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l. Abstract

This thesis aimed at the development of chiral bifunctional photocatalysts, that both serve to initiate photoredox
reactivity and control stereoselectivity. The main focus was the comparison of heteroleptic ruthenium complexes
of the form [Ru(R-bpy),(BOX-bpy)] with R = H, tBu, OMe regarding the influence of substituents on the
stereochemical outcome. The chiral bisoxazoline-bipyridine (BOX-bpy) ligands were synthesized by side-chain
functionalization from 4,4’-dimethylbipyridine in a linear sequence of only four steps. Incorporation of the BOX-
bpy ligand into the heteroleptic complexes paved the way for a comparative analysis of photophysical and
electrochemical parameters, indicating that electron-donating substituents raise both the corresponding ligand
orbitals and the metal-centred HOMO, while a BOX-bpy-centred orbital remains the energetically unaltered
LUMO that preferably accepts an electron upon MLCT excitation. In order to determine the influence of the
substituents on the preference for enantioselective transformations of Lewis acid-bound substrates with respect to
racemic background reactions, five photoredox transformations were investigated. In an aerobic oxidation of a
B-keto ester, the obtained enantiomeric excesses reflected the anticipated electronic influences. The results lay the
foundation for further research on directed excitation in heteroleptic photocatalysts through rational modification
of orbital energies for adjustment of reactivities on opposing catalyst sides towards spatially preferred

photochemical activation of Lewis acid-bound substrates leading to enantioselective activation.



BOPA
BOX
bpm
bpy
bpz
CAMP
COD
COX-1
D

AGgs
DET
dF(CFs)ppy
DIOP
DIPAMP
dmb
DMF
DNA
DPZ
dtbbpy
Eoo

EA
EDA
ee

Eem
EnT

er

EU

Fc

Fc*
FDA
FMN
FRET
fs

GS
HAT
HOMO

List of abbreviations

Acceptor

Bis(oxazolinylphenyl)amide

Bis(oxazolin)

2,2'-Bipyrimidine

2,2'-Bipyridine

Bipyrazine ligand
Cyclohexyl(2-methoxyphenyl){(methyl)phosphane
Cyclooctadiene

Cyclooxygenase-1

Donor

Gibbs free energy of lowest energy triplet MLCT
Dexter energy transfer
2-(2,4-Difluorophenyl)-5-(trifluoromethyl)pyridine
O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
(Ethane-1,2-diyl)bis[(2-methoxyphenyl)(phenyl)phosphane]
4,4‘-Dimethyl-2,2°-bipyridine
N,N-Dimethylformamide

Deoxyribonucleic acid

Dicyanopyrazine
4,4'-Di-tert-butyl-2,2'-bipyridine

Energy difference between vibrationally relaxed ground and excited states
Electron affinity

Electron donor acceptor

Enantiomeric excess

Energy at emission maximum

Energy transfer

Enantiomeric ratio

European Union

Ferrocen

Ferrocenium cation

U.S. Food and Drug Administration

Flavin mononucleotide

Forster resonance energy transfer

Femtoseconds

Ground state

Hydrogen atom transfer

Highest occupied molecular orbital

Internal conversion

Ionization potential

Intersystem crossing

Rate constant of fluorescence

Rate constant of internal conversion

Rate constant of non-radiative decay



kon Rate constant of phosphorescence

LA Lewis acid

Acs Excess energy of ground state after phosphorescence
LC Ligand-centred

LUMO Lowest unoccupied molecular orbital
MC Metal-centred

MLCT Metal to ligand charge transfer

MO Molecular orbital

NAD(P)H Nicotinamide adenine dinucleotide phosphate
nm Nanometer

nr Non-radiative decay

ox Oxidation

PCET Proton-coupled electron transfer
PET Photoinduced electron transfer

ph Phosphorescnce

phen 1,10-Phenanthrolin

PHOX Phosphinooxazoline

PPy Phenylpyridine

ps Picoseconds

PyBOX Bis(oxazolinyl)pyridine

pz Pyrazolo ligand

Q Quencher

RB Rose bengal

red Reduction

RNA Ribonucleic acid

SCE Standard calomel electrode

SCS Spin-center-shift

SET Single electron transfer

SOMO Singly occupied molecular orbital
TBHP tert-Butyl hydroperoxide

uv Ultra violett

vr Vibrational relaxation



11 Introduction: Photophysical principles and general mechanisms in photoredox catalysis

1 Introduction

Photoredox catalysis has become a major topic in chemical research in recent years and has added a variety of
useful and previously unavailable transformations to the toolbox of organic synthesis."® Although there were
sporadic publications on organic photoredox transformations since the 1970s, research associated with today’s
most popular photoredox catalyst [Ru(bpy)s]** (7) focused mainly on inorganic applications, e.g. water splitting
or solar cells.”” The versatility of this chemistry and its potential for synthetic methodology was not recognized by
the chemical research community until the almost simultaneous appearance of three very diverse transformations:
An efficient protocol developed by the MacMillan group in 2008 enabling an asymmetric a-alkylation of
aldehydes 2 by merging photoredox- and organocatalysis is considered the initiator of the widespread and ever
since growing interest in photoredox catalysis.'” Almost at the same time, the Yoon group published a photoredox-
catalyzed [2+2]-enone cycloaddition, followed by the Stephenson group introducing a visible light-induced

reductive dehalogenation (scheme 1).'>!2

Yoon, 2008
[2+2]-Enone cycloaddition

MacMillan, 2008
asymmetric a-alkylation

(0]
| | Ph
H EWG
R4
5 6
7
m
X HCO,H, DMF, rt H
R Ry R Ry
8 Stephenson, 2009 9

reductive dehalogenation

scheme 1. Selected examples of visible-light photoredox transformations that initiated the widespread interest in photoredox chemistry.'®'

