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“Don’t adventures ever have an end?
1 guess not. Someone else always has to carry on the story.”
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Abstract

Humanity’s ever-growing energy demands require the implementation of more
sustainable ways to harvest and store energy. At the same time, the reduction of
greenhouse gas emission and thus global warming remains of paramount importance.
To this end, solar energy harvesting presents an attractive route towards satisfying these
requirements—be that by conversion to thermal energy, electricity or to chemical
energy. Molecular systems based on iron could prove particularly interesting in this area,
due to their advantageous properties such as appreciable visible light-absorption as well
as the high availability and low cost of iron. As of yet, they have not been extensively
studied though, which can be attributed to the inherently poor photophysical and -
chemical properties associated with these systems. However, well thought-out structural
design can be used to combat said issues.

The ligand motif used in Fe-N-heterocyclic carbene (NHC) complexes aids in
mitigating the formerly mentioned unfavourable properties, allowing for bimolecular
quenching with electron donors and acceptors to occur, which is crucial for
photocatalysis. In this thesis, the application of hsexa-NHC complexes based on Earth-
abundant iron as light-harvesters for solar-to-chemical energy conversion is
demonstrated. The utility of Fe(IlI)-NHC complexes for sensitisation of artificial
photosynthesis reactions as well as their performance as photoredox catalysts in organic
transformations has been studied and the underlying mechanisms have been
investigated, giving insight into the prospects and limitations associated with these
systems. For the hydrogen evolution and aminomethylation reactions investigated here,
conventional single-photon mechanisms were observed. Meanwhile, in the case of the
atom transfer radical addition reactions, sequential photon absorption of two different
oxidation states of the catalyst within the same catalytic turnover was shown to be
operative. Furthermore, a study featuring the Fe(II)-congener of an Fe(III)-NHC
complex with demonstrated photocatalytic activity revealed a less than favourable
excited state lifetime compared to the Fe(IlI)-parent complex, showcasing that the
preparation of Fe(II)-NHC complexes with synthetically useful photophysical
and -chemical properties is not necessarily facile. Early investigations of a photocatalytic
reaction driven by heterogenisation of Fe(III)-NHC complexes are also shown. There
the goal was to improve upon the sustainability of these catalysts by facilitating their
recyclability. This thesis thus showcases the potential of Fe-NHC complexes for
photocatalytic applications, whilst also revealing their shortcomings.
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Popular Scientific Summary

“Climate change” and “global warming” are terms that frequently come up in the media
and describe the changes in weather patterns and increasing global surface temperature
during the last century, respectively. Both negatively affect agriculture—and
consequently food security—general health, and biodiversity among other areas.
Consequently, there is a need for action in combatting the climate crisis since
humanity’s energy demands are still constantly on the rise. The use of traditional energy
sources such as fossil fuels is highly problematic because they are not renewable and
they generate greenhouse gases. Therefore, it becomes glaringly obvious that clean,
abundant and renewable alternatives for energy conversion are needed. Here, solar
energy is a very promising candidate and a well-known approach to harnessing this vast
resource are photovoltaics. There, solar energy is converted directly into electrical
energy. However, a larger variety of strategies is needed to make use of the practically
inexhaustible resource that is the Sun. To this end, photocatalysis, which is used for the
conversion of solar into chemical energy, is considered a promising avenue.

Similarly to solar cells, light—ideally from the Sun—is absorbed by bulk materials or
molecular systems. Instead of converting the thereby afforded energy into electricity, it
is used to drive chemical reactions. In this way, for example, solar fuels made from
abundant substances such as water and carbon dioxide can be produced or
transformations in organic chemistry can be achieved. When looking at molecular
systems used in photocatalysis, very often rare and expensive metals such as ruthenium
and iridium are used—not ideal when pursuing sustainable energy solutions. Iron, on
the other hand, is one of the most abundant metals in the Earth’s crust. Despite of that,
it has not been extensively used so far because of the inherent unfavourable properties
of iron-based light-harvesting systems. However, through careful structural design,
these problems have been mitigated, paving the way for their exploration in
photocatalysis.

In this thesis, molecular light-harvesting systems based on Earth-abundant iron have
been used in studies investigating the production of solar fuels as well as for organic
synthesis and their potential for the future as well as their limitations are evaluated,
giving insights that could aid future developments in this area.
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Populirwissenschaftliche
Zusammenfassung

“Klimawandel” und “globale Erwirmung” sind Begriffe, die stindig in den Medien
aufscheinen. Diese Phinomene tragen unter anderem zum hiufigeren Auftreten von
Extremwettereignissen bei und haben unbestreitbare negative Auswirkungen auf viele
Bereiche unseres alltiglichen Lebens, sei das nun auf die Landwirtschaft—und folglich
auf unsere Versorgung mit Nahrungsmitteln—die Gesundheit oder die Biodiversitit
auf unserem Planeten. Dementsprechend ist es mehr als an der Zeit titig zu werden
und Gegenschritte einzuleiten, da unser Energiebedarf nichtsdestotrotz stetig steigt.
Herkémmliche Energietriger wie fossile Brennstoffe sind problematisch, da sie nicht-
erneuerbar sind und zur globalen Erwirmung durch den Treibhaus-Effekt beitragen. In
Anbetracht all dessen, ist die Entwicklung und Anwendung von leicht zuginglichen,
erneuerbaren Energietrigern unabdingbar fiir das Fortbestehen unserer Gesellschaft.
Solarenergie ist hier ein vielversprechender Anwirter und findet bereits durch
Photovoltaik-Anlagen, in denen Sonnenlicht in elektrische Energie umgewandelt wird,
breitere Verwendung. Die Sonne ist jedoch eine quasi unerschépfliche Energiequelle
und sollte als solche auf mehreren Wegen ausgenutzt werden.

Ein interessanter Ansatz konnte hier beispielsweise Photokatalyse sein—eine Methode
um Sonnenlicht in chemische Energie umzuwandeln. Ahnlich wie bei Solarzellen wird
Licht, idealerweise durch  Sonneneinstrahlung, von einem  geeigneten
Halbleitermaterial oder durch molekulare Lichtfinger absorbiert und die gewonnene
Energie genutzt um eine chemische Reaktion zu erwirken. Dadurch kénnen unter
anderem ,solare Kraftstoffe“ aus Wasser und CO, hergestellt werden oder organische
Reaktionen angetrieben werden. Im Falle der molekularen Lichtfinger werden oftmals
Edelmetalle wie Ruthenium und Iridium verwendet. Diese sind jedoch selten und
ausgesprochen teuer, und dementsprechend nicht besonders gut fiir nachhaltige
Energiegewinnung geeignet. Eisen hingegen ist eines der hiufigsten Metalle in der
Erdkruste. Dennoch hat es bislang kaum Verwendung in photokatalytischen
Reaktionen gefunden, was darauf zuriickgefithrt werden kann, dass bisherige
Eisen-Photokatalysatoren ~ mangelhafte  photophysikalische ~ und  -chemische
Eigenschaften hatten. Durch ausgekliigeltes strukturelles Design konnten diese
Unzulinglichkeiten jedoch insoweit tiberwunden werden, als dass ihre effiziente
Anwendung ermdglicht worden ist.
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In dieser Dissertation wurde die Anwendbarkeit von Eisen-basierten Lichtfingern zur
Herstellung von solaren Kraftstoffen sowie ihre Verwendung als Photokatalysatoren fiir
organische Reaktionen erforscht. Die hier prasentierten Ergebnisse gewihren wertvolle
Einblicke in die Méglichkeiten, die sie bieten, aber auch in die Limitationen, mit denen
sie einhergehen, und konnen dadurch zur kiinftigen Weiterentwicklung dieses
Forschungsgebietes beitragen.

XVvi



List of Publications

This report is based on the following papers, which will be referred to by their roman
numerals in the text.

# These authors contributed equally.

I

II

High turnover photocatalytic hydrogen formation with an Fe(III) N-
heterocyclic carbene photosensitiser

J. Schwarz,* A. Ilic,* C. Johnson,* R. Lomoth, and K. Wirnmark

Chem. Commun. 2022, 58, 5351-5354.

I contributed to planning the project and performed large parts of the initial

testing and optimisation reactions, time trace-experiments, as well as control
experiments for the photocatalytic reaction. I also conducted and analysed the
results of mechanistic investigations, such as chemical actinometry and
photostability studies. I contributed to the writing of the first draft and

reviewing of the manuscript.

Photoredox catalysis via consecutive LM CT- and "MLCT-excitation of an
Fe(III)/(I1)- N-heterocyclic carbene complex

A. Tlic,* J. Schwarz,* C. Johnson,* L. H. M. de Groot, S. Kaufhold, R.
Lomoth, and K. Wirnmark

Chem. Sci. 2022, 13, 9165-9175.

I performed large parts of the experimental work, including initial testing,
optimisations and substrate scope for the reductive quenching route and
planned and carried out mechanistic investigations such as radical trapping
and wavelength-switching experiments as well as chemical actinometry. I
substantially contributed to conceiving the proposed mechanisms, wrote

major parts of the entire manuscript and coordinated the writing.

Xvil



III

vV

Xviii

Aminomethylations of Electron-Deficient Compounds—Bringing Iron
Photoredox Catalysis into Play

A. llic, B. Striicker, C. Johnson, S. Hainz, R. Lomoth, K. Wirnmark
Submitted Manuscript

I conceived and planned the project and I performed initial testing, substrate
syntheses as well as Stern—Volmer quenching studies. Furthermore, I
supervised the synthetic experimental work including optimisations, control
experiments, substrate scope and radical trapping experiments. I analysed the
data, wrote major parts of the entire manuscript and coordinated the writing,.

SMLCT  excited state dynamics of a Homoleptic Iron(I)
Hexa- N-Heterocyclic Carbene Scorpionate Complex

N. Kaul, M. Deegbay, A. Ilic, Catherine Johnson, O. Prakash, K. Wirnmark,
E. Jakubikova, and R. Lomoth

In Manuscript

I synthesised the complex under investigation and performed the NMR-

spectroscopic characterisation and photostability studies by in situ chemical
reduction. I prepared and investigated the photostability of an additional
hexa-NHC complex from literature that was used as a reference for
computational calculations by collaborators in this study. I wrote parts of the
first draft and contributed to the further writing as well as reviewing of the

manuscript.



The following publications are not included since they are beyond the scope of this
report. They are listed in chronological order.

# These authors contributed equally.

v

VI

VI

VIII

IX

Simultaneous non-invasive gas analysis in artificial photosynthesis
reactions using rotational Raman spectroscopy

J. Schwarz,* A. 1lic,* S. Kaufhold, J. Ahokas, P. Myllyperkis, M. Pettersson,
and K. Wirnmark

Sustainable Energy Fuels 2022, 6, 4388—4392.

Photophysical Integrity of the Iron(III) Scorpionate Framework in
Iron(III)-NHC Complexes with Long-lived LM CT Excited States

O. Prakash, L. Lindh, N. Kaul, N. W. Rosemann. I. Bolafio Losada, C.
Johnson, P. Chébera, A. 1lic, J. Schwarz, A. K. Gupta, J. Uhlig, T. Ericsson,
L. Higgstrom, P. Huang, J. Bendix, D. Strand, A. Yartsev, R. Lomoth, P
Persson, and K. Wirnmark

Inorg. Chem. 2022, 61, 44, 17515-17526.

Competing Dynamics of Intramolecular Deactivation and Bimolecular
Charge Transfer Processes in Luminescent Fe(III) N-Heterocyclic Carbene
Complexes

N. W. Rosemann, L. Lindh, I. Bolafio Losada, S. Kauthold, O. Prakash, A.
Ilic, J. Schwarz, K. Wirnmark, P. Chdbera, A. Yartsev, and P. Persson

Chem. Sci. 2023, 14, 3569-3579.

Iron Photoredox Catalysis — Exploring New Opportunities
L. H. M. de Groot,* A. Ilic,* . Schwarz,* and K. Wirnmark
J. Am. Chem. Soc. 2023, 145, 17, 9369-9388.

High-Efficiency Photoinduced Charge Separation in Fe(IIl)carbene Thin
Films

M. Zhang, C. E. Johnson, A. llic, J. Schwarz, M. B. Johansson, and R.
Lomoth

J. Am. Chem. Soc. 2023, 145, 35, 19171-19176.

XiX






Abbreviations & Key Symbols

brphtmeimb

btz

CEY
conPET

coohphtmeimb

CT
6)%

D

dap
DCM
dF(CFs)ppy
DMF
dmgH
DMSO
dtbpy
fee

7la

Acceptor

Absorbance

Atom Transfer Radical Addition
2,2’-Bipyridine

(4-Bromophenyl)tris(3-methylimidazol-2-
ylidene)borate

3,3'-Dimethyl-1,1'-bis(p-tolyl)-4,4'-bis(1,2,3-triazol-5-
ylidene)

Cage Escape Yield (see 7c)
Consecutive Photo-induced Electron Transfer

(4-Carboxyphenyl)tris(3-methylimidazol-2-
ylidene)borate

Charge-transfer

Cyclic Voltammetry

Donor
2,9-(p-Anisyl)-1,10-phenanthroline)
Dichloromethane
2-(2,4-Difluorophenyl)-5-(trifluoromethyl) pyridine
Dimethylformamide
Dimethylglyoximato
Dimethylsulfoxide

4,4 -Di-tert-butyl-2,2’-bipyridine
Cage Escape Yield (see CEY)
Quenching Yield

XX1



£ Extinction coefhicient

E Potential

Ei Half-wave Potential

Eoo HOMO-LUMO Gap

EnT Energy Transfer

EPR Electron Paramagnetic Resonance
ES Excited State

EWG Electron-Withdrawing Group

() Quantum Yield

Fc Ferrocene

GC Gas Chromatography

GS Ground State

HER Hydrogen Evolution Reaction
HOMO Highest Occupied Molecular Orbital
HRMS High Resolution Mass Spectrometry
Iy Intensity of incident light

Iem Emission intensity

Iy Intensity of transmitted light

IR Infrared

ISC Intersystem Crossing

kv rate constant for geminate back-combination
brg rate constant for backdonation

ke rate constant for cage escape

kear rate constant for non-radiative decay
kq rate constant for quenching

ke rate constant for radiative decay

ks rate constant for single electron transfer to a substrate S
Kpp Apparent Quenching constant

xXxil



Ko Dynamic quenching constant

Ksy Stern—Volmer constant

Ks Static quenching constant/association constant
A Reorganisation Energy

Aabs Absorption Wavelength

Aem Emission Wavelength

- Irradiation Wavelength

LC Ligand-Centred

LC-MS Liquid Chromatography—Mass Spectrometry
LED Light-Emitting Diode

LMCT Ligand-to-Metal Charge-transfer

LN 1,4-bis(pyridin-2-ylmethyl)-1,4,7-triazonane
LUMO Lowest Unoccupied Molecular Orbital

MC Metal-Centred

MeCN Acetonitrile

MLCT Metal-to-Ligand Charge-transfer

MS Mass Spectrometry

NHC N-heterocyclic Carbene

NMR Nuclear Magnetic Resonance

NP Nanoparticle

oQ Oxidative Quenching

OTf Triflate

PC Photoredox Catalyst

PCET Proton-Coupled Electron Transfer
phtmeimb Tris(3-methyimidazolin-2-ylidene) (phenyl)borate
ppy 2-Phenylpyridine

PRC Proton Reduction Catalyst

PS Photosensitiser

xxiii



py

RQ
SBCS
SCE
SET
SHE

70

TA
TCSPC
TD-DFT
TEA
TEOA
THF
TIM

™
TMS
TOF
TON

VIS
VLIH

XXiv

Quencher

Pyridine

Reductive Quenching
Symmetry-Breaking Charge-Separation
Standard Calomel Electrode

Single Electron Transfer

Standard Hydrogen Electrode

Excited State Lifetime

Transient Absorption

Time-correlated Single Photon Counting
Time-dependant Density Functional Theory
Triethylamine

Triethanolamine

Tetrahydrofuran

2,3,9,10-Tetramethyl-1,4,8,11-tetraazacyclotetradeca-
1,3,8,10-tetraene

Transition Metal

Trimethylsilyl

Turnover Frequency

Turnover Number

Ultraviolet

Visible

Visible Light-Induced Homolysis



1 Background

Climate change and the threat of an energy crisis are ever-present concerns of modern
society. Our energy requirements are constantly increasing and fossil fuel reserves are
likely to remain our primary global energy source in the future [1]. However, beside the
fact that they are not renewable [1-3], the use of fossil fuels contributes to air pollution,
greenhouse gas emission and the consequent environmental deterioration—and
ultimately climate change and global warming [4]. In order to combat these issues and
limit the usage of energy sources that have detrimental effects on the environment [5],
alternative ways of harvesting energy are needed. One approach to renewable energy
production that has been the focus of many studies, is the conversion of solar energy to
electric or chemical energy. The interest in this area arises from the fact that the Sun
presents an essentially limitless energy source, with slightly more than one hour of
irradiation being sufficient to supply Earth with enough energy to cover humanity’s
annual requirements [6].

1.5 9

1.0

0.5

Spectral Irradiance (Wm=2nm-")

0.0 - T T T Y
500 1000 1500 2000 2500

Wavelength (nm)

Figure 1.1: Spectral irradiance by the Sun. Adapted from [7]

Besides photovoltaic applications, photocatalysis constitutes an alternative way of
harvesting and converting sunlight. Figure 1.1 depicts the spectral irradiance over the
electromagnetic spectrum, ranging from the ultraviolet (UV) region over the part of
the spectrum that is visible to the human eye, up to the infrared (IR). From there, it is



quite apparent that visible light should be of particular interest, as the Sun’s spectral
irradiance is highest in that region [8]. Additionally, using low energy visible light for
irradiation leads to fewer undesired side reactions, caused by unwanted excitation of
organic additives, substrates and products, whilst still providing sufficient amounts of

energy to drive these processes. This is particularly important for organic
transformations mediated by light [9].



2 Aim & Outline of this Thesis

In this thesis, complexes based on Earth-abundant iron are investigated with respect to
their applicability in photocatalysis to reveal their potential but also their limitations.
This has been made possible by the emergence of new Fe-N-heterocyclic carbene
(NHC) complexes with significantly prolonged excited state (ES) lifetimes of their
charge-transfer (CT) states in recent years [10-12]. Their exploration in photocatalysis
and the elucidation of the operative mechanisms can lead to new insights for future
design strategies, allowing for them to become reasonable alternatives to already existing
systems and providing a better understanding of the field at large. Said developments
could include both the prolongation of ES lifetimes and improvement of redox
potentials of the complexes, but also fine-tuning of reaction conditions to effect better
charge-separation, which in turn increases the efficiency of the bimolecular quenching
necessary to drive photocatalytic reactions. Here, particular focus has been given to the
application of Fe-NHC complexes as photoredox catalysts (PC) in organic
transformations as well as their use as photosensitisers (PS) for solar fuel generation.

To establish the context for this thesis work some fundamental concepts and tools
utilised in the field of photocatalysis are touched upon in Chapter 3. Thereafter, a brief
discussion of the photophysical properties of light-harvesting iron complexes, focusing
on Fe-NHC complexes, is given in Chapter 4.

Chapter 5 describes the use of an iron-based PS, [Fe(IlI)(phtmeimb),]PFs (11)
(phtmeimb = tris(3-methyimidazolin-2-ylidene) (phenyl)borate)), in artificial
photosynthesis reactions, which gave rise to the first example of high-turnover
photocatalytic hydrogen evolution reactions sensitised by such systems (Paper I).
Furthermore, first attempts towards the photocatalytic reduction of CO; to CO, using
the same PS, are discussed.

In Chapter 6, the major findings of Paper II and III are relayed, where outer-sphere
single electron transfer (SET) from CT states of Fe-NHC complexes was exploited for
visible-light mediated photoredox catalysis of organic reactions. In Paperll,
[Fe(III/ID) (btz)5]*"*  (9)/(10)  (btz = 3,3'-dimethyl-1,1'-bis(p-tolyl)-4,4'-bis(1,2,3-
triazol-5-ylidene)), was applied as PC in the well-explored atom transfer radical
addition (ATRA) reaction. These reactions were driven via reductive quenching (RQ)
by utilising excitation of the two photoactive oxidation states (9) and (10) within the
same catalytic turnover—an underexplored mechanism in synthetic photoredox



catalysis. Additionally, oxidative quenching (OQ) of (9) could be employed to effect
the same chemical transformations. In Paper III, the use of (11) as PC in visible light-
mediated aminomethylation reactions by in situ generation of a-aminoalkyl radicals is

described.

Based on the findings of Paper I-III demonstrating that the Fe-NHC complexes under
investigation can be successfully employed in photocatalytic applications and
showcasing the possibility for sequential multi-photon excitation of different
photoactive oxidation states of the same complex, Chapter 7 details the preparation and
investigation of the ES properties of the Fe(II)-congener of (11) (Paper IV).

Finally, initial results towards the heterogenisation of Fe(III)-NHC complexes with the
goal of improving their overall sustainability as PCs are presented in Chapter 8. There,
a known homoleptic as well as a newly synthesised heteroleptic structural analogue of
complex (11) were anchored to ALOs-nanoparticles and investigated with respect to
their photocatalytic activity and reusability.



