Cq, 4C, Cpyridine); 151.
9 (s, Cq, 2C, Chaphthalene); 136.6 (s, Cq, 2C, Cpyridine); 134.4 (s, Cq, 2C, Chaphthatene); 130.9 (s, Cq, 2C,
Chaphthalene); 130.3 (s, 2C, Chaphthalene); 129.2 (S, 2C, Chaphthatene); 128.5 (S, 2C, Cnaphthatene); 127.7 (s, 2C,
Chaphthatene); 127.2 (s, 4C, Cimidazole); 126.9 (s, 2C, Cnaphthatene); 125.9 (s, 2C, Chaphthatene); 125.3 (s, 2C,
Cnaphtha|ene); 117.3 (S, 4C, Cimidazole),' 107.3 (S, 4C, prridine)} 35.0 (S, 4C, Cmethyl).

ESI-MS (pos) (m/z in MeCN): calculated for CssHasFeN1o?*: 393.1310; found: 393.1346 [M-2'PFs]?*.
Elemental analysis calculated for CssHazF12FeNoP;: C=51.32%,H=3.56%, N=13.01 %.

Found: C=51.26 %, H=3.59 %, N = 12.32 %.
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[Fe(bim-3)2](PF6)z:

[Fe(bim-3)21(PFe)2
The complex was obtained as red powder (68 %).

IH-NMR (700 MHz, de-acetone): & (ppm) = 8.89 (s, 2H, Hanthracene); 8.52 (d, 4H, 3Juy = 2.1 Hz,
Himidazole); 8.31 (s, 4H, Hoyrigine); 8.29 (d, 4H, 3Jun = 8.6 Hz, Hanthracene); 7.81 (d, 4H, 3Juy = 8.8 Hz,
Hanthracene); 7.66-7.62 (M, 4H, Hanthracene); 7.57-7.53 (M, 4H, Hanthracene); 7.43 (d, 4H, 3Jun = 2.0 Hz,
Himidazole); 3.20 (S, 12H, Hmethyl).

13C-NMR (176 MHz, de¢-acetone): & (ppm) = 200.6 (s, Cq, 4C, Ccarbene); 154.7 (s, Cq, 4C, Cpyridine); 149.9
(s, Cq,2C, Cpyridine); 132.1 (s, Cq, 2C, Canthracene); 131.4 (s, Cq, 4C, Canthracene); 129.4 (s, Cq, 4C, Canthracene);
128.9 (s, 2C, Canthracene); 128.7 (s, 4C, Canthracene); 127.0 (s, 4C, Canthracene); 126.9 (s, 4C, Cimidazole); 125.7
(s, 4C, Canthracene); 125.3 (s, 4C, Canthracene); 117.1 (s, 4C, Cimidazole); 108.6 (s, 4C, Coyrigine); 34.7 (s, 4C,

Cmethyl)-
ESI-MS (pos) (m/z in MeCN): calculated for CsqHa2FeN1o?*: 443.1466; found: 4431478 [M-2"PF¢]*.
Elemental analysis calculated for CssHaF12FeN1oP2: C=55.12 %, H=3.60 %, N = 11.90 %.

Found: C=55.24 %, H=4.22 %, N =11.39 %.

[Fe(bim-4),](PFe),:

2 PFg
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N
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[Fe(bim-4),](PFg),
The complex was obtained as red powder (72 %).

'H-NMR (700 MHz, de-acetone): § (ppm) = 8.62 (d, 4H, 3Juu = 2.0 Hz, Himidazole); 8.54 (d, 2H,
it = 7.7 Hz, Hoyrene); 8.52 (s, 4H, Hoyricine); 8.49 (d, 2H, i =9.2 Hz, Hoyene); 8.45 (d, 2H,
3t = 7.6 Hz, Hoyrene); 8.43-8.40 (M, 4H, Hoyrene); 8.38-8.32 (M, 4H, Hoyrene); 8.29 (d, 2H, 3l = 9.3 Hz,
Hpyrene); 8.20 (t, 2H, 3Jun = 7.5 Hz, Hpyrene); 7.43 (d, 4H, 3Jun = 2.0 Hz, Himidazole); 3.09 (s, 12H, Himidazole).
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13C-NMR (176 MHz, ds-acetone): & (ppm) = 201.6 (s, Cq, 4C, Cearbene); 155.3 (s, Cq, 4C, Cpyridine); 152.8
(s, Cay 2C, Coyricine); 1344 (s, Cq) 2C, Coyrene); 133.2 (5, Cqy 2C, Coyrene); 132.5 (s, Cqy 2C, Cpyrenc); 131.8
(s, Cay 2C, Coyrene); 129.9 (s, 2C, Coyrenc); 129.7 (s, 2C, Coyrene); 129.2 (3, Cqy 2C, Coyrenc); 128.9 (s, 2,
Coyrene); 128.4 (s, 2C, Cpyrene); 127.84 (s, 4C, Cimidazole); 127.83 (s, 2C, Coyrene); 127.3 (s, 2C, Copyrene);
126.7 (s, 2C, Cpyrene); 126.1 (s, 2C, Coyrene); 125.8 (s, Cq, 2C, Cpyrene); 125.4 (s, Cq, 2C, Cpyrene); 125.1 (s,
2C, Cpyrene); 117.9 (s, 4C, Cimidazole); 108.4 (s, 4C, Cpyrigine); 35.7 (S, 4C, Crmethyl)-

ESI-MS (pos) (m/z in MeCN): calculated for CsgHaFeN1o?*: 467.1466; found: 467.1528 [M-2'PFs]?*.
Elemental analysis calculated for CsgHa2F12FeN1oP;: C=56.88 %, H=3.46 %, N = 11.44 %.

Found: C=56.78 %, H =3.97 %, N = 10.81 %.

[Fe(bim-5)z](PF6)2:

2% PFg

o
§ 080 N O
GO G 878
A
N —~N—z?

e

[Fe(bim-5),]1(PF);

The complex was obtained as red powder (24 %).

'H-NMR (700 MHz, ds-acetone): & (ppm) = 8.61-8.60 (M, Hperylene & Himidazole, 4H) 8.84 (d, J = 7.2 Hz,
Hperylene, 2H); 8.51 (d, J = 7.2 Hz, Hperylene, 2H); 8.48 (d, J = 7.2 Hz, Hperyiene, 2H); 8.40 (s, Hpyrigine, 4H);
8.07 (d, J = 8.5 Hz, Hperyiene, 2H); 7.92-7.89 (M, Hperylene, 6H); 7.64-7.62 (M, Hperyiene, 6H); 7.41 (d,
J = 2.0 Hz, Himidazole, 4H); 3.03 (S, Hmethy, 12H).

13C-NMR (176 MHz, de-acetone): & (ppm) = 201.5 (s, Cq, Cimidazole, 4C); 155.4 (s, Cq, Coyridine, 4C); 152.3
(S, Cay Coyridine, 2C); 136.7 (S, Cay Cperytene, 2C); 135.9 (s, Ca, Coerytene, 2C); 133.9 (5, Cqy Coerylene, 2C); 133.1
(s, Cq, Cperylene, 2C); 132.8 (s, Cq, Cperylene, 2C); 131.7 (s, Cq, Coerylene, 2C); 131.4 (s, Cq, Cperylene, 2C);
130.1 (s, Cq) Cperytene, 2C); 130.0 (S, Coeryienes 2C); 129.9 (S, Coerylene, 2C); 129.6 (S, Cperyiene, 2C); 129.4
(s, Cperylene, 2C); 128.9 (s, Cperylene, 2C); 128.1 (s, Cperylene, 2C); 128.0 (s, Cperylene, 2C); 127.8 (s, Cimidazole,
2C); 126.0 (s, Coerylene, 2C); 122.5 (s, Coerytene, 2C); 122.3 (S, Coerylene, 2C); 122.2 (S, Cperyiene, 2C); 121.1
(s, Cperylene, 2C); 117.9 (s, Cimidazole, 4C); 107.8 (s, Cpyridine, 4C); 35.7 (S, Cmethy, 4C).

ESI-MS (pos) (m/z in MeCN) calculated for CesHasFeN1?*: 517.1623; found: 517.1678 [M]%*.
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General procedure for 2,6-bis(1H-benzo[d]imidazol-1-yl)pyridines 10-R:

The corresponding 4-chromophore-2,6-dichlorpyridine 8-R (1 eq.), benzimidazole (2.4 eq.),
copper oxide (0.5 eq.) and potassium carbonate (2.4 eq.) were suspended in DMF and heated to
150 °C for 3 d. After cooling down to room temperature, it was suspended with DCM and residue
was filtered off. The solution was extracted with water to remove DMF and remaining
benzimidazole. The product was purified by washing with methanol and ethyl acetate.®

2,6-bis(1H-benzo[d]imidazol-1-yl)pyridine 10-0:

10-0
The product was obtained as a colorless solid (20 %).

1H-NMR (700 MHz, DMSO-dG) o) (ppm) =9.10 (S, 2H, Hbenzimidazole); 8.34 (t, 1H, ] =8.00 Hz, prridine);
8.27'8.23 (m, 2H, Hbenzimidazo|e); 7.97 (d, ZH, J = 8.00 HZ, prridine); 7.84‘7.84 (m, ZH, Hbenzimidazo|e); 7.39'
7.36 (m, 4H, Hbenzimidazole)-

13C-NMR (176 MHz, DMSO-de): 6 (ppm) = 148.8 (s, Cq, 2C, Cpyrigine); 144.4 (s, Cq, 2C, Coenzimidazole);
142.9 (s, 1C, Cpyyridine); 142.6 (s, 2C, Coenzimidazole, N-c-N); 131.8 (s, Cq, 2C, Chenzimidazole); 124.2 (s, 2C,
Chenzimidazole); 123.3 (s, 2C, Chenzimidazole); 120.1 (s, 2C, Chenzimidazole); 113.6 (S, 2C, Chenzimidazole);112.3 (s,
2C, Cpyridine)-

ESI-MS (pos) (m/z in MeCN) calculated for Ci3gH13Ns: 311.1171; found: 312.1350 [M+H]*.

1,1’-(4-phenylpyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-1:

10-1
The product was obtained as colorless solid (18 %).

'H-NMR (700 MHz, DMSO-de): & (ppm) =9.25 (s, 2H, Hpenzimidazole); 8.33-8.31 (M, 2H, Hpenzimidazole);
8.25 (s, 2H, Hpyridine); 8.19-8.16 (m, 2H, Hphenyt); 7.85-7.82 (m, 2H, Hoenzimidazole); 7.66-7.59 (m, 3H,
thenyl); 7.40-7.37 (m: 4H; Hbenzimidazole)-

13C-NMR (176 MHz, DMSO-de): & (ppm) = 153.9 (s, Cq, 1C, Cpyridine); 149.6 (s, Cq, 2C, Coyridine); 144.3
(S, Cq, 2C, Cbenzimidazole); 142.85 (S, 2C, Cbenzimidazole, N-C-N); 136.3 (S, Cq, 1C, Cpheny|); 131.9 (S, Cq, 2C,
Coenzimidazole); 130.3 (s, 1C, Cphenyl); 129.2 (s, 2C, Cphenyl); 127.8 (s, 2C, Cphenyl); 124.1 (s, 2C, Chenzimidazole);
123.3 (s, 2C, Chenzimidazole); 120.0 (s, 2C, Chenzimidazole); 114.0 (s, 2C, Chenzimidazole); 109.9 (s, 2C, Cpyridine)-

ESI-MS (pos) (m/z in MeCN) calculated for C,sH17Ns: 387.1484; found: 388.1672 [M+H]".
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1,1’-(4-naphthalene-1-yl)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-2:

10-2
The product was obtained as colorless solid (21 %).

'H-NMR (700 MHz, DMSO-dg): 6 (ppm) =9.18 (s, 2H, Hoenzimidazole); 8.36-8.35 (M, 2H, Hyenzimidazole);
8.15-8.10 (m, 3H, Hnaphthatene); 8.13 (s, 2H, Hpyridine); 7.84-7.83 (m, 2H, Huenzimidazole); 7.81 (dd, 1H,
J=7.0 Hz, J = 0.9 Hz, Hnaphthalene); 7.73 (dd, 1H, J = 8.1 Hz, J = 7.1 Hz, Hnaphthalene); 7.64-7.61 (m, 2H,
Hnaphtha|ene); 7.40-7.38 (m, 4H, Hbenzimidazole)-

3C-NMR (176 MHz, DMSO-ds): & (ppm) = 154.4 (s, 1C, C, Cpyricine); 149.1 (s, 2C, Cq, Coyridine); 144.3
(s, 2C, Cq, Coenzimidazole); 142.9 (s, 2C, Chenzimidazole, N-cn); 135.9 (s, 1C, Cq, Chaphthatene); 133.4 (s, 1C, C,,
Chaphthalene); 132.0 (s, 2C, Cq, Coenzimidazole); 130.1 (s, 1C, Cq, Chaphthalene); 129.5 (S, 1C, Chaphthalene); 128.5
(S, 1C, Cnaphtha|ene),' 127.5 (S, 1C, Cnaphtha|ene); 127.3 (S, 1C, Cnaphtha|ene); 126.5 (S, 1C, Cnaphtha|ene); 125.6
(S, 1C, Cnaphtha|ene); 125.1 (S, 1C, Cnaphtha|ene); 124.2 (S, ZC, Cbenzimidazole)} 123.4 (S, 2C, Cbenzimidazole)} 120.1
(s, 2C, Coenzimidazole); 1114.0 (s, 2C, Chenzimidazole); 113.3 (s, 2C, Cpyridine);

ESI-MS (pos) (m/z in MeCN) calculated for CagH19Ns: 437.1640; found: 438.1767 [M+H]*.