Despite the diversity of these transformations, they share the photoredox catalyst [Ru(bpy)s]** (7), which possesses
exceptional redox properties when excited by visible light (chapter 1.1) enabling single-electron-transfer (SET) or
energy transfer to organic substrates and thus initiating a multitude of transformations involving radical
intermediates (chapter 1.3). The MacMillan group exploited the photoredox catalyst for the reductive generation
of a-carbonyl radicals to which chiral electron-rich enamines are readily added in a stereocontrolled fashion.'
Oxidation of the resulting a-amino radicals - again by the photoredox catalyst - and regeneration of the

organocatalyst 4 provides access to numerous enantioenriched a-alkylated aldehydes 5. In a similar way, the

concept of organo-photoredox catalysis (chapter 1.3.1.1 and 1.3.2.1) was used to develop a variety of useful
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transformations and served as inspiration for the establishment of further dual catalytic systems (chapter 1.3.1)."*
15 The Yoon group used photoredox catalysis for the reduction of an enone moiety 6, which undergoes a stepwise
cycloaddition to form cyclobutanes 3. As the redox potential of the photocatalyst 7 is insufficient for a direct
reduction of the enone 6, a Lewis acid co-catalyst was added which both facilitates the electron transfer and
stabilizes the resulting radical anion, again suggesting the possibility of combining photoredox catalysis with an
additional catalytic mode of activation."! Using photoredox catalysis, the Stephenson group succeeded in
chemoselectively exchanging halogen substituents adjacent to electron-withdrawing groups, e.g. at a- or benzylic-
positions, with hydrogen atoms by reductive dehalogenation in the presence of formic acid or Hantzsch ester
serving as the hydrogen atom source.”? This reaction is the foundation for later developments of the Stephenson
group, e.g. a radical cyclization, wherein the intermediary radical adds intramolecularly to double or triple bonds

before hydrogen atom abstraction.'®

The fascination in photoredox catalysis that has persisted since these milestone publications reflects the variety of
uncommon bond formations, enabled by the exploitation of radical reactivity, which greatly expands the repertoire
of chemical transformations formerly dominated by ionic two-electron mechanisms.»* In contrast to established
methods, the formation of these radicals does not require highly reactive radical initiators, that might lead to side
reactions.>” Instead, the radical transformations can be initiated by simple irradiation with low-energy visible light
from an ordinary household light bulb - a photochemical reaction setup that is very easy to implement without the
need for specialized equipment.* Given their extraordinary photophysical and electrochemical properties
(chapter 1.1), photoredox catalysts serve to convert the energy from visible light irradiation into usable
electrochemical potential, thereby generating oxidants and reductants transiently at different points in the reaction
mechanism, sometimes without the need for stoichiometric chemical oxidants or reductants.’ Since visible light is
of low energy and organic molecules typically do not absorb in the visible spectrum, the risk of side reactions

resulting from photoexcitation is very low. >!7 18

Since 2008, research on photoredox catalysis has revealed a great number of novel transformations. By combining
photoredox catalysis with other catalytic modes of activation such as organocatalysis (chapter 1.3.1.1 and 1.3.2.1),
transition-metal catalysis (chapter 1.3.1.2 and 1.3.2.2) and even biocatalysis (chapter 1.3.1.3 and 1.3.2.3), the
misconception that the reactivity of radical intermediates is incompatible with the increasing demand for
selectivity was overcome and the spectrum of catalytic transformations was expanded by the branch of odd-
electron-reactivity.* Thereby, a large number of catalyst derivatives including metal complexes analogous to
[Ru(bpy)s]** (7), but also metal-free organic photoredox catalysts have been developed and their photophysical
and electrochemical properties optimized for their respective transformation by precise fine tuning of the
structure (chapter 1.1.3). Both the development of new photoredox catalysts and exploration of their reactivity, as
well as the concept of dual catalysis are promising approaches for the further evolution of this fast growing field of
chemistry. The combination of photoredox catalysis with asymmetric Lewis-acid activation within a single catalyst

structure might thus be a promising strategy to further enrich the toolbox of synthetic organic chemists.
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1.1 Photophysical principles and general mechanisms in photoredox catalysis

1.1.1 Structure and excited states of [Ru(bpy)s;]** (7)

The ability of photoredox catalysts to initiate phototransformations by electron- or energy transfer on substrate
molecules ultimately derives from the conversion of visible light energy into chemically available energy.>* The
involved excited state species exhibits a different electronic structure and distinct physical properties and
reactivities compared to the ground state, thus rendering the excitation a gate into another dimension of chemistry
that is not accessible in the dark, with thermally activated ground state species.”* The underlying photophysical

processes are described in the following on the example of the most famous photoredox catalyst [Ru(bpy)s]** (7).

In the commonly used simplified representation of the frontier molecular orbitals in a single-configuration single-
electron approximation of [Ru(bpy);]** (7) in an octahedral field, three transitions are indicated, which are
classified according to the nature of the involved starting and ending orbitals (ligand-centred or metal-centred) of
the corresponding transition.'”?® In the MO-diagram only the d-orbitals of the metal are considered while
neglecting the orbital interaction involving the s-orbital and p-orbitals of the higher shell?* Furthermore,
On-symmetry is assumed, although the ground state of [Ru(bpy)s]** (7) is better assigned to the point group D3."*
2 Two of the d-orbitals of the metal centre, d, and dyz-y2, form ligand-centred o-bonds with the lone pairs of the
six nitrogen atoms (oypy). The ligand-centred n-orbitals of the three aromatic bipyridine chelate ligands are non-
bonding. Their antibonding, unoccupied counterparts (mpy*) act as m-acceptor orbitals and expand the energetic
gap between Ty (tzg in On-symmetry, derived from dyy, dy. and dy,) and om* (eg* in Op-symmetry, derived from
dyz_y2 and d,2) by lowering the ty; levels (that are nonbonding in pure o-donor complexes) to such an extent, that
om* lay higher than the m,,*-acceptor orbitals of the bipyridine ligands.** This causes the lowest unoccupied
molecular orbital (LUMO) to be ligand-centred and the lowest-energy excitation a metal-to-ligand-charge-transfer
(MLCT)."® In addition to this MLCT transition, which is responsible for the low-energy absorption in the visible

region, the absorption spectrum exhibits higher-energy metal-centred (MC) and ligand-centred (LC) transitions