3 Photocatalysis

3.1 Solar Energy Conversion

Solar energy has been widely recognised as the potentially most attractive source of
renewable, clean and abundant energy. Different strategies to its utilisation have been
pursued, such as photothermal, photovoltaic as well as photocatalytic methods. The
conversion of solar energy into chemical energy within the context of photocatalytic
chemical synthesis and artificial photosynthesis of fuels to afford storable products, is
of particular interest [13]. Advances such as the already in 1972 reported use of TiO,
as a photoelectrode for water splitting demonstrated by Fujishima and Honda have led
to photocatalysis being viewed as a promising technology for solar-to-chemical energy
conversion [14]. The therefrom resulting research efforts have given rise to the
development of many different types of systems, both molecular and bulk material-
based—all with the goal of harvesting light and driving various photoreactions [15].

Generally, light is harvested by a photocatalyst and the energy is either transferred to a
substrate or converted into an electrical potential which can subsequently be used to
effect an electron transfer between the excited photocatalyst and a substrate [16]. Due
to the previously mentioned abundance of light, it is generally considered to be a low-
cost resource [17]. However, solar energy conversion poses several challenges, such as
lack of broad-spectrum absorption of the photocatalytic system, undesired side
reactions due to UV irradiation and wavelength mismatch leading to inefhicient energy
conversion due to low quantum yields and losses via thermalisation [15, 16]. As a result,
studies of photocatalytic systems oftentimes incorporate artificial light sources in the
form of lamps or light-emitting diodes (LEDs) to allow for more targeted and
reproducible irradiation [18]. The cost of the energy input into the reaction system
should therefore also be taken into consideration when developing light-harvesting
systems for larger scale applications [16, 17].



3.2 Fundamentals of Photocatalysis

In photocatalysis, the energy difference between the ground state (GS) and the excited
state (ES) of a molecule, based on the gap Eo_o between its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), is utilised to
access high-energy intermediates that can drive chemical reactions, by providing a
thermodynamic driving force. The ES can act as a strong photoreductant
and/or -oxidant, due to the altered electronic structure as a result of the excitation,
being quenched by a suitable reaction partner—a so-called quencher (Q)—in the
process [19]. This is illustrated in Figure 3.1.
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Figure 3.1: Photoexcitation leading to the generation of a strong photoreductan/-oxidant (PC = photoredox
catalyst, Q = quencher, Eo.o = HOMO-LUMO energy gap).

Within the published literature in this field, the term photochemical sensitisation and
photo(redox) catalysis are considered to be closely related and occasionally used
interchangeably [20]. Throughout this thesis, a distinction between photosensitisers
(PSs) and photoredox catalysts (PCs) is made based on whether an additional catalytic
unit is involved in the reaction system. In the herein investigated artificial
photosynthesis reactions, the light-harvesting unit is not directly involved in the
product formation step and is consequently referred to as PS, whereas in the case of
photoredox catalysis of organic reactions, the term PC is used as the light-absorbing
unit engages in electron transfer processes with the product-forming reactants.
However, the fundamental photochemical reaction pathways for both PS or PC as used
herein follow the same principles and will thus be discussed in conjunction in this
chapter.



3.2.1 Photocatalysis based on Single Electron Transfer (SET) Reactions

For a molecule to be successfully employed as a PC or PS, certain requirements need to
be met. In general, strong light absorption—preferably in the visible region of the
electromagnetic spectrum—along with a sufficiently long ES lifetime 7 (commonly
ns—us) to allow for participation in diffusion-controlled bimolecular quenching
processes are considered crucial [19, 21]. Additionally, it is highly desirable for PCs and
PSs to exhibit considerable photostability [21].
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Figure 3.2: Selected examples of compounds used as photocatalysts and photosensitisers (bpy = 2,2’-bipyridine,
ppy = 2-phenylpyridine,  dF(CFs)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine, dtbpy = 4,4'-di-tert-
butyl-2,2'-bipyridine, dap = 2,9-(p-anisyl)-1,10-phenanthroline) [22-24].

A range of both organic and transition metal (TM)-based PCs/PSs fulfil the
requirements discussed above. As a result, they have been used to catalyse/sensitise a
wide variety of reactions, with TM complexes being particularly heavily
featured [19, 25-34]. Their extensive application can be attributed to their more facile
tunability, which, e.g., can be achieved by careful ligand modification or by changing
the counter-ion [35-37]. Moreover, such metal complexes have the advantage of giving
access to different oxidation states. These can be exploited to provide a stronger
thermodynamic driving force for the target reaction to take place [35]. Some



photoactive compounds frequently featured in photocatalytic applications are shown in
Figure 3.2.

Figure 3.3A depicts different reaction pathways a PC or PS can undergo following light
absorption shown on the example of a TM complex [38]. Upon excitation of the PC,
the resulting ES, denotated as *PC, can decay back to the GS either by radiative decay
with a rate constant 4. by emitting light or non-radiatively via thermalisation (£x). Such
pathways are generally considered non-productive in the context of photocatalysis and
are thus undesirable. In the presence of the quencher Q, *PC can engage in single
electron transfer (SET) or energy transfer (EnT), the latter of which will be touched
upon in Chapter 3.2.2. In the case of SET, reductive quenching (RQ) by an electron
donor or oxidative quenching (OQ) by an electron acceptor, gives access to the reduced
or oxidised GS, respectively—states of higher reactivity than the original GS. Electron
acceptors and donors can be sacrificial in nature, a substrate or an intermediate of the
reaction. Most commonly, following another electron transfer to/from a suitable
acceptor/donor molecule or intermediate, the original GS can be restored, making the
reaction catalytic in nature. The efficiency of the SET event that proceeds from *PC is
governed by different factors and can be quantified by the rate of quenching (k) and
the corresponding quenching yield (7). Following the quenching event, a RQ here, the
reaction partners remain in close proximity to each other within the same solvent cage,
providing the opportunity for undesired geminate back-combination (k.), a
spontaneous thermal process [38, 39].

For the photocatalytic reaction to proceed, cage escape of the photoproducts from the
solvent cage to afford the charge-separated species is essential. A schematic illustration
of the cage escape of a PC following SET from an electron donor is shown in
Figure 3.3B. The cage escape yield (CEY, 7..) thus gives a measure of how many of the
quenched ESs result in charge-separated photoproducts that have left the solvent cage
and are available to engage in diffusion-controlled reactions. The rate constant for the
cage escape is given by .. Because of this, CEYs can govern the rate of photoredox
catalytic reactions, despite the interplay of several different steps involved in the overall
reaction [40, 41]. Consequently, CEY is a fundamental aspect of photoredox catalysis
that has not been afforded widespread attention for many years, but has been identified
as a key element to the efliciency of photocatalytic processes more recently [40-46]. The
factors affecting cage escape can be manifold and are to date still not entirely known or
understood [38, 39, 47-53]—and thus hard to predict. Different aspects such as solvent
polarity and viscosity [40, 51, 53-55], electrostatic interactions [56], ion-pairing
effects [39, 54, 55] as well as spin and heavy-atom effects [38-40, 51, 57, 58] among a
number of others have however been stated to play a key role in the cage escape of
electron-transfer products. Following cage escape, unproductive backdonation between
the charge-separated products can still occur, recovering the original PC and Q (kba).



However, ideally the, in this case, reduced PC™ will partake in a SET to a substrate (S)
with a rate constant 4.

As a consequence of the differing pathways the excited PC or PS can undergo, not every
absorbed photon leads to formation of the desired photoproduct, be that the reduced
or the oxidised GS [59]. The quantum yield @ = 747 essentially describes the ratio
between photoproducts generated and photons absorbed. While within this context the
quantum yield solely pertains to the quenching step, such a quantification can also be
expressed in more general terms, as number of events per number of photons

absorbed [60].
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Figure 3.3: A) Schematic overview of the different steps and pathways involved in a photocatalytic reaction
shown on the example of reductive quenching. PC = photoredox catalyst, Q = quencher, S = substrate, k = rate
of radiative decay, k.r = rate of non-radiative decay, kq = rate of quenching, nq = quenching yield, k. = rate of
cage escape, N = cage escape yield, kpa = rate of backdonation, k; = rate of SET to S. Adapted with permission
from [61] © 2023, John Wiley & Sons, Inc. B) Illustration of cage escape of charge-separated photoproduct
following reductive quenching using an electron donor D.



A further prerequisite for a photocatalytic reaction to take place via SET, are favourable
and reversible redox potentials of the involved GSs/ESs of the PC as well as the reactants
and intermediates (Figure 3.4) [62].
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Figure 3.4: Thermodynamic requirements for SET in a photoredox reaction. (PC = photoredox catalyst,
D = electron donor, A = electron acceptor).

While GS redox potentials can be determined by methods such as cyclic voltammetry
(CV), ES redox potentials are estimated from the GS reduction and oxidation potentials
in combination with the ES energy of the PC (£-o) using the simplified Rehm—Weller
equation (Eq. (3.1) for oxidative quenching, Eq. (3.2) for reductive quenching) [63].

EO(PC+1/ *PCN) = EO(PCM*1/PCM) — E,_o( *PC/PCD) 3.1)

E°( *PCP/PCP~1) = EO(PC"/PC"1) — E,_o( *PC"/PCM) (3.2)

3.2.2 Energy Transfer (EnT)

Another way of exploiting ES reactivity that has been pursued in the field of
photocatalysis is the previously mentioned EnT, where excess energy of a donor
molecule (D) is transferred to an acceptor molecule (A) (Figure 3.5) [62, 64]. This gives
access to ESs that would otherwise be less or not at all available via direct light-induced
excitation. Dexter EnT, follows an exchange mechanism that necessitates orbital overlap
between D and A, which is a spin-conserved process [65, 66]. The triplet-ES energy of
the *PC is transferred to an A via intermolecular exchange of GS- and ES-electrons

(Figure 3.5, left) [65-67].
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In the Forster EnT (Figure 3.5, right), also referred to as coulombic EnT, the energy is
transferred through-space between transition dipole moments over distances of 10 to
100 A [68], thus not requiring physical D—A contact [65, 66, 69]. In this case, the
electronic absorption spectrum of the A and the emission spectrum of the D need to
exhibit an overlap [62]. Consequently, this mechanism is of importance in fluorescence
labelling and bioimaging, but not widely applicable to photocatalytic systems, due to
the lack of visible light absorption of most organic substrates [67].
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Figure 3.5: Dexter and Forster Energy Transfer (D = donor, A = acceptor). Adapted from [70] with permission
from the Royal Society of Chemistry. © 2015 Royal Society of Chemistry.
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3.3 Tools for Investigation of Photocatalytic Systems

While advancements in the area of (organic) photoredox catalysis have been heavily
reliant on empirical reaction optimisation, an improved understanding of the
underlying mechanisms of existing reaction systems can facilitate and accelerate
progress—not just in specific cases—but rather for the field of photocatalysis at

large [61, 71, 72].

In light of the requirements for conducting photocatalysis mentioned in the previous
section, methods of predicting whether these prerequisites are fulfilled are essential to
planning and designing new photocatalytic systems and reactions. To this end, a range
of different tools can be used to investigate both photophysical and -chemical properties
of potential reaction components [61, 73, 74].

3.3.1 Steady-State Spectroscopy & Stern—Volmer Quenching Studies

Steady-state spectroscopy can be utilised to obtain fundamental information on both
the PS and reactants for a photocatalytic reaction. Absorbance A gives a measure of the
intensity of the transmitted light /; through the sample compared to the intensity of
the incident light /; and is expressed in Eq. (3.3) in the form of the Beer-Lambert law.
The absorbance is linearly dependant on the extinction coefficient ¢, the concentration
¢ of the sample and the pathlength /[75].

lee\

A= —log (—) = ecl (3.3)

Iy
UV-VIS absorption spectroscopy can for instance afford insights into aspects such as
ideal irradiation wavelength for excitation based on the absorption maxima (As) of the
PS. The extinction coeflicient ¢ of the latter can also be determined by utilising the
aforementioned linear dependence. Furthermore, additional properties of the reaction
system that could impact reactivity or give mechanistic insights, such as the possible
formation of ground state complexes between different reactants, can be determined.
The photostability of the PS or PC can also be investigated using this technique by
tracking the change in absorption features—a point of large interest for photocatalytic
applications, as the degradation of the light-harvesting unit within the reaction can be
detrimental to the formation of product [62, 74].

Oftentimes, PCs can also exhibit room-temperature emission of a photon upon
relaxation from their ESs back to the GSs. Determining the emission wavelength of
photoactive compounds by steady-state emission spectroscopy makes it possible to
calculate the energy difference between the GS and ES (£o-0). Additionally, monitoring
changes of the emission intensity in the presence of reactants and additives can give

12



valuable information on possible interactions occurring between the ES of the PC
(*PC) and other reaction components, such as SET or EnT. Both of these phenomena
can lead to a decrease in emission intensity, signifying quenching of the ES [61, 74].

A simplified illustration of the measurement principle behind steady-state absorption
and emission spectroscopy as well as examples for the appearance of the resulting spectra
are shown in Figure 3.6.
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Figure 3.6: Schematic drawing of the measurement principle behind steady-state absorption and emission
spectroscopy. lo = incident light, /i = transmitted light, lemo = emitted light.

Through Stern—Volmer quenching experiments the change between emission intensity
in the absence of quencher, Lo, and the emission intensity ln in the presence of
different quencher concentrations [Q] can be utilised to obtain insights into the kinetics
of the quenching process [61, 62].

For the case of purely collisional bimolecular quenching, the decrease in intensity is
described by Eq. (3.5) for a reaction as shown in Eq. (3.4). By plotting Lm0/ Lem vs [Q]
and performing a linear fit, the Stern—Volmer constant Ksv (in M), which corresponds
to the slope of the function, and thus 4, (in M s™") can be obtained. Consequently, the
rate of the activation step in a photocatalytic reaction can be determined using this
rather simple method, provided that the ES lifetime 7 in the respective solvent is

known [61, 62, 76].

PC*+Q — PC*~ +Q7/* (3.4)

I
T”=1+&ﬂm=1+%mm] (3.5)
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ES quenching can also originate from the formation of a non-emissive GS adduct
between the PS and Q. Such an adduct returns to the GS without emission of a photon
upon irradiation and only PS molecules that are not complexed will exhibit detectable
emission. Zemo versus I will in this case also exhibit linear behaviour (Eq. (3.6)).
However, the constant Ks (in M) now corresponds to the association constant for the

formation of the adduct [76].

1
S0 = 1+ Ks[Q] (3.6)

Iem

Deviations of said linear behaviour can also occur, indicative of a static quenching
component in combination with diffusion-controlled collisional quenching. In such a
case, a quadratic dependence on the concentration of Q (Eq. (3.7)) can be used to
model the obtained data. Kb corresponds to the dynamic quenching constant in this
case and describes the collisional component of the reaction. The dynamic component
of the quenching can be extracted from lifetime measurements, using the linear
relationship given in Eq. (3.8), where 7 corresponds to the lifetime in presence of the
quencher. By introducing the apparent quenching constant K, as defined in Eq. (3.9),
this quadratic expression can be simplified and utilised to graphically separate Ks and
Kb, by constructing a plot of K,,/[Q] versus [Q] and extracting the values for the slope
(KpKs) and intercept (Kp+Ks) [62, 76, 77].

Iem
2= 1+ (Kp + Ks)[Q] + KpKs[Q)” = 1+ Kapp[Q] (3.7)
To
P 1+ Kp[Q] (3.8)
Kapp = (Kp + Ks) + KpKs [Q] (3.9)

Figure 3.7 illustrates the typical appearance of steady-state (Z/imo//em) and time-resolved
emission data (7/7) resulting from dynamic quenching, static quenching and a

combination of both [62, 76].
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Figure 3.7: Schematic Stern-Volmer plots obtained from systems exhibiting A) dynamic quenching, B) static
quenching and C) both dynamic and static quenching. Adapted from [62] with permission from the Royal Society
of Chemistry. © 2016 Royal Society of Chemistry.

3.3.2 Time-Resolved Spectroscopy Techniques

Time-resolved spectroscopy techniques are a powerful tool for the investigation of
photophysical and -chemical properties of the components and intermediates in
photocatalytic systems as well as of the dynamic processes taking place in those
reactions. Transient absorption (TA) spectroscopy constitutes the most frequently used
of these techniques, allowing for the determination of the ES lifetime of a non-emissive
PC in solution as well as giving insights into the formation of reaction intermediates,
reaction kinetics and other mechanistic features [61, 73, 74, 78]. During TA
spectroscopy, a sample is irradiated by a laser pulse—referred to as pump—generating
the ES, the absorption spectrum of which is then recorded as a function of time
(fs—s range) using a broad-band spectrum lamp—the probe. A differential spectrum of
the absorption following the pump and the absorption prior to excitation can then
reveal changes that occur. Figure 3.8 shows a schematic TA spectrum, illustrating what
kind of qualitative information can be obtained. There, the difference in the extinction
coefficient ¢ of the GS and ES depending on the wavelength can be seen. Positive
features originate from the ES absorbing more strongly than the GS and vice versa for
negative features, also referred to as bleach. If the absorbance of the GS and ES is equal
at a certain wavelength, an isosbestic point is observed [62].
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Figure 3.8: A) Schematic spectra showing the absorption of the ground state (GS) and excited state (ES).
B) Schematic illustration of a transient absorption spectrum exhibiting a positive feature (brown) and a negative
feature (blue) corresponding to the bleach. Adapted from [62] with permission from the Royal Society of
Chemistry. © 2016 Royal Society of Chemistry.

Additionally, in a reaction of *PC with a Q, it is possible to elucidate whether the ES
reaction is an SET. If so, a change in the spectral features corresponding to what would
be the resulting oxidation state of the respective RQ or OQ event is observed.
Consequently, provided that the absorption features of the resulting reduced or oxidised
GS are known and the quenching does indeed result in a detectable amount of charge-
separated photoproducts, a reasonable assignment of the nature of the ES reaction can
be made. The tracing of these processes at specific wavelengths can furthermore provide
data from which kinetic rate constants can be extracted [79, 80].

Time-resolved emission spectroscopy—used to the determine the ES lifetimes of
emissive PCs—time-resolved IR spectroscopy, time-resolved Raman spectroscopy and
X-ray TA spectroscopy constitute further examples of techniques that have found
application in the investigation of photocatalytic mechanisms [61].

3.3.3 Cyclic Voltammetry and Spectroelectrochemistry

With SET processes are at the core of many photocatalytic reactions, knowledge of the
electrochemical behaviour of the components in a photocatalytic reaction system—PC,
sacrificial electron donors or acceptors, substrates and additives—is crucial both to
predicting but also to rationalising reactivity patterns [62, 73]. CV constitutes a
comparatively simple but powerful method towards investigating reversible and
irreversible reduction and oxidation processes of molecular reactants [81].

CV measurements are performed in an electrochemical cell featuring a working
electrode, a reference electrode as well as a counter electrode, which are immersed in an
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electrolyte solution containing the analyte-sample S. Through the working electrode, a
potential £ is applied as a function of the reference electrode and gradually changed
until reaching a set potential, upon which the direction of the “sweep” is reversed. The
thereby induced current / is monitored and corresponds to the flow of electrons
between the working and counter electrode [82]. Figure 3.9 depicts a schematic
illustration of a cyclic voltammogram, from which the desired information on the
electrochemical properties of a compound can be obtained. There, the values on the
abscissa denote the applied potential £, while the ordinate shows the current / that is
passed. It ought to be noted that in this particular case the US convention of reporting
CV data was used, as indicated by the abscissa, where the values for the applied voltage
go from high potentials to low potentials. The sweep thus occurs from high to low
potentials, from the initial potential 1 to the switching potential 4. The scan direction
is then reversed and the potential is increased again until the end potential 7 is reached.
Point 2 and 5 indicate where the concentration of S and S* is equal, corresponding to
the value of interest, the half-wave potential £\,—the halfway point between the peak
cathodic current 3 and the peak anodic current 6 [81].
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Figure 3.9: Schematic depiction of a cyclic voltammogram showcasing a reversible reduction of a sample S. 1:
initial potential, 2 & 5: points of equal concentration between S and S*, 3: peak cathodic current, 4: switching
potential, 6: peak anodic current, 7: end potential. Adapted with permission from [81]. © 2017 American Chemical
Society.
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The thereby obtained potentials are reported in relation to the previously mentioned
reference electrode. There are several commonly used reference electrode materials, such
as the saturated calomel electrode (SCE), standard hydrogen electrode (SHE) and
different Ag/Ag" electrodes, the latter of which are also used in non-aqueous media [81].
Tables can be utilised for the conversion between the most common reference
electrodes [83], but the use of an internal reference such as ferrocene, if possible, enables
the most reliable comparison between different set-ups [84].

The combination of electrochemical measurements and steady-state spectroscopy (UV—
VIS, IR, Raman, etc.)—spectroelectrochemistry—enables the simultaneous
determination of redox potentials and characterisation of the accompanying changes in
spectroscopic features. This allows for the identification of reaction intermediates as
well as reduced or oxidised GSs of the PC. A prerequisite for this technique is the
electrochemical stability of the investigated components as well as them exhibiting
absorption features in the investigated spectral range [12, 85-88].