1,1’-(4-(anthracene-9-yl)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-3:

| S
QN N” N/@
=/ =

10-3

The product was obtained as bright yellow solid (25 %).

'H-NMR (700 MHz, DMSO-ds): § (ppm) = 9.13 (s, 2H, Huenzimidazole); 8.84 (S, 1H, Hanthracene); 8.43-8.40
(m, 2H, Hbenzimidazole); 8.24 (d, J = 8.6 Hz; Hbenzimidazole); 8.14 (s, 2H, Hyyrigine); 7.87 (dd, 2H, J =9.2 Hz,
J = 0.4 Hz, Hanthracene); 7.85-7.82 (M, 2H, Hpenzimidazote); 7.62-7.58 (M, 2H, Hanthracene); 7.55-7.52 (m, 2H,
Hanthracene)} 7.42-7.37 (m, 4H, Hbenzimidazole)-

3C-NMR (176 MHz, DMSO-de): & (ppm) = 153.2 (s, Cq, 1C, Coyridine); 149.4 (s, Cq, 2C, Cpyridine); 144.3
(s, Cq, 2C, Cohenzimidazote); 142.6 (s, 2C, Coenzimidazole, n-c-N); 132.4 (S, Cq, 1C, Canthracene); 131.9 (s, Cq, 2C,
Coenzimidazole); 130.8 (s, Cq, 2C, Canthracene); 128.9 (s, Cq, 2C, Canthracene); 128.5 (s, 2C, Canthracene); 127.9 (s,
1C, Canthracene); 126.7 (s, 2C, Canthracene); 125.9 (S, 2C, Canthracene); 125.6 (s, 2C, Canthracene); 124.2 (s, 2C,
Coenzimidazole); 123.4 (s, 2C, Chenzimidazole); 120.1 (s, 2C, Chenzimidazole); 114.2 (s, 2C, Chenzimidazole); 114.2 (s,
2C, Cpyridine)-

ESI-MS (pos) (m/z in MeCN) calculated for Cs3H,1Ns: 487.1797; found: 488.1997 [M+H]*.
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1,1'-(4-(pyren-1-yl)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-4:

10-4
The product was obtained as yellow solid (23 %).

1H'NMR (700 MHZ, CDCI3): 6 (ppm) = 8.80 (S, 2H, Hbenzimidazole); 8.33 (d, 1H, J = 7.8 HZ, prrene); 8.29
(d, 1H, J = 7.6 HZ, prrene); 8.27'8.24 (m, 2H, prrene); 8.21'8.14 (m, 5H, Hbenzimidazo|e & prrene); 8.11'
8.07 (m, ZH, prrene); 7.94‘7.91 (m, ZH, Hbenzimidazo|e); 7.85 (S, ZH, prridine); 7.42'7.39 (m, 4H,

Hbenzimidazole)-

3C-NMR (176 MHz, CDCl3): & (ppm) = 156.2 (s, Cq, 1C, Cpyrene); 149.7 (s, Cq, 2C, Coyriaie); 144.9 (s, Cq,
2C, Coenzimidazole); 141.5 (s, 2C, Coenimidazole, N-c-n); 132.8 (S, Cqy 1C, Coyridine); 132.4 (s, Cq, 1C, Cpyrene);
132.2 (s, Cq, 2C, Chenzimidazole); 131.6 (S, Cq» 1C, Cpyrene); 130.9 (s, Cq 1C, Cpyrenc); 129.4 (s, 1C, Coyrenc);
129.0 (s, 1C, Cpyrenc); 128.4 (s, Cq, 1C, Coyrenc); 127.4 (s, 1C, Coyrenc); 126.8 (s, 2C, Coyrenc); 126.4 (s, 1C,
Coyrene); 126.0 (s, 1C, Coyrene); 125.2 (s, Cq, 1C, Coyrene); 125.2 (s, 1C, Coyrene); 125.0 (s, 2C, Coenimidazole);
124.8 (s, Cq, 1C, Coyrenc); 124.1 (s, 2C, Coensimidazole); 123.6 (s, 1C, Cpyrene); 121.1 (s, 2C, Coenzimidazole);
113.2 (s, 2C, Coyridine); 113.2 (s, 2C, Coenzimidazole)-

ESI-MS (pos) (m/z in MeOH) calculated for C3sH»1Ns: 511.1797; found: 512.1951 [M+H]*.

1,1‘-(4-(perylen-3-yl)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-5:

a
QN SN N@
=/ [

The product was obtained as orange solid (35 %).

'H-NMR (700 MHz, d6-DMSO): & (ppm) = 9.19 (s, 2H, Hpenzimidazole); 8.58 (d, 1H, *Juu = 8.0 Hz,
Hperylene); 8.52 (t, 2H, 3Jun = 7.2 Hz, Hperyiene); 8.46 (d, 2H, *Jun = 7.2 Hz, Hperyiene); 8.37-8.36 (m, 2H,
Hbenzimidazole); 8-18 (s, 2H, Hoyrigine); 7.88 (d, 1H, 3Jun = 8.0 Hz, Hperyiene); 7.86 (d, 1H, *Jun = 8.1 Hz,
Hperylene); 7.58-7.83 (M, 2H, Hpenzimidazole); 7.65-7.59 (M, 2H, Hperyiene); 7.42-7.38 (M, 4H, Hpenzimidazole)-
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3C-NMR (176 MHz, dg-DMSO): & (ppm) = 161.54 (s, Cq, 1C, Cperyiene); 154.29 (s, Cq, 1C, Cperylenc);
149.21 (s, Cq, 2C, Coyridine); 144.34 (s, Cq, 2C, Coenzimidazole); 142.80 (s, 2C, Cimidazole); 135, 63 (s, Cq, 1C,
Coyrigine); 134.28 (s, Cq, 1C, Coyridgine); 131.91 (s, Cq, 2C, Chenzimidazole); 131.82 (s, Cq, 1C, Coyricine); 131.69
(S, Cqy 1C, Coyrigine); 131.00 (s, Cq, 1C, Cpyridine); 130.36 (s, Cq, 1C, Coyridine); 130.05 (s, Cq, 1C, Coyridine);
128.62 (s, 1C, Cperyiene); 128.52 (s, 1C, Cperyiene); 128.31 (s, 1C, Cperyiene); 127.95 (s, 1C, Coerylenc); 127.80
(s, Cqy 1C, Cpyridine); 127.11 (s, 1C, Coerylene); 127.09 (s, 1C, Cperytene); 125.32 (s, 1C, Cperylene); 124.21 (s,
2C, Chenzimidazole); 123.40 (s, 2C, Coenimidazoie); 121.49 (s, 1C, Cperyiene); 121.34 (s, 1C, Cperyien); 121.31
(S, 1C, Cperylenc); 120.40 (s, 1C, Cperylene); 120.09 (s, 2C, Coenzimidazole); 114.02 (s, 2C, Chenzimidazole); 113.19
(s, 2C, Coyridine)-

ESI-MS (pos) (m/z in MeCN) calculated for CsgH23Ns: 561.1953; found: 562.2087 [M+H]*.

General procedure for the synthesis of the pro-ligands [H,-bbp-R](PFs):

The corresponding 2,6-bis(1H-benzo[d]midazol-1-yl)-4-chromophore-pyridine 10-R (1 eq.) was
dissolved in dry DCM (10 ml/mmol) and cooled to -80 °C. Methyl trifluoromethanesulfonate
(MeOTf; 2.05 eq.) was added dropwise. The solution was stirred for 16 h while slowly getting up
to room temperature. It was again cooled in an ice bath, and n-pentane was added. The product
was obtained as a solid precipitate, filtered, and, if necessary, washed again by cold n-pentane.
The obtained triflate salt was dissolved in a small amount of acetone and added dropwise into an
aqueous solution of KPF¢ (10 eq.). The precipitate was filtered and purified by recrystallization via
solvent diffusion (acetone/diethyl ether).l®

1,1’-(pyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) [H.-bbp](PFs).:

2% "PFg
X
| o
QN N N/Q
@ N’I \QN ®
/ \

[Hz-bbp](PFg)2

Product was obtained was colorless solid (87 %).

'H-NMR (700 MHz, d¢-acetone): & (ppm) = 10.37 (s, 2H, Hoenzimidazole); 8.79 (t, 1H, J = 8.0 Hz, Hpyridine);
8.54 (d, 2H, J =8.5Hz, Hpenzimidazole); 8.45 (d, 2H, J =8.0 Hz, Hpyridine); 8.24 (d, 2H, J=8.3 Hz,
Hbenzimidazole); 7.90 (t, 2H, J = 7.8 Hz, Hbenzimidazole); 7.83 (t, 2H, J = 7.9 Hz, Hypenzimidazole); 4.48
(5/ 6H; Hmethyl).

13C-NMR (176 MHz, de-acetone): & (ppm) = 147.9 (s, Cq, 2C, Cpyridine); 146.2 (s, 1C, Cpyridine); 143.4 (s,
ZC, Cbenzimidazole, N—C-N); 133.9 (S/ Cq/ ZC, Cbenzimidazole)} 131.0 (S: Cq; 2C, Cbenzimidazole); 129.4 (S; 2C;
Cbenzimidazole); 119.3 (S/ ZC; prridine); 116.4 (S: 2C, Cbenzimidazole); 115.0 (S; ZC; Cbenzimidazole); 34.9 (S; 2C;

Cmethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for C,1H19Ns?*: 170.5815; found: 170.5833 [M]%.
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1,1’-(4-phenylpyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) [H>-bbp-1](PFs).:

2x PFg

® N;! \;_N ®
/ \
[Hz-bbp-11(PFo),

The product was obtained as colorless solid (92 %).

1H-NMR (700 MHz, ds-acetone): & (ppm) = 10.51 (s, 2H, Hoenzimidazole); 8.72 (S, 2H, Hpyridine); 8.63 (dt,
2H, J = 8.5 Hz, J = 0.8 Hz, Hoenzimidazole); 8.26 (dt, 2H, J = 8.4 Hz, J = 0.8 Hz, Hpenzimidazole); 8.15-8.12 (m,
2H, Hoheny); 7.91 (ddd, 2H, J = 8.4 Hz, J = 7.3 Hz, J = 1.0 Hz, Hoenzimidazole); 7.83 (ddd, 2H, J = 8.4 Hz,
J=7.3 Hz, J = 1.0 Hz, Hpenzimidazole); 7-69-7.67 (M, 3H, Honenyl); 4.51 (s, 6H, Hmethyi).

13C-NMR (176 MHz, de¢-acetone): & (ppm) = 157.9 (s, Cq, 1C, Cphenyl); 148.7 (s, Cq, 2C, Cpyridine); 143.5
(s, 2C, Cohenzimidazole, N-c-n); 136.3 (s, Cq, 1C, Cpyridine); 133.9 (s, 2C, Cq, Coenzimidazote); 132.3 (s, 1C, Cpohenyi);
131.2 (s, 2C, Cq, Chenzimidazole); 130.7 (s, 2C, Cphenyt); 129.4 (s, 2C, Coenzimidazole); 128.9 (s, 2C, Coenzimidazole);
128.8 (s, 2C, Cohenyl); 116.9 (s, 2C, Cpyrigine); 116.8 (s, 2C, Chenzimidazole); 115.0 (s, 2C, Coenzimidazole); 35.0
(S, ZC, Cmethy|).

ESI-MS (pos) (m/z in MeCN) calculated for C,7H23Ns?*: 208.5971; found: 208.5971 [M]%.