(figure 1).17
-
/_ oM=—.
p \
l/ U ‘\
, S
, .
’ * \
I’/ﬂ:bPYE=\\
’ J \\
. - \ ,’=_Ttbpy
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dﬂ'M=¢ = \
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G NN \
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\J:EbpyEE cose----- _nbpy
7 , occupied
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figure 1. Structure and simplified molecular orbital diagram of [Ru(bpy)s]** (7) in an octahedral field."”2
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The spin-allowed 'MLCT transition (7 -7ty *) causes the broad absorption band with a maximum at 452 nm in
the visible range of the spectrum and is ultimately responsible for the unique redox properties of the excited
photoredox catalyst (spectrum 1)."7* In a low temperature absorption spectrum (at 77 K in methanol-ethanol-
glass) a direct spin-forbidden transition forming a triplet MLCT state CMLCT) in the low energy tail of the visible
light MLCT band at about 550 nm is visible.”® The occurrence of such spin-forbidden transitions is due to the
heavy atom in the presence of which significant spin-orbit-coupling occurs.”® Besides these low energy visible light
MLCT excitations, there is another MLCT band near UV around 240 nm, resulting from the transition of an
electron into higher antibonding ligand-centred orbitals.'”** Apart from these MLCT bands, the absorption
spectrum shows two additional types of transitions: The narrow, intense band at 285 nm has been assigned to a
spin-allowed ligand-centred (LC) transition (typy - Tihpy*) by comparison with an absorption spectrum of the
protonated ligand.”” In addition, low intensity bands are indicated at 330 nm and 350 nm, which have been
assigned to a metal-centred transition (MC) of an electron from the HOMO into metal-centred antibonding
om*-orbitals (1 - oM*).}”® This symmetry forbidden d-d transition into antibonding orbitals regarding the
ruthenium-bipyridine o-bond is associated with a significant Ru-N bond elongation and promotes

photodissociation of the ligand.?**!

wavenumber [cm™]
40000 30000 20000

T T T T T T
LC

4 [y, = [y ]

[Ru(bpy);](PF,), abs

MLCT
'ldmy] - "Tdmym ]

normalized absorption [a. u.]

MC
1 6 3 5 *
[dmy] — °[dmy,doy,]
" M MLCT
[dn§] — 3[dmym "]

T T T T T T T T T ! 1
250 300 350 400 450 500 550 600
wavelength [nm]

spectrum 1. UV/VIS absorption spectrum of [Ru(bpy)s]** (7) in MeCN at room temperature and assigned MLCT, LC and MC transitions.'”#

The visible light MLCT transition is primarily responsible for the unique photoredox properties. The deactivation
pathways of the initially formed '"MLCT state are shown in the Jablonski diagram (scheme 2). The absorption of
light in the range of the visible light absorption maximum (452 nm) leads to the spin-allowed formation of a
vibrationally excited 'MLCT state, which after vibrational relaxation (vr) undergoes inter-system crossing (ISC)
within about 100 fs with an efficiency close to unity due to spin-orbit coupling.'”?* The vibrationally excited

*MLCT state relaxes within about 20 ps to the lowest-energy *MLCT state.?
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scheme 2. Jablonski-diagram showing the parameters and kinetics of '"MLCT excitation and intramolecular decay pathways." %

Since the MLCT involves the transfer of an electron from the metal-centred HOMO to the ligand-centred LUMO,
the excitation formally represents a simultaneous oxidation of the metal centre and reduction of a bipyridine
ligand.'”?*3>* Considering the Franck-Condon principle of electronic excitation inside an unchanged molecular
geometry, the ground state symmetry (D;) should be maintained during initial excitation, resulting in
delocalization of the negative charge across the three chelating ligands carrying 1/3 of the negative charge each
([Ru™(bpy*)3]**).>*¢ A charge delocalization in a multichelate system does indeed occur within the first tens of
femtoseconds, especially in non-relaxed MLCT states.”* Also regarding the localization of the excited electron in
the lowest energy *MLCT, a long-term controversy persisted over the concepts of randomization of the excited
electrons location across all ligands by fast interligand hopping versus its localization on one ligand, which was
finally resolved in favour of the widely accepted concept of localized MLCT states ([Ru™(bpy~)(bpy).]**) showing
reduced C; symmetry with the help of a variety of photophysical measurements of ground and excited states,

including low-temperature cyclic voltammetry and time-resolved spectroscopy methods (chapter 1.1.4).%7

The MLCT state may return to the ground state via three deactivation pathways as shown in the Jablonski-diagram
(scheme 2): Besides spin-forbidden phosphorescence (ph), non-radiative decay (nr) by heat dissipation or internal
conversion (IC) of the excited electron to form a >*MC state can occur. Since the formation of the *MC is associated
with the occupation of an antibonding orbital regarding the metal-ligand bond (ow*), the formation of this state is
accompanied by a significant Ru-N bond elongation, i.e. geometry change which is better indicated by the relative

position of Morse potential curves (scheme 3).1921 283!
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scheme 3. Morse-potentials showing the relative geometry changes of the different states and deactivation pathways thereof.'*2" 28!

The *MC state undergoes either rapid non-radiative deactivation to the ground state or ligand loss, hence its
lifetime is very short and no luminescence is observable. In contrast, the *MLCT state is not strongly displaced
compared to the ground state and does not participate in efficient non-radiative decay.'**" 2*3! It exhibits
luminescence and a remarkably long lifetime, dependant on several factors such as oxygen concentration, solvent
and temperature, varying between 500 — 1000 ns (in H,O, 620 ns; in MeCN, 930 + 40 ns, both at 298 K)."” This is
sufficiently long to encounter a suitable reaction partner and release the energy contained in the *MLCT state

through energy- or electron transfer reactions in order to return to the ground state.'”'®

The comparison of the deactivation pathways of MLCT and *MC state exemplifies the dependency of the
photophysical properties of a metal complex on the energetic order of the involved molecular orbitals and thus on
the ligand field strength, i.e. the redox properties of the metal and the electronic properties of the ligand. In the
case of [Ru(bpy)s]** (7) it is the interplay of the orbital- and redox properties of Ru(Il) with the o-donor and
n-acceptor qualities of the bipyridine ligands that ultimately dictates the MLCT as the lowest energy transition and
state, and leads to its longevity and resulting tendency towards alternative intermolecular deactivation pathways.
The understanding of the underlying interplay between metal and ligand properties has provided several levers of

rational catalyst design and a broad library of photocatalysts (chapter 1.1.3).