3.3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy presents one of the most
commonplace analytical techniques in synthetic chemistry and is thus also extensively
used for the investigation of photocatalytic systems. Beyond its usage to identify and
quantify reaction products, NMR spectroscopy is a powerful, non-invasive and non-
destructive method that can be employed to detect and identify sufhciently long-lived
reaction intermediates with high-sensitivity, determine photodegradation of reaction
components, obtain information on intermolecular interactions as well as diffusion-
coefficients of reaction components, which can for instance be used to estimate the
pathlength an excited PC can diffuse during its ES lifetime. A built-in LED irradiation
source can even allow for in situ tracing of photoreactions over time [59, 89].

3.3.5 Detection of Radicals

Electron paramagnetic resonance (EPR) spectroscopy is a technique that allows for the
detection and analysis of paramagnetic samples, such as open-shell intermediates which
are often generated during photocatalytic reactions. It is an analogous technique to
NMR spectroscopy, albeit based on electron spin excitation rather than nuclear spin
excitation. To induce the transitions between electron spin energy levels, an external
magnetic field and microwave radiation are applied [90]. EPR can also be performed
with time resolution to enable tracing of the change in electron spin over time,
providing information on the sample’s dynamic behaviour. Both static and time-
resolved EPR require appropriate instrumental setup and are thus not as wide-spread as

NMR spectroscopy [61, 91].
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Alternatively, radical traps—compounds which bind radicals hampering product
formation and are often based on persistent radicals—can be utilised in the
investigation of the participation of radicals in a reaction. The resulting closed-shell
adducts can then be detected and analysed by commonplace analytical methods (NMR,
mass spectrometry (MS), etc.). Employing this method for the detection of radical
reaction intermediates furthermore allows for analysis of short-lived radicals or
intermediates that form in too low concentrations for detection via EPR [92].

3.3.6 Chemical Actinometry

As previously mentioned, an essential metric for evaluating the efficiency of photo-
induced process—be that a photocatalytic reaction or a specific step of the
photocatalytic cycle—is the quantum yield @. Quantum yields can be determined
using chemical actinometers—systems containing a light-harvesting unit that can
participate in a light-induced reaction at a specified wavelength and that have a known
quantum yield, among other prerequisites [93]. They can for instance be employed to
determine the number of product molecules formed per absorbed photon [94]. By
measuring the reaction rate for the chemical actinometer in a reaction set-up, the
photon flux in that specific set-up can be determined. Chemical actinometry can thus
also provide indication for the presence of a radical chain propagation mechanism in a
photocatalytic reaction. In an ideal case, a non-chain mechanism would exhibit a
quantum yield of 1, but due to not all photons being absorbed productively, a number
smaller than unity is often obtained. Conversely, @ >> 1 gives strong support for chain
propagation being operative, as more product molecules are being generated than
photons absorbed. However, @ < 1 does not evidence the absence of a chain
propagation as the chain reaction might just be very inefficient [95]. While providing
good indication of a possible underlying chain propagation mechanism or lack thereof,
chemical actinometry itself can be prone to experimental errors due to undesired
background reaction caused by e.g., ambient light, leading to inaccurate quantum yields

being obtained [59].

3.3.7 Cage Escape Yield Determination

CEYs, as previously discussed, give a measure of the number of charge-separated
photoproducts that escape the solvent cage following the quenching event and can be
determined by comparative actinometry techniques [61, 96]. There, absorption changes
that originate from the reduction or oxidation of the PS are compared to the absorption
changes of the ES of a reference actinometer, often [Ru(bpy)s]** (1) (bpy = 2,2’-
bipyridine), and normalised by their relative absorbances at the excitation wavelength,

giving rise to the relative yield of reduced PS (PS’) or oxidised PS (PS*) [61]. The CEY
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is then obtained by the ratio of relative yield of PS™ or PS* to the percentage of quenched
photoluminescence, with the latter usually being determined by time-resolved or
steady-state emission measurements. Photostability of both PS and Q for the duration
of the experiment is essential for these measurements to give reliable results.
Additionally, the actinometer and PS must absorb at the same excitation

wavelength [96].
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4 Photophysics of Light-Harvesting

Iron Complexes

As previously mentioned in Chapter 3.2.1, TM-based complexes have been particularly
heavily utilised for photocatalytic applications. Most of them are hexa-coordinated,
meaning that they form six metal-ligand bonds, with the ligands being arranged in an
octahedron around the metal centre. Although in reality, actual complex geometries
tend to deviate to varying degrees from that geometry. The five d-orbitals (dy, dw, dy,
de.y and d2) that are the frontier orbitals of TMs and thus partake in the bond
formation are depicted in Figure 4.1 along with the splitting they undergo if the
resulting complex exhibits perfect octahedral geometry, giving rise to two sets of
degenerate orbitals (tz; and ey). The e,-set, corresponding to the d._>- and dz-orbitals,
is strongly destabilised as these orbitals have the strongest interaction with the ligands
as a result of their o-symmetry, whereas the n-symmetric tye-set, consisting of the dy-,
dy.- and dy.-orbitals, is lower in energy due to the comparatively lesser destabilisation as
a result of lesser interaction with the ligands.

Particularly ~organometallic complexes based on noble metals, such as
[Ru(I)(bpy)s]** (1),  fac-[Ir(I1])(ppy)s] (ppy = 2-phenylpyridine) (2) and
(Ir(III) (dF(CF3) ppy)2(dtbpy)]* (dF(CFs)ppy = 2-(2,4-difluorophenyl)-5-(trifluoro-
methyl)pyridine, dtbpy = 4,4'-di-zer-butyl-2,2'-bipyridine) (3) are frequently used in
photocatalysis. However, the scarcity of those metals along with their comparatively
blue-shifted absorption and the lack of long-term photostability of their organometallic
complexes pose a distinct disadvantage to their usage [97-100].

Consequently, complexes based on Earth-abundant metals have been given increasingly
more consideration as light-harvesters, both for photoredox catalysis of organic
transformations and artificial photosynthesis, as a means of generating solar fuels
[101-106]. Such complexes can exhibit comparatively long-lived CT ESs, favourable
reversible redox chemistry and strong visible light absorption. In addition to that, they
offer the advantage of higher abundance and more facile production of the metals
compared to their already established noble metal counterparts [102]. Among others,
complexes of Cu(l) [107-112], Mn(I) [113], Cr(0) and Cr(III) [114-117],
Co(III) [118] as well as Mo(0) [119] have been investigated and have shown promise
as Earth-abundant PSs.
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Figure 4.1: Schematic overview of d-orbitals in a TM and their splitting in an octahedral complex [120].

However, in terms of relative abundance of TMs, iron in particular stands out, due to
its high availability, low cost and comparatively small environmental impact [121].
Unfortunately, finding efficient iron-based PSs poses a great challenge. Fe(II)-
polypyridyl complexes such as [Fe(II) (bpy)s]** (8) are isoelectronic with regard to their
valence electrons when comparing to similar Ru(II) complexes, resulting in the presence
of the same electronic states, albeit in differing relative order of charge transfer (CT)
and metal-centred (MC) states [122]. Said difference can be ascribed to the so-called
“primogenic effect”, which describes the phenomenon of electronic repulsion between
valence and core electrons or lack thereof depending on the presence of radial nodes in
the wave functions of the d-orbitals [123, 124]. The 3d-orbitals of first row-metals such
as iron are contracted as a consequence of poor shielding of the nuclear charge by the
core electrons, which can primarily be attributed to there being no radial node away
from the nucleus. As a result, electrostatic repulsion between the metal and ligand is
increased, leading to less efficient orbital-overlap and thus weaker binding. On the other
hand, the 4d-orbitals of second row-metals such as ruthenium extend further than the
4s- and 4p-orbitals, allowing for stronger metal-ligand bonds [122].
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[Fe(I(bpy)s]X2 (X = Cl or PFs) (8)

The different electronic states and transitions in Ru(Il)- and Fe(II)-polypyridyl
complexes are illustrated in Figure 4.2 [125]. Assuming a near-octahedral geometry
imposed by the hexa-coordinate ligand environment surrounding the metal centre, the
d-orbitals are split into tz; and e, as previously discussed, with the field strength of the
ligands leading to a low-spin d°-configuration. The better orbital-overlap between the
4d-orbitals in Ru(II) complexes and the ligand orbitals, leads to stronger ligand field
splitting and thus an increase in energy of the ty-orbitals, the HOMO, pushing them
above the 7*-orbitals of the ligands, making the latter the LUMO [122]. Due to the
prevalent metal-character of the HOMO and ligand-character of the LUMO, the
lowest energy transition of an electron upon light-excitation is a metal-to-ligand charge-
transfer (MLCT). The GS — ES transition occurs under conservation of the spin
multiplicity ('GS — '"MLCT), but intersystem crossing (ISC)—an isoenergetic
radiationless transition between two electronic states with different spin multiplicity—
results in the population of the more stable "MLCT, the lowest energy ES of such a
complex. Consequently, the ES lifetime of the "MLCT governs the photochemical
reactivity [21]. Owing to the strong ligand-field splitting in second- and third-row
metals, the MC states CMC and "MC) have the same or higher energy compared to the
MLCT states in the case of [Ru(bpy)s]** (1)—precluding rapid, radiationless decay to
the GS via these MC states—giving rise to long-lived CT states of 930 + 40 ns in
deaerated acetonitrile [62].

On the other hand, in Fe(I)-polypyridyl systems, the e;*-orbitals are lower in energy
than the 7*-orbitals. Subsequently, complexes such as (8) notoriously suffer from short
excited state lifetimes due to ultrafast deactivation of "MLCT ESs via low lying **MC
states [122, 126, 127]. The resulting sub ps-lifetimes therefore limit their applicability
significantly [128-130].
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Figure 4.2: Energy levels and excited state deactivation pathways of [Ru(ll)Ls]** (left) and [Fe(ll)Ls]** (right)
complexes. (dashed arrows: competeing non-radiative deactivation pathway for which an activation barrier must
be overcome) Adapted from [125] with permission. © 2016 American Chemical Society.

As a way of mitigating said issues that arise from the deactivation through low-lying
MC states in Fe(Il)-polypyridyl complexes, different strategies with the goal of
switching the relative ordering of MC and MLCT states have been pursued [131-134].
One such approach that has led to a substantial increase in ES lifetimes for photoactive
iron-complexes is based on the introduction of strongly c-donating /N-heterocyclic
carbene (NHC) ligands [135, 136]. These prevalently destabilise the MC eg-orbitals,
which exhibit o-symmetry, thus leading to a significant extension of MLCT ES
lifetimes [21, 125, 137]. An additional benefit of incorporating these specific NHC-
motifs is the optimised geometry of the resulting complexes, more closely resembling
an ideal octahedron, which further promotes ligand field splitting. For hexa-NHC
ligands, the Fe(IIl/II)-redox couple is shifted to more negative values, affording the
Fe(III) oxidation state under ambient conditions. With the MC states being raised in
energy to lie above the ligand-centred (LC) state, these d’-systems are consequently
excited via ligand-to-metal charge-transfer (LMCT) upon visible light absorption,
corresponding to their lowest energy transition. The electronic states and transitions in

Fe(II)-NHC and Fe(III)-NHC complexes are depicted in Figure 4.3.
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Figure 4.3: Energy levels and excited state deactivation pathways of Fe(ll)-NHC (left) and Fe(lll)-NHC (right)
complexes (dashed arrows: competeing non-radiative deactivation pathway for which an activation barrier must
be overcome). Adapted from [21] and [125] with permission. © 2016 American Chemical Society.

From the series of photoactive complexes harbouring NHC-moieties that have come
forth in recent years, two air-stable Fe(Il) Aexa-NHC-complexes, [Fe(IlI)(btz)s]* (9)
(btz = 3,3'-dimethyl-1,1'-bis(p-tolyl)-4,4"-bis(1,2,3-triazol-5-ylidene)) in 2017 [10]
and [Fe(III) (phtmeimb),]* (phtmeimb = tris(3-methylimidazolin-2-
ylidene) (phenyl)borate) (11) in 2019 [12], have emerged. Both had at the time of their
publication unprecedented lifetimes of their respective ‘LMCT states—100 ps for the
former and 2 ns for the latter—and exhibited room temperature photoluminescence
with quantum yields of 0.03 % for (9) and 2 % for (11). Concurrently, by reduction
of complex (9) to its Fe(II)-congener, [Fe(II)(btz)s]** (10), an iron-complex with a non-
emissive "MLCT state featuring a lifetime of 528 ps was prepared in 2018, which was
however prone to oxidation under prolonged exposure to air [11].
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[Fe(ll/)(btz)s]>*2* (9)/(10) [Fe(ll)(phtmeimb)2]* (11)
Aabs ((9)/(10)) = 558 nm/540 & 730 nm
(Emax =1.5x%x 10> M'em’Y/ Aabs = 502 nm (Emax =3.0x 10° M‘1cm’1)
5.5 x 10° & 2.5 x 10> M'cm™") Aem = 655 Nm
Aem ((9)/(10)) = 600 Nnm/— ToLMCT) = 2 ns
To(2LMCT (9)AMLCT(10)) = 100 ps/528 ps

The introduction of a hexa-NHC framework not only significantly improved
photophysical but also redox properties, ultimately giving rise to the first examples of
bimolecular quenching of CT states in iron complex [12, 44, 138, 139], enabling their
use as photoredox catalysts [40, 44, 45, 139, 140], as well as photosensitisers in artificial
photosynthesis [43]. In addition, (11) has been used for organic LEDs recently [141],
which further highlights the more general applicability of these complexes.

An overview of the redox potentials of the different relevant states for the hexa-Fe-NHC
complexes utilised for photocatalytic reactions in this thesis—(9), (10) as well as (11)—
is illustrated in Figure 4.4. A more detailed discussion of the redox chemistry of the
respective compounds will be given in the pertinent sections discussing their application
in the following chapters.
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5 Artificial Photosynthesis sensitised
by an Fe(IIT)-NHC Complex

The field of artificial photosynthesis is inspired by natural photosynthesis, where
sunlight is harvested and converted into chemical energy [142]. The transformation of
solar energy into biomass via natural photosynthesis produces significantly more energy
than humanity’s annual energy consumption. While the overall efficiency of energy
conversion in plants is very low (below 1 %)—mainly due to the inherent energy
demands related to processes such as growth—the actual photosynthesis, meaning light
capture, charge-separation and water-splitting reaction, is very efficient [143-145].
Consequently, inspired by these natural processes, artificial photosynthesis has the goal
of direct production of solar fuels, necessitating the efficient absorption of photons,
electron transfer reactions from the ES to afford highly reactive charge-separated species
as well as the storage of the captured energy by multi-electron catalysis [143, 146].

Hydrogen production is of particular interest for industrial applications, as a potential
fuel source, in fertiliser production as well as oil refining [147, 148]. However, most
hydrogen gas is currently being generated from natural gas, which is commonly referred
to as “grey’-hydrogen [149]. The major issue with this method is the emission of
substantial amounts of carbon dioxide [32]. Generating hydrogen, ideally from water,
in a green and sustainable manner requires the development of carbon-free, efficient,
robust and inexpensive methods is thus the focus of extensive research [32, 150-154].

Beside water splitting reactions, where hydrogen and oxygen can be produced [155],
the reduction of carbon dioxide to carbon monoxide for syngas—a mixture of hydrogen
and carbon monoxide used for industrial synthetic processes—as well as fuels such as
formic acid, methanol, methane or low molecular weight hydrocarbons, even extending
to bulk chemicals such as formaldehyde and CO,-based polymers, is another energy-
demanding process that could be driven photocatalytically, as shown by several
reports [156-161].
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Scheme 5.1: Photosensitisation of A) a reduction reaction and B) an oxidation reaction in artificial photosynthesis
(D = (sacrificial) electron donor, A = (sacrificial) electron acceptor , cat = reduction or oxidation catalyst driving
product formation in a dark reaction).

Some more general prerequisites for successful artificial photosynthesis have been
discussed in Chapter 3.2 and include efficient photon absorption to access the ES of a
PS and subsequent SET to obtain the charge-separated species. Part of the
photocatalytic system, oftentimes an additional catalytic unit, furthermore needs to
provide means of multi-electron storage to deliver the energy necessary for the desired
reaction [145]. Molecular systems for artificial photosynthesis—as previously
discussed—feature a PS in combination with a catalytic unit that performs the actual
reduction or oxidation reaction. There, the excited PS can donate to (Scheme 5.1A) or
accept an electron from (Scheme 5.1B) the catalyst, either reducing or oxidising the
latter. The catalyst then goes on to effect the desired reaction in a multi-electron process
that is not light-mediated, such as hydrogen or oxygen evolution from water or CO,

reductions [33, 36, 145].
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Many research efforts in this field are focused on gaining a more profound
understanding of the processes of natural photosynthesis on a fundamental level by
utilising simplified model systems, with their larger scale application being the long-
term goal. However, to date solar fuel technologies based on artificial photosynthesis
systems have not found practical application yet, partially due to their lack of efficiency
and reliance on sacrificial reagents among other issues [162, 163].

5.1 Analysis of Gaseous Reaction Products

The products of artificial photosynthesis reactions are often gases, which requires the
usage of appropriate analysis methods for their identification and quantification.
Commonly employed techniques include gas chromatography (GC) [164], MS [165],
and electrode sensors among others [166-168]. However, these methods necessitate
penetration of the reaction system and sometimes removal of a sample aliquot,
increasing the risk of leakage or introducing impurities. This can interfere both with
the reaction progress as well as the analysis results. Additionally, bringing sensitive
equipment such as electrode sensors or GC columns into direct contact with reaction
components can lead to their faster deterioration.

To mitigate these issues, we employed a custom-built instrument based on rotational
Raman spectroscopy for the analysis of our artificial photosynthesis reactions in a non-
invasive way, while enabling the simultaneous quantification of gases such as H,, O,,
N, CO,, and CO. Raman-based gas analysis has undergone many developments in
recent years [169-172] and we have been able to demonstrate the applicability of our
custom-built set-up for the analysis of artificial photosynthesis [173]. The set-up used
herein allows for the quantification of gases based on their back-scattering geometry
and rotational Raman spectrum. The optical layout is illustrated in Figure 5.1.
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Figure 5.1: Schematic overview of the optical layout for the Raman-based gas analyser. M = mirror, L = lens,
F = edge filter, W = CaF, window, CCD = charge couple device camera. Adapted from [173] with permission from
the Royal Society of Chemistry.

Generally, the gas content in the headspace of the vial is measured and the signal
intensity of the Raman band is compared to the signal intensity of the appropriate
library spectrum of the analyte gas(es), the latter of which corresponds to a nominal
concentration of “100 %”. By assuming near-ideal behaviour of the analysed gases, the
ideal gas law (Eq. (5.1), where p is the absolute pressure (Pa or N m?), V'is the
volume (m?®), 7 is the amount of substance (mol), R is the ideal gas constant
(8.31441 J K" mol™) and T is the temperature (K)) can be applied to calculate the
amount of substance that was detected in the library spectrum and consequently also
the amount of analyte in the investigated sample.

pV = nRT (5.1)
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5.2 High Turnover Hydrogen Evolution sensitised by an
Fe(III)-NHC complex (Paper I)

With the growing need for increasing amounts of hydrogen, different strategies for its
green production are being pursued. One such approach is based on using molecular
systems for driving hydrogen evolution reactions (HERs). While a number of proton
reduction catalysts (PRCs) are based on Earth-abundant metals, most PSs used for
HERs feature noble metals, such as ruthenium (1) and iridium (2)/(3) [25, 27, 31, 32].

In this study, we sought to replace such complexes with a PS based on Earth-abundant
iron. [Fe(IlI)(phtmeimb),]* (11) was chosen due to its 2 ns-lifetime, green light
absorption and ability to engage in bimolecular quenching reactions of its CT state.
Additionally, due to the relatively strong oxidation power (+0.97 V vs Fc", +1.37 V vs
SCE) [12] of its ES, reduction to the Fe(II)-state is facile in the presence of a variety of
electron donors. The resulting Fe(I)-complex (-1.16 V vs Fc*'?, -0.77 V vs SCE) [12]
can then go on to transfer an electron to a PRC to promote the HER. To this end, we
investigated the photocatalytic formation of hydrogen using colloidal Pt or the
cobaloxime [Co(dmgH),pyCl] (12) (dmgH = dimethylglyoximato, py = pyridine).
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[Co(dmgH)2pyCl] (12)

Following initial testing and optimisations, we were able to demonstrate that
photocatalytic hydrogen production using Pt colloids (Table 5.1) and the Earth-
abundant, homogenous PRC (12) (Table 5.2) could successfully be sensitised by the
Fe(IIT)-NHC complex (11) at an irradiation wavelength A of 530 nm. The reactions
were performed with a PS-concentration of 1 mM and 0.5 mM using 0.5 M EtN
(triethylamine) and 0.377 M TEOA (triethanolamine), respectively. In all reactions,
[HNEg][BF4] was used as a proton source.

Using these two systems, turnover numbers (TONs) of 1176 with the Pt-PRC and
1311 with (12) were obtained, constituting the first high-turnover photocatalytic HERs
sensitised by an Earth-abundant iron-NHC complex under green light
irradiation [174, 175].
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[Fe(phtmeimb),]PFg (11)
KoPtCl, EtzN
[HNEt5][BF,] > H>(9)
Acetonitrile
Ar(g), 28-32 °C
Ajr =530 nm, 3.15 W

Table 5.1: HER using (11) as PS, Pt-colloids as PRC, [HNEt3][BF4] as proton source, and Et;N as sacrificial reductant.
(°TON = mol H./ mol PRC, average of 2 replicates). Reproduced from Paper | with permission from the Royal
Society of Chemistry.