1,1’-(4-(naphthalen-1-yl)pyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium)

[Ha-bbp-2](PFe),:
OO 2% PF,

® N;! \;‘_N ®
/ \
[Hy-bbp-2](PFo),

The product was obtained as colorless solid (95 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 10.54 (s, 2H, Hboenzimidazole); 8.65 (d, 2H, J = 8.5 Hz,
Hbenzimidazole); 8.61 (s, 2H, Hpyridine); 8.26 (d, 2H, J = 8.3 Hz, Hpenzimidazole); 8.19 (d, 1H, J=8.3 Hg,
Hnaphtha]ene); 8.14-8.12 (m, ZH, Hnaphtha|ene),' 7.92 (m, 2H, Hbenzimidazole); 7.85-7.83 (m, 3H, ZHbenzimidazoIe
& 1Hnaphthalene); 7.75-7.73 (M, 1H, Hnaphthatene); 7.68-7.66 (M, 1H, Hnaphthatene); 7.62-7.60 (m, 1H,
Hnaphthalene); 4.50 (s, 6H, Hmethyl).

110



13C-NMR (176 MHz, ds-acetone): & (ppm) =157.6 (s, 1C, Cq, Cnaphthalene); 147.5 (s, 2C, Cq, Coyridine);
142.9 (s, 2C, Chenzimidazole, n-c-n); 134.9 (s, 1C, Cq, Coyridine); 134.2 (s, 1C, Cq, Chaphthatene); 133.1 (s, 2C, C,,
Cbenzimidazole); 130.8 (S, 1C, Cnaphtha|ene); 130.5 (S, 1C, Cnaphtha|ene); 130.4 (S, ZC, Cq, Cbenzimidazole); 129.0 (S,
1C, Chaphthalene); 128.7 (s, 2C, Chenzimidazole); 128.2 (s, 1C, Cnaphthatene); 128.1 (s, 2C, Chenzimidazole); 127.8
(S, 1C, Cnaphtha|ene),‘ 127.0 (S, 1C, Cnaphtha|ene); 125.8 (S, 1C, Cnaphtha|ene); 124.8 (S, 1C, Cnaphtha|ene); 119.5
(s, 2C, Cpyridine); 116.0 (s, 2C, Chenzimidazole); 114.3 (s, 2C, Chenzimidazole); 34.2 (S, 2C, Cmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for Cs1HasNs?*: 233.6050; found: 233.6089 [M]%.

1,1’-(4-(anthracen-9-yl)pyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium)

[Ho-bbp-3](PFe),:
L) e
AN

P
N N N
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[Hybbp-3(PF);

The product was obtained as yellow solid (84 %).

IH-NMR (700 MHz, ds-acetone): § (ppm) = 10.53 (s, 2H, Hoenzimidazole); 8.88 (S, 1H, Hanthracene); 8.68
(d, 2H, J = 8.5 Hz, Hanthracene); 8.59 (s, 2H, Hpyrigine); 8.27 (t, 4H, J = 7.0 Hz, Hpenzimidazote); 7.91 (t, 2H,
J = 7.8 Hz, Hyenzimidazole); 7.87 (d, 2H, J = 8.8 Hz, Hanthracene); 7.84 (t, 2H, J = 7.9 Hz, Hanthracene); 7.62 (t,
2H, J = 7.4 Hz, Hoenzimidazole); 7.53 (t, 2H, J = 7.6 Hz, Hanthracene); 4.49 (s, 6H, Hmethyl).

13C-NMR (176 MHz, de-acetone): 8 (ppm) = 157.4 (s, 1C, Cq, Canthracene); 148.7 (s, 2C, Cq, Coyridine);
143.7 (s, 2C, Coenzimidazole, N-c-N); 133.9 (s, 2C, Cq, Chenzimidazole); 132.3 (s, 2C, Cq, Canthracene); 131.6 (s, 1C,
Ca, Coyridine); 131.1 (s, 2C, Cq, Chenzimidazote); 130.3 (s, 2C, Cq, Canthracene); 130.1 (s, 1C, Canthracene); 129.8
(s, 2C, Coenzimidazote); 129.5 (s, 2C, Canthracene); 128.9 (s, 2C, Chenzimidazole); 128.1 (S, 2C, Canthracene); 126.7
(s, 2C, Chenzimidazole); 126.3 (s, 2C, Canthracene); 121.5 (s, 2C, Cpyrigine); 116.9 (s, 2C, Canthracene); 115.0 (s,
2C, Chenzimidazole); 35.0 (S, 2C, Cmethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for CssH,7Ns?*: 258.6128; found: 258.6122 [M]%*.
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1,1’-(4-(pyren-1-yl)pyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) [H.-bbp-4]1(PFs).:

OO 2x PFs

=
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[Hybbp-4](PFe)

The product was obtained as yellow solid (92 %).

'H-NMR (700 MHz, de-acetone): 6 (ppm) = 10.56 (s, 2H, Hoenzimidazole); 8.74 (S, 2H, Hpyridine); 8.68 (d,
2H, J = 8.4 Hz, Hoenzimidazole); 8.51 (d, 1H, J = 7.8 Hz, Hpyrene); 8.46 (d, 1H, J = 9.2 Hz, Hpyrene); 8.42 (d,
1H, J = 7.6 Hz, Hpyrene); 8.39-8.36 (M, 2H, Hpyrene); 8.34 (d, 1H, J = 8.9 Hz, Hpyrene); 8.31-8.29 (m, 2H,
Hoyrene); 8.26 (d, 2H, J = 8.3 Hz, Hbenzimidazole); 8.17 (t, 1H, J = 7.6 Hz, Hoyrene); 7.91 (t, 2H, J = 7.8 Hz,
Hbenzimidazole); 7.85 (t, 2H, J = 7.9 Hz, Hbenzimidazole); 4.50 (S, 6H, Hmethy).

13C-NMR (176 MHz, de¢-acetone): & (ppm) = 158.7 (s, 1C, Cq, Cpyrene); 148.3 (s, 2C, Cq, Cpyridine); 143.6
(s, 2C, Cbenzimidazole, N-c-n); 133.9 (s, 2C, Cq, Coenzimidazole); 133.6 (s, 1C, Cq, Coyrene); 132.6 (s, 1C, C,,
Coyridine); 132.4 (s, 1C, Cq, Coyrene); 131.8 (s, 1C, Cq, Cpyrene); 131.2 (s, 2C, Cq, Coenzimidazole); 130.4 (s, 1C,
Cpyrene); 130.0 (s, 1C, Cpyrene); 129.5 (s, 2C, Coenzimidazole); 129.2 (s, 1C, Cq, Coyrene); 128.9 (s, 2C,
Coenzimidazole); 128.6 (S, 1C, Coyrene); 128.3 (s, 1C, Coyrene); 127.9 (s, 1C, Coyrene); 127.4 (s, 1C, Coyrene);
126.9 (s, 1C, Cpyrene); 126.2 (s, 1C, Cpyrene); 125.6 (s, 1C, Cq, Coyrene); 125.2 (s, 1C, Cq, Cpyrene); 124.6 (s,
1C, Coyrene); 120.6 (s, 2C, Cpyridine); 116.8 (s, 2C, Chenzimidazole); 115.0 (s, 2C, Coenzimidazole); 34.9 (s, 2C,

Cmethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for C37H27Ns?*: 270.6128; found: 270.6227 [M]*.
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1,1'-(4-(perylen-3-yl)pyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) [H,-bbp-
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[H2-bbp-5](OTf),

1,1'-(4-(perylen-3-yl)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) 10-5 (1 eq.) was dissolved in
CHCl3 (20 ml/mmol) under inert conditions at room temperature. MeOTf (20 eq.) was added
dropwise, and the reaction was stirred for 16 h at 60 °C. The reaction mixture was cooled down
to room temperature while the product started to precipitate. Product remaining in solution was
precipitated by adding n-pentane and cooling in an ice bath. The crude product was filtered and
washed with n-pentane. The ligand precursor was purified by diffusion crystallization (solvent:
acetone/ antisolvent: n-pentane) and the product was obtained as yellow powder (91 %).

!H-NMR (700 MHz, ds-acetone): § (ppm): 10.49 (s, 2H, Hpenzimidazole); 8.51 (d, 2H, 3Juy = 8.4 Hz,
Hbenzimidazole); 8.48 (S, 2H, Hpyrigine); 8.38 (d, 1H, 3Jun = 7.6 Hz, Hperyiene); 8.34 (d, 1H, 3Jun = 7.5 Hz,
Hperylene); 8.33 (d, 1H, 3Jun = 7.5 Hz, Hperyiene); 8.27 (d, 1H, 3Jun = 7.3 Hz, Hperyiene); 8.13 (d, 2H,
3)un = 8.3 Hz, Hbenzimidazole); 8.04 (d, 1H, 3Juu = 8.04 Hz, Hperyiene); 7.83 (d, 1H, 3Jun = 7.6 Hz, Hperylene);
7.79 (t, 2H, i =7.8 Hz, Hoensimidazole); 7.78-7.74 (M, 2H, Hoeryene); 7.73 (t, 2H, 3 =7.8 Hz,
Hbenzimidazole); 7.62 (t, 1H, 3Jun = 7.8 Hz, Hperylene); 7.51 (0, 2H, 3Jun = 7.5 Hz, Hperyiene); 4.44 (s, 6H,

Hmethyl)-

13C-NMR (176 MHz, de-acetone): & (ppm): 157.74 (s, 1C, Cq, Cperylene); 148.17 (s, 2C, Cq, Coyridine);
143.55 (s, 2C, Coenzimidazole); 135.59 (5, 1C, Cq, Cperylenc); 134.88 (s, 1C, Cq, Cpyridgine); 134.07 (s, 1C, Cq,
Coerylene); 133.77 (s, 2C, Cq, Chenzimidazole); 132.65 (s, 1C, Cq, Cperyiene); 132.47 (s, 1C, Cq, Cperyiene); 131.31
(s, 1C, Cq, Cperylene); 130.85 (s, 2C, Ca, Coenzimidazole); 130.83 (S, 1C, Cq, Coeryiene); 130.42 (s, 1C, Cperylenc);
130.02 (s, 1C, Cperyiene); 129.60 (s, 1C, Ca, Cperyiene); 129.46 (s, 1C, Cperyiene); 129.36 (S, 1C, Cperyiene);
129.32 (s, 2C, Coenzimidazole); 128.93 (s, 1C, Cq, Cperylene); 128.72 (s, 2C, Coenzimidazole); 127.94 (s, 1C,
Coerylene); 127.84 (s, 1C, Cperylene); 125.55 (s, 1C, Cperylene); 122.44 (s, 1C, Cperylene); 122.26 (s, 1C,
Coerylene); 122.21 (s, 1C, Cperylene); 120.99 (s, 1C, Cperylene); 119.45 (s, 2C, Cpoyrigine); 116.72 (s, 2C,
Cbenzimidazole)} 114.79 (S, 2C, Cbenzimidazole)} 34.84 (S, 2C, Cmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for Ca1HasNs?**: 591.2412; found: 295.6222 [M]?*.
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General procedure for the synthesis of the iron complexes:

For the synthesis of complexes, the respective pro-ligand (2 eq.) was suspended in
tetrahydrofuran (THF) and cooled to —78 °C. Lithium bis(trimethylsilyllamide (LiIHMDS; 6 eq., 1 M,
in THF) was added dropwise. After complete deprotonation, evidenced by a clear solution, FeBr;
(1 eq.) was dissolved in THF and added dropwise to the carbene solution. The mixture instantly
turned into a dark-red suspension, which was stirred for 16 h while slowly getting up to room
temperature. The solvent was removed, and the residue was dissolved in acetone. Residues were
filtered off. Acetone was removed to a minimum amount and added dropwise to a solution of
KPFe (10 eq.) in water cooled by an ice bath, and stirred for 15 min. The resulting precipitate was
filtered off and rinsed with cold water. The crude complex was first purified by column
chromatography (stationary phase: basic aluminum oxide/ mobile phase: acetonitrile) finally
purified by recrystallization via solvent diffusion (acetone/diethyl ether).i3¢
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[Fe(bbp)2](PFe),

I Fe] bbE!z " PFslzl

The complex was obtained as red crystals (54 %).

'H-NMR (700 MHz, ds-acetone): 6 (ppm) = 8.73-8.67 (m, 6H, Hpyridine); 8.49 (d, 4H, 3Jun = 8.4 Hz,
Hbenzimidazole); 7.53 (CIUint-, 4H; 3-]HH =4.2 HZ, Hbenzimidazole); 7.44 (dl 8H, 3JHH =4.0 HZ; Hbenzimidazole)-

13C-NMR (176 MHz, ds-acetone): & (ppm) = 212.0 (s, Cq, 4C, Cearbene); 155.8 (s, Cq, 2C, Cpyridine); 141.5
(s, 2C, Coyridine); 139.0 (s, Cq, 4C, Chenzimidazole); 132.1 (s, Cq, 4C, Coencimidazote); 125.7 (S, 4C, Chenzimidazole);
125.0 (s, 4C, Coenzimidazole); 112.8 (s, 4C, Coenzimidazole); 111.4 (s, 4C, Chenzimidazole); 107.9(s, 4C, Cpyridine);
32.1 (S, 4C, Cmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for Cs;HzsFeN1o?*: 367.1153; found: 367.1203 [M]%*.