The energy of the MLCT state remaining in excited [Ru(bpy)s]** (7) after absorption, ISC and relaxation is the

available driving force for the initiation of photoredox transformations.”
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1.1.2  Quenching of the 3MLCT: Energy transfer and electron transfer

Excitation by visible light irradiation, intersystem crossing and relaxation results in a lowest energy *"MLCT whose
intramolecular deactivation pathways are slow and consequently its lifetime sufficiently long to enable it to
encounter a suitable reaction partner and release the excess energy in intermolecular quenching pathways,
ie. energy transfer or electron transfer (oxidation or reduction), in order to return to the ground state

(scheme 4).172247.48

excitation and slow intramolecular quenching intermolecular quenching pathways
/- Egrat \ *Q . [Ru(bpy);I?* +Q*
Kent (energy transfer)
"[Ru(bpy);1** - tho e 3RuMbpy )bpy),*t  — tA L [Ru(bpy), P + A"
MLCT + ISC s

t» 500 - 1000 ns ox (oxidation)

e AT
~ph - D . [Ru(bpy")(bpy)l* D+

red (reduction)

scheme 4. Comparison of slow intramolecular decay of the *MLCT-state and alternative intermolecular deactivation pathways.'”%

In the deactivation of the excited state by energy transfer, the excess energy is transferred to a suitable acceptor,
which in turn enters an excited state.'’® 2> %0 This could possibly proceed according to a trivial mechanism
involving radiative energy release of the excited donor and subsequent absorption by the acceptor, however, the
concept of energy transfer refers to non-radiative energy transfer processes.'® Although the result of the energy
transfer is always the deactivated donor and the excited acceptor, two energy transfer mechanisms are
distinguished the physical origin of which is entirely different and the associated requirements, distance

dependencies and occurrences are distinct (scheme 5).18 24950

Y .— FRET
1\
+" Jd» Kpger ~ ra
o + D* A

hv + +
+ w1 + +
D D* A 4 ‘ D A
+ «ﬂ» Kpgr ~ e

scheme 5. Comparison of intermolecular MLCT quenching by energy transfer following the FRET or the Dexter mechanism,'® 214950

Forster resonance energy transfer (FRET) is a non-radiative process involving the coupling of the transition dipole
moments of the donor and acceptor.'® ?>%° The dipolar nature of the mechanism allows energy transfer without

orbital overlap, i.e. over long distances, making the process also known as a "through space” mechanism. For a
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FRET process to proceed, spectral overlap of the emission band of the donor and the absorption band of the

acceptor is required (figure 2).!%2%%

FRET
dipolar mechanism j—
"through space"

donor donor acceptor acceptor
absorption emission absorption emission

_f D

figure 2. FRET requirement of spectral overlap of donor emission and acceptor absorption shown in a simplified Jablonski-type diagram and in
a representation of the absorption and emission bands of donor and acceptor.'®2!5°

D
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Since the organic substrates of photoredox processes usually do not absorb in the visible range, energy transfer
processes following the dipolar FRET mechanism usually play a minor role.’® Of greater importance is the Dexter
energy transfer (DET), whose mechanism can be regarded as a combination of two simultaneous electron transfers.
Such a process requires an orbital overlap, for which reason it is also referred to as a "through bond” process. This
requirement leads to a much shorter distance within this process can take place efficiently.'® %% While the rate
constant of the dipolar FRET process is proportional to the inverse of the sixth power of the donor-acceptor
distance and the mechanism is efficient in the range of longer distances of 10 — 100 A, the rate constant of the DET
process decreases exponentially and the process dominates at shorter distances < 10 A.** Since molecular oxygen
quenches the excited states of [Ru(bpy)s]** (7) and its analogues by Dexter energy transfer, physical measurements
and chemical reactions are usually carried out under inert conditions using deoxygenated solvents unless oxygen

is intended to be a reactant.'® >

Although there are some examples of photoredox transformations based on energy transfer, exploiting the unique
redox properties of the charge separated excited states, which are both stronger oxidants and reductants compared
to their corresponding ground states, dominates the field of photoredox catalysis.'® > In contrast to the Dexter
process, the electron transfers take place one after the other, giving rise to two conceivable electron transfer
quenching cycles that mainly differ in the order of steps. In both cases, the release of the excited electron from the
reduced ligand (mypy*) as well as the receiving of an electron into the single-occupied metal-centred my orbital
occurs. In the oxidative quenching cycle the excited state first acts as a reducing agent and transfers the excited
electron to a suitable acceptor molecule. The resulting oxidized photocatalyst [Ru"(bpy);]** (10) still has one
unpaired metal-centred electron and therefore readily accepts an electron from a donor molecule to turn over the

photocatalytic cycle and regenerate the ground state.'® 2> 2! In the reductive quenching cycle the order of redox
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events is switched and the excited state first accepts an electron from a donor molecule into the metal-centred my-
orbital before the unpaired excited electron is transferred from the my,*-orbital of the reduced ligand
[Ru"(bpy™)(bpy):]* (11) to an acceptor molecule in the second step (scheme 6). Which of these quenching cycles

occurs depends on the available reaction partners and their respective redox potentials.'®*
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Q MLCT 12
Topy” _¢> Tppy™ 35
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Acceptor reductive Donor
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scheme 6. Comparison of oxidative and reductive photocatalytic quenching cycles.'®%