1° 0.45 21 48.0 53.3 .
2 0.9 21 5.79 3.22 .
3 0.05 22 117.6 1176 129
4 0.01 20 12.2 612 68
5° 0.005 17 7.12 712 .

[Fe(phtmeimb),]PFg (11)
[Co(dmgH),pyCl], TEOA
[HNEt3][BF ] »  Hz(9)
Acetonitrile
Ar(g), 28-32 °C
Ay =530 nm, 3.15 W

Table 5.2: HER using (11) as PS, [Co(dmgH)2pyCl] (12) as PRC, [HNEt;][BFa] as proton source, and TEOA as sacrificial
reductant. (*TON = mol H./ mol PRC, “average of 2 replicates, 3 mM of free dmgH.-ligand added. 966 mM
[HNEt:][BF4]. ©DCM used as reaction solvent. 'n.d. = no hydrogen detected.). Reproduced from Paper | with
permission from the Royal Society of Chemistry.

1 0.1 4 9 45 -
2bcd 0.1 17 100 498 -
3¢ 0.01 21 21 1024 152
4¢ 0.005 21 13 1311 152
5¢ 0.1 18 n.d.f - -

The comparable rates of hydrogen formation observed for the two different PRCs
(6.5 umol h™, based on Figure 5.2A & B at 3.15 W) indicated that the turnover
frequencies (TOFs) were not limited by the catalysts but rather the generation of
charge-separated species following excitation and quenching of the PS. This was further
probed by investigating the rate of hydrogen evolution at different irradiation
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intensities, revealing that the changes in TOF were approximately proportional to
intensity of the illumination (Figure 5.2A & B).

Interestingly, comparison to the archetypal Ru-PS (1) furthermore showed that initial
TOFs for this noble metal complex were significantly higher than for our Fe-NHC
complex (11) (Figure 5.2D). However, already after one hour, hydrogen evolution had
reached a plateau, presumably due to photodecomposition of the PS. Direct
comparison of the photostability of (1) and (11) demonstrated that while the Ru-based
complex had decomposed significantly after 14 h of irradiation, the absorption features
for the Fe-complex under investigation in this study remained essentially unchanged
even after 22 h (Figure 5.2C).
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Figure 5.2: A) Time trace of the HER using PS (11) (1 mM), KzPtCls (0.05 mM), [HNEt:][BFs] (165 mM), EtsN
(500 mM) in acetonitrile at 3.15 W (blue) and 1.51 W (brown) light intensity (Air = 530 nm). B) Time trace of the
HER using PS (11) (0.5 mM), PRC (12) (0.1 mM), free ligand dmgH: (3 mM), [HNEts][BF.] (165 mM), TEOA (377 mM)
in acetonitrile at 3.15 W (blue) and 1.51 W (brown) light instensity (Air = 530 nm). C) Absorption spectra of the
reaction solutions for the HER with Ru-PS (1) (brown) and the Fe-PS (11) (blue), before (solid line) and after
irradiation (dashed line, 14 h and 22 h respectively). D) Time trace of the HER with the Ru-PS (1) using green
(Air = 530 nm) and blue irradiation (Air = 455 nm), using the same conditions as for B. Adapted from Paper | with
permission from the Royal Society of Chemistry.

Based on the reduction potentials of the involved species, as well as Stern—Volmer

quenching studies, we proposed a reaction mechanism for the Co-catalysed HER
reaction sensitised by (11) (Scheme 5.2). There, the *LMCT state of the Fe(III)-
complex is reductively quenched by TEOA giving rise to the more reducing Fe(Il)-
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species, which can in turn transfer an electron to the PRC (Co(IlI) - Co(II),
Eyp=-1.07 V vs Fc®) [176]. Further reduction of the Co(Il)- to the Co(I)-species
(E12 = -1.52'V vs Fc®, ~1.12 V vs SCE) [176] is however unlikely to be effected by
the reduced PS (~1.16 V vs Fc*”°), albeit electron transfer from the Fe(Il)-intermediate
to regenerate the Fe(III)-GS is still required for catalytic turnover. Instead, the
a-aminoalkyl radical (£ = -1.4 V [177] to -2.1 V [178, 179] vs Fc") generated by
rapid deprotonation of the oxidised sacrificial reductant could promote the further
reduction of the PRC, thus enabling the formation of hydrogen.

PRC
TEOA™* —— TEOA" ————p TEOA*
R oA TpRer °

*Fe!l-NHC
A Hz (9)
TEOA [CO"I] _e> [CO”] [H*]
v Fel.NHC o
PRC" [Co'-H]
Fell-NHC [Col]
PRC™!
[HY], e

Scheme 5.2: Proposed mechanism of hydrogen formation using the Fe-PS (11) and PRC (12). Adapted from Paper |
with permission from the Royal Society of Chemistry.

An alternative mechanism involving OQ of the ’LMCT state (Scheme 5.2, grey) is also
thermodynamically feasible. In fact, oxidative quenching of the °LMCT of (11) by (12)
was observed (Table 5.3), albeit the low PRC concentration precludes a major
contribution of this pathway to the overall reaction. Furthermore, no spectroscopic
evidence for the formation of the resulting quenching products was obtained.

Interestingly, for PRC (12), superior results were obtained in the HER when using
TEOA rather than TEA, even though £, for the former was lower (Table 5.3). This can
likely be attributed to its lower pK, (TEOA-H": 15.9, EzNH": 18.7) [180]. CEYs for
both amine quenchers were similarly low (2-3 %). The apparent necessity for o-
aminoalkyl radicals to drive the Co(II) — Co(I)-reduction furthermore imposes some
limitations on the HERs performed using our Fe-PS (11). Trialkylamine radical cations,
such as the ones formed upon SET to the excited PS, are highly reactive intermediates
and show a propensity for rapid further reaction (Scheme 5.3), including the formerly
mentioned and herein desired deprotonation to yield C-centred neutral radicals,
hydrogen abstraction affording an iminium ion or C—C bond scission [181-183]. The
reason for these reactivity pathways is the significant weakening of the C(«)-H bond
adjacent to the V-atom [181].
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Scheme 5.3: Examples for further amine reactivity following single electron oxidation [181-183].

While it is prevalently stated in the literature that the acidity of the «-H significantly
increases as a consequence of said weakening of the C-H bond, there are reports
showing that the deprotonation might not be as facile as commonly
assumed [184-185]. a-Aminoalkyl radicals can furthermore also undergo oxidation not
just by reaction with the PRC but also other reaction components such as the Fe(III)-
PS to give the corresponding iminium ion and the reduced GS of the PS, since the PS
is present in higher concentrations than the PRC. This would effectively result in the
strongly reducing species needed for the Co(II) = Co(I)-step undergoing what could
essentially be viewed as a side reaction. In addition, the comparatively low CEYs for the
quenching of (11) by NEt and TEOA in acetonitrile lead to rather inefficient
formation of the amine radical cations and the subsequent a-aminoalkyl radicals. With
these low efficiencies for the formation of this strong reductant needed in the reaction,
aforementioned alternative reaction pathways for the amine radical cations could be of
further detriment.

Table 5.3: ES Quenching data for (11) and quantum yields of the HER for Pt-colloids and Co-PRC (12) in
acetonitrile solution. (*Stern-Volmer constant, "bimolecular quenching constant, ‘Quenching yield at given
quencher concentration used for HER. ¢CEY, *Quantum yield for the hydrogen formation. ‘PRC: colloidal Pt, 9PRC:
(12), "predominantly static quenching with a minor dynamic component (5.4 x 10° M s7'). 'no detectable
quenching products. ‘No hydrogen formation via OQ with (12). Reproduced from Paper | with permission from
the Royal Society of Chemistry.

Quencher M 0 M QUMY M B
NEts 15.6 7.8 0.88 (500) 0.02 0.011f
TEOA 2.62 1.3 0.51 (377) 0.03 0.013¢9

Co-PRC (12) 114.2 —h <0.01 (0.1) —i J

Ideally, water would act as a proton source in the HER instead of an organic acid.
However, in our case, use of water as opposed to [HNEt3][BF4] resulted in a significant
decrease of the amount of hydrogen being produced. The obtained results essentially
corresponded to hydrogen evolution in absence of any additional proton source, with
protons likely originating from the amine radical cation generated by single electron
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oxidation of the trialkylamine quencher. Investigation of the photostability of the PS
(11) in the presence of water showed no notable degradation, but nevertheless it can be
concluded that water is not a suitable proton source in the given reaction system. The
reasons for this lack of reactivity might be manifold and are as of yet not fully
understood, especially since cobaloxime (12) has been used for efficient hydrogen
evolution from partially aqueous solutions using different PSs [186]. However, it ought
to be noted that the solubility of our PS (11), featuring a PFs-counterion, in water is
poor and that upon addition of water, some precipitation of the compound can be
observed, which might be a contributing factor.

5.3 COz-Reduction sensitised by an Fe(III)-NHC

complex

Having demonstrated that Fe(III)-NHC complexes can sensitise HERs with high
TONs, we set out to investigate the possibility of driving another artificial
photosynthesis reaction—the reduction of carbon dioxide to carbon monoxide and
other fuels—with these complexes as PS.

The one-electron reduction of CO, to CO," is a highly endergonic reaction (-2.14 V
vs SCE) with limited product control and an overpotential of 0.1-0.6 V vs SCE being
required for rapid reduction. However, proton-assisted multi-electron reduction of CO,
has been shown to be a more attainable process ((5.2)—(5.7)) in the context of low-
energy light application [156, 158, 187].

CO, +4H* +4e” > C+2H,0 —0.44 V vs SCE (5.2)
CO, + 8H* +8e~ - CH, + 2 H,0 —0.48 V vs SCE (5.3)
CO, + 6 H* + 6 e~ > CH;0H + H,0 —0.62 V vs SCE (5.4)
CO, + 4H* + 4e~ - HCHO + H,0 —0.72 V vs SCE (5.5)
CO, +2H* +2e~ - CO + H,0 —0.77 V vs SCE (5.6)
CO, + 2 H* + 2 e~ > HCOOH —0.85 V vs SCE (5.7)

Similarly to HERs, the conversion of CO, imposes certain requirements on the reaction
system to enable the accumulation and intermediary storage of multiple electrons.
Many reported systems consist of a PS, a (sacrificial) reductant and a reduction
catalyst [158, 188].

Complex (11) with its redox potentials of E1,(III/II) = -0.53 V vs SCE (-1.16 V vs
Fc*’?), 2 ns-lifetime and demonstrated applicability in HERs, was therefore chosen as a
potential Fe-NHC-based PS to sensitise a photocatalytic carbon dioxide reduction. Due
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to the limited reducing power of this complex, a small range of potential catalysts can
be used—particularly when not taking contributions to the reactivity from reducing
degradation products of the utilised sacrificial electron donors into consideration.

CO,-Reduction catalyst
[Fe(Ill)(phtmeimb),]PFg (11)
CO, » CO
sacrificial reductant
solvent
Airr =530 nm, 3.15 W/slot

Scheme 5.4: Overview scheme for the photocatalytic CO,-reduction sensitised by Fe(lll)-NHC complex (11).

When taking into account the strong reducing power of the a-aminoalkyl radicals that
are generated upon electron transfer to the PS and subsequent deprotonation, the scope
of potential CO,-reduction catalysts could potentially be broadened, akin to the HER
demonstrated in Paper I. However, the catalytic efficiencies would still be expected to
be rather low as CEYs for trialkylamines in acetonitrile and DME, solvents often used
for COs-reductions, are quite low for Fe-PS (11) [40]. However, the cobalt complexes
[Co(II)(TIM)Br,]Br (13) (TIM = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclo-
tetradeca-1,3,8,10-tetraene) [189] and [Co(IIDLNCl(OTf), (14) (L™ =1,4-
bis(pyridin-2-ylmethyl)-1,4,7-triazonane, OTf = triflate) [190] as well as the rhenium
complexes  fac-[Re(I)(bpy)(CO);(MeCN)]PFs  (15) [191, 192] and fac-
[Re(I)(bpy)(CO);Cl] (16) [193, 194] were tested for CO; reduction to CO sensitised
by Fe-PS (11). These reduction catalysts exhibit demonstrated activity in conjunction
with other PSs and their redox chemistry appears suited to the comparatively low
reducing power of the Fe(I)-GS of complex (11) or alternatively reduction via oxidative

quenching of the ES of (11) (-1.5 V vs SCE, -1.9 V vs Fc").

Br e

'/
/N'n ““N\
IN/CO\N/
—

Br

[Co(TIM)Br2]Br (13) [Co(L™3)CI)(OTH)2 (14)
(E12(I1/1) = —0.34 V vs SCE, —0.74 V vs Fc*) [189]  (Ex(1II/11) = —0.19 V vs SCE, —0.59 V vs Fc*®) [190]

Screening of the photocatalytic activity of the Co-based reduction catalysts (13) and
(14) at different concentrations using Fe(III)-NHC complex (11) as PS led to low
amounts of CO being produced resulting in TONs < 1. TEA and TEOA were used as
sacrificial reductants in DMF or a binary acetonitrile:methanol mixture as reaction
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solvent (Table S1 & Table S2, Supporting Information). However, even with PSs that
are known to produce the charge-separated photoproducts more efficiently than (11),
systems featuring (13) and (14) as catalysts inherently suffer from rather low TONEs.
Nevertheless, they were explored here due to their redox potentials that should allow

for reduction by the Fe(II)-GS of (11).

fac-[Re(bpy)(CO)3:(MeCN)]PFs (15) fac-[Re(bpy)(CO):Cl] (16)
(E12(L/L"") = =1.25 V vs SCE, —1.65 V vs Fc*©) [195] (E12(L/L*") = —1.35 V vs SCE, —1.75 V vs Fc*) [193]

Subsequently, the Re-based catalyst (15) (Table S3, Supporting Information) was also
investigated, due to its reported higher catalytic activity than the cobalt reduction
catalysts used herein. An initial attempt at using (15) in the CO; reduction sensitised
by (11) afforded a TON of 19 (Table S3, Supporting Information). However, a control
experiment in the absence of the Fe-PS revealed a strong background reaction, resulting
in an even higher TON of 30 (Table S3, Supporting Information). Said background
reaction might originate from light-absorption of the rhenium complex, which is
known to act as a photocatalyst in COx-reductions at lower wavelengths (<400 nm),
albeit its absorptivity at the irradiation wavelength of 530 nm is very low [195]. Upon
lowering the light intensity from 3.15 W per slot to 1.51 W per slot, catalytic activity
was still maintained without the Fe-PS (11) present. For the CO; reduction catalyst
(16) a similar situation was observed at 1.51 W, where the TONSs in presence and in
absence of the Fe(III)-NHC complex (11) were 34 and 52 respectively (Table S4,
Supporting Information). Therefrom, it could be concluded that the sensitisation of the
CO;-reduction by (11) using (16) and (15) is very inefficient.

Based on the data obtained at different light intensities, it is likely that in these
particular reactions, addition of Fe-PS (11) leads to absorption of photons by the PS
and subsequent reductive quenching but rather ineffective further reaction with the
reduction catalysts, the ESs of which can be quenched by trialkylamines themselves.
Thus, while incorporating lower energy light to sensitise CO,-reduction would be
desirable, use of Fe-PS (11) provides a less efficient competitive reaction compared to
direct excitation of (15) and (16), which is optimised by irradiation with higher energy
wavelengths.
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Consequently, our Fe(Il)-NHC complex (11) has so far not been successfully
employed as PS in photocatalytic CO,-reduction reactions. In the case of the Co-based
reduction catalysts (13) and (14), the overall reactivity of the system was too low, while
an attempt to drive such reactions with Re-complexes (15) and (16) upon irradiation
with lower energy light by sensitisation with (11) appeared to be rather inefhicient as
indicated by the strong background reaction in absence of the PS.

Opverall, numerous other CO,-reduction catalysts exhibiting better catalytic activity for
the production of CO have been reported in literature, however their use with (11) as
PS is likely precluded by the comparatively low reducing power of the associated Fe(II)-
GS of our Fe(III)-NHC complex.

5.4 Conclusions

Generally, photosensitisation of artificial ~ photosynthesis reactions is a
thermodynamically challenging process due to the need for transferring and storing
multiple electrons for product formation to occur. With the study presented in Paper I,
we were able to show that [Fe(III)(phtmeimb),]* (11) can be employed as a stable PS
for hydrogen evolution using heterogenous, colloidal Pt-particles as well as a molecular
Co-PRC (12), affording high TONs in both cases. However, the overall efficiencies of
the reactions, while vastly improved from earlier reports using PSs based on Fe-NHC
complexes [174, 175], were still limited by the comparatively low CEYs, resulting in
inefficient formation of charge-separated species following the quenching event. While
attempts at efficient photocatalytic CO,-reduction sensitised by Fe-PS (11) have so far
not been successful, with further exploration a suitable reaction system might be found
to enable CO;-reduction using an Fe-NHC-based PS as a proof-of-principle.

Improvement of the CEYs could consequently result in a more effective system, while
still using an Earth-abundant PS with high photostability. To this end, different solvents
and additives could be screened. However, for example the use of DCM, a solvent
known to result in significantly improved CEYs for the quenching of (11) with
trialkylamines [40], resulted in no hydrogen being produced. This exemplifies that the
improvement of existing photocatalytic systems can pose a rather complex issue even if
the limiting factors are known. Optimisation of the efficiency of a specific step does not
necessarily result in higher overall efficiencies for the target reaction, as other steps
leading to product formation might be negatively impacted by the changes in reaction
conditions. The use of different sacrificial reductants could also be explored. For
instance, oxalates have been found to rapidly decompose to CO,™ (£° = -2.2 V vs SCE,
-2.6'V vs Fc), providing access to an even more reducing intermediate than o-
aminoalkyl radicals, while not being prone to side reactions [183]. This might allow for
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conducting reactions with even higher energy demands or using reduction catalysts that
require higher reducing power thus improving the overall catalytic efficiencies.

Another approach that could prove beneficial in this case is the use of molecular
dyads—system where the light-harvesting unit and the reduction catalyst are covalently
linked—or catalysts consisting of a PS anchored to suitable semiconductor materials,
both of which could help improve the transfer of charge carriers by mitigating some of
the issues associated with diffusion-controlled electron transfer processes [196, 197].

42



6 Photoredox Catalysis of Organic
Reactions driven by Fe-NHC

Complexes

Photoredox catalysis has been widely recognised as a valuable tool for synthetic organic
chemistry, thus attracting much attention and undergoing rapid growth in recent
decades. It provides access to high-energy reactive intermediates that facilitate known
chemical transformations and more importantly enable the development of new
reactions [74]. A significant advantage of driving reactions in this way is that photons
are capable of providing sufficient amounts of energy to effect the desired reactivities,
whilst avoiding high temperature or other harsh conditions [198]. This results in an
efficient and useful method for conducting a wide range of organic reactions [19].
Consequently, this type of chemistry has been used to accomplish and improve many
reactions in organic chemistry [199-201].

Some fundamental aspects of photoredox catalysis have already been discussed in
Chapter 3.2. As previously mentioned, photoredox catalysis driven by TM-based PCs
is very widespread and one of the main focal points of the work presented in this thesis.
It is commonly reliant on the RQ or OQ of MLCT and, albeit less frequently featured,
LMCT states by donor or acceptor molecules, which can be sacrificial in nature as well
as substrates or reactants. This provides an increased thermodynamic driving force for
the reaction to proceed by giving access to a GS in a different oxidation state [19]. An
overview of the general steps of a photoredox catalytic reaction is again given in
Scheme 6.1.
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Scheme 6.1: General mechanism of photoredox catalysis via outer-sphere SET (D = (sacrificial) electron donor,
A = (sacrificial) electron acceptor).

Both organic dyes and TM complexes have been used for organic transformations,
albeit the latter have been more prevalent [19, 28, 35, 202]. Photoredox catalysis driven
by iron-PCs has gained increasing amounts of interest, particularly in recent
years [72, 203]. As a result of the inherent limitations photoactive complexes based on
iron generally exhibit, different strategies for conducting photoredox catalysis using
iron have been pursued—namely outer-sphere electron transfer from MC states, inner-
sphere electron transfer and outer-sphere electron transfer from CT states (Figure 6.1).

Outer-
sphere ET
from MC
State
Iron
Photoredox
Catalysis
- ~ Outer-
Inner- sphere ET
Sphere ET from CT
State

Figure 6.1: Three general approaches to iron photoredox catalysis.

As mentioned in Chapter 4, Fe(II)-polypyridyl complexes for instance, which
constitute structural analogues of the prolific Ru(II)-polypyridyl PCs, harbouring the
same number of valence electrons as the latter, suffer from rapid decay of the "MLCT
state to lower-lying MC states. Consequently, electron transfer from Fe(II)-polypyridyl
complexes is proposed to occur from the MC state as opposed to the CT state, due to
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the significantly longer lifetime of the former [204]. Examples of photocatalytic
reactions proposed to be driven by electron transfer from aforementioned MC states
include a small range of synthetically useful reactions [205-207]. This type of reactivity
is however still limited by the less favourable redox chemistry of the MC states
compared to the CT states.