Elemental analysis calculated for (CssHazF12FeN1oP2)2(CsH100): C = 49.78 %, H = 3.70 %,
N =13.19 %.

Found: C=49.69 %, H=3.99 %, N = 13.10 %.
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[Fe(bbp-1),](PFs).:

[Fe(bbp-1),](PFe)2
The complex was obtained as red crystals (47 %).

1H'NlVIR (700 MHZ, ds-acetOHE)Z 6 (ppm) = 8.80 (S, 4H, prridine); 8.71 (d, 4H,J = 8.4 HZ, Hbenzimidazole);
8.39 (d, 4H, J = 7.1 HZ, Hbenzimidazcﬂe); 7.78'7.76 (m, 4H, Hbenzimidazcﬂe); 7.74‘7.71 (m, ZH, theny|),’ 7.56‘
7.54 (m, 4H, Hbenzimidazo|e); 7.46'7.44 (m, 8H, theny|); 3.10 (S, 12H, Hmethyl).

13C.NMR (176 MHz, ds-acetone): & (ppm) = 211.5 (s, 4C, Cq, Chenzimidazole, n-c-n); 155.2 (s, 4C, Cq,
Coyridine); 153.4 (s, 2C, Cq, Coyridine); 138.3 (s, 4C, Cq, Chenzimidazole); 137.1 (s, 2C, Cq, Cohenyl); 131.3 (s, 4C,
Cq, Cbenzimidazole)} 130.9 (S, 2C, Cpheny|); 129.7 (S, 4C, Cbenzimidazole),' 128.6 (S, 4C, Cbenzimidazole),' 124.9 (S,
4C, Cohenyl); 124.2 (s, 4C, Chenzimidazole); 112.6 (S, 4C, Chenzimidazole); 110.6 (S, 4C, Cphenyl); 104.9 (s, 4C,
Cpheny|); 31.6 (S, 4C, Cmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for CsqHaFeN1o?*: 443.1466; found: 443.1541 [M]%*.
Elemental analysis calculated for CssHaF12FeN1oP2: C=55.12 %, H=3.60 %, N = 11.90 %.

Found: C=54.83 %, H=3.46 %, N = 12.01 %.
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[Fe(bbp-2),](PFs).:
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[Fe(bbp-2),](PFg),

The complex was obtained as red crystals (63 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 8.79 (s, 4H, Hpyridine); 8.60-8.59 (M, 4H, Hoenzimidazole); 8.28
(d, 2H, J=8.5Hz, Hnaphthatene); 8.26 (d, 2H, J=8.3 Hz, Hnaphthatene); 8.21 (d, 2H, J=8.2 Hz,
Hnaphthatene);8.06-8.05 (M, 2H, Hnaphthatene); 7.86-7.83 (M, 2H, Hnaphthalene); 7.74-7.72 (m, 2H,
Hnaphthatene); 7.67-7.66 (m, 2H, Hnaphthalene); 7.51-7.49 (m, 4H, Hpenzimidazole); 7.47-7.43 (m, 8H,
Hbenzimidazole); 3.27 (s, 12H, Hmethyl).

13C-NMR (176 MHz, ds-acetone): § (ppm) = 211.5 (s, 4C, Cq, Chenzimidazole, n-c-n); 154.9 (s, 4C, Cq,
Coyridine); 153.7 (s, 2C, Cq, Chaphthatene); 138.3 (s, 4C, Cq, Coenzimidazole); 136.5 (s, 2C, Cq, Coyridine); 134.3 (s,
2C, Cq, Chaphthalene); 131.4 (s, 4C, Cq, Chenzimidazole); 131.2 (s, 2C, Cq, Cnaphthalene); 130.3 (S, 2C, Cnaphthalene);
129.1 (s, 2C, Chaphthalene); 128.5 (s, 2C, Chaphthatene); 127.7 (s, 2C, Cnaphthalene); 126.8 (s, 2C, Cnaphthalene);
125.8 (S, ZC, Cnaphtha|ene),' 125.2 (S, ZC, Cnaphtha|ene),‘ 125.0 (S, 4C, Cbenzimidazole)} 124.2 (S, 4C, Cbenzimidazole)}
112.6 (s, 4C, Coenzimidazole); 110.6 (S, 4C, Chenzimidazole); 108.5 (s, 4C, Cpyridine); 31.7 (S, 4C, Cmethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for Ce;HasFeN10?*: 493.1623; found: 493.1644 [M]%.
Elemental analysis calculated for CezHasF12FeN1oP2: C=58.32 %, H=3.63 %, N = 10.97 %.

Found: C=57.89 %, H=3.91 %, N = 10.91 %.
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[Fe(bbp-3),](PFs).:

[Fe(bbp-3)2)(PF¢)2
The complex was obtained as red crystals (56 %).

'H-NMR (700 MHz, ds-acetone): & (ppm) = 8.97 (s, 2H, Hanthracene); 8.86 (S, 4H, Hoyridine); 8.55 (d, 4H,
J = 8.4 Hz, Huenzimidazole); 8.36 (d, 4H, J = 8.6 Hz, Hanthracene); 7.98 (d, 4H, J = 8.9 Hz, Hanthracene); 7.71-
7.68 (m, 4H, Hanthracene); 7.63-7.61 (m, 4H, Hanthracene); 7.57 (d, 4H, J = 8.0 Hz, Huenzimidazole); 7.44 (t,
4H, ) = 7.6 Hz, Hyenzimidazole); 7.37 (t, 4H, J = 7.5 Hz, Hoenzimidazole); 3.48 (S, 12H, Hmethyl).

13C.NMR (176 MHz, de-acetone): & (ppm) = 212.4 (s, 4C, Cq, Chenzimidazole, N-cn); 156.1 (s, 4C, C,
Cpyridine); 153.3 (s, 2C, Cq, Canthracene); 139.1 (s, 4C, Cq, Chenzimidazole); 133.3 (s, 2C, Cq, Cpyridine); 132.6 (s,
4C, Cq, Canthracene); 132.3 (s, 4C, Cq, Coenzimidazole); 130.7 (s, 4C, Cq, Canthracene); 129.9 (s, 4C, Canthracene);
129.8 (s, 2C, Canthracene); 128.0 (s, 4C, Canthracene); 126.7 (S, 4C, Canthracene); 126.6 (s, 4C, Canthracene); 125.8
(s, 4C, Coenzimidazole); 125.0 (s, 4C, Coenzimidazote); 113.5 (s, 4C, Chenzimidazole); 111.4 (s, 4C, Coenzimidazole);
32.6 (s, 4C, Crmethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for CsoHsoFeN1o?*: 543.1779; found: 543.1745 [M]%*.
Elemental analysis calculated for C;oHsoF12FeN1oP2: C=61.06 %, H=3.66 %, N = 10.17 %.

Found: C=61.17 %, H=4.01 %, N = 10.16 %.
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[Fe(bbp-4),](PFs).:
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[Fe(bbp-4)2](PFg)2

The complex was obtained as red crystals (64 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 8.97 (s, 4H, Hpyridine); 8.66-8.65 (M, 4H, Hoenzimidazole);
8.62-8.61 (M, 4H, Hoyrene); 8.50 (d, 2H, J = 7.7 Hz, Hpyrene); 8.44 (d, 2H, J = 7.3 Hz, Hpyrene); 8.42 (d,
4H, J = 2.3 Hz, Hpyrene); 8.35 (d, 2H, J = 9.3 Hz, Hpyrene); 8.24 (t, 2H, J = 7.5 Hz, Hoyrene); 7.55-7.54 (m,
4H, Hbenzimidazole); 7.47-7.45 (m, 8H, Hyenzimidazole); 3.36 (S, 12H, Hmethyl).

13C-NMR (176 MHz, ds-acetone): & (ppm) = 212.4 (s, 4C, Cq, Coenzimidazole, N-c-n); 155.7 (s, 4C, Cg,
Coyridine); 154.9 (s, 2C, Cq, Coyrene); 139.1 (s, 4C, Cq, Coenzimidazole); 134.4 (s, 2C, Cq, Cpyridine); 133.3 (s, 2C,
Ca, Coyrene); 132.5 (s, 2C, Cq, Cpyrene); 132.3 (s, 4C, Cq, Coenzimidazote); 131.9 (s, 2C, Cq, Cpyrene); 130.1 (s,
2C, Coyrenc); 129.8 (5, 2C, Coyrenc); 129.7 (s, 2C, Cqy Coyrenc); 129.2 (5, 2C, Coyrenc); 128.4 (s, 2C, Coyrenc);
127.8 (s, 2C, Coyrenc); 127.3 (S, 2C, Coyrenc); 126.8 (5, 2C, Coyrenc); 126.0 (s, 2C, Cpyrenc); 125.8 (s, 4C,
Coenzimidazole); 125.8 (s, 2C, Cq, Cpyrene); 125.5 (s, 2C, Cq, Coyrene); 125.1 (s, 2C, Cpyrene); 125.0 (s, 4C,
Coenzimidazole); 113.4 (S, 4C, Cohenzimidazote); 111.4 (S, 4C, Coenzimidazole); 109.7 (s, 4C, Cpyrigine); 32.6 (s, 4C,

Cmethyl)-
ESI-MS (pos) (m/z in MeCN) calculated for C4HsoFeN10%*: 597.1779; found: 597.1828 [M]%.
Elemental analysis calculated for C7sHsoF12FeNyoP+H20: C=61.59 %, H=3.63 %, N = 9.71 %.

Found: C=61.67 %, H=3.71 %, N = 9.56 %.
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[Fe(bbp-5),](PFs).:
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[Fe{bbp-5);]1(PFg),

The complex was obtained as red crystals (22 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 8.86 (s, 4H, Hpyridine); 8.69 (d, 2H, 3Jun = 8.1 Hz, Hperylene);
8.66 (dd, 3Jun = 1.7 Hz, 3lun = 7.3 Hz, Hbenzimidazole); 8.59 (d, 4H, 3Jun = 7.2 Hz, Hperyiene); 8.53 (d, 2H,
3Jun = 7.2 Hz, Hperylene); 8.18 (d, 2H, 3Jun = 8.4 Hz, Hperyiene); 8.08 (d, 2H, 3Jun = 7.4 Hz, Hperyiene); 7.96
(d, 2H, 3Jun = 8.1 Hz, Hperylene); 7.94 (d, 2H, *Jun = 8.1 Hz, Hperyiene); 7.70-7.66 (M, 6H, Hperyiene); 7.53-
7.51 (s, 4H, Hoenzimidazole); 7.49-7.45 (M, 8H, Hpenzimidazole); 2.82 (S, 12H, Hmethyl).

13C-NMR (176 MHz, ds-acetone): & (ppm) = 212.27 (s, 4C, Cq, Ccarvene); 155.81 (s, 4C, Cq, Coyridine);
154.38 (s, 2C, Cq, Cperylene); 139.08 (s, 4C, Cq, Chenzimidazole); 136.82 (s, 2C, Cq, Coyrigine); 135.93 (s, 2C,
Cay Coeryiene); 133.94 (s, 2C, Cq, Coerylenc); 133.58 (5, 2C, Cqy Coerylenc); 132.90 (s, 2C, Cq, Cperyiene); 132.21
(s, 4C, Cq, Coenzimidazole); 131.73 (s, 2C, Cq, Coerylene); 131.43 (s, 2C, Cq, Cperyiene); 130.27 (s, 2C, Cperylene);
130.05(s, 2C, Cq, Cperylene); 129.96 (s, 2C, Cperylene); 129.61 (s, 2C, Cperyiene); 129.40 (s, 2C, Cq, Cperyiene);
129.03 (s, 2C, Cperyiene); 128.13 (5, 2C, Coerylene); 128.07 (s, 2C, Cperyiene); 126.01 (s, 2C, Coerylene); 125.78
(s, 4C, Chenzimidazote); 125.02 (s, 4C, Coenzimidazole); 122.43 (s, 2C, Cperyiene); 122.35 (s, 2C, Cperyiene); 122.21
(s, 2C, Cperylene); 121.13 (s, 2C, Cperylene); 113.39 (s, 4C, Chenzimidazole); 111.38 (s, 4C, Chenzimidazole); 109.17
(S, 4C, prridine)} 32.53 (S, 4C, Cmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for CgoHssFeN1o**: 617.1936; found: 617.2028 [M]?*.
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2,6-di(1H-imidazol-1-yl)pyridin-4-amine 11:

11

6Br (1 eq.), imidazole (2.4 eq.), potassium carbonate (2.4 eq.) and copper(l)oxide (0.2 eq.) were
suspended in DMF (10 ml/mmol), degassed by bubbling through with argon and stirred at 150°C
for 48 h. DMF was removed under reduced pressure. Flash chromatography with pure DCM gave
not reacted and incompletely coupled 4-amino-2,6-dichloropyridine and imidazole. 11 was
obtained by flash chromatography with DCM/MeOH (9/1 V/V) afterwards (67 %).13¢

1H'NlVIR (700 MHZ, CDCI?,): 6 (ppm) = 8.39 (S, 2H, Himidazo|e), 7.67 (t, 2H, 3JHH = 1.4 HZ, Himidazole),
7.23 (S, ZH, Himidazo|e), 7.10 (S, ZH, prridine).