Since both quenching cycles contain two electron transfer events each, there arise three possible general types of
transformations based on electron transfer (scheme 7).>° In net oxidative reactions, a stoichiometric electron
acceptor (oxidant) is added to the reaction mixture, which either serves to oxidatively quench the excited
photocatalyst, forming [Ru{bpy)s]** (10) which is itself highly oxidizing, or to turnover the catalytic cycle, involving
reductive quenching of the excited photocatalyst by the substrate.”® Similarly, in net reductive reactions, a
stoichiometric electron donor (reductant) is added, which either serves as a reductive quencher to generate the
strongly reducing [Ru"(bpy~)(bpy).]* (11) or to complete the oxidative quenching cycle by reducing
[Ru"(bpy™)(bpy)2]* (11) resulting from the oxidation of the excited catalyst by the substrate.*® Furthermore, a
carefully designed interplay of the redox potentials of all involved intermediates enables redox neutral conversions
which do not require a stoichiometric additive to complete the quenching cycles, but exploits the unique property
of photoredox catalysis of forming oxidants and reductants at different stages of the reaction.*® A prominent
example of a net redox neutral photoredox transformation is Stephenson’s atom transfer radical addition (ATRA)
following the oxidative quenching cycle.” In this process, the excited photocatalyst 12 reduces an activated carbon-
halogen bond, leading to the heterolytic cleavage of a halide to form an alkyl radical 20 and the oxidized
photocatalyst 10. After addition of the alkyl radical 20 to an alkene 21, the resulting radical 22 is oxidized by
[Ru(bpy)s]** (10) to a carbocation 18, whereby the photocatalytic cycle is completed. The product 19 is then formed

by nucleophilic trapping with the halide that was split off initially.*®
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scheme 7. Comparison of net oxidizing, net reducing and net redox neutral photoredox transformations.®®

Net redox neutral photoredox reactions can also be achieved by combining the photoredox reactivity with catalytic
amounts of another reversibly oxidizable or reducible additive. Since redox neutral photoredox systems do not

require stoichiometric oxidants or reducing agents, they are particularly atom economic.*

The redox properties of a multitude of common organic chemicals have been analyzed by cyclic voltammetry.*
addition to these additives, several powerful tools for modifying the photophysical and electrochemical properties
of photoredox catalysts and a broad library of photocatalysts have emerged allowing rational catalyst design for

the development and optimization of new photoredox systems.>>
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1.1.3  Redox properties of [Ru(bpy)s]** (7) and principles of rational modification of redox potentials

An electrochemical examination of [Ru(bpy)s]** (7) by cyclic voltammetry indicates multiple reversible redox
events: One metal-centred oxidation and three peaks representing the stepwise reduction of the three bipyridine
ligands (figure 3).'®**> Furthermore, a peak of the internal standard ferrocene (Fc*/Fc, bottom scale) is visible,
which allows a conversion to other reference systems, like the standard calomel electrode (SCE, top scale).””®
Starting at 0 V vs. SCE and following the IUPAC convention of a positively scanned potential, shows an oxidation
peak at +0.38 V (vs. SCE) resulting from the oxidation of the internal standard ferrocene (Fc) to the ferrocenium
cation (Fc*).”” A further increase of the potential to +1.27 V (vs. SCE) leads to the metal-centred oxidation of
[Ru"(bpy)s]** (7) to [Ru™(bpy)s]** (10). After reversing the scan direction, the reductive sweep first reveals the
corresponding (back-) reductions of the metal centre (Ru™ — Ru"), as well as of the internal standard (Fc* — Fc).
Further lowering of the potential results in three successive reductions at —1.35V, -1.54 V and —-1.78 V (vs. SCE),
which can be assigned to the stepwise reduction of the three bipyridine ligands. After reversing the scan direction
again and performing a positive potential scan, the corresponding (re-)oxidations of the reduced ligands to their

neutral form are recognizable.'® %

E1/2 [(bpyy) | (opy,; )] =-1.35V

[E”2 [(bpy,) | (bpy, )] = ~1.54 v]
|
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figure 3. Cyclic voltammogram of [Ru(bpy)sl** (7) measured at room temperature in MeCN with 0.25 M TBAPFs as supporting electrolyte at
different scan rates (50 - 150 mV/s) using a glassy carbon working electrode, AgCl/Ag reference electrode and a Pt-disc counter electrode,
referenced to the internal standard ferrocene (Fc*/Fc, bottom scale) and to the standard-calomel-electrode (SCE, top scale).
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The redox potentials of the metal-centred oxidation and the first ligand reduction are of particular importance for
an understanding of the redox reactivity of [Ru"(bpy)s]** (7) and analogues, given that the associated one-electron
reduced or oxidized redox species dominate the reactivity. Furthermore, the orbitals involved in these redox
processes are the same orbitals involved in the spectroscopic processes, hence an investigation of the
electrochemical behaviour provides information about the MLCT excitation and vice versa.*> *% The MLCT-
transition formally represents a simultaneous oxidation of the metal centre and a reduction of the ligands, leading
to a separation of charges within the complex.?>*>* This process affects both the ionization potential (IP) and the
electron affinity (EA) significantly. While the excited complex has a lower ionization potential and therefore
releases its unpaired electron from the m,,,* orbital more readily, the electron hole remaining in the metal-centred

19,64

iy orbital is accompanied by an increase in electron affinity.'*** As a result, the oxidized metal centre is a stronger

oxidant and the reduced ligand is a stronger reductant than the ground state (scheme 8).'>
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scheme 8. Excitation of [Ru(opy)s]** (7) and metal to ligand charge transfer (MLCT).

The corresponding redox potentials of the excited state reflect the excess energy resulting from the excitation with

light and from the intramolecular charge separation.'”'