A strategy to mitigate issues originating from short ES lifetimes is to use inner-sphere
SET between an iron centre and a substrate that coordinates to the metal in situ during
the reaction [208-210]. The resulting complex is excited upon irradiation and the SET
leads to cleavage of the Fe—substrate bond generating a highly reactive radical
intermediate—a process commonly referred to as visible light-induced homolysis
(VLIH) [209, 211]. While harbouring advantages such as the inexpensiveness of the
utilised iron compounds, usually iron salts, as well as proposed chemo- and site
selectivity, this strategy exhibits limitations in terms of reaction types that can
performed.

Therefore, outer-sphere SET from CT states in iron complexes to drive photoredox
catalysis in a fashion akin to traditional PCs based on noble metals remains desirable
and can be achieved by extending the ES lifetime of the CT state [106, 134, 137].
However, to date there are few examples of photoredox catalysis driven by complexes
based on Earth-abundant iron, utilising bimolecular quenching of their CT
states [40, 44, 45, 139, 140]. As a result, iron complexes harbouring strongly o-
donating NHC-ligands and thus prolonged lifetimes of their CT (Chapter 4), have
been subject to investigations into their applicability, not just as PSs for artificial
photosynthesis reactions as described in Chapter 5, but also PCs for organic reactions.
Troian-Gautier and co-workers investigated the use of [Fe(III)(phtmeimb),]* (11) as
PC for a dehalogenation reaction, which was published in 2021 [40], where they
highlighted the impact of solvent variation on the CEY of the charge-separated
photoproducts generated upon reductive quenching of (11) with different amines.
Further examples for the use of (11) in photoredox catalysis have emerged
since [45, 140].

In addition to that, concomitantly with our own study on the visible light-mediated
Atom Transfer Radical Addition (ATRA) reaction catalysed by [Fe(III)(btz)s]** (9)
(Paper 1I, see below), Kang and co-workers demonstrated radical cationic [4+2]-
cycloaddition reactions catalysed by the same PC in 2022 [139].
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6.1 A Z-Scheme-type Mechanism as a Tool for Iron
Photoredox Catalysis (Paper II)

Atom transfer radical addition (ATRA) reactions are considered a rather simple and
versatile tool in synthetic organic chemistry and are often used for the 1,2-
bifunctionalisation of alkenes and alkynes by cleavage and subsequent addition of alkyl
halides [212]. Photoredox catalysis provides a method of conducting ATRA reactions
under comparatively mild conditions resulting in them becoming the subject of
numerous studies, and to be regarded as benchmark reactions in the

field [19, 213-216].

Here, we investigated the possibility of using [Fe(III)(btz)s](PFe)s (9) as photoredox
catalyst in an organic reaction, due to its previously reported LMCT state lifetime of
100 ps in acetonitrile and relatively strong absorption of visible light [10]. Interestingly,
the Fe(II)-congener of this complex, [Fe(II)(btz)s] (PFe), (10), also has a long-lived CT
state, a "MLCT of 528 ps in acetonitrile, and exhibits an absorption band in the green
light region [11]. The potential photocatalytic activity of (9) was explored in ATRA
reactions, where we were able to effect the desired transformation—the addition of
(perfluoro)alkyl halides to alkenes and alkynes—both via reductive as well as oxidative
quenching of the ES of (9) using green light irradiation (A = 530 nm). Following
optimisations, reliable procedures for both routes were found (Scheme 6.2A & B). In
the case of the RQ route, NEt; was used as sacrificial reductant.

0.5 mol% (9)

A NEt; (0.34 equiv.) X
) R’-X (1.33 equiv.) R"‘H..)\
# R > R

MeCN:MeOH (4:3)
Ay =530 nm, 3.03 W, Ar(g)

B 1.5 mol% (9) X
R’-X (1.33 equiv.) '%)\
%\R > R R
MeCN

Ay =530 nm, 3.03 W, Ar(g)

Scheme 6.2: Optimised reaction conditions for the visible light-mediated ATRA reaction via A) reductive and B)
oxidative quenching of PC (9). Adapted from Paper Il with permission from the Royal Society of Chemistry.

The wider applicability of our protocols was then demonstrated on a range of
alkene/alkyne substrates to which perfluoroalkyl iodides and CBrCl; (Table 6.1) were
added. For both the RQ and the OQ route, prevalently good to excellent yields were
obtained, with catalytic efficiencies being comparable to reactions driven by
[Ru(II)(bpy)s]** (1) [214], here under green light irradiation.
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Table 6.1: Scope of the visible light-mediated ATRA reaction through reductive (RQ) and oxidative (OQ)
quenching of (9). °RQ: 0.5 mol% (9), NEts (0.34 equiv.),R-X (1.33 equiv.), 4:3 MeCN:MeOH. OQ: 1.5 mol% (9), R-X
(1.33 equiv.), MeCN. YIsolated Yield after silica column chromatography. <Intramolecular reaction without an
external halide source. Adapted from Paper Il with permission from the Royal Society of Chemistry.

Entry Substrate Route? Time Product Yield
(min) (%)°
I
RQ 10 91
1 Ho/\/\)\/CBFW
0Q 40 P1 92
I
2 HO NN RQ 10 HO/\/\)\/CSF13 93
s1 0oQ 40 P2 93
RQ 60 or 43
3 HO/\/\)\/CCIa
0Q 40 P3 35
I
BN N RQ 10 /\/\)\/ CF 20
4 Br 817
52 0Q 40 P4 94
N N !
. S~ RQ 40 NP 76
S3 0oQ 40 P5 57
(o)
- \©\/\ " 40 /Om N
6 N CgFi7
sa 0Q 80 P6 74
22
RQ 15 (cis:trans
© | 17:5)
7
CgFy7 32
S5 0oQ 40 P7 (cis:trans
25:7)
D e Qr %
8 I
S6 0oQ 40 P8 91
62
P RQ 20 | (E:Z
9 Ho/\// HOWCBFN 42:20)
81
S7 P9
0oQ 80 (E:Z
65:16)
HOTNANF RQ 10 HO/\/Y\CBFW 93
10 ]
s8 0Q 40 P10 89
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HO CeF17 a3
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RQ 30 P11
0 0.0
11 HOJ\M §/\_7/\08':17 26
s9 P12
(0]
0Q 40 HO CeFi7 87
|
P11
0 RQ 15 Q 98
12 )l\/\/ )I\/Y\CSFW
|
o) 40 97
s10 Q b13
13 ©\/ RQ 30 : N CeFr, 63
S11 :
P14

Br
G\/XBr RQ 4 CO,Me 49
C CO,Me
14 MeO,C CO,Me 2

$12 oQ 40 31

51
RQ 150 CeFia /o (E:Z
.5 N o 25:26)
s13 ° 49
0Q 150 P16 (E:Z
25:24)

The scope of substrates was chosen to feature terminal and internal double bonds as
well as a range of functional groups, including carbonyl- and nitrile-functionalities,
halides and hydroxy groups, all of which could gratifyingly be transformed.
Furthermore, an intramolecular ATRA reaction featuring a C-Br- instead of a C-I-
bond cleavage was demonstrated. However, using the given protocol, the addition of
perfluorooctyl iodide, CsFy71, to Michael acceptors was not possible, highlighting also
the limitations of our system.

Following the successful use of (9) as PC despite its comparatively short ES lifetime, we
sought to elucidate the mechanisms operating in the two different reaction routes. As
the ground state of the Fe(II)-complex (10), generated by reductive quenching of the
*LMCT state, is a relatively weak reductant, we hypothesised that (10) is in turn also
excited, upon which its MLCT state can be oxidatively quenched by the
(perfluoro)alkyl halide, ultimately leading to product formation (Scheme 6.3). In order
to probe for the involvement of two consecutive ESs rather than conventional single
photon excitation, two solutions containing (9), NEt; and 5-hexen-1-ol (S1) in
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acetonitrile:methanol (4:3) were irradiated at 525 nm, leading to the in situ formation
of (10), as indicated by the change in colour and the absorption spectra of the solutions
(Figure 6.2, A — B). CsFy71 was added to both samples after which one was stored in
the dark for one hour, while the other was irradiated at 700 nm—a wavelength where
(10) exhibits an absorption band, but (9) does not, therefore precluding formation of
the ES state (*9)—for the same amount of time. In the case of single photon excitation,
the GS of (10) would reduce the perfluoroalkyl halide. However, no conversion to the
desired product was observed for the sample stored in the dark, due to (10) not being
sufficiently reducing (-0.58 V vs Fc"®) (Figure 6.2, B — D). Meanwhile, upon
irradiation of the solution containing (10) and the other reaction components, product
formation was observed (Figure 6.2, B — C) along with restoration of the GS of (9).
This strongly suggested that consecutive photo-induced electron transfer (conPET) is
required for the ATRA reactions investigated herein to be driven via RQ of (9), meaning
that two sequential ESs partake in SET reactions within one catalytic
turnover [217-220]. Since no further reaction could subsequently take place under
irradiation at 700 nm due to the lack of absorptivity of (9) at that wavelength, the
observed product formation of 5 % obtained during a “single turnover” indicated that
an underlying chain propagation mechanism is likely to be operative. Further support
for this was provided by determining the quantum yield of the overall reaction (@ = 06)
via chemical actinometry using a method by Pitre et al. [221].

B
— [Fe(l)(bt2),](PF ), (9) N
0.8 { — [Fe()(bt2),1(PF,), (10) Addition of CF,| E
=
5-/\:525nrri A=700nnm GF,,l c
0.7 < : irradiation irradiation
£ : r at 525 nm i at 700 nm
o 25 85
0.6 $ Addition of CF,,|
§ 51525 nmi dark
g 0.5 =
3 T CF, |
o) 5 85 n T
5 0.4 Time (min) irradiation " dark
0 at 525 nm
Q
<

o
w
1

0.2 1

0.1

0.0 T T T T ; ; ; :
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6.2: Wavelength-switching experiment to probe for the involvement of consecutive photo-induced
electron transfer (conPET) in the ATRA reaction via RQ of (9). (A) A solution containing (9) (0.357 mM), 5-hexen-
1-ol (S1) (71.4 mM), NEt; (23.6 mM) & mesitylene (15 pL, internal standard) in acetonitrile:methanol (4:3) was
irradiated at 525 nm for 25 min; absorption spectrum of the reaction solution prior to irradiation (red line). (B)
Absorption spectrum of the reaction solution containing in situ generated (10) (brown line). (C) Reaction solution
after addition of CsF171 (95 mM) and irradiation at 700 nm for 60 min; 5 % NMR yield of product (P1). (D) Reaction
solution after addition of CsF171 (95 mM) and storing in the dark for 1 h; no formation of (P1). Adapted from
Paper Il with permission from the Royal Society of Chemistry.
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Scheme 6.3: A) Proposed reaction mechanism for the visible light-mediated ATRA reaction via reductive
quenching of the excited state of (9). B) Proposed reaction mechanism for the visible light-mediated ATRA
reaction via oxidative quenching of the excited state of (9). Adapted from Paper Il with permission from the Royal

Society of Chemistry.

Based on these insights, we proposed the mechanism shown in Scheme 6.3A for the
visible light-mediated ATRA reaction driven by RQ of Fe(IlI)-complex (9). This
mechanistic proposal was further supported by Stern—Volmer quenching studies and
TA spectroscopy showing that RQ of the excited Fe(III)-complex (*9) by the sacrificial
reductant NEt; and oxidative quenching of its excited Fe(II)-congener (*10) by CsFy/1

occur with CEYs of 29 % and above 30 % respectively.
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Alternatively, for the proposed OQ route driven by single photon excitation
(Scheme 6.3B), SET from the ES of (9) to CsFy;1 is possible in acetonitrile as solvent if
the use of a sacrificial reductant is omitted, although with a CEY of below 15 %. The
thusly formed oxidised PS, formally denoted as [Fe(IV)(btz)s]** (9°), could not be
spectroscopically identified and could also correspond to [Fe(III)(btz),(btz*)]*, which
is the product of single electron oxidation of one of the ligands instead [10]. In this
route, chain propagation is also proposed to be operative based on the quantum yield
@ of 5 for the formation of ATRA product per absorbed photon.

With this study, we were able to demonstrate that even Fe-NHC complexes with sub-
ns lifetimes of their CT ESs—and as such significantly shorter than conventional
lifetimes in the ns—ps range—can be utilised for efficient photoredox catalysis of organic
transformations as long as the rates of bimolecular quenching and CEYs are high
enough to generate sufficient amounts of charge-separated species to effect the desired
reaction.  Interestingly, —compared to CEYs obtained for RQ of
[Fe(III)(phtmeimb),]* (11) by NEt in acetonitrile [40, 43], cage escape of
[Fe(II)(btz)s]** (10) and the oxidised amine following RQ is significantly more efficient.

In the RQ route, the energy of two photons was utilised within the same catalytic
cycle—a mechanism that somewhat resembles the Z-scheme in natural and artificial
photosynthesis—thus achieving higher reactivity and enabling a reaction that would
not be attainable under traditional single photon excitation-based photoredox catalysis
using (9) as PC. Previous examples of applications of such a two-photon mechanism in
photoredox catalysis of organic reactions using metal complexes are very
scarce [222, 223]. Additionally, OQ could be employed to drive the same scope of
ATRA reactions in a conventional single photon excitation mechanism whilst omitting
the use of a sacrificial reagent—albeit, slightly higher catalyst loading and longer
reaction times were required.
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6.2 Visible Light-Induced Generation of a-Aminoalkyl
Radicals as Reactive Intermediates (Paper III)

As previously touched upon, alkylamines are widely used as sacrificial electron donors
for photocatalytic applications [162]. However beyond this, they can serve as precursors
to valuable synthetic building blocks, due to the reaction intermediates formed from
the amine radical cations afforded upon their photo-induced single electron oxidation,
something which has already been discussed in Chapter 5.2.

These intermediates—namely iminium ions and «-aminoalkyl radicals—can be utilised
for the formation of C-C bonds, enabling the rapid functionalisation and thus
generation of structurally complex amines in a single step-reaction. However,
a-aminoalkyl radicals in particular remain somewhat underexplored as building blocks
in organic synthesis, which can be attributed to their proneness towards undergoing
further oxidation to iminium ions when generated under thermal
conditions [181, 224, 225]. Photoredox catalysis provides a method of generating
a-aminoalkyl radicals under milder conditions, mitigating issues of undesired side
reactions occurring. The formation of said radicals usually occurs through
deprotonation of an «-C(sp’) in the amine radical cation, but can also be obtained via
homolytic cleavage of the «-C~H bond by a hydrogen atom transfer catalyst [226, 227].

However, the deprotonation of the amine radical cation might not be as facile as
generally assumed and issues due to potential lack of regioselectivity in presence of
multiple a-C(sp’) atoms might arise. Therefore, the incorporation of substituents that
would lead to more selective bond fragmentation, such as trialkylsilyl-moieties, has been
explored to generate the desired nucleophilic radicals [228, 229]. a-Trialkylsilylamines
additionally provide the advantage of being more easily oxidised (E, < +0.4 V vs Fc"?)
than analogous regular amines, thereby facilitating electron transfer to the PC [228].
They are also synthetically readily obtained by silylalkylation of the corresponding
primary or secondary amine [230]. Consequently, a number of reports describing the
usage of a-trialkylsilylamines as precursors to a-aminoalkyl radicals, generated by either
organic or noble metal PCs, have emerged [224, 229-239].

Here, we set out to investigate the generation and utilisation of a-aminoalkyl radicals
by visible light photoredox catalysis using [Fe(III) (phtmeimb),]PFs (11) as PC. The
choice of PC was rationalised by the 2 ns-lifetime of the LMCT state of said complex,
its capacity to act as a suitable photooxidant (+0.97 V vs Fc) as well as proven ability to
engage in diffusion-controlled bimolecular quenching processes with amines as electron
donors [12, 40, 138]. Said a-aminoalkyl radicals were trapped by electron-deficient
alkenes, such as Michael acceptors, giving rise to a high degree of functionalisation
within one reaction step.
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The activity of our PC (11) was probed using the highly electrophilic Michael acceptor
diethyl ethylidenemalonate (S14) and N-phenyl-/V-((trimethylsilyl)methyl)aniline
(815) as model substrates, utilising green light irradiation (530 nm). Optimisation of
the reaction conditions gave rise to a reliable protocol by which the desired product
(P17) was afforded in quantitative yield (92 % NMR yield after aqueous work-up) in
15 h with a PC-loading of 1 mol% and equimolar amounts of the two starting materials
(814) and (S15) using DMF as reaction solvent. When enones such as (§14) are used
for the trapping of the a-aminoalkyl radical obtained from an a-trialkylsilylamine,
formation of the corresponding silyl enol ether can ensue [224]. However, due to the
aqueous work-up conducted in the course of product isolation, said silyl enol ethers are
hydrolysed, affording the desired products. Control experiments using FeBr, and
[Fe(II) (bpy)s](PF¢)2 (8) gave no product, while use of [Fe(III)(btz)s](PFe)s (9) afforded
only 12 % of (P17). Interestingly, under the reaction conditions employed here whilst
using blue light irradiation (450 nm), application of [Ru(II)(bpy)s]** (1) as PC gave rise
to only 64 % (NMR yield after aqueous work-up) of (3a), which was ascribed to its
propensity to undergo rapid photodegradation.

1) 1 mol% (11)
T™MS DMF, 15 h Py AN
Q0 h Ayr = 530 nm, 3 Wislot, Ar(g) 0 o
/\O O/\ + N V.
| ©/ \© 2) ag. work-up N
(s14) (15) ©/ ©
(P17)

Scheme 6.4: Visible light-driven aminomethylation of diethyl ethylidenemalonate (S14) with N-phenyl-N-
((trimethylsilyl)methyl)aniline (515) catalysed by (11). Adapted from Paper II.

Table 6.2 provides an overview of the a-trimethylsilyl(TMS)amines used as precursors
for the generation of a-aminoalkyl radicals in this study, all of which were obtained by
facile silylalkylation of commercially available primary or secondary amines. These
substrates feature different aromatic and/or aliphatic N-substituents as well as a
secondary amine, to explore potential limitations of our protocol.
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Table 6.2: Overview of the a-trimethylsilylamines investigated in this study.

N
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(S15) (S16) (517)

Br OMe
TMSVNO TMSVN\©\ TMS N O
Br OMe

(518) (519) (520)

| AN
7 v [ | Boc = |
TMS\/N\(\ TMS. N A TMS N
0O
4

(S21) (522) (523)

The applicability of our protocol to said a-trimethylsilylamines (Table 6.3) as well as to
a range of electron-poor alkenes (Table 6.4) was subsequently explored. Thus, we were
able to demonstrate that aromatic amines (S15, S18-21) afforded the desired products
of their reaction with (S14) in fair to good yields. However, aliphatic amine (S§17), gave
the corresponding product (P19) only in trace amounts, as observed by LC-MS,
despite attempts at further optimising the reaction conditions for this specific reaction.
Such lack of reactivity has been encountered in some other studies as well and can likely
be ascribed to undesired side reactions such as protodesilylation. The latter leads to
premature deactivation of the highly reactive a-aminoalkyl radical [237], assuming that
the SET from (S17) to (11) occurs with sufficient efficiency. This is further in line with
the results obtained using (S16), which harbours one aliphatic and one aromatic
N-substituent, where the desired product (P18) was afforded in 54 % yield, which is
lower than the yield for (P17). We also tested the compatibility of our reaction system
with a secondary amine (522), as well as its Boc-protected analogue (§23), neither of
which resulted in product formation. This lack of reactivity was attributed to the
comparatively more challenging oxidation of secondary amines and carbamates [240].

54



Table 6.3: Scope and isolated yields for the visible light-mediated aminomethylation of (S14) by different
a-trimethylsilylamines using the optimised conditions. Adapted from Paper lil.

1) 1 mol% (11)

o o DMF, 15 h R
TMSW Ay = 530 nm, 3 Wislot, Ar(g) i
o o+ N > N CO,Et
| R "R, 2)aq.work-up CO,Et
(S14) (S15-23) (P17-25)

| | X
=
o C\H\/ i Etozcj)v N \Ej EtOQC\H\/ @)
tO;
X CO,Et
| 2 Z CO,Et
CO,Et z

P17) (P18) (P19)
85 % 54 % <5%
Br o

EtO,C N
EtOZC\)\/ N \(\ EtOZCw/k/ N ? j)\/ Q
| j\ @\ CO,Et
CO,Et Z Br CO,Et o~

(P20) (P21) (P22)
79 % 56 % 77 %

Y O Je
EtO,C N X EtO,C N

EtOzc\(k/N w)\/ ~ 2 \(k/ ~

CO,Et CO,Et

CO,Et

(P23) (P24) (P25)
62 % <5% <5%

Additionally, different electron-deficient alkenes were also screened in reactions with
the most reactive o-trimethylsilylamine (S15) (Table 6.4). As expected, the more
electrophilic substrate benzylidene malononitrile (§24) afforded the product (P26) in
good yield of 75 %, while the reaction products (P27-29) were obtained in slightly
lower yields (45-57 %). Introduction of additional electron-donating substituents such
as for (5§28), which is otherwise structurally similar to the model substrate (S14),
expectedly resulted in a rather low yield of 27 %. Use of R-(-)-carvone (829) as
substrate furthermore gave a mixture of three diastereomers (P31) with a combined
yield of 32 %, which demonstrated good regioselectivity for electrophilic double bonds
as addition to the terminal nucleophilic double bond did not occur. The lower yield of
this reaction compared to (P27) can be rationalised by the increase in steric bulk going

from (S25) to (S29).
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Table 6.4: Scope and isolated yields for the visible light-mediated aminomethylations of different electron-
deficient alkenes by (1a) under the optimised conditions. Adapted from Paper IIl.