2,6-Di-(1H-imidazol-1-yl)-4-iodopyridine 12:

12

According to literature 2,6-di(1H-imidazol-1-yl)pyridin-4-amine 11 (1,61 g; 7,13 mmol; 1 eq.) was
suspended in a mixture of conc. HCl and water (1/5 V/V). After addition of KI (12 eq.) at 0 °C the
mixture was stirred for 1 h. After stepwise addition of NaNO; (3.5 eq.) the reaction was slowly
brought to room temperature and neutralized with solid NaHCO; and subsequently deactivated
with NaSOs. The mixture was extracted with DCM, the organic layer was dried with MgSO, and
the product was obtained after purification by column chromatography (stationary phase: SiO5,
solvent: acetone) as an orange solid (38 %).[°!

H-NMR (700 MHz, DMSO-de): & (ppm) = 8.77 (dd, J = 1.1 Hz, 2H, He), 8.23 (s, 2H, H,), 8.16 (dd, J =
1.4 Hz, 2H, Ha), 7.14 (dd, J = 1.2 Hz, 2H, Hs).

3C-NMR (176 MHz, DMSO-de): & (ppm) = 147.62 (Cs), 135.79 (Cs), 130.40 (Cs), 118.26 (C5), 116.89
(Ca), 111.88 (Cy).

ESI-MS (pos) (m/z in MeOH) calculated for Ci1HsNsl: 336.9897; found 337.9934 [M+H]*.
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9-Ethinylanthracene 13:

According to literature 9-bromoanthracene (1 eq.), Cul (0.11 eq.) and [Pd(PPhs),]Cl, (0.1 eq.) were
degassed and solved in a mixture of TEA and DIPA (1/7 V/V). After addition of trimethylsilyl
acetylene (2.7 eq.) the reaction was stirred at 110 °C for 17 h. The reaction was cooled down to
room temperature and stopped by adding a saturated solution of NH4Cl. The aqueous solution
was extracted with cyclohexane and dried over Na,SOs. The product was obtained after
purification by column chromatography (stationary phase: SiO,, solvent: cyclohexane) as red solid
(72 %).1°50

1H-NMR (700 MHz, CDCl): & (ppm) = 8.59 (dd, J = 8.7, 1.1 Hz, 2H, Hg), 8.46 (s, 1H, H), 8.02 (d, J =
8.2 Hz, 2H, Hs), 7.60 (ddd, J = 8.6, 6.5, 1.3 Hz, 3H, Hs), 7.51 (ddd, J = 8.0, 6.4, 1.2 Hz, 3H, Ha), 4.00
(S, 1H, Hlo).

B3C.NMR (176 MHz, CDCl3): & (ppm) = 133.30 (C5), 131.16 (Cy), 128.81 (Cs), 128.37 (C4), 126.97
(Cs), 126.69 (Cs), 125.82 (C4), 116.15 (Cs), 88.34 (C10), 80.48 (Co).

EI-MS (pos) (m/z) calculated for CigHio: 202.0783; found: 202.0056.

4-(Anthracen-9-ylethinyl)-2,6-di(1H-imidazol-1-yl)pyridine 14:

According to literature 9-ethinylanthracene 13 (1 eq.), 2,6-di-(1H-imidazol-1-yl)-4-iodopyridine 12
(1.2 eq.), [Pd(PPhs),]Cl> (0.1 eq.) and Cul (0.11 eq.) were dissolved in a degassed mixture of toluene
and TEA (1/1 V/V) and DIPA (7.6 eq.) was added. The reaction was heated to 110 °C for 17 h. The
reaction was quenched by the addition of NH4Cl (aqg.) and the mixture was extracted with DCM.
After purification by column chromatography (stationary phase: SiO;; mobile phase:
cyclohexane/acetone 1/1 V/V). 14 was obtained as yellow solid (58 %).°%

1H-NMR: (700 MHz, DMSO-ds): & (ppm) = 8.90 (t, J = 1.1 Hz, 2H, H1¢), 8.85 (s, 1H, H1), 8.75 (dd, J =
8.7, 1.1 Hz, 2H, He), 8.29 (dd, J = 1.4 Hz, 2H, Hua), 8.25 (s, 2H, H12), 8.24 (d, J = 8.5 Hz, 2H, Hs), 7.80
(ddd, 2H, Hs), 7.68 (ddd, J = 8.0, 6.5, 1.1 Hz, 2H, Ha), 7.21 (dd, J = 1.2 Hz, 2H, Hs).
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3C-NMR (176 MHz, DMSO-de): & (ppm) = 148.21 (Ci3), 136.47 (Cy1), 135.87 (Cys), 132.51 (Cy),
130.69 (C2), 130.38 (C1s), 130.19 (Cy), 129.14 (Cs), 128.12 (Cs), 126.33 (C4), 126.05 (Cs), 117.05 (C1a),
114.00 (Cs), 111.53 (C12), 97.33 (C10), 91.71 (C).

ESI-MS (pos) (m/z in MeCN) calculated for Co7H17Ns: 412.1557; found: 412.1547 [M+H]*.

[H2-bim-ac-3](PFs)s:

[Hz-bim-ac-3](PFg)s

According to literature 4-(Anthracen-9-ylethinyl)-2,6-di(1H-imidazol-g-yl)pyridine (0.071 g,
0.173 mmol, 1 eq.) was dissolved in DCM (30 ml) under inert conditions. The solution was cooled
to -78 °C and MeOTf (0.05 ml, 0.36 mmol, 2.1 eq.) was added dropwise. The solution slowly
returned to room temperature within 17 h and n-pentane was added. The resulting precipitate
was filtered off. The crude product was dissolved in DMSO and precipitated in an aqueous KPFg
solution (0.318 g; 1.73 mmol; 10 eq.) for anion exchange. Final purification was done by diffusion
crystallization (solvent: acetone; antisolvent: diethyl ether; 83 %).5®!

H-NMR: (700 MHz, DMSO-ds): & (ppm) = 10.35 (s, 2H, Hig), 8.94 (s, 1H, Ha), 8.85 (t, J = 2.0 Hz, 2H,
Hua), 8.70 (d, J = 9.3 Hz, 2H, Hg), 8.69 (s, 2H, Hi2), 8.29 (d, J = 8.4 Hz, 2H, Hs), 8.11 (t, J = 1.8 Hz, 2H,
His), 7.83 (ddd, J = 8.2, 6.5, 1.2 Hz, 2H, Hs), 7.72 (ddd, J = 7.9, 6.5, 1.1 Hz, 2H, Ha), 4.07 (s, 6H, Ha2).

3C-NMR: (176 MHz, DMSO-d¢): & (ppm) = 145.84 (Ci3), 137.66 (C11), 136.47 (Cis), 132.71 (Cy),
131.19(Cy), 130.70 (Cy), 129.45 (C3), 128.48 (Cs), 126.46 (C4), 125.50 (Ce), 125.06 (C1s), 119.31 (C1a),
115.67 (C12), 113.10 (Cg), 96.39 (C10), 94.30 (Cq), 36.72 (C17).

ESI-MS (pos) (m/z in MeCN) calculated for Ca9H23Ns?*: 220.5971; found 220.5966 [M]%*.
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[Fe(bim-ac-3),](PF¢)2:

[Fe(bim-ac-3),](PFg)s

According to literature the [H2-bim-ac-3](PFs). pro-ligand (0.088 g, 0.12 mmol, 2 eq.) was
suspended in THF (6 ml) under inert conditions and cooled down to -78 °C. LIHMDS (1 M in THF;
0.36 ml; 0.36 mmol, 6 eq.) was added dropwise. After complete deprotonation, evidenced by a
clear solution, FeBr; (0.013 g, 0.06 mmol, 1 eq.), dissolved in THF (5 ml), was added dropwise to
the carbene solution. The solution slowly returned to room temperature within 17 h. The solvent
was removed under reduced pressure, dissolved in acetone and the residue was filtered. Acetone
was reduced to a minimum amount and added dropwise to a solution of KPFg¢ (ag., 0.11 g,
0.6 mmol, 10 eq.). The precipitate was filtered off and rinsed with water. The crude complex was
purified by column chromatography (stationary phase: basic aluminum oxide; mobile phase:
acetonitrile). The complex was finally purified by crystallization via solvent diffusion
(acetone/diethyl ether) and the novel complex was obtained as violet needles (46 %).1%

1H-NMR (700 MHz, ds-acetone): & (ppm) = 8.84 (s, 1H, H1), 8.78 (dd, J = 8.7, 1.0 Hz, 2H, He), 8.61
(s, 2H, H12), 8.56 (d, J = 2.2 Hz, 2H, H1a), 8.26 (ddd, 2H, Hs), 7.80 (ddd, J = 8.7, 6.5, 1.2 Hz, 2H, Hs),
7.69 (ddd, J = 8.5, 6.5, 1.1 Hz, 2H, Ha), 7.40 (d, J = 2.1 Hz, 2H, Hs), 2.94 (s, 6H, H17).

1BC-NMR (176 MHz, de-acetone): & (ppm) = 200.61 (Ci6), 155.18 (Ci3), 134.04 (C;), 133.10 (C1a),
132.23 (C,), 131.35 (C1), 130.22 (Cs), 128.90 (Cs), 127.99 (Cs), 127.18 (C4), 126.85 (Ce), 117.83 (Cs),
115.40 (C14), 108.14 (C12), 99.19 (Ci0), 94.53 (Cs), 35.64 (C17).

ESI-MS (pos) (m/z in MeCN) calculated for CsgHaaN1oFe?*: 467,1466; found: 467,1475 [M]%*.
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Buta-1,3-diyn-1-yltrimethylsilane 15:

1,4-bis(trimethylsilyl)-butadiyne (26.4 ml; 1 eq.) was dissolved in dry diethyl ether (30 ml) and
cooled to 0 °C. MelLi (20 ml; 1.5 M in diethyl ether, 1.15 eq.) was added dropwise over 15 min. It
was stirred at room temperature for 2 d. Completion of the reaction was tracked by GC-MS. The
solution was cooled to -80 °C and saturated aqueous NH4Cl-solution (30 ml) was added. The
mixture was extracted with diethyl ether. Combined organic phase was dried with Na;SO,. The
solvent was removed under reduced pressure and the crude product was purified by distillation
(54 %).1Y

1H-NMR (700 MHz, CDCls): & (ppm) = 2.11 (s, 1H, Hacetyiene); 0.20 (s, 9H, Hrys).