%21 47.48 The experimental determination is possible by
electron transfer quenching experiments against quenchers of known potentials or by phase-modulated cyclic
voltammetry.®> ® More commonly, however, these potentials are approximated from the ground state potentials.
The underlying equations are based on Hess’ Law following the thermodynamic cycles shown in scheme 9.2%3%¢
The redox potentials of the excited state are accordingly obtained by the addition or subtraction of the Gibbs free
energy available in the *MLCT to or from the corresponding ground state potentials, which are readily accessible

by cyclic voltammetry.?® 32 ¢
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scheme 9. Thermodynamic cycle for the determination of the excited state redox potentials from ground state potentials and the excited state
free energy. 232
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Since the determination of AGgs is not trivial, it is instead approximated using the energy difference between the
thermally equilibrated *MLCT and the zero vibrational level of the ground state, thereby neglecting the entropy
change during excitation.!” %32 3%3%36.65.68 Thjg approximation can be justified by the small Stokes shift, indicating
a similar shape, size and solvation, hence a similar entropy of the ground and excited state® *> % ¢ The
determination of Eo is possible by low-temperature spectroscopy and Franck-Condon-fit, as the direct
v =0-v =0 transition is resolved under these conditions.'””° However, Ey; is usually not determined but rather
approximated from the energy of the emission maximum (Een), thereby systematically neglecting the vertical
nature of the transition. Instead, phosphorescence is assumed to represent an adiabatic transition to the relaxed
ground state, although it leads to a vibrationally excited ground state the excess energy of which (Ags) is commonly

neglected in this approach (scheme 10).%%56 670
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scheme 10. 'MLCT excitation and radiative *MLCT deactivation in Morse potentials and relation to absorption and emission bands, as well as
Stokes shift, including a comparison of the respective energy values for exact and approximate calculation of excited state redox potentials.”

The widely used approximations for the determination of the Gibbs free energy of the *MLCT state neglect both
the entropy changes by approximating Eq as AGgs as well as the vibrational energy (Ags) remaining in the ground
state after phosphorescence by approximating Eem as Eq and therefore rather provide lower-limit values.®® Given
that the excitation is accompanied by simultaneous oxidation of the metal centre and reduction of a ligand, there
are two parameters for rationally modifying the properties of photoredox catalysts based on an understanding of
the underlying orbital interactions and photophysical processes following visible light excitation.”> ** *® This
becomes evident when examining the reduction potentials of structurally related oxidatively quenched catalyst

complexes (figure 4): The exchange of a bipyridine ligand for two anionic pyrazolo ligands (pz) with strong
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o-donor properties leads to a stabilization of the Ru(III) centre and a significantly lowered reduction potential
(Evz [[Ru™(bpy)a(pz)2]*| [Ru(bpy)a(pz)2]] = 0.30 V) compared to the reduction potential of prototypical
[Ru(bpy)s]** (7) (Ewz [[Ru™(bpy)s]**|[Ru'(bpy)s]** = 1.26 V). In contrast, the positive charge in the bipyrazine
(bpz) derivative is less stabilized due to the electronegative heteroatoms and associated lowered m.* accepting

orbitals, resulting in a greatly increased tendency to accept electrons (Ei» [Ru™(bpz)s]**|[Ru'(bpy)s]** = 1.86 V).*®
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figure 4. Influence of substituents on reduction potentials of structurally related oxidatively quenched ruthenium complexes 23, 10 and 24.%

Similarly, the reduction potential of reductively quenched catalyst complexes is dependent on the electron density
within the ligands (figure 5). The incorporation of inductively electron-donating methyl substituents increases the
electron density in the ligands and raises the corresponding ligand-centred orbitals, which translates into a lowered
reduction potential  (Eyz [Ru"(dmb)s]**|[Ru(dmb~){dmb),]* = -1.45V) compared to [Ru(bpy)s]** (7)

(Ev2 [Ru(bpy)s]**|[Ru"(bpy ) (bpy)2]* = —1.35 V).* In contrast, the incorporation of strongly electron-withdraw-

electron density at the ligands
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figure 5. Influence of substituents on reduction potential of structurally related reductively quenched ruthenium complexes 25, 11 and 26
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ing nitro groups lowers the corresponding ligand orbital energies and leads to a reduced tendency to release
electrons (Ey2 [Ru'(4-O;N-bpy)s]**|[Ru(4-O:N-bpy ) (bpy).]* = —0.63 V).*8 6% The properties of the catalysts
can also be adjusted by the choice of the central metal. The ligand field splitting depends on the metal, as it increases
with the spatial extension of the d-orbitals and therefore with the period.?***”" As a result, the energetic order of
orbitals and therefore the nature of the lowest energy transitions can vary.’>”>” A comparison of the photophysical
properties of complexes of Ru(Il) (4d®) with lighter Fe(II) (3d°) and the heavier Os(II) (5d° and Ir(III) (5d°)
respectively illustrates this: In the case of Fe(II), the splitting in the octahedral ligand field is so small that the lowest
excited state is metal-centred (MC) and not emissive. In contrast, the large splitting of the third-row transition
metals exhibiting a 5d° configuration is accompanied by an energetic elevation of the MC-states to such an extent
that their non-radiative decay has no influence on the emission properties. In Ru(II) 4d® complexes, the ligand
field splitting falls between 3d® (Fe(II)) and 5d°® (Os(II) & Ir(III)), rendering the *MC states thermally accessible
from the *MLCT.**">7 According to the energy gap law, the rate of non-radiative deactivation of excited triplet
states decreases exponentially with their energy content.?>*7%7 With a *MLCT energy content of Os(II) analogues
of 1.6 eV, they consequently tend to undergo rapid non-radiative decay, therefore exhibiting low phosphorescence
quantum vyield (® < 0.1) and lacking the long lifetimes required for intermolecular deactivation pathways.” In
contrast, the *MLCT energy content of Ir(III) derivatives (2.1 - 3.0 €V) is even higher than that of [Ru(bpy)s]** (7)
(2.1eV), and therefore the energy is not affected by the energy gap law and is available for photoredox
transformations.”” Indeed, besides Ru(II)-based photoredox catalysts, mainly Ir(III) complexes are used

extensively.