1) 1 mol% (11)
TMSW DMF, 15 h
Ay = 530 nm, 3 W/slot, Ar(g)
R ews N " > ReR
Ry ©/ \© 2) aqg. work-up A/N
EWG
(S24-29) (s15) (P26-P31)
(0]
N (0]
O O Lo
/ N N
SR SRS O
(P26) (P27) (P28)
75 % 46 % 57 %

(@] (e}
YRS ~
(e} © N
)]\/\/N o
© SRS
(P29) (P30) (P31)
55 % 27 % 32 % (dr: 0.6:1:1.6)

We proposed that the reaction for the addition of a-aminoalkyl radicals to electron-
deficient alkenes catalysed by Fe(III)-NHC complex (11) followed the mechanism
presented in Scheme 6.5. There, we invoke the single electron oxidation of the o-
trimethylsilylamine by the ES of our PC, which should be thermodynamically feasible
based on the redox potentials of the involved species and the fact that the LMCT state
of (11) has been shown to be sufficiently long-lived to allow for diffusion-controlled
bimolecular quenching processes. Said quenching event would consequently afford the
Fe(IT)-GS and the amine radical cation, the latter of which forms the desired o-
aminoalkyl radical upon desilylation. Trapping of the a-aminoalkyl radical by the
electron-poor alkene and subsequent reduction of the resulting newly formed radical-
adduct would give rise to the desired product and furthermore restore the original
Fe(IlI)-GS, allowing for the reaction to proceed in a catalytic fashion.
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Scheme 6.5: Proposed reaction mechanism for the photocatalyticaminomethylation of electron-deficient alkenes
using reductive quenching of the excited state of (11). Reprinted from Paper Ill.

We consequently set out to investigate the first proposed step of the catalytic reaction—
the SET from the a-trimethylsilylamine to the ES of (11). Steady-state emission
quenching studies for ES reaction of (11) with three different a-trimethylsilylamines
(815-17) in DMF were therefore performed (Figure 6.3, left column). In all three cases,
appreciable emission quenching was observed, while ES reactions between our PC and
the Michael acceptor used in the model reaction (S14) could be excluded. For (S15)
and (S16), the Stern—Volmer plot exhibited an upward curvature. This is indicative of
a combination of dynamic and static quenching as discussed in Chapter 3.3.1.
Therefore, the dynamic quenching rate constants 4, were determined independently
utilising time-correlated single photon counting (TCSPC), a time-resolved emission
spectroscopy technique. The thereby obtained values were in line with the data afforded
by steady-state spectroscopy. The static quenching constants Ks were thus also extracted,
using the method described in Chapter 3.3.1 and the experimentally determined
respective dynamic quenching constants Kp. The relevant ES quenching data is shown
in Table 6.5. Overall, the k; values obtained for (§15-17) were comparable to
quenching rate constants that have previously been determined for the reaction of (11)
with trialkylamines, while being approximately one order of magnitude slower than
what has been observed for aromatic amines [40]. The nature of the quenching event
was investigated by ns-TA spectroscopy (Figure 6.3, right column), where features
corresponding to the Fe(II)-GS as well as bleach of the Fe(III)-GS of (11) were
observed, indicative of RQ. The longevity of the TA feature ascribed to the Fe(II)-GS
(several milliseconds), furthermore shows that a-trimethylsilylamines are rather suitable
electron donors for (11), due to the lack of charge recombination between the electron
transfer products.
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Figure 6.3: left column: Stern-Volmer plots derived from the steady-state and time-resolved emission quenching
of [Fe(lll)(phtmeimb).]* (11) (0.16 mM) in DMF with substrates (515-17) with the corresponding emission spectra
and TCSPC traces shown in the Supporting Information. right column: ns-TAS spectra of [Fe(lll)(phtmeimb).]* (11)
(0.15 mM) and substrates (S15-17) (104, 101, 88 mM, respectively) in DMF upon 465 nm (30 ps delay,
21.4 £ 0.1 mJ/pulse) excitation (data smoothed by Adjacent Averaging method) and differential absorption
spectrum of the metal-centred reduction based on spectroelectrochemistry in MeCN (---). Adapted from Paper Ill.
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To gain further insights into the efficiency of the generation of charge-separated
electron transfer products, the CEYs for substrates (§15-S17) were determined, giving
results ranging from 9 % for (S17) to 15 % for (S15) and 22 % for (S16) (Table 6.5)
in DME which is higher than what has previously been observed for the RQ of (11) by
tertiary amines in the same solvent [40]. When looking at the CEYs of (§17) but
particularly (S16), the reasonably efficient cage escape of the electron transfer products
appears somewhat counterintuitive considering that for (S17) no product formation
was observed in the photocatalytic reaction, while use of (§16) resulted in a significantly
lower yield than in the case of (§15) (Table 6.3), despite the latter’s lower CEYs. These
discrepancies are therefore like to arise from differences in efficiency of the subsequent
steps of the catalytic cycle or possible unproductive side reactions, such as the previously
mentioned protodesilylation [237].

Table 6.5: Excited state quenching data for [Fe(lll)(phtmeimb):]PFs (11) in DMF. (Ks = static quenching constant,
Ko = Stern-Volmer quenching constant for dynamic quenching, kq = bimolecular quenching constant, ng =
quenching yield, n. = cage escape yield, nqne = quantum yield). CEYs calculated under the assumption that the
extinction coefficients of Fe(lll) and Fe(ll) in DMF are similar to those in acetonitrile (see details of calculations in
SI).

[Fe(phtmeimb)2]PFes (11)
70 (LMCT) = 1.6 ns (in DMF)

Quencher Ks Ko Kq Nq Nee Nalce
(M) (M) (10° M s™) ([QI/M) ([QI/™M)
| S
Z
TMSVN 9.9 6.3 3.7 0.67 (0.1) 0.15 0.10(0.1)

Substrate (S15)

I
T™MS N
1.3 6.4 4.0 0.68(0.1) 022 0.15(0.1)

Substrate (S16)

A
TMSV@) n.a. 5.2 2.8 0.34(0.1)  0.09 0.03(0.1)

Substrate (S17)
O O

/\O O/\
| n.a. n.a. n.a. 0(<0.3) n.a. 0(<0.3)

Substrate (S14)

Consequently, we set out to further elucidate the steps following the initial SET using
TA spectroscopy. There, we were able to observe the degradation of an absorption
feature at 600 nm, which decays with a lifetime of 244 ns—indicative of an
intramolecular process. Said feature was assigned to the intermittent radical cation
degrading into the a-aminoalkyl radical by loss of the TMS-functionality. Subsequent
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addition of the Michael acceptor (§14) resulted in the recovery of the Fe(IlI)-GS of
(11) being observed, which is in accordance with the last step of the photocatalytic cycle
proposed in Scheme 6.5, where the radical-adduct between the Michael acceptor and
the a-aminoalkyl radical is reduced by the Fe(II)-GS.

Overall, in this study, [Fe(III)(phtmeimb),]PF¢ (11) has been established as a reasonably
efficient PC for the visible light-mediated aminomethylation of electron-deficient
alkenes by in situ generation of highly nucleophilic a-aminoalkyl radicals. This method
has allowed for the one step-synthesis of functionalised N-containing products, thus
adding to the to date still very small repertoire of synthetically valuable reactions driven
by outer-sphere SET from a CT state of a photoactive iron complex. Certain limitations
with regard to the substrate scope for o-trimethylsilylamines featuring aliphatic V-
substituents, imposed by potential side reactions, were observed. However, overall
yields, especially when using aromatic a-trimethylsilylamines, were fair to good and
direct comparison to the archetypal [Ru(Il)(bpy)s]CL, (1) under comparable reaction
conditions showed the superior performance of our Fe(III)-NHC catalyst. The
underlying mechanism was furthermore extensively investigated, revealing that RQ of
the *LMCT state of (11) by the a-trimethylsilylamines takes place with reasonably
efficient bimolecular quenching rates and appreciable CEYs and that the Fe(III)-GS is
recovered by SET to the radical-adduct, thus providing experimental support for the
essential steps of the entire catalytic cycle.
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6.3 Conclusions

Photoredox catalysis in organic synthesis using TM-based PCs has conventionally relied
on diffusion-controlled bimolecular quenching of CT states. Recent improvements
regarding the design of photoactive complexes based on iron, such as the introduction
of NHC:-ligands, have aided in mitigating the inherently poor photophysical
and -chemical properties encountered in complexes that structurally resemble noble
metal-PCs.  Thus, their investigation as PCs for driving different organic
transformations, both concerning their synthetic applicability but also, and maybe
more importantly so, their behaviour from a mechanistic standpoint, presented the next
step for this comparatively new field to undergo further—and hopefully more rapid—
development.

\ \%\“\ —l 3+/2+ *Fe(ll)

R
N, V"@N *Fe(lll)
5}\ n Fe (X \ *
N =
.N'
. (Product Formation) Fe(il)

[Fe(ll)(btz)3]3* (9) (T,(LMCT) = 100 ps)
[Fe(l)(btz)3]%* (10) (1,(MLCT)= 528 ps)

*Fe(lll)

y,}

Fe<'">‘/\~

[Fe(lll)(phtmeimb)Z];r (11) (7,(LMCT) = 2 ns)

Figure 6.4: Illustration of the different reaction modes of Fe(lll)-NHC complexes (9) and (11) utilising for the
reactions presented in Paper Il and .

In Paper II, [Fe(I1I)(btz)s]** (9) was found to be a suitable PC to drive ATRA reactions
involving reactive alkyl halides, both in an RQ as well as an OQ pathway. For the
former, we invoked the involvement of not just one but two excitations within the same
catalytic turnover. This was possible due to the fact that both the Fe(III)-NHC
complex (9) and its Fe(II)-congener (10) are photoactive and exhibit lifetimes of their
ESs, an 2LMCT and *MLCT respectively, that range in the hundreds of picoseconds,
as well as relatively strong absorption at the irradiation wavelength (530 nm). Through
this a conPET mechanism, more energy is accumulated in one catalytic turnover than
in the corresponding single photon mechanism, and such a reactivity can be considered
as mimicry of the Z-scheme seen in natural photosynthesis. Additionally, the reaction
via OQ allowed for product formation via single photon excitation of (9), whilst
omitting the use of sacrificial reagents. But more importantly, with this study we were
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able to show that even sub-ns lifetimes of the CT ESs of a PC can be sufficient to drive
a photocatalytic reaction with good efficacies provided that the bimolecular quenching
step is reasonably efficient and that CEYs of the electron-transfer products are high.
While a longer ES lifetime is still indubitably advantageous, we can conclude from this
investigation that photoactive compounds exhibiting what would generally be
considered too short ES lifetimes should not be immediately disregarded for
photocatalytic application, before further knowledge of their photochemical properties
has been obtained.

Additionally, in the study described in Paper III, the 2ns-ES lifetime of
[Fe(III)(phtmeimb),]* (11) was exploited to effect aminomethylation reactions of
electron-deficient alkenes. There, RQ of the LMCT resulted in single electron
oxidation of a-trimethylsilylamines, giving rise to the amine radical cation, which then
undergoes desilylation affording the desired very nucleophilic, neutral radical. The
a-aminoalkyl radicals could thus be trapped by suitable electrophiles, here electron-
deficient double bonds, resulting in the rapid functionalisation of the amines in a one
step-reaction. With this investigation, the currently still rather limited range of
synthetically useful reactions catalysed by bimolecular quenching of a CT state of an
iron complex was expanded, giving rise to a number of functionalised N-containing
products in fair to good yields. The variety of substrates as well as catalytic efficiencies
were comparable to systems relying on organic or noble metal-PCs, including
limitations encountered in some of these systems, such as the use of aliphatic amines
not resulting in efficient product formation. The lack of reactivity likely originates from
undesired side reactions. This was further supported by the observation of bimolecular
quenching with both aromatic and aliphatic a-trimethylsilylamines as well as reasonably
high CEYs, indicating that—particularly at higher concentrations—these compounds
can act as very good quenchers for (11). As such they could also be interesting for
further exploration in other reactions, where they might also be used as sacrificial
electron donors. Additionally, we were able to spectroscopically track the later steps of
the reaction, mapping the entire photocatalytic cycle to obtain a more complete picture
of the different reaction steps.
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7 Excited state dynamics of an Fe(II)
Hexa-NHC Complex (Paper IV)

While Fe(III)-NHC complexes have been successfully applied in an artificial
photosynthesis reaction as well as organic photoredox catalysis [40, 43-45, 139, 140],
there is still on-going work towards finding Fe(II)-NHC complexes with long-lived CT
states. This is due to the fact that they are expected to be even stronger photo-reductants
than their Fe(III)-counterparts, broadening the range of possible application. Higher
CEYs might also be obtained by SET from the "MLCT states that are found in Fe(II)-
complexes, than what has so far been observed for Fe(IIl)-systems featuring *LMCT
states, as a result of the spin-forbidden recombination of triplet radical pairs [241]. The
latter refers to the fact that upon reduction of a triplet state by an electron donor, a
spin-correlated pair exhibiting the multiplicity of the ES of the PC is initially
afforded [242]. For said radical pair, geminate back-combination within the solvent
cage is spin-forbidden. However, for TM-based PCs, which feature heavy atoms, ISC
leads to interconversion between the triplet and singlet radical pair, presenting a
competing pathway through which aforementioned back-combination can still take
place [242, 243], as illustrated in Scheme 7.1.

3

3C+ D —— > PC O

ISC  \ k

hv, 1SC “ o8
1—

PC + D = PC + O

Scheme 7.1: Schematic illustration of the reaction pathways of the triplet ES of TM-based PCs in presence of an
electron donor. Adapted from [241] with permission. © 2020 The Authors. Chemistry — A European Journal
published by Wiley-VCH GmbH.

In a previous report, it has been shown that reduction of [Fe(Ill)(btz);]** (9), a
homoleptic hexa-NHC complex harbouring the bidentate ligand btz, affords its Fe(II)-
congener (10). Said complex exhibits a non-emissive "MLCT state with an ES lifetime
of 528 ps in acetonitrile [10, 11], which can be used for a photoredox reaction driven
by both the °LMCT state of (9) as well as the "MLCT state of (10) via consecutive
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bimolecular quenching events as demonstrated in Paper II. This type of reactivity,
somewhat resembling the Z-Scheme known from natural photosynthesis, is particularly
interesting as it allows for the accumulation of more energy within the same catalytic
cycle, thus giving access to energetically more demanding reactions than what would
be possible in a single photon mechanism [244].

- NayS,0, (50 equiv.)

CH3CN (deaerated), argon, r.t.
sonication for 2 h

[Fe(lll)(btz)3](PFg)s (9)
red color
7o(LMCT) = 100 ps

[Fe(ll)(btz)s](PFe)2 (10)

dark brown color
1,(MLCT) = 528 ps

i Isolated Yield: 92 %

Scheme 7.2: Previous work demonstrating the chemical reduction of (9) to (10) [11]. Adapted from Paper IV.

Consequently, uncovering similar reactivity in other Fe-NHC complexes could allow
for rapid further development of the field of iron photocatalysis. Here,
[Fe(III) (phtmeimb),]* (11)—also a homoleptic hexa-NHC complex, featuring the
tripodal tridentate ligand phtmeimb, with a "LMCT lifetime of 2 ns—was considered
a promising candidate. It had previously been demonstrated, that electrochemical
reduction of (11) to [Fe(II)(phtmeimb),] (17) is possible at a potential of ~1.16 V vs
Fc. Complex (17) has been found to also be photoactive exhibiting an absorption
band at 348 nm (¢=10850 M'cm™), tentatively ascribed to an MLCT
transition [12]. This assignment has been further corroborated by the computational
study of the GS electronic structure of (17) presented in this study.
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Scheme 7.3: Overview of the transformation of (11) to (17) by electrochemical or chemical reduction. Adapted
from Paper IV.
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Here, we showed that chemical reduction of [Fe(III) (phtmeimb),] PF¢ (11) was possible
using LiAlH4 as reductant in THE, upon which a colour change from red to yellow was
observed (Scheme 7.3). The corresponding UV-VIS absorption spectrum supported
the formation of (17) exhibiting the same changes as seen for the product obtained by
electrochemical reduction (Figure 7.1).
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Figure 7.1: UV-VIS absorption spectra of the Fe(lll)-NHC (11) in acetonitrile (brown) and THF (beige) and of the
Fe(I)-NHC complex (17) obtained by spectroelectrochemistry in acetonitrile (dark blue) and by chemical reduction
by LiAlHs in THF. The spectra obtained in THF were scaled at the maxima of the LMCT and MLCT bands,
respectively. Adapted from Paper IV.

Isolation of the Fe(II)-NHC complex (17) was possible (86 %) but further handling
and characterisations proved challenging, as even inside a glovebox, a successive colour
change back to the original red was observed, indicating rather rapid re-oxidation. Due
to this, NMR spectroscopic characterisation of (17) was performed by in situ chemical
reduction under inert atmosphere using deaerated THF-djs in presence of a slight excess
of LiAlHs in a sealed NMR tube. The excess of LiAlHj served to ensure that no
degradation back to the Fe(IlI)-state occurred for the duration of the measurements.
Both the 'H NMR spectrum as well as the >C NMR spectrum exhibited well-resolved
peaks, as expected for a diamagnetic compound such as (17). Interestingly, a substantial
downfield shift of 216.9 ppm for the carbene-carbon signal was observed, likely
originating from the strongly electron-donating effect the NHC-functionality imposes
upon the metal centre. This is very much in line with chemical shifts of the carbene-
carbon in the hexa-carbene Fe(lI)-complex (10), where the pertinent signal appears at

206.7 ppm [11].
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Figure 7.2: Extrapolated diabatic harmonic singlet and triplet potential energy surfaces for A) [Fe(ll)(phtmeimb):]
(17) and B) [Fe(ll)(btz)s]** (10) along an effective one-dimensional average Fe-C reaction coordinate calculated at
B3LYP+D2/6-311G*, SDD (Stuttgart/Dresden pseudopotentials and basis set) level of theory in acetonitrile. 3MLCT
(red solid line), 3MC (red dashed line), GS (black solid line). Reprinted from Paper IV.

Investigation of the excited state dynamics of (17) revealed a markedly shorter ‘"MLCT
lifetime of only 5 ps compared to the 2 ns-lifetime of the Fe(III)-ES. Due to the fact
that a significant increase in ES lifetime was observed when going from Fe(III)-NHC
complex (9) to its Fe(II)-analogue (10), the question of why the opposite was found for
(11) arose. Consequently, the differences in lifetime between (10) and (17) were
rationalised by activation barriers and Hamiltonian coupling constants for the
transition to MC states obtained by computational methods. These indicated that in
the case of (17) the comparatively shorter lifetime of the "MLCT state can partly be
ascribed to the higher energy of this state resulting in an essentially barrierless transition
to the *MC state (Figure 7.2, Table 7.1).

Table 7.1: Calculated thermodynamic parameters for (17) and (10) at B3LYP+D2/6-311G*(C, H, O, N), SDD(Fe)

level of theory in acetonitrile using the polarizable continuum model (PCM). (AE..: = activation energy,
AE = driving force, A = reorganisation energy, HAB = electronic coupling constant).

AEact (eV) AE (eV) A(eV) Has (Bohr™)
[Fe(ll)(phtmeimb):] (17) 0.00 -1.45 1.35 0.083
[Fe(I)(btz)]** (10) 0.07 -1.09 1.89 0.026

In Paper I, where we presented HERs sensitised by the Fe(III)-NHC complex (11), we
established that the complex exhibits substantially higher photostability in acetonitrile
than the archetypal [Ru(II)(bpy)s]** (1), which had been ascribed to the strong nature
of the Fe—C(carbene) bond as well as the fact that the phtmeimb-ligands of (11) are
tridentate, giving rise to a more rigid framework and thus improved structural integrity.
In light of that, we set out to investigate the photostability of its Fe(II)-congener (17)
in the presence of LiAlH under irradiation at 375 nm. There, we observed changes in
the MLCT absorption band at about 350 nm, already after 15-30 min. After 60 min,
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significant degradation of the complex was noted and at 90 min, the MLCT band had
essentially vanished. This lack of photostability for the Fe(II)-complex might be a
consequence of weakening of the Fe—~C(carbene) bonds in the MC states through which
the CT state is decaying.
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Figure 7.3: Photostability study for (17) (0.05 mM in THF + 1.5 equiv. LiAlHs) under irradiation at 375 nm.
Reprinted from Paper IV.