13C'NlVIR (176 MHZ, CDCI?,): 6 (ppm) = 87.6 (S, Cq, 1C, Cacety|ene); 84.9 (S, Cq, 1C, Cacety|ene); 68.5 (S, Cq,
1C, Cacetylene)} 66.8 (5, 1C, Cacetylene); -0.35 (S, 3C, CTMs)-

9-(buta-1,3-diyn-1-yl)anthracene 16:

16

According to literature 9-bromoanthracene (1 eq.), Cul (0.11 eq.) and [Pd(PPhs),]Cl> (0.1 eq.) were
degassed and dissolved in a mixture of triethylamine and diisopropylamine (1/7 V/V). After
addition of 15 (2.7 eq.) the reaction was stirred at 110 °C for 17 h. The reaction was cooled down
to room temperature and stopped by adding a saturated solution of NH4Cl. The aqueous solution
was extracted with cyclohexane and dried over Na,SO,. The product was obtained after
purification by column chromatography (stationary phase: SiO,, solvent: cyclohexane) as red solid
(26 %).0%

1H-NMR (700 MHz, CDCls): & (ppm) = 8.53 (dd, 3Jun = 8.7 Hz, 3Ju = 0.8 Hz, 2H, Hanthracene); 8.47 (s,
1H, Hanthracene); 8.02 (d, 3Jun = 8.5 Hz, 2H, Hanthracene); 7.62-7.60 (M, 2H, Hanthracene); 7.53-7.51 (m, 2H,
Hanthracene); 2.82 (S; lH; HTMS)-

13C-NMR (176 MHz, CDCl3): & (ppm) = 134.6 (s, Cq, 2C, Canthracene); 131.2 (s, Cq, 2C, Canthracene); 129.5
(s, 1C, Canthracene); 129.1 (s, 1C, Canthracene); 127.6 (s, 1C, Canthracene); 126.6 (S, 1C, Canthracene); 126.1 (s,
1C, Canthracene); 114.9 (s, Cq, 1C, Canthracene); 84.4 (s, Cq, 1C, Crms); 74.2 (s, 1C, Crms); 72.9 (s, Cq, 1C,
Crms); 68.7 (s, Cq, 1C, Crws).
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4-(anthracene-9-ylbuta-1,3-diyn-1-yl)-2,6-di(imidazole-1-yl)pyridine 17:

@N

17

According to literature 16 (1 eq.), 2,6-di-(1H-imidazol-1-yl)-4-iodopyridine 12 (1.2 eq.), the
palladium catalyst (0.1 eq.) and Cul (0.11 eq.) were dissolved in a mixture of degassed
toluene/NEts; and DIPA (7.6 eq.) was added. The reaction was heated to 110°C for 17 h. The
reaction was quenched by the addition of NH4Cl (ag.) and the mixture was extracted with DCM.!*”
The product has not been purified yet.
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2,6-diethynylpyridine 18:

5
4
3l
=, N X

H, H
18

2,6-Dibromopyridine (leq.) and palladium(bis(triphenylphosphan)dichloride) (0.05 eq.) were
suspended in TEA and degassed by three cycles of freeze, pump, and thaw. Trimethylsilyl
acetylene (2.3 eq.) and copper(l)iodide (0.05 eq.) were added, and the suspension was stirred for
1 d at room temperature and 2 d at 65 °C. The suspension was neutralized by HCl and extracted
with DCM.P> The organic layers were washed with water again. The solvents were removed, and
n-hexane was added. The suspension was filtered through a silica plug and TMS-protected product
was obtained as withe solid. Deprotection was performed with KF (10 eq.) in MeOH/THF (1/1 V/V)
at room temperature within 16 h. The solution was extracted with DCM and water. The combined
organic layers were dried over NaSO4 and the product obtained as white solid (85 %).°*

1H-NMR (700 MHz, CDCl): & (ppm) = 7.63 (t, 1H, 3Juy = 7.8 Hz, Hs); 7.43 (d, 2H, 3Juy = 7.8 Hz, Ha);
3.14 (s, 2H, Hy).

13C-NMR (176 MHz, CDCls): & (ppm) = 142.2 (s, Cq, 2C, Cs); 136.0 (s, 1C, Cs); 126.6 (s, 2C, Ca); 81.5
(s, Cq) 2C, Ca); 77.2 (s, 2C, Cy).

ESI-MS (pos) (m/z in MeCN) calculated for CoHsN: 127.0422; found: 128.0518 [M+H]*.

2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine btp:

7
6‘\
N.4 z N
NN TN
N3 N
g — (-
2 btp

lodoethane (3.3 eq.) and sodium azide (9 eq.) were stirred in a mixture of THF and water for 2 h
at room temperature. 2,6-diethynylpyridine 18 (1 eq.), ascorbic acid (0.8 eq.), copper sulfate
(0.4 eq.), potassium carbonate (2 eq.) and pyridine (10 eq.) were added to the in situ formed ethyl
azide.®® The mixture was stirred for 3 d at room temperature, while arising precipitate was
observed. DCM was added to the suspension and was extracted 3x with a saturated TEA/EDTA
solution. The combined organic layers were dried over NaSO,, filtered and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography
(mobile phase: DCM/acetone; 5/1 V/V, 69 %).1°¥

'H-NMR (700 MHz, CDCl3): & (ppm) = 8.17 (s, 2H, Hs); 8.08 (d, 2H, 3Jun = 7.8 Hz, He); 7.84 (t, 1H,
3JHH =7.8 HZ, H7),' 4.47 (q, 4H, 3JHH =73 HZ, Hz),‘ 1.60 (t, 6H, 3.]|-||-| =74 HZ, H1).

13C-NMR (176 MHz, CDCl3): & (ppm) = 150.2 (s, Cq, 2C, Ca); 148.6 (s, Cq, 2C, Cs); 137.8 (s, 1C, Cy);
121.5 (s, 2C, Cs); 119.4 (s, 2C, Co); 45.6 (s, 2C, Ca); 15.6 (s, 2C, Cy).

ESI-MS (pos) (m/z in MeCN) calculated for Ci3H1sNsNa*: 292.1282; found: 292.1309 [M+Na]*.
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IFEI th'z“PFs!z:

[Fe(btp)2](PFe),

2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine btp (2 eq.) and FeBr; (1 eq.) were stirred in MeOH for
16 h. Insolouble solid was filterd, the filtrate was concentrated and dropped in a aqueous KPFg
solution. Arising precipitate was filtered and washed with water. The crude product was dissolved
in acetone and precipitated in diethylether. After filtering, the product was purified by
crystallization (74 %).1°¥

!H-NMR (700 MHz, de-acetone): § (ppm) = 9.28 (s, 4H, Hs); 8.94 (d, 3Juy = 6.0 Hz, He); 8.53 (¢,
3JHH =79 HZ, H7),' 4.46 (q, 3JHH =73 HZ, HZ); 1.36 (t, 3JHH =79 HZ, H1).

3C.NMR (176 MHz, CDCl3): & (ppm) = 153.3 (s, Cq, 4C, C4); 149.0 (s, Cq, 4C, Cs) 140.7 (s, 2C, Cy);
125.6 (s, 4C, Cs); 123.4 (s, 4C, Co); 49.0 (s, 4C, C2); 15.2 (s, 4C, Cy).

ESI-MS (pos) (m/z in MeCN) calculated for CasHzoFeN142*: 297.1058; found: 297.1108 [M]%*.
Elemental analysis calculated for CysHsoF12FeN14P2: C=35.31%, H=3.42 %, N = 22.17 %.

Found: C=35.34%, H=3.74 %, N = 22.14 %.
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4,4'-(pyridine-2,6-diyl)bis(1-ethyl-3-methyl-1H-1,2,3-triazol-3-ium)triflate [H,-tri](PFs)2:
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[Ha-tri](OTf),

2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine btp (1eq.) was dissolved in DCM and cooled
to -80 °C. MeOTf (2.2 eq.) was added dropwise. Reaction was stirred for 16 h while slowly warming
to room temperature. The arising precipitate was filtered and washed with n-pentane. The
product was purified by crystallization (92 %).°¥

1H-NMR (700 MHz, dg-acetone): & (ppm) = 9.52 (s, 2H, Hs); 8.42 (t, 1H, 3Ju = 7.9 Hz, Hs); 8.35 (d,
2H, 3Jun = 8.2 Hz, Hy); 4.88 (q, 4H, 3y = 7.4 Hz, Ha); 4.75 (s, 6H, Ha); 1.74 (t, 6H, 3Jun = 7.4 Hz, Hy).

3C.NMR (176 MHz, de-acetone): & (ppm) = 144.9 (s, Cq, 2C, Co); 141.4 (s, 1C, Cs); 131.1 (s, Cq, 2C,
Cs); 131.0 (s, 2C, C3); 127.6 (s, 2C, C7); 122.2 (quartet, 2C, Cuitiate); 50.6 (s, 2C, Ca); 41.5 (s, 2C, Ca);
14.6 (s, 2C, Cy).

ESI-MS (pos) (m/z in MeCN) calculated for CisH21N72*: 149.5924; found: 149.5960 [M]%.

|Fe]tri[z|§ PFslzl

[Fe(tri),](PFe)>

4,4'-(pyridine-2,6-diyl)bis(1-ethyl-3-methyl-1H-1,2,3-triazol-3-ium)triflate  [Hz-tri](OTf), (2 eq.)
was suspended in THF and cooled to -80 °C. LiIHMDS (6 eq.) was added dropwise. Complete
deprotonation of the ligand precursor was observed after about 1 h resulting in a clear solution.
FeBr; (1 eq.) was suspended in THF and added dropwise to the solution prepared before. Solution
turns dark instandly and was stirred for 16 h while slowly warming to room temperature. Insoluble
solid was filtered and washed with acetone, the filtrate was concentrated and dropped in a
aqueous KPFg solution. Arising precipitate was filterd and washed with water. The crude product
was dissolved in acetone and precipitated in diethylether. After filtering, the product was purified
by crystallization (46 %).°¥
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1H-NMR (700 MHz, d6-DMSO): & (ppm) = 8.04 (m, 6H, H; & Hs); 4.52 (s, 12H, Ha); 3.15 (g, 8H,
3Jun = 7.3 Hz; Ha); 0.67 (t, 12H, 3Juw =7.3 Hz, Hy).

3C-NMR (176 MHz, de-DMSO): & (ppm) = 191.1 (s, Cq, 4C, Cs); 152.5 (s, 4C, Ce); 143.1 (s, 4C, Cs);
133.0 (s, 2C, Cs); 116.3 (s, 4C, C7); 46.7 (s, 4C, C2); 15.4 (s, 4C, Cy).

ESI-MS (pos) (m/z in MeCN) calculated for C3oHssFeN14%*: 325.1371; found: 325.1389 [M]?*.
Elemental analysis calculated for C3oHssF12FeN14P2: C = 38.31 %, H=4.07 %, N = 20.85 %.

Found: C =39.60 %, H=4.70 %, N = 19.60 %.

4-(anthracenyl-9-yl)-2,6-diethynylpyridine 19-3:
=

|

=z N

19-3

8-3 (leq.) and (3-chlorpyridyl)-(1,3-diisopropylimidazol-2-yliden)-palladium(ll)-dichlorid (PEPPSI,
0.05 eq.) were suspended in toluene/TEA (1/1 V/V) and degassed by three cycles of freeze, pump,
and thaw. Trimethylsilyl acetylene (2.3 eq.) and copper(l)iodide (0.05 eq.) were added, and the
suspension was stirred for 1 d at room temperature and 2 d at 90 °C. The suspension was
neutralized by HCl and extracted with only DCM. The organic layers were washed with water
again. The solvent was removed, and DCM was added. The suspension was filtered through a silica
plug and TMS-protected product was obtained as yellow solid after removing the solvent.
Deprotection was performed with K,COs (10 eq.) in MeOH/THF (1/1 V/V) at room temperature
within 16 h. The solution was extracted with DCM and water. The combined organic layers were
dried over Na,;SO4 and the product obtained as white solid (70 %).

'H-NMR (700 MHz, CDCl3): & (ppm) = 8.55 (s, 1H, Hanthracene); 8.06 (d, 2H, 3Jun = 8.4 Hz, Hanthracene);
7.57 (S, 2H, prridine); 7.52 (d, 2H, 3JHH = 8.8 HZ, Hanthracene); 7.50'7.58 (m, ZH, Hanthracene); 7.43'7.41
(m; 2H, Hanthracene); 3.21 (S; 2H, Hacetylene)-

13C-NMR (176 MHz, CDCl3): 6 (ppm) = 148.8 (s, Cq, 1C, Canthracene); 143.3 (s, Cq, 2C, Coyridine); 131.7 (s,
Cay 1C, Coyricine); 131.3 (S, Cap 2C, Canthracene); 130.1 (S, 2C, Coyricine); 129.5 (S, Cqy 2C, Canthracene); 128.9
(s, 2C, Canthracene); 128.4 (s, 1C, Canthracene); 126.7 (S, 2C, Canthracene); 125.6 (s, 4C, Canthracene) 82.3 (s, Cq,
2C, Cacetylene); 78.4 (s, 2C, Cacetylene)-

ESI-MS (pos) (m/z in MeOH) calculated for C;3H13N+Na*: 326.0940; found: 326.0913 [M+Na]"*.
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4-(anthracen-9-yl)-2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine btp-3:

btp-3

Ethyl azide was prepared in situ by stirring ethyl iodide (6.6 eq.) and NaNs (18 eq.) for two hours
in a THF/water/HO'Bu (2/2/1 V/V/V) mixture. To the resulting solution 19-3 (1 eq.), Tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyllamin) (0.02 eq.), copper(l) iodide (0.1 eq.) and L-ascorbic acid (1 eq.)
were added and heated to 100°C for 2d. After cooling to room temperature DCM was added and
it was extracted with a saturated TEA/EDTA solution. The organic layer was dried over Na,SO; and
the product was purified by column chromatography (stationary phase: SiO,; mobile phase:
acetone/chloroform 1/5 V/V) (67 %).1°°!