The charge of the metal ions also has an influence on the photophysical and electrochemical properties.®™ 7> 7

Direct comparison of potentials reveals that the triple charge in [Ir'(bpy)s]** leads to facilitated ligand reduction
(Ero[[I™(bpy)s]**|[Ir™(bpy ) (bpy)2]*] = -1.1 V) compared to the double charged [Ru(bpy)s]** (7)
(E12[[Ru"(bpy)s]*| [Ru"(bpy ) (bpy)a]*] = —1.35 V), while the metal-centred oxidation is significantly hampered
(B[ [TV (bpy)s] ™| [Ir'(bpy)s]**] = +2.1 V), compared to the oxidation of the ruthenium complex
(Eio[[Ru™(bpy)s )| [Ru(bpy)s]**] = +1.29 V). A more common ligand in Ir(III)-based photocatalysts is
phenylpyridine (ppy), whose monoanionic phenyl fragment is available as a strong o-donor and significantly
facilitates metal-centred oxidation (Ei.[[Ir™V(ppy)s]*|[I'™(ppy)s]] = +0.77 V) (stronger reducing agent), while the

ligand-centred reduction is hindered (Ei.[[I'"™(ppy)s] | [I'™ (ppy ™) (ppy)2]~] = =2.19 V).5>727

With the interest in photoredox transformations growing rapidly in recent years, the aforementioned principles of
rational catalyst design have provided an extensive library of Ru(II)- and Ir(IIT)-based photoredox catalysts with
varying electronic properties allowing the selection of the ideal catalyst for the intended transformation
(figure 6).> ™ In addition, the field of metal-free organophotoredox catalysis has emerged, the underlying

principles of which will however not be discussed here.> '



Introduction: Photophysical principles and general mechanisms in photoredox catalysis

26

Potential [V vs. SCE]

-25 -20 -15 -10 -05 00 +0.5 +1.0 +15
[ N B B I N S B B
EiplL|L ] EqppIMF|M*] Eqp[L*|L7T EqppIM¥|M]
-1 .36| |—0.87 +0.82 | | +1.26
—2f|9|
—2.00|

figure 6. Overview of common Ru(ll)- and Ir(lll)-photoredox catalysts and their ground state (blue) and excited state (red) redox potentials.
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1.14  Localization of 3MLCT states in [Ru(bpy)s;]** (7) and in heteroleptic complexes

A closer look at the spatial orientation of involved orbitals in the lowest energy *MLCT state reveals a more complex
picture of the electronic structure (figure 7). As an electron is transferred from the metal-centred HOMO to a
ligand-centred mypy*-orbital, an electron-hole remains on the metal that preferably enters an arrangement in which
the electrostatic interaction with the excited electron is maximized.”>*** As shown in figure 7, a lowest energy
*MLCT state containing the excited electron localized on ligand a results in a preferred arrangement of the electron

hole remaining on the metal in alignment with the reduced ligand and consequently in the dx-orbital 3%

figure 7. Preferred spatial orientation of the excited electron in ligand a in arrangement with the electron hole remaining in the dx-orbital in
the lowest-energy *MLCT 2234

With the excited electron at this bipyridine ligand, two additional higher-energy *MLCT states are conceivable
wherein the electron hole is averted from the acceptor ligand, hence in dx, and dy, orbitals, respectively.?>** Since
each of the three bipyridine ligands can act as an acceptor, a total of three degenerate lowest energy triplet "MLCT
excited states and two sets of two additional higher energy MLCT states per bipyridine ligand (nine MLCT states

in total) are possible.”>*

A completely different picture of the electronic structure emerges when examining excited states of heteroleptic
complexes, whose lower symmetry can lead to the removal of the degeneracy of lowest energy *MLCT states.” "
For the ligand reduction associated with the excitation, different ligands with individual 7* orbital energies and
reduction potentials are available due to the incorporation of substituents. While electron-donating substituents
on the ligand lead to an increase in the orbital energies and thus a decrease in the redox potential, electron-
withdrawing residues cause the opposite effect (vide supra).”® 7" Besides rational tuning of the general redox
properties of photoredox catalysts, the systematic increase or decrease of the orbital energies of bipyridine ligands
can serve to direct the excitation into selected ligand orbitals. In a variety of studies on the influence of substituents
on the electrochemical and photophysical properties of heteroleptic complexes of the form [Ru(Xzbpy):(bpy)]**,
containing substituents X that are more electron-donating than H (on the unsubstituted bpy ligand), correlations
of redox potentials of the metal-centred and ligand-centred oxidation and reduction potentials, respectively, with
the absorption and emission energies as well as substituent parameters that quantify their electronic properties

have revealed some remarkable and consistent observations:*® 6% 62 63.76.78,79
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(1) The potential of the first ligand reduction is approximately constant - i.e. regardless of strongly varying
electronic  properties of substituent X (summed Okamato-Brown parameters Yo,": —1.04, tBu;
-3.12, OMe; —6.80, NMe,).® This observation suggests the removal of degeneracy of the lowest-energy *MLCTs in
heteroleptic complexes: While the electron rich ligand orbitals are energetically raised, the bipyridine ligand, which
is common to all complexes, remains energetically unchanged, is reduced preferably.?®>%>7 (2) The potential of
the metal-centred oxidation event, on the other hand, varies strongly in response to the electron-donating nature
of the substituents and correlates well with electronic substituent parameters.”® This indicates that the m*
backbonding capabilities decrease with higher electron density in the ligand, which in turn translates into a
destabilization of the metal-centred charge and a concomitant increase in the metal-centred orbital energies.*
(3) The energy of the MLCT transition decreases with an increasing electron-donating nature of the substituents
X, confirming the picture of approximately constant LUMO at the unsubstituted bipyridine and electronically

elevated metal-centred orbital (HOMQ).% 60 6263.76.78,7

These observations can be summarized in the simplified MO diagram for heteroleptic complexes. The exchange
of two bipyridine ligands in prototypical [Ru(bpy)s]** (7) for ligands with substituent of varying electron-donating
properties leads to the removal of the degeneracy of lowest energy *MLCTs, since the my* orbitals of electron-rich

ligands are energetically elevated. Similarly, the m* backbonding properties decrease, which is accompanied by a

smaller stabilization of the metal-centred charge and associated elevation of the corresponding my orbitals.> %> >
63,76, 78,7
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figure 8. Simplified MO diagram for comparing the relative orbital energies in heteroleptic complexes of varying electron density.