The photostability of [Fe(II)(btz);]** (10) was subsequently also investigated as a
reference using irradiation at 525 nm in anhydrous acetonitrile (Figure 7.4A) as well as
in a binary acetonitrile:water mixture (9:1) (Figure 7.4B). In both cases, substantial
changes of the corresponding absorption spectra were observed already within 60 min,
with the shoulder peaks at 450 nm and 510 nm decreasing in intensity. These changes
were more pronounced in the presence of water and especially so upon irradiation
overnight, where the characteristic absorption bands of (10) had completely
disappeared. Both under anhydrous conditions and in presence of water, precipitation
of decomposition products was observed within few hours.
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Figure 7.4: A) Photostability study for [Fe(Il)(btz)s](PFs); (10) (0.4 mM in acetonitrile) under irradiation at 525 nm.
B) Photostability study for [Fe(l1)(btz)s](PFs)2 (10) (0.4 mM in acetonitrile:H.0, 9:1 v/v) under irradiation at 525 nm.
Reprinted from Paper IV.

Based on these results, it appears that Fe(II)-hexa-NHC complexes are prone to
photodegradation to a similar extent as more classical systems, such as
[Ru(Il)(bpy)s]** (1). However, although photostability is highly desirable for
applications in photocatalysis, the apparent lability of (10) does not seem to have
strongly detrimental effects on its applicability for photoredox catalysis of (9), where—
under RQ conditions—(10) partakes as an intermediate species such as in

Paper II [44, 139].

To conclude, in this study, the ES lifetime of the °MLCT state of
[Fe(II) (phtmeimb),] (17) was determined to be 5 ps, which is significantly shorter than
the 2 ns-lifetime of the 'LMCT of its Fe(III)-congener. This relation was also compared
to the [Fe(III/II) (btz)5]**** (9/10) couple, where the Fe(III)-complex exhibits a 100 ps-
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lifetime of its ‘LMCT, while the "MLCT state of the Fe(II)-congener has a lifetime of
528 ps and is thus more long-lived [10, 11]. The surprisingly short lifetime of the
MLCT state of (17) most likely precludes the possibility for efficient diffusion-
controlled photochemical reactions. The differences between the "MLCT states of (17)
and (10) were attributed to the fact that the former’s CT state of higher energy
undergoes an essentially barrierless transition to the *MC state. This is in so far
interesting as it would be expected that the tridentate phtmeimb-ligands featured in
this complex destabilise the MC state to a higher degree than the btz-ligands. In
contrast to that, such a decay via MC-centred states is less favourable for the Fe(III)-
NHC complex (11) due to the spin-forbidden nature of the *LMCT — ‘MC
transition. Additionally, the diamagnetic complex (17) was characterised by NMR
spectroscopy, revealing well-resolved peaks and a notable downfield shift of the
carbene—C signal, attributed to its strong electron-donation to the coordination centre.
The photostability of this complex was also investigated and compared to (10),
revealing that both Fe(II)-NHC complexes were prone to degradation within much
shorter time than the Fe(III)-complex (11). This shows that simple reduction of existing
Fe(III)-NHC complexes with reasonably long *LMCT lifetimes does not necessarily
give rise to Fe(I[)-NHC species that also showcase long MLCT lifetimes.
Consequently, the pursuit for long-lived MLCT states of Fe(II)-complexes remains a
challenging endeavour, with very few successful examples to date [11, 245-248].
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8 Heterogenisation of Fe(III)-NHC
Complexes for Photoredox Catalysis

8.1 Background and Motivation

A range of reports, including the studies presented in Paper I-III, have clearly
established that Fe-complexes featuring strongly o-donating NHC, can partake in
outer-sphere SET from CT states to drive diffusion-controlled photocatalytic processes.
The reactivities observed from Fe-PCs were somewhat comparable to established noble
metal-PCs. With iron being highly Earth-abundant, especially compared to ruthenium
or iridium, Fe-complexes could be viewed as more sustainable alternatives to the latter.
However, what needs to be taken into consideration beyond the abundance of the metal
centre, is also the more elaborate ligand design and labour-intense preparation required
for the NHC-ligands discussed herein, which can include multi-step synthesis.
Furthermore, yields for the synthesis of the Fe-NHC complexes can also be low, due to
the sensitivity of the complexation step to moisture as well as possible formation of
undesired side products. Therefore, one approach to making photoactive Fe-NHC
complexes even more sustainable is their heterogenisation on inert metal oxide particles
via a suitable anchoring group present on the ligand framework. This strategy would
consequently allow for the facile separation of the photocatalytic component from the
reaction mixture via simple techniques such as filtration or centrifugation, enabling
straight-forward reusability.

[Fe(III)(phtmeimb),]* (11) has been established as a promising candidate for use in
photocatalytic reactions owing to the lifetime of 2 ns of its °LMCT state, strong
absorption of green light, as well as its photostability. As a result of the formerly
discussed photostability of (11), it has been shown that the PC could be recovered in
88 % yield following a successful dehalogenation reaction and a subsequent reaction
using the recovered material again led to full conversion of the starting material [40].
Furthermore, it has been observed that introduction of different substituents, be that
electron-donating (-MeO) or -withdrawing (~Br, -COOH), on the 4-positon of the
phenyl-moiety featured in the phtmeimb-ligand, induces barely any changes in the ES
lifetime, absorption features and redox chemistry compared to the parent
complex (11) [249]. Based on these insights, the Fe(Il)-NHC complex

71



[Fe(coohphtmeimb),]PFs  (18)  (coohphtmeimb =  (4-carboxyphenyl)tris(3-
methylimidazolin-2-ylidene)borate) could be an interesting candidate for
immobilisation on solid support.

In this chapter, early results for the heterogenisation of two Fe(III)-NHC complexes on
nanoparticles (NPs) are presented, where their solvent stability as well as application in
a photocatalytic model reaction were investigated. The two complexes in question are
the known PS (18), as well as a newly synthesised and characterised heteroleptic Fe(I1I)-
NHC complex, [Fe(IIl)(phtmeimb)(coohphtmeimb)]PFs (19), featuring both the
unsubstituted phtmeimb-ligand as well as the carboxy-substituted coohphtmeimb-
ligand. For the solid support, ALO3-NPs were chosen, as Al,Os has a wide band gap
(8.45-9.9 €V) and a high energy conduction band. Consequently, electron injection
from the attached Fe-PC should not take place, resulting in the metal oxide acting as
an essentially inert support [250].
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COOH
[Fe(ll)(coohphtmeimb):]* (18) [Fe(lll)(phtmeimb)(coohphtmeimb)]* (19)

8.2 Synthesis of Fe(III)-NHC complex (19)

Based on the syntheses of (11) and (18) [12, 249], a synthetic route for the heteroleptic
complex (19) was devised (Scheme 8.1). Previous reports attempting the direct
preparation of the Fe(III)-NHC complex (18) from the NHC-precursor featuring the
carboxylic acid-moiety had been unsuccessful, which is why the corresponding bromo-
substituted complex had been synthesised and isolated before subsequent conversion to
the desired product (18) by carboxylation. Therefore, equimolar amounts of the NHC-
precursors [phtmeimbH;](PFs), (phtmeimbH; = [phenyltris(3-methyl-1/4-imidazol-
3-ium-1-yl)borate)]**) (L1) and [brphtmeimbH;](PFs). (brphtmeimbH; = (4-
bromophenyl)tris(3-methyl-1 H-imidazol-3-ium-1-yl)borate]*) (L2) were used for the
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complexation, where the carbene was generated in situ at =78 °C by addition of a strong
base (potassium zer-butoxide, KO'Bu), after which FeBr, was added. This led to the
formation of a statistical mixture of the heteroleptic complex and the two
corresponding homoleptic species. Due to the fact that the polarity difference between
the three different complexes was not sufficiently large for separation via
chromatography, the purified mixture was subjected to the next step. There, a lithium—
halogen exchange was performed, after which CO, was used as an electrophile to trap
the anion, giving rise to a mixture of the desired heteroleptic product (19) along with
the homoleptic species (11) and (18). As a result of introducing the carboxylic-acid
moieties affording the heteroleptic complex (19) and complex (18), which harbour one
and two carboxy-groups respectively, it was then possible to separate the products by
column chromatography.

12 PR, Br 12PF,

~1PFe
%
1. KO'Bu (3.5 equiv.) (\.N Nﬁ
(\ B /ﬁ THF, -78 °C, 30 min ,N4 =N
= -B~ S & -
N-P~N + y _— H/Br—@—B Fe B—@—H/Br
N*/N. \=pN* (\N‘.B‘N/S 2. FeBr, (0.7 equiv.) Ne ):N’
’ [,) \ NN \=pn* 78°C-rt, on QN N.\?
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Scheme 8.1: Synthetic route towards the heteroleptic Fe(lll)-NHC complex (19) and its molecular structure based
on X-ray crystallography data. Yields are given over two steps.

The identity and purity of this new heteroleptic complex (19) was established by
"H NMR and ">C NMR spectroscopy, high-resolution mass spectrometry (HRMS) as
well as elemental analysis and was in accordance with the proposed molecular structure.
Not entirely unsurprisingly, comparison of the steady-state absorption spectra of the
heteroleptic complex (19) to the homoleptic analogues (11) and (18) revealed
essentially identical absorption features (Figure 8.1). Additionally, the same was also
observed for the corresponding steady-state emission spectra (Figure 10.3, Supporting
Information).
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Figure 8.1: Steady-state absorption spectra of the homoleptic Fe(lll)-NHC complexes (11) and (18) as well as their
heteroleptic analogue (19) in MeOH.

8.3 Preparation of A,O3-(18) and Al:O3-(19) and Solvent
Stability Studies

With the two Fe(III)-NHC complexes—equipped with suitable anchoring groups—in
hand, the heterogenisations on Al,O3-NPs were performed. This was done following a
modified literature procedure [250, 251], where the NPs were stirred in a solution of
the PC overnight in the dark (Supporting Information for experimental details). The
loading of dye-molecules attached to the Al,O5-NPs was determined using the so-called
depletion method. There, the decrease in concentration of PC in the solution after
sensitisation is measured utilising UV-VIS absorption spectroscopy.

For AL,O3-(19), concentrations of 0.17 mM and 0.28 mM of the heteroleptic dye were
used for the initial sensitisation, while concentrations of 0.25 mM and 0.5 mM of the
homoleptic dye were employed for the preparation of Al,O3-(18), which resulted in the
loadings of PC on Al,O; shown in Table 8.1. This range of concentrations was chosen
to afford initial insight into the effect the loading of PC on the ALLO3-NPs would have
on the reactivity. Notably, when comparing the sensitisation using a 0.25 mM solution
of (18) and a 0.28 M solution of (19) (Table 8.1), higher coverage was obtained for the
former (Al;O3-(18)-A), which can likely be attributed to the presence of two carboxylic
acid-moieties increasing the chances for anchoring to the metal oxide-surface.
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Table 8.1: Surface loadings obtained for the sensitisation of Al.Os-NPs using (18) and (19). 2concentration of the
PC-solution used for the sensitisation. ®'mmol of PC per mg Al.Os as determined by the depletion method.

[PC] PC loading on the NP-surface

(mM)? (mmol mg™")®
A 025 2.32-10°
Al203-(18)
B 050 4.87-10°
A 0.7 1.29-10°
Al,Os-(19
0019 5 8 2.08-10°

The thereby solid-supported catalysts ALO;3-(18) and ALO;-(19) (Figure 8.2) were then
investigated for their stability in a range of different solvents with respect to possible
catalyst desorption under irradiation at 530 nm for 2 h (Figure 8.3). Following
irradiation, the catalysts were separated from the supernatant solution by centrifugation
and the latter was subsequently analysed by UV-VIS absorption spectroscopy. In
general, similar trends for both Al,O3-(18) and Al,O3-(19) were observed, where visible
leaching of the PC into the solution—as indicated by the appearance of an absorption
band at around 500 nm attributed to the 2LMCT transition of both (18) and (19)—
occurred to varying degrees when using water, methanol, DMSO and to a smaller
extent DME Meanwhile, acetonitrile, THE toluene, DCM and chloroform appeared
to be well-tolerated. Due to the commonplace usage of the latter solvents, this could
potentially allow for the application of the heterogenised PCs in different photocatalytic
reactions.

-0 = =N
Al,04 _O>——©~B\";Z‘(Feg "B'OCOOH
AU
Al,O4-(18)
O
- L N
Al,O, _O)—Q—s; —(Fe)_ N,B-O
(NN
Al,03-(19)

Figure 8.2: Schematic Illustration of the heterogenised Fe(lll)-NHC complexes (18) and (19) affording Al.Os-(18)
and Al;03-(19) respectively.
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Figure 8.3: Stability of A) Al,Os-(18)-B and B) Al.0s-(19)-B in different solvents under irradiation at 530 nm for
2 h (3 Wislot).
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8.4 Investigation of the Photocatalytic Activity &
Reusability

Having determined that the heterogenised Fe(III)-NHC complexes exhibit
considerable stability towards desorption in different solvents under irradiation, the
next step was to investigate their photocatalytic activity and reusability. For this, a
simple dehalogenation, which had previously been performed by Troian-Gautier and
co-workers using the parent complex [Fe(IIl)(phtmeimb),]* (11) [40], was chosen as
the model reaction.

PC
Q NEt; (11.7 equiv.) j\/@
0 > 0
L DCM, 10 h
Br Air =530 nm, 3.15 W, Ar(g) Br
(S30) (P32)

Scheme 8.2: Dehalogenation of (530) to afford (P32) using Al.0s-(18) and Al,03-(19) as catalysts.

There, both ALO;3-(18) and ALO;-(19) were added (30 mg of the sensitised NPs
resulting in PC-loadings of 0.26 mol% and 0.46 mol% for Al,Os-(19)-A and ALO:;-
(19)-B respectively and 0.42 mol% and 0.92 mol% for AL,Os-(18)-A and Al,Os-(18)-
B respectively). The dehalogenation of 4-bromobenzyl 2-chloro-2-phenylacetate (S30)
to 4-bromobenzyl 2-phenylacetate (P32) was performed using NEt; both as sacrificial
reductant as well as a hydrogen source required for the formation of the desired product
in DCM as reaction solvent.

The reaction catalysed by the sensitised NPs presumably follows a very similar
mechanism to the one reported for the unsubstituted parent-complex
[Fe(III)(phtmeimb),]PFs (11) [40], which is shown in Scheme 8.3. There, it was
proposed that the Fe(III)-ES is reductively quenched by NE, giving rise to the amine
radical cation and the Fe(II)-GS. The Fe(II)-GS subsequently transfers an electron to
(830), leading to cleavage of the C(sp’)-Cl bond, forming a neutral radical
intermediate. The amine radical cation, as previously discussed in Chapter 5.2, can
subsequently undergo radical abstraction of an a-hydrogen, ultimately affording the
desired dehalogenated product (P32) and an iminium cation.
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Scheme 8.3: Proposed mechanism for the dehalogenation of (530) to afford (P32) using an Fe(lll)-NHC complex
as PC and NEt; as sacrificial reductant and proton source. Adapted with permission from [40]. © 2021 American
Chemical Society.

The reactions were vigorously stirred while irradiating at 530 nm for 10 h under inert
argon atmosphere. Thereafter, the solid-supported PCs were separated from the reaction
mixture by centrifugation, rinsed thoroughly with the reaction solvent and dried. The
conversion of (§30) to (P32) was quantified by "H NMR spectroscopy. Control
reactions using no catalyst or unsensitised ALO; led to no product formation.
Meanwhile, in the first reaction run, near quantitative conversion (93 %) of the starting
material was observed for ALLOs-(18)-B, while 76 % was observed for ALOs-(18)-A
consistent with a lower PC-concentration present in the reaction. The same trend was
observed for ALO;-(19)-A and -B. The overall catalyst concentrations for these
reactions were lower, resulting in lower conversions (46 % and 66 %).

For both ALOs-(18) and ALO3-(19), the catalytic activity steadily dropped over the
course of four reaction runs, but the most significant decreases were observed during
the fourth run (Figure 8.4). This also coincided with the noticeable decolouration of
the NPs after the third reaction run. However, regardless of that, product formation
was still maintained overall.
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Figure 8.4: Reusability of Al,Os-(18) and Al.Os-(19) at different catalyst-loadings in a dehalogenation reaction.
(mol% of PC in relation to the starting material $30, conversion determined by 'H NMR spectroscopy)

When considering the photocatalytic activity in relation to the surface coverage, the
possibility of symmetry-breaking charge-separation (SBCS) also needs to be taken into
account (Eq. (8.1)). Such reactivity has previously been reported for
[Fe(III) (phtmeimb),]* (11) both in solution at high concentrations (70 mM) [252], as
well as upon deposition on solid films [253].

Fe(Ill) + *Fe(Ill) - Fe(Il) + Fe(IV) (8.1)

There, an excited Fe(III)-molecule and a GS Fe(IIl)-molecule, can engage in SET,
affording the Fe(II)- and Fe(IV)-GS. The impact such reactivity can have for
heterogenised photocatalysis is as of now not sufficiently explored and further
investigations will be needed. While this way of accessing the Fe(II)-GS can provide the
reducing equivalents needed for parts of the reaction to be driven while omitting the
use of sacrificial reductants, the SET from the ES is a necessary step in some reactions
and thus, SBCS could pose an issue for certain photocatalytic transformations, such as
the herein shown dehalogenation. However, in the systems we have investigated here,
it appears that higher surface coverage in the given concentration range is still beneficial
to photocatalytic activity.
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8.5 Conclusion and Future Plans

Although the investigations presented in this chapter are still at a rather early stage, the
stability of the AL, O3-NP-supported Fe(IlI)-NHC complexes AL,O3-(18) and ALOs-
(19) in different solvents and demonstration of their photocatalytic activity in a
dehalogenation reaction show that this approach towards making these PCs even more
sustainable might be promising.

Optimisation of the PC-loading on the NPs will be required in the future, although
simultaneously, the potential charge-disproportionation between Fe(III)-ESs and
Fe(IIT)-GSs should be taken into account. The use of co-adsorbents—molecules that
feature anchoring groups and thus also attach to the metal oxide surface and that can
serve as spacers between the dye-molecules without participating in the photocatalytic
reaction—could also be investigated with respect to their impact on photocatalytic
activity and possible prevention of SBCS.

Furthermore, improving the strength of binding to the metal-oxide surface could be
beneficial, with the goal of decreasing the degree of PC-desorption and subsequent
decline in catalytic activity. To this end, different anchoring groups could be tested
which might allow for stronger binding to the metal oxide-surface. Additionally, other
inert support materials could furthermore be investigated, such as SiO,, indium tin

oxide (ITO) or ZrO..

Once the heterogenised Fe(III)-NHC complexes have been optimised with regard to
their composition, the scope of photoredox reactions can be expanded beyond
dehalogenation reactions and the reusability under different reaction conditions can be
studied.
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9 Concluding Remarks & Outlook

Photoactive complexes based on iron with sufficiently long ES lifetimes to allow for
diffusion-controlled SET from their CT states have been considered a holy grail for
many years. The inherently unfavourable photophysical properties of many such
compounds have thus presented a rather large obstacle towards achieving the desired
reactivity—an issue that was mitigated by the introduction of strongly o-donating
ligands, which aid in counteracting the rapid deactivation of the ES. The resulting Fe-
NHC complexes featured substantially longer ES lifetimes of their CT states, ranging
from hundreds of ps to the low ns. Regardless of the fact that longer ES lifetimes than
that have oftentimes been stated as crucial for bimolecular reactions, the goal of this
thesis work was to investigate the potential applicability of Fe-NHC complexes for
photocatalysis, shining a light on their merits and possible limitations and give insight
into mechanistic aspects that could aid the improvement of such systems, be that
through adjustments to the catalyst design or modification of reaction conditions.
Consequently, Fe-NHC complexes have been employed as PSs for artificial
photosynthesis and photoredox catalysis of organic reactions in this work, and the
underlying mechanisms have been investigated thoroughly.

Chapter 5 addressed the investigation of [Fe(IlI)(phtmeimb),]* (11) as PS in HERs
(Paper I), where the 2 ns-lifetime of this complex’ ’LMCT state was utilised, to generate
hydrogen gas from an organic acid, [HNEt;][BF4], using either Pt-colloids or a
molecular PRC based on Earth-abundant cobalt (12) (Paper I). There, TONs of up to
1300 were obtained under green light irradiation, vastly outcompeting previous
attempts at producing hydrogen with Fe-NHC complexes as the light-harvesting
component of the reaction system. While initial reaction rates for our complex (11)
were significantly lower compared to the archetypal [Ru(II)(bpy)s]** (1), superior long-
term photostability allowed for sustained hydrogen evolution over a longer time,
effectively resulting in the production of larger amounts of hydrogen. The difference in
initial TOFs was rationalised by the fact that, while the quenching rates for the
bimolecular quenching of (11) with the trialkylamine-based sacrificial reductants in the
reaction solvent acetonitrile were sufficiently high to indicated that this step occurred
via a diffusion-controlled process, the CEYs of the electron transfer products were rather
low (23 %). These results were furthermore in line with the overall quantum yields for
the hydrogen production of 1.1-1.3 % using (11). Attempts at improving the reactivity
through increasing the CEYs by changing the reaction solvent acetonitrile to, amongst
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others, DCM—a solvent known to enable significantly higher CEYs for the RQ of (11)
by trialkylamines than acetonitrile—resulted in no or significantly less hydrogen being
produced. Therefore, we could show that while certain changes to the reaction
conditions can prove beneficial to isolated steps of the reaction mechanism, for more
complex reactions, these effects can be multi-faceted and thus more challenging to
exploit, as the reactivity might be impeded in another step. Hydrogen evolution from
water was not feasible under the reaction conditions used in this study, as was shown
upon replacement of [HNEts][BFs] with water as a proton source, where the protons
for the product formation were presumably obtained through the decomposition
pathways undergone by the trialkylamines used as sacrificial reductants. While the poor
solubility of (11) might partially contribute to the lack of hydrogen production from
water, the reasons for the inactivity are still unclear. In order to improve upon the herein
described system, further investigations and modifications will thus be needed. One
such change could be the use of other sacrificial reductants.