1H'NlVIR (700 MHZ, CDC|3): 6 (ppm) = 8.52 (S, 1H, Hanthracene); 8.33 (S, 2H, Htriazo|e); 8.23 (S, 2H,
prridine); 8.03 (dl 2H, 3JHH =8.5 HZ; Hanthracene); 7.72 (d, ZH, 3JHH =8.9 HZ, Hanthracene); 7.46-7.44 (m; 2H;
Hanthracene); 7.37'7.35 (m, ZH, Hanthracene); 4.44 (q, 4H, 3JHH = 7.4 HZ, Hethy|); 1.57 (t, 6H, 3JHH = 7.4 HZ,
Hethyl)-

13C-NMR (176 MHz, CDCl3): 6 (ppm) = 150.5 (s, Cq, 2C, Canthracene); 149.5 (s, Cq, 1C, Cpyridine); 148.3 (s,
Cay 2C, Coyrigine); 133.6 (5, Cqy 1C, Canthracene); 131.3 (S, Cqy 2C, Canthracene); 129.5 (S, Cqy 2C, Canthracene);
128.6 (s, 2C, Canthracene); 127.7 (s, 1C, Canthracene); 126.1 (s, 2C, Canthracene); 126.1 (s, 2C, Canthracene); 125.4
(s, 2C, Canthracene); 122.2 (s, 2C, Cpyridine); 122.0 (s, 2C, Ciriazote); 45.6 (s, 2C, Ccnz); 15.6 (s, 2C, Cens).

ESI-MS (pos) (m/z in MeCN) calculated for C,7H23N7: 445.2015; found: 446.2110 [M+H]".

130



[Fe(btp-3),](PFe).:

[Fe(btp-3);](PFe)2

4-(anthracen-9-yl)-2,6-bis(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine btp-3 (2 eq.) and FeBr; (1 eq.)
were stirred in MeOH for 16 h. Insolouble solid was filterd, the filtrate was concentrated and
dropped in an aqueous KPFg solution. Arising precipitate was filterd and washed with water. The
crude product was dissolved in acetone and pricipitated in diethylether. After filtering, the
product was purified by crystallization using diffusion techniques (solvent: acetone; anitsolvent:
diethyl ether; 94 %).(°%

IH-NMR (700 MHz, ds-acetone): & (ppm) = 9.58 (two overlapping singlets, evidenced by
temperature variation NMR, 8H, Hiriazole + Hpyridine); 8.93 (S, 2H, Hanthracene); 8.34 (d, 4H, Jun = 8.4 Hz,
Hanthracene); 7.94 (d, 4H, Juw = 8.6 Hz, Hanthracene); 7.70-7.65 (m, 8H, Hanthracene); 4.72 (q, 8H,
3)un = 6.8 Hz, Hethy); 1.53 (t, 12H, 3Jun = 7.2 Hz, Hethy).

13C-NMR (176 MHz, ds-acetone): & (ppm) = 152.5; 149.9; 147.9; 145.5; 132.6; 132.4; 130.6; 130.1;
129.9; 128.1; 126.8; 126.3; 126.1; 50.2; 15.3.

Due to short relaxation times of the carbon atom spins, the exact assignment of the *C-NMR is
not possible.

ESI-MS (pos) (m/z in MeCN) calculated for CssHasFeN142*: 473.1684; found: 473.1703 [M]%*.
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[Ha-tri-3](OTH),

Btp-3 (1 eq.) was suspended in DCM under inert conditions and cooled down to -78°C. MeOTf
(2.05 eq.) was added dropwise. The suspension was stirred for 16 h while slowly getting up to
room temperature. It was cooled in an ice bath again and n-pentane was added. The product was
obtained as unsolved particles, filtered and if necessary, washed again by cold n-pentane
(90 %).9

1H'NlVIR (700 MHZ, DMSO'dG): 6 (ppm) = 9.60 (S, 2H, Htriazoly“dene); 8.90 (S, 1H, Hanthracene); 8.47 (S,
ZH, prridine); 8.28 (d, ZH, 3JHH = 8.3 HZ, Hanthracene); 7.46‘7.62 (m, 4H, Hanthracene); 7.55‘7.54 (m, 2H,
Hanthracene); 4.72 (q, 4H, 3.]HH = 7.3 HZ, Hethy|); 4.71 (S, 6H, Hmethy|); 1.58 (t, 6H, 3.]HH = Hethyl).

13C-NMR (176 MHz, DMSO-dg): & (ppm) = 150.4 (s, Cq, 1C, Coyricine); 144.2 (s, Cq, 2C, Coyridine); 139.5
(s, Cqy 2C, Curiazolyiidenc); 130.8 (S, Cq, 1C, Canthracene); 130.7 (S, Cq, 2C, Canthracene); 130.3 (s, 2C, Crriazolyidine);
128.8 (s, Cq 2C, Canthracenc); 128.7 (S, 2C, Canthracene); 128.6 (S, 1C, Canthracene); 128.4 (S, 2C, Coyridine);
127.0 (s, 2C, Canthracene); 125.8 (S, 2C, Canthracene); 125.2 (S, 2C, Canthracene); 49.1 (s, 2C, Ceretnyl); 40.9
(S, 2C, Crmethyl); 13.8 (s, 2C, Capz ethyl)-

ESI-MS (pos) (m/z in MeCN) calculated for Ca9H29N72*: 273.6237; found: 273.6249 [M]*.
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[Fe‘tri-3)2](PFs)22

[Fe(tri-3)2](PFe)2

[H2-tri-3](OTf)2 (2 eq.) was suspended in THF under inert conditions and cooled down to -78°C.
LIHMDS (6 eq., 1M in THF) was added dropwise. Successful deprotonation can be seen by getting
from a suspension of the triazolium salt to a clear solution of the free carbene. After complete
deprotonation FeBr; (1 eq.) is dissolved in THF under inert conditions and added dropwise to the
carbene solution. The mixture instantly turned into a dark suspension, which was stirred for 16 h
while slowly getting to room temperature. The solvent was removed, and the residue was solved
in acetone. Not soluble residue was filtered off. Acetone was removed to a minimum amount
and added dropwise to an aqueous solution of KPFs (10 eq.) in water cooled by an ice bath and
stirred for 15 min. Precipitate was filtered off and rinsed with cold water. The crude complex was
purified by column chromatography (stationary phase: SiO,/ mobile phase:
acetone/H,0/KNO3(aq sat) 10/3/1 V/V/V).*®! The eluent added dropwise to a solution of KPFs
(10 eq.) in water cooled by an ice bath and stirred for 15 min. Precipitate was filtered off and
rinsed with cold water and finally purified by crystallization (solvent: acetone/ antisolvent: diethyl
ether). The complex was obtained as blue crystals (37 %).

1H'NlVIR (700 MHZ, ds-acetOHE)Z 6 (ppm) = 8.87 (S, 2H, Hanthracene); 8.31'8.29 (m, 4H, Hanthracene); 8.30
(S, 4H, prridine); 7.83 (d, 4H, 3JHH = 8.8 HZ, Hanthracene); 7.67‘7.64 (m, 4H, Hanthracene); 7.61'7.57 (m, 4H,
Hanthracene); 4.62 (S, 12H, Hmethyl); 3.73 (9, 8H, 3Jun = 7.3 Hz, Hetnyl); 1.12 (t, 12H, 3Jun = 7.3 Hz, Hethy).

13C-NMR (176 MHz, ds-acetone): 6 (ppm) = 193.4 (s, 4C, Cq, Cearbene); 154.7 (s, 4C, Cq, Cpyridine); 145.5
(s, 2C, Cq, Coyridine); 144.6 (s, 4C, Cq, Crriazolyligene); 133.9 (s, 2C, Cq, Canthracene); 132.5 (s, 4C, Cq, Canthracene);
130.7 (s, 4C, Cqy, Canthracene); 129.9 (s, 4C, Cpyridine); 129.2 (s, 2C, Canthracene); 127.7 (s, 4C, Canthracene);
126.6 (s, 4C, Canthracene); 126.6 (s, 4C, Canthracene); 119.7 (s, 4C, Canthracene); 48.5 (S, 4C, Ccrz,ethyi); 39.1
(s, 4C, Cmethy); 16.3 (s, 4C, Cchs,ethyl).

ESI-MS (pos) (m/z in MeCN) calculated for CsgHssFeN142*: 501.1997; found: 501.2018 [M]%.
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General procedure for the synthesis of the ruthenium complexes:

Corresponding pro-ligands (2 eq.) and RuClsx6-H,0 (1 eq.) were suspended in a small amount of
ethylene glycol and heated to 185 °C for 4 h. The resulting brown solution was slowly cooled to
room temperature and the crude product precipitated by adding an aqueous solution of KPFs. The
resulting precipitate was filtered off and rinsed with cold water. The crude complex was first
purified by column chromatography (stationary phase: basic aluminum oxide/ mobile phase:
acetonitrile) and finally purified by crystallization via solvent diffusion (acetone/diethyl
ether).[100.10]

[Ru(bbp).](PFs),:

[Ru(bbp),](PFg);
The product was obtained as yellow crystals (64 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 8.82 (d, 4H, 3Jun = 8.3 Hz, Hpyridine); 8.74 (dd, 4H,
3JHH = 8.9 HZ, 3.JHH = 7.8 HZ, prridine); 8.56 (d, 4H, 3JHH =8.4 HZ, Hbenzimidazo|e);7.85‘7.55 (m, 4H,
Hbenzimidazole); 7.48-7.45 (m, 8H, Hbenzimidazole); 3.04 (5, 12H, Hmethyl)-

13C-NMR (176 MHz, ds-acetone): § (ppm) = 201.1 (s, Cq, 4C, Cearbene); 153.3 (s, Cq, 4C, Cpyridine); 140.5
(s, 2C, Cpyridgine); 137.4 (s, Cq, 4C, Cbenzimidazole); 132.4 (s, Cq, 4C, Coenzimidazole); 125.9 (s, 4C,
Chenzimidazole);125.2 (S, 4C, Coenzimidazole); 113.2 (s, 4C, Chenzimidazole); 111.9 (s, 4C, Chenzimidazole); 108.7 (s,
4C, Cpyridine); 33.2 (s, 4C, Crmethyl).

ESI-MS (pos) (m/z in MeCN) calculated for [Cs2H3aN10RU]?*: 390.1000; found: 390.0984 [M]**.
Elemental analysis calculated for Cs;HzaF12N1P2Ru: C =47.15 %, H = 3.20 %, N = 13.09 %.

Found: C =46.86 %, H=3.40 %, N = 12.79 %.
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[Ru(bbp-1),]1(PF¢).:

[Ru(bbp-1)2]1(PFs)2
The product was obtained as yellow crystals (52 %).

'H-NMR (700 MHz, de-acetone): & (ppm) = 8.91 (s, 4H, Hoyridine); 8.77 (d, 4H, 3Juy = 8.5 Hz,
Hbenzimidazo|e); 8.39'8.38 (m, 4H, theny|); 7.79‘7.77 (m, 4H, theny|); 7.74'7.73 (m, ZH, theny|); 7.59‘
7.57 (mr 4H; Hbenzimidazole); 7.50-7.47 (m; 8H, Hbenzimidazole); 3.14 (S; 12H; Hmethyl)-

13C-NMR (176 MHz, ds-acetone): & (ppm) = 201.4 (s, 4C, Cq, Cearbene); 153.6 (s, 4C, Cq, Cpyridine); 153.1
(s, 2C, Cq, Cphenyt); 138.1 (s, 2C, Cq, Cpyrigine); 137.4 (s, 4C, Cq, Coenzimidazole); 132.4 (s, 4C, Cq, Coenzimidazole);
131.6 (s, 2C, Cohenyt); 130.5 (s, 4C, Cphenyt); 129.4 (s, 4C, Cphenyt); 126.0 (s, 4C, Chenzimidazole); 125.3 (s,
4C, Chenzimidazole); 113.8 (s, 4C, Chenzimidazole); 111.9 (s, 4C, Chenzimidazole); 106.5 (s, 4C, Cpyridine); 33.4 (s,
4C, Crethyi)-

ESI-MS (pos) (m/z in MeCN) calculated for [CssHa2RuN14]?*: 466.1313; found: 466.1359 [M]?*.
Elemental analysis calculated for CssHaF12N10P2Ru: C =53.08 %, H = 3.46 %, N = 11.46 %.

Found: C=52.79 %, H=3.94 %, N = 11.21 %.
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[Ru(bbp-3),1(PF¢).:

K e 2
0 N/ ~N 2
_\ -—
-
[Ru(bbp-3);](PF),

The product was obtained as yellow crystals (85 %).