Additionally, COx-reduction to CO, sensitised by (11), was attempted with different
reduction catalysts. However, no catalytic CO-formation has been observed, warranting
further testing in the future. Change of the sacrificial electron donor could also prove
beneficial in this case, as higher quenching efficiencies might be needed to drive this
thermodynamically challenging process. Furthermore, to enhance the catalytic
performance of Fe-NHC complexes as PS for reduction reactions in artificial
photosynthesis, the design of compounds with not just sufficiently long ES lifetimes
but also higher reducing power being accessed in the Fe(II)-GS is essential, so that
certain reaction steps do not rely on the generation of reducing decomposition products
such as a-aminoalkyl radicals or CO;".

In light of these problems, particularly in the case of artificial photosynthesis reactions,
the use of molecular dyads or anchoring of the Fe-NHC complexes to semiconductor
materials could be advantageous, allowing for the circumvention of several issues
associated with diffusion-controlled SET processes.

In Chapter 6, some of the first substantiated examples of organic photoredox reactions
driven by outer-sphere quenching of the CT states of Fe-NHC complexes are presented.
The results of Paper II showcase that [Fe(III)(btz);]>*** (9)/(10)—a complex with two
photoactive oxidation states exhibiting sub-ns lifetimes of the *LMCT state of the
Fe(III)- and *MLCT state of the Fe(II)-congener—could be used to drive a benchmark
photoredox reaction, the ATRA reaction, under green light irradiation. Bimolecular
RQ of the ES of the Fe(III)-PC (9) gave access to the Fe(II)-GS (10), which itself also
undergoes excitation at the irradiation wavelength, affording the even more strongly
reducing Fe(I)-ES. Thereby, two photons per catalytic turnover are utilised, giving
access to the higher energy required to catalyse the target reaction under these reaction
conditions in a mechanistic facsimile of the Z-scheme known from photosynthesis.
Furthermore, the OQ of the ES of (9) was used for efficient product formation whilst
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allowing for the omission of sacrificial reagents—albeit higher catalyst loadings were
needed to maintain comparable reactivities between the two routes. This study in
particular showcases that even ES lifetimes in the hundreds of picoseconds are sufficient
for photoredox catalysis via collisional quenching of CT states in iron-based PCs—
given that the bimolecular quenching occurs at appreciable rates and that the cage
escape of electron-transfer products is sufficiently high.

The study in Paper III featuring [Fe(III) (phtmeimb),]* (11) highlights that these PCs
can furthermore catalyse synthetically valuable reactions beyond classical benchmark
reactions that have been demonstrated as a proof-of-principle to study the
photochemical properties of these systems. There, aminomethylations of electron-
deficient alkenes are made possible by SET from a-trimethylsilylamines to the LMCT
state of (11), giving rise to the Fe(II)-GS and amine radical cations that undergo bond
fission of the Si—C(a)-bond to afford the corresponding «-aminoalkyl radicals. Said
highly nucleophilic a-aminoalkyl radicals could be trapped by electron-poor alkenes,
allowing for the synthesis of highly functionalised N-containing compounds within just
one step. Through mechanistic investigations, it was revealed that the quenching of the
*LMCT state of (11) transpired via a combination of dynamic and static quenching.
While collisional quenching rates were similar to previously reported values found for
regular tertiary amines, the CEYs in DMF of the resulting electron-transfer products
were higher for a-trimethylsilylamines. This, along with the fact that a-aminoalkyl
radical formation occurs more selectively from these species, makes o-
trimethylsilylamines attractive quenchers for (11), not only for the generation of
synthetic building blocks but also for example to produce reducing species in a more
efficient and targeted fashion for e.g., artificial photosynthesis applications. In this
study, we were furthermore able to spectroscopically follow the recovery of the Fe(III)-
GS, corresponding to catalytic turnover, giving insight into a part of the catalytic cycle
that is usually less thoroughly explored. Consequently, the results described in that
chapter serve to showcase both the opportunities but also some of the limitations
associated with Fe-NHC complexes in the context of photoredox catalysis for organic
transformations.

Both for artificial photosynthesis reactions as well as organic photoredox catalysis, the
comparatively low reducing power of the herein encountered Fe(II)-GSs impose
restrictions on the applicability of these complexes. However, as shown in Paper II,
sequential excitation of two photoactive oxidation states, if feasible, can aid in boosting
the reactivity. In Chapter 7 (Paper IV), [Fe(II) (phtmeimb),] (17) was investigated with
regard to its photophysical and -chemical properties, due to the 2 ns-lifetime of its
Fe(IlI)-congener (11). There, it was however found that this Fe(II)-complex possesses a
"MLCT lifetime of only 5 ps, attributed to an essentially barrierless decay to the "MC
state, which precludes its utilisation for photocatalytic applications relying on diffusion-
controlled bimolecular quenching processes. Characterisation of (17) by NMR
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spectroscopy revealed a strong downfield shift of the carbene-C (216.9 ppm), attesting
to the o-donating properties of the NHC-motif. Since the corresponding Fe(III)-
complex (11) had exhibited remarkable photostability as demonstrated in Paper I, the
photodegradation of [Fe(Il)(phtmeimb),] (17) and [Fe(II)(btz);]** (10) was also
investigated by irradiation at 375 nm and 525 nm respectively. In both cases,
degradation within few hours was observed, likely as a result of the Fe—C(carbene) bond
being weakened in the MC state. With Fe(II)-complexes exhibiting long-lived "MLCT
states remaining elusive, the photostability of Fe(III)-NHC complexes such as (11)
offers additional motivation for LMCT state-driven photocatalysis, beyond the so far
reported applications, not to be disregarded.

One major incentive for the studies described in this thesis was to establish Fe-NHC
complexes as a more sustainable alternative to noble metal-based PSs for photocatalytic
applications. However, the fact that quantum yields of the reactions performed with
these complexes are comparatively low and their syntheses involve several steps, some
of which can be low-yielding, invites the question of whether their sustainability can
actually be considered a key advantage at this point in time. Consequently, in some
instances, it could be argued that the catalytic efficiencies, better quantum yields and
overall reactivities that can be accessed via noble metal-PSs, as well as their commercial
availability or facile synthetic preparation, might validate their usage over Fe-NHC
complexes. However, the sheer abundance of iron, combined with the demonstrated
superior photostability of the Fe(IlI)-hexa-NHC complex with the longest ES lifetime
to date, still makes a compelling case for the sustainability of these systems. Therefore,
in Chapter 8, the photostability of (11) and its favourable photophysical properties,
which remain unchanged upon introduction of carboxylic acid-moieties on the phenyl-
groups present in this molecule, were utilised in an attempt to improve the recyclability
of Fe(III)-NHC PCs by heterogenisation via anchoring to an inert solid support. There,
AL O3 NPs were sensitised with the homoleptic complex [Fe(coohphtmeimb),]PF¢ (18)
as well as the newly synthesised heteroleptic complex
[Fe(phtmeimb)(coohphtmeimb)]PFs (19) and the solvent stability of the resulting
heterogenised PCs was investigated. Furthermore, the photocatalytic activity and
recyclability of the heterogenised Fe(III)-NHC complexes were probed in a simple
dehalogenation reaction, revealing that over four runs conversion of the starting
material can be observed, although it gradually decreases. This study is currently still at
an early stage, but could serve to facilitate the reusability of Fe(III)-NHC complexes in
photocatalytic applications—although further optimisations are needed.

The investigations presented in this thesis have, amongst other things, revealed that
Fe(III)-hexa-NHC complexes exhibit substantially improved photostability compared
to the prevalent archetypal noble metal PSs. The examples of photocatalytic
applications using Fe-NHC complexes discussed herein furthermore aid in
counteracting the general notion that rather long ES lifetimes are crucial for reactions
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to be driven via diffusion-controlled outer-sphere electron transfer reactions, whilst not
negating that extending them further would most certainly be advantageous and thus
remains desirable. However, the Fe-NHC complexes currently at our disposal exhibit
limited redox potentials and low CEYs. While the latter could potentially be improved
by modification of the reaction conditions, adjustment to the former necessitate
changes in structural design. These issues currently pose barriers for the more wide-
spread application of Fe-NHC complexes in photocatalysis. Nevertheless, studies such
as the ones presented in this thesis work, can give invaluable information about
mechanistic intricacies that govern the observed reactivity, paving the way for future
optimisations. The interplay between synthetic organic and organometallic chemistry,
computational chemistry and spectroscopic techniques is crucial to expediting the
development of the field of photocatalysis and by utilising insights from all of these
areas iron could potentially face a bright future.
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10 Supporting Information

10.1 COz-Reduction sensitised by an Fe(III)-NHC

complex

10.1.1 General Information

All solvents and sacrificial reductants were obtained from commercial suppliers and
used without further purification. [Fe(phtmeimb),]PFs (11) [12], [Co(TIM)Br,]Br
(13) [189], [Co(L™)CI(OTf), (14) [190], fac-[Re(bpy)(CO)s(MeCN)] (15) [191]
and fac-[Re(bpy)(CO)sCl] (16) [254] were synthesised according to literature
procedure. CO; was purchased from Linde Gas and used directly from the gas cylinder.

10.1.2 Experimental Details

Photoreactions were conducted in a TAK120 AC photoreactor purchased from HK
Testsysteme GmbH. Irradiation was performed using the green LED array
(A = 530 nm, 3.15 W/slot unless otherwise indicated) and a reaction temperature of
28-32 °C. Reaction solutions were contained in 4.9 mL clear glass vials with screw caps
featuring a PTFE/silicone septum and flushed with CO: (g) for 5 min.

The amount of CO in the headspace was determined using a custom-built Raman based
spectrometer. To this end, amount of CO dissolved in the solvent was considered to be
very minor compared to the amount in the headspace.
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10.1.3 Results

Table S1: Testing of the photocatalytic reduction of CO, to CO using [Co(TIM)Br:lBr (13) as catalyst and
[Fe(Il)(phtmeimb).]PFs (11) as PS (Air =530 nm, 3.15Wi/slot, all results given as an average of duplicate
measurements, n.d. = not detected, TON = mol H,/ mol PRC).

Cat ([ri?\;]) BS (E::/]I) i‘i’éﬂi’tﬂ?ft <[3.1> Solvent Tih'“f (pfnool) TON®
(13) 10 11) 1 TEA 0.5 Me,\gel-lczl:ﬁ) 18 2.41 <1
(13) 10 11) 1 TEOA 0.5 Me,\gel-lczl:ﬁ) 18 4.45 <1
(13) 10 11) 1 TEA 1 Me,\gel-lczl:ﬁ) 18 2.52 <1
(13) 10 11) 1 TEOA 1 Me,\gel-lcz;ﬁ) 18 4,59 <1
(13) 1 11) 1 TEOA 0.5 DMF 21 n.d. -
(13) 2 11) 1 TEOA 0.5 DMF 21 n.d. -
(13) 5 11) 1 TEOA 0.5 DMF 21 n.d. -
(13) 10 11) 1 TEOA 0.5 DMF 21 n.d -

Table S2: Testing of the photocatalytic reduction of CO. to CO using [Co(L™)CI](OTf). (14) as catalyst and
[Fe(ll)(phtmeimb).]PFs (11) as PS (Air = 530 nm, 3.15 Wislot, n.d. = not detected, TON = mol H,/ mol PRQ).

[Cat] [PS]  Sacrificial [Q] Time co

Cat (mM) PS (mM) Reductant (M) Solvent (h) (umol) TON?
(14) 1 11 1 TEA 0.5 DMF 20 n.d. -
(14) 1 11 1 TEOA 0.5 DMF 20 n.d. -
(14) 1 - - TEA 0.5 DMF 20 n.d. -
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Table S3: Testing of the photocatalytic reduction of CO; to CO using fac-[Re(bpy)(CO):(MeCN)] (15) as catalyst
and [Fe(lll)(phtmeimb)]PFs (11) as PS (Air = 530 nm, n.d. = not detected, TON = mol H,/ mol PRC, ®3.15 Wi/slot,
€1.51 W/slot).

Cat ([;T\}I]) PS (E::/]I) i‘i’éﬂi’tﬂ?ft <[3.1> Solvent Tih'“f (p(r:nool) TON?
(15)° 0.5 11) 0.5 TEOA 0.5 DMF 20 19.1 19
(15)° 0.5 - - TEOA 0.5 DMF 20 30.3 30
(15)¢ 0.5 11) 0.5 TEOA 0.5 DMF 20 12.9 13
(15)¢ 0.5 - - TEOA 0.5 DMF 20 6.5 7

Table S4: Testing of the photocatalytic reduction of CO; to CO using fac-[Re(bpy)(CO);Cl] (16) as catalyst and
[Fe(ll)(phtmeimb).]PFs (11) as PS (Air = 530 nm, 1.51 Wislot, n.d. = not detected, TON = mol H,/ mol PRC).

[Cat] [PS]  Sacrificial [Q] Time co a
Cat mm)y PS5 (mM) Reductant (M) Solvent (hy  (umol) TON
(16) 0.5 11) 0.5 TEOA 0.5 DMF 20 34.1 34
(16) 0.5 - - TEOA 0.5 DMF 20 52.0 52
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10.2 Heterogenisation of Fe(III)-NHC Complexes for
Photoredox Catalysis

10.2.1 Materials & Methods

10.2.1.1 Synthesis and Characterisation

The ligands L1 and L2 as well as complex (18) were prepared following literature
procedures [12, 249]. All solvents used in work-up procedures, for silica gel or alumina
column chromatography, and for sensitisation of Al,Os-nanoparticles were obtained
from commercial suppliers and used without further purification. THF was dried over
Na/benzophenone and subsequently distilled under nitrogen prior to use. Flash column
chromatography was performed using Merck silica gel (pore size 60 A, 230-400 mesh
particle size, particle size 0.043—-0.063 mm) or Merck aluminium oxide 90 active
neutral (0.063-0.200 mm, 70-230 mesh ASTM). NMR spectra were recorded at
ambient temperature on a BrukerAvance II 400 MHz NMR spectrometer
(400/101 MHz "H/"C). Chemical shifts (8) for 'H and "C NMR spectra are reported
in parts per million (ppm), relative to the residual solvent peak of the respective NMR
solvent (DMSO-ds (81 = 2.50 and 8¢ = 39.5 ppm)). Coupling constants (/) are given
in Hertz (Hz), with the multiplicities being denoted as follows: singlet (s), doublet (d),
triplet (t), quartet (q), quintet (qi), multiplet (m), broad (br). NMR spectra for °C
were recorded with decoupling from 'H. Electrospray ionization—high resolution mass
spectrometry (ESI-HRMS) and atmospheric pressure chemical ionization (APCI) for
mass spectrometry were recorded on a Waters Micromass Q-Tof micro mass
spectrometer. Elemental analyses were performed by Mikroanalytisches Laboratorium

KOLBE (Oberhausen, Germany).

10.2.1.2 Photocatalytic Reactions

Photoreactions were conducted in a TAK120 AC photoreactor purchased from HK
Testsysteme GmbH. Irradiation was performed using the green LED array
(A = 530 nm, 3.15 W/slot unless otherwise indicated) and a reaction temperature of
28-32 °C. Reaction solutions were contained in 4.9 mL clear glass vials with screw caps
featuring a PTFE/silicone septum.
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10.2.2 Synthesis of the Fe(III)-NHC complex (19)

cooH

[Fe(lll)(phtmeimb)(coohphtmeimb)]* (19)

[Phenyltris(3-methyl-1H-imidazol-3-ium-1-yl)borate)] di(hexafluorophosphate) (L1)
(1.45 g, 2.32 mmol, 0.5 equiv.) and [(4-bromophenyl)tris(3-methyl-1H-imidazol-3-
ium-1-yl)borate] di(hexafluorophosphate) (L2) (1.63 g, 2.32 mmol, 0.5 equiv.) were
dried in vacuo overnight at 80 °C. Potassium zers-butoxide (1 M in THE 16.3 mL,
16.24 mmol, 3.5 equiv.) was added dropwise to a suspension of (L1) and (L2) in dry
THF (80 mL) at -78 °C affording a light-yellow solution. After stirring for 30 min at
that temperature, the cooling was removed and a solution of FeBr, (699 mg,
3.25 mmol, 0.7 equiv.) in THF (30 mL) was added at once after the yellow ligand
solution had turned to a dark orange colour. The reaction mixture turned dark brown
and was allowed to reach room temperature before stirring overnight in the dark under
Ar (g). The mixture was exposed to air, leading to a colour change to burgundy red, and
the solvent was removed under reduced pressure. The residue was taken up in DCM
and filtered through a pad of celite and dried over MgSOy before concentrating and
drying in vacuo. The red residue was then dissolved in a minute amount of DCM before
reprecipitation by addition of diethyl ether, which was repeated twice. The precipitate
was purified by silica gel column chromatography (3.5 x 17 cm, toluene : acetonitrile,
3:1, v/v) affording a dark red solid, which was a mixture of the desired heteroleptic
precursor-complex  [Fe(III) (phtmeimb) (brphtmeimb)]PFs  and the homoleptic
analogues [Fe(III) (brphtmeimb),]PF¢ and [Fe(III)(phtmeimb),]PF¢ (11). (Yield of the
mixture: 803 mg)
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This mixture (803 mg) was suspended in anhydrous THF after drying in vacuo at 45 °C
overnight and cooled to -78 °C. #-BulLi (2.5M in hexanes, 1.8 mL, 1.8 mmol,
5 equiv.) was added dropwise leading to a colour change to dark yellow. The reaction
mixture was stirred at that temperature for 1.5 h. CO; (g, from a gas cylinder) was
bubbled through the solution, upon which it changed colour from yellow back to red.
The cooling was removed and stirring was continued at room temperature for another
hour before removing the CO,-inlet. The solvent was then removed under reduced
pressure and the burgundy red residue was suspended in water, acidified with HPFs
(55 % aq., to pH 2) and stirred vigorously for 1 h. The resulting fluffy red precipitate
was filtered, washed with water and dried in vacuo overnight.

The mixture of products was separated by column chromatography (activated neutral
alumina, acetonitrile — acetonitrile : water 4:1, v/v —> acetonitrile : water 2:1 +
1 % HCI v/v) affording the desired product (19) (247 mg, 12 % over 2 steps) as well
as the homoleptic complexes (11) (184 mg, 9 % over 2 steps) and (18) (87 mg, 4 %,
over 2 steps).

"H NMR (400 MHz, DMSO-d): & 14.82 (s, 2H), 14.68 (s, 2H), 11.00-10.87 (m,
2H), 10.49-10.29 (m, 2H), 9.82-9.65 (m, 1H), 5.07 (s, 18H), 1.11 (s, 3H), 1.02 (s,
3H), -11.85 (s, 3H), -12.12 (s, 3H). "C NMR (101 MHz, DMSO-ds): § 169.5, 139.3
(d, ] = 18.2 Hz), 133.2, 132.3, 131.6, 130.9, 49.4 (d, ] = 39.5 Hz), 16.0, 14.9, ~29.7.
ESI-HRMS calculated m/z = 762.2933, found m/z = 763.2951 for Cs7H4B,N,O,Fe*;
calculated m/z = 144.9642, found m/z = 144.9635 for PF¢. Elemental analysis for
C37H4oBoN1,O,FePFs (% caled, % found): C (48.98, 48.91), H (4.44, 4.41),
N (18.53, 18.51).
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10.2.3 Steady-State Emission Spectroscopy
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Figure 10.3: Steady-state emission spectra of the Fe(lll)-NHC complexes (11), (18) and (19) in MeOH.

10.2.4 Preparation of the sensitised Al,O3-Nanoparticles

The preparation of the sensitised Al,O3-NPs was performed using a modified literature
procedure [251]. To 100 mg Al,Os (nanopowder, <50 nm particle size (TEM)), 10 mL
of a solution of the PC in methanol with the indicated concentration was added and
the resulting suspension was stirred in the dark overnight. Thereafter, the sensitised
AL O;5-NPs were separated from the supernatant solution by centrifugation and washed
thrice with methanol before drying in vacuo. The PC-loading on the NP-surface was
determined using the depletion method, where the consumption of the dye from the
sensitisation solution is quantified by UV-VIS absorption spectroscopy.

10.2.5 Photocatalytic Dehalogenations

A 49 mL clear glass vial was charged with 4-bromobenzyl 2-chloro-2-
phenylacetate (S30) (0.15 mmol, 50.65 mg), NEt; (1.76 mmol, 254 uL) in DCM
(2.5 mL) the respective PC (30 mg) before flushing with Ar (g) for 3 min. The samples
were then irradiated at 530 nm (3.15 W/slot) under vigorous stirring for 10 h. Upon
completion, the PC was separated from the reaction solution by centrifugation, washed
with DCM and dried for further usage. The conversion of starting material to product
was determined using 'H NMR spectroscopy.
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