'H-NMR (700 MHz, ds-acetone): 6 (ppm) = 8.97 (s, 4H, Hpyridine); 8.97 (S, 2H, Hanthracene); 8.60 (d, 4H,
3)un = 8.5 Hz, Hoenzimidazole); 8.37 (d, 4H, 3Jun = 8.6 Hz, Hanthracene); 8.03 (d, 4H, 3Jun = 8.9 Hz, Hanthracene);
7.71-7.68 (M, 4H, Hanthracene); 7.62-7.60 (M, 4H, Hanthracene); 7.57 (d, 4H, 3Jun = 7.9 Hz, Hpenzimidazole);
7.46 (t, 4H, 3Jun = 7.5 Hz, Hoenzimidazote); 7.39 (t, 4H, 3Jun = 7.5 Hz, Hoenzimidazole); 3.48 (S, 12H, Hmethyl)-

13C.NMR (176 MHz, ds-acetone): & (ppm) = 201.4 (s, Cq, 4C, Cearbene); 135.7 (s, Cq, 4C, Coyridine); 152.2
(5, Car 2C, Canthracene); 137.4 (s, Cq, 4C, Chenzimidazole); 133.5 (s, Cq, 2C, Cpyrigine); 132.6 (s, Cq, 4C,
Chenzimidazole); 132.5 (s, Cq, 4C, Coenzimidazole); 130.8 (s, Cq, 4C, Canthracene); 129.9 (s, 4C, Canthracene); 129.7
(s, 2C, Canthracene); 127.9 (s, 4C, Canthracene); 126.8 (s, 4C, Canthracene); 126.7 (s, 4C, Canthracene); 126.0 (s,
4C, Coenzimidazole); 125.2 (s, 4C, Chenzimidazole); 113.9 (s, 4C, Chenzimidazote); 111.9 (s, 4C, Coenzimidazole); 111.4
(s, 4C, Cpyraine); 33.7 (5, 4C, Cretny)-

ESI-MS (pos) (m/z in MeCN) calculated for [C7oHs0RUN10]**: 566.1626; found: 566.1641 [M]**.
Elemental analysis calculated for (CssHazF12N10P2Ru)2(H20): C = 58.74 %, H = 3.59 %, N = 9.78 %.

Found: C=58.53 %, H =3.89 %, N =9.43 %.
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Figure A 1: 1H (top) and 3C (bottom) NMR spectra of [Fe(tpy-3).](PFs)2 in ds-acetone at 303 K.
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Figure A 15: ESI MS data of [Fe(bim-3),](PFs)2 in MeCN.

Data of steady state and time resolved absorption and emission spectroscopy are shown in the
thesis. Details on the quantum chemical calculations of [Fe(bim-3),](PFs). can be found in the
published data.
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Figure A 19: 1H (top and middle) and 3C (bottom) NMR spectra of [Fe(bim-5),](PFs). in ds-acetone at 303 K.
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[Fe(bbp-1)2](PFg),

Figure A 23: 1H (top) and 13C (bottom) NMR spectra of [Fe(bbp-1),](PFs), in ds-acetone at 303 K.
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Figure A 24: ESI MS data of [Fe(bbp-1),](PFs), in MeCN.
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Figure A 25: Transient absorption (left) and decay associated spectra (right) of [Fe(bbp-1),](PFs), in MeCN as recordedy

by the group of Prof. Stefan Lochbrunner.
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Figure A 26: 1H (top) and 13C (bottom) NMR spectra of [Fe(bbp-2);](PFs). in ds-acetone at 303 K.
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Figure A 27: ESI MS data of [Fe(bbp-2),](PFs), in MeCN.
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Figure A 28: Transient absorption (left) and decay associated spectra (right) of [Fe(bbp-2),](PFs), in MeCN as recordedy
by the group of Prof. Stefan Lochbrunner.
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Figure A 29: 1H (top) and 13C (bottom) NMR spectra of [Fe(bbp-3)2](PFs). in ds-acetone at 303 K.
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Figure A 30: ESI MS data of [Fe(bbp-3),](PFs), in MeCN.
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CCDC-No.
Empirical formula
H10 O]

Formula weight
Temperature

Wavelength

2160553
C70 H50 N10 Fe, 2(P F6), 0.59(C4 H10 0), 0.67(C2 H3 N), 2[C4

1448.35
120(2) K
0.71073 A
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Crystal system
Space group

Unit cell dimensions

Triclinic

P-1
a=13.9083(16) A
b=15733(2) A
c=19.420(2) A

o= 111.175(3)°.
B=94.855(3)°.
v = 93.506(3)°.

Volume 3929.0(8) A3

Z 2

Density (calculated) 1.224 Mg/m3

Absorption coefficient 0.307 mm-!

F(000) 1487

Crystal size 0.280 x 0.180 x 0.100 mm3
Theta range for data collection 1.929 to 26.583°.

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)
Extinction coefficient

Largest diff. peak and hole

-17<=h<=17, -19<=k<=19, -24<=I<=24
280936

16204 [R(int) = 0.0946]

99.5%

Semi-empirical from equivalents
Full-matrix least-squares on F2
16204 /07982

1.092

R1 =10.1020, wR2 = 0.2530
R1=0.1296, wR2 = 0.2740

n/a

2.329 and -0.537 e. A3
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Figure A 31: Transient absorption (left) and decay associated spectra (right) of [Fe(bbp-3),](PFs), in MeCN as recordedy

by the group of Prof. Stefan Lochbrunner.
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Figure A 32: 1H (top) and 13C (bottom) NMR spectra of [Fe(bbp-4),](PFs), in ds-acetone at 303 K.
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Figure A 33: ESI MS data of [Fe(bbp-4),](PFs), in MeCN.
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Figure A 34: Transient absorption (left) and decay associated spectra (right) of [Fe(bbp-4).,](PFs). in MeCN as recordedy
by the group of Prof. Stefan Lochbrunner.
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Figure A 35: 1H (top and middle) and 13C (bottom) NMR spectra of [Fe(bbp-5)2](PFs). in de-acetone at 303 K.
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Figure A 36: ESI MS data of [Fe(bbp-5)2](PFs), in MeCN.
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Figure A 37: Transient absorption (left) and decay associated spectra (right) of [Fe(bbp-5);](PFs), in MeCN as recordedy by the group

of Prof. Stefan Lochbrunner.
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Figure A 38: Emission spectra of all [Fe(bbp-R),]?* type complexes and the backbone chromophor
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Figure A 39: Molecular orbital scheme of all [Fe(bbp-R);]?* type complexes (left) compared to the orbitals of fragments
(right). The localization of orbitals is shown with different color code. The shapes of all HOMO and LUMO orbitals are
shown as insets. Calculations of the fragments further lead to the triplet energies of the chromophores discussed in the

main sections.
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Figure A 40: Absorption spectra of [Fe(bbp-3),]** compared to the experimental data (A). In the two lower panels of A),
the transitional density-matrix analysis of TDDFT transitions of singlet and triplet excitation are shown versus the relative
energetic position, the color code is given as inset. The part B presents the partitioning of a supermolecule into fragments
for TDDFT analysis shown in panels C) and E), the color code is given in G). The inset of A) shows the transition density
difference of the long-range MLCT (marked with an asterisk), the green color corresponds to the hole and orange to the
particle (isovalue of the surface = 0.0002). Panels D) and F) present the results of clustering analysis performed for
singlets and triplets, respectively.
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Figure A 41: Computed absorption spectrum of [Fe(bbp):]?* as well assignment and fragmentation according to the
clustering analysis (the color code is the same as in the figure above).
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Figure A 42: Computed absorption spectrum of [Fe(bbp-1);]?* as well assignment and fragmentation according to the
clustering analysis (the color code is the same as in the figure above).
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Figure A 43: Computed absorption spectrum of [Fe(bbp-2);]?* as well assignment and fragmentation according to the
clustering analysis (the color code is the same as in the figure above).

181



Z

il 1
i L | (e 1l
2 i ! i il
I
F; : . ||||.
© g i || (. | i
» ¢ I |II
®
O 40 &0
Nurher o sigit excted s
@
o [ I 1
g a | it |",-|I-"a IR
g N § Ll ||‘|||,Il_‘,_ |
T ‘ H arffh Wflith
ki ‘ '
\ \
= AL :
250 300 350 400 450 500 550 600

wavelength,nm

a0 60
Number of triplet excited state

Figure A 44: Computed absorption spectrum of [Fe(bbp-4),]** as well assignment and fragmentation according to the
clustering analysis (the color code is the same as in the figure above).

A)

— theory N— exp.J B) C

filfieal.

Percentage of contributions “ee”

Osc.str, arb.units

40 60
Number of singlet excited state

7]
2
o
<) 2 80
£ ( §
» | 2
| UL 1 £
I ™ u\‘[ §60
2 ) Bl s
[} I | & 20
o i i 2
£ (i $
i1 ] & 20

250 300 350 400 450 500 550 600

wavelength,nm 40 60 100
Number of triplet excited state

Figure A 45: Computed absorption spectrum of [Fe(bbp-5);]?* as well assignment and fragmentation according to the
clustering analysis (the color code is the same as in the figure above).
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Figure A 46: 1H (top) and 13C (bottom) NMR spectra of [Fe(bim-ac-3);](PFs), in ds-acetone at 303 K.
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Figure A 47: ESI MS data of [Fe(bim-ac-3),](PFs), in MeCN.
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Figure A 48: 1H (top) and 13C (bottom) NMR spectra of [Fe(btp)2](PFs). in ds-acetone at 303 K.
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Figure A 49: ESI MS data of [Fe(btp);](PFs), in MeCN.

Details on the quantum chemical calculations of [Fe(btp).](PFs). can be found in the published
data.
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CCDC number
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

2050317

C26 H30 F12 Fe N14 P2
884.43

120(2) K

0.71073 A

Triclinic

P-1

a=11.6525(6) A o= 92.055(2)°.

b =13.4838(7) A B=103.119(2)°.

¢ =13.7533(7) A v = 111.670(2)°.

1938.61(18) A3
2

1.515 Mg/m3
0.569 mm-!
896

0.30 x 0.12 x 0.10 mm3
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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 [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

188

1.947 to 31.575°.

-17<=h<=17, -19<=k<=19, -20<=1<=20

273411

12923 [R(int) = 0.0359]

99.5%

Semi-empirical from equivalents
Full-matrix least-squares on F2
12923 /0/500

1.038

R1=0.0310, wR2 = 0.0797
R1=0.0352, wR2 = 0.0837

n/a

0.720 and -0.612 e.A-3
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Figure A 50: 1H (top) and 13C (bottom) NMR spectra of [Fe(tri);](PFe)2 in ds-DMSO at 303 K.
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Figure A 51: ESI MS data of [Fe(tri);](PFg)2 in MeCN.

Details on the quantum chemical calculations of [Fe(tri);](PFs)> can be found in the published
data.
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CCDC number
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

2049729

Cso Hag F12 Fe Nua P2

940.53

130(2) K

0.71073 A

Monoclinic

P2i/c

a=8.5217(14) A a= 90°.
b = 36.898(6) A
c=13.416(2) A y = 90°.
4205.4(12) A3

4

1.486 Mg/m3

0.530 mm-!

1920

0.25x 0.24 x 0.21 mm?

1.104 to 25.528°.

B= 94.519(3)°.
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Index ranges

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

Max. and min. transmission
Refinement method

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

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

192

-10<=h<=10, -44<=k<=44, -16<=I<=16

46348

7800 [R(int) = 0.1377]

100.0 %

Semi-empirical from equivalents
0.7452 and 0.6344

Full-matrix least-squares on F2
7800 /0 / 548

0.986

R1 =0.0608, wR2 = 0.1500
R1=0.0998, wR2 = 0.1651

0.838 and -0.595 e. A3
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Figure A 52: 1H (top) and 13C (bottom) NMR spectra of [Fe(btp-3);](PFs). in ds-acetone at 303 K.
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Figure A 53: ESI MS data of [Fe(btp-3),](PFs), in MeCN.
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Figure A 54: 1H (top) and 13C (bottom) NMR spectra of [Fe(tri-3);](PFs). in de-acetone at 303 K.
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Figure A 55: ESI MS data of [Fe(tri-3),](PFs), in MeCN.
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Figure A 56: Steady state absorption and emission spectra of [Ho-tri-3](PFs), and [Fe(tri-3).](PFs)..
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Figure A 57: 1H (top) and 13C (bottom) NMR spectra of [Ru(bbp);](PFs). in ds-acetone at 303 K.
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Figure A 58: ESI MS data of [Ru(bbp).](PFs), in MeCN.
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Figure A 59: Streak camara data and analysis of [Ru(bbp).](PFs). (PD280R) recorded by the group of Prof. Stefan
Lochbrunner.
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Figure A 60: 1H (top) and 13C (bottom) NMR spectra of [Ru(bbp-1),](PFs), in ds-acetone at 303 K.
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Figure A 61: ESI MS data of [Ru(bbp-1),](PFs), in MeCN.
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Figure A 62: 1H (top) and 13C (bottom) NMR spectra of [Ru(bbp-3),](PFs), in ds-acetone at 303 K.
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Figure A 63: ESI MS data of [Ru(bbp-3),](PFs), in MeCN.
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Figure A 64: Streak camara data and analysis of [Ru(bbp-3),](PFs), (PD-280) recorded by the group of Prof. Stefan
Lochbrunner.
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