The idea of rationally removing the degeneracy in order to direct the MLCT excitation into the most reducible

ligand orbital, will later become the basis for the development of heteroleptic photocatalysts (chapters 2 and 3.2.3).
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1.2 Principles of asymmetric catalysis

1.2.1 Relevance and evolution of asymmetric catalysis

Most biological processes are asymmetric and their underlying biochemical building blocks are chiral.*® For
example, all proteinogenic amino acids are L-configured and most carbohydrates, e.g. ribose in DNA and RNA,
show D-configuration.*® The biological processes have developed over millions of years of evolution resulting in
outstanding chemo-, regio- and stereoselectivity.®* It is therefore not surprising that the interaction of exogenous
substances with complex biochemical targets, such as receptors, is also strongly dependent on the three-

dimensional molecular structure.®*

This was already expressed by Emil Fischer in 1894 in his lock-and-key
analogy.® Nevertheless, another century was to pass before a rethinking in drug research occurred and it was
realized once again that the mechanisms of action and pharmacological properties of enantiomers can differ

greatly. While one structure shows the desired effect (eutomer), its enantiomer (distomer) may ideally show a

weaker or no effect, but may at worst show entirely different effects.®

A prominent example of the devastating consequences of the different modes of action of enantiomers is
thalidomide, which was promoted under the name contergan at the end of the 1950s as a non-prescription
calmative and sleeping drug for pregnant women.®-#*°! While the (R)-enantiomer causes the desired sedative
effect, the (S)-enantiomer exhibits teratogenic effects as it prevents the formation of blood vessels. As a result, the
intake of the active substance, which was sold as a racemate, led to an accumulation of severe malformations in
newborns.®" 8 % %1 The thalidomide scandal triggered a change within regulatory requirements for active
substances, however, another 20 years passed before the administration of racemic mixtures was generally
questioned.”” At the beginning of the 1980s, the non-active enantiomer was first identified as “isomeric ballast", an
avoidable impurity of an exorbitant 50%, which had not been questioned until then.* The latter should be avoided
when taking medicines to reduce side effects, but also for environmental reasons in the field of pesticides which
are distributed in tons.*’ In 1992, the FDA published a policy statement for the development of new stereoisomeric
drugs, which favoured the development of single-enantiomer drugs over racemates, but did not force it, followed
by the EU in 1994 with a publication on the investigation of chiral active substances.”>°* This contributed to the
steady increase in percentage of single-enantiomer drugs in synthetic chiral drugs from about 32% in 1985 - 1988
to about 90% in 2001 - 2004 (figure 9).”> The 1990s were dominated by the chiral-switch concept, whereby
previously racemic drugs were relaunched as single-enantiomers with the aim of achieving better effects and less

complex pharmacodynamic and pharmacokinetic profiles at lower doses.®#%

A prominent drug that has been
subject to a chiral switch is (+)-ibuprofen, whose (S)-enantiomer is mainly responsible for the inhibition of the
cyclooxygenase-1 (COX-1) enzyme and thus for the analgesic effect.”” ®® In contrast to thalidomide, the
(R)-enantiomer does not show any severe side effects, but undergoes a unidirectional metabolic inversion to the
(S)-eutomer in vivo.””*® The fact that a chiral switch from (+)-ibuprofen to (S)-(+)-ibuprofen was nevertheless
carried out in 1994 exemplifies that not only the expectation of an accelerated onset of action, but also strategic

considerations motivated pharmaceutical companies to perform the chiral switch.® Exploiting the extreme case of

patentability of a selection invention, that disclosure of a class (racemate) does not constitute disclosure of its mem-
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figure 9. Number of synthetic drugs and market shares of single enantiomers and racemates in chiral synthetic drugs in 1985 — 2004.

bers (enantiomers), the chiral switch strategy can serve to extend intellectual property rights (such as patents), if
the pharmacological properties of the enantiomers are sufficiently different from each other and from the
racemate.® In this way, another three years of exclusive marketing of (S)-(+)-ibuprofen on the US market were
effected.® Whatever the motivation behind the steadily growing demand for stereochemically defined substances
is, it has been accompanied by the development of a variety of methods for the generation of single-enantiomers

(chapters 1.2.2-1.2.4).

The most obvious approach to chiral compounds is the isolation of enantiopure substances from nature, namely
from the chiral pool.”” However, this very convenient and widespread approach has two limitations: Homochirality
of biomolecules only allows the isolation of a certain configuration, moreover, the structural diversity is limited
and potentially no natural structural motif may be suitable for the intended synthesis.” Therefore, a variety of
physical and chemical methods for the isolation of enantiomers from racemic mixtures have been developed.”
Besides the crystallization of a racemate and separation of the enantiomorphic crystals similar to the first
separation of racemic ammonium tartrate according to Pasteur, the reversible diastereomeric interaction between
a racemic solution and a chiral stationary phase in continuous flow can be used to separate enantiomers from
racemates. (chiral chromatography).’® ' Different diastereomeric interactions can also be exploited when
reacting a racemate with a chiral reaction partner that preferably forms the product with one enantiomer while the
less reactive enantiomer accumulates.'®” Since this procedure relies on the difference in the activation barriers for
the reactions of the individual enantiomers, which is directly related to rate constants of the diastereomeric

102

transformations, this principle is also referred to as kinetic resolution.'” A major limitation of this technique is the

maximum yield of 50%, however, if the left-over enantiomer can be racemized simultaneously to the kinetic
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resolution, which is thermodynamically favourable due to the increase in entropy, the reactive enantiomer is
continuously regenerated and the yield limitation is overcome.”>*1% This principle is known as dynamic kinetic
resolution.” %1% Of even greater importance is the field of asymmetric synthesis, the underlying principles of
which were first recognized by Emil Fischer in the diastereoselective addition of HCN to L-arabinose in 1890,
thereby providing the foundation of the principle of intramolecular transfer of chiral information to a developing
stereocentre and exploitation of diastereomeric transition states with different activation barriers.'® % The
concept of intramolecular chirality transfer has been used extensively by attaching stereogenic elements to achiral
substrates prior to a stereoselective step and subsequent cleavage of the chiral fragment, known as chiral
auxiliary.'”” Another milestone in the synthesis of chiral compounds and the birth of asymmetric organometallic
catalysis was the observation that the transfer of chiral information also occurs intermolecularly using chiral man-
made catalysts.”” This was discovered in 1966 by Nozaki and Noyori in the asymmetric cyclopropanation of
styrene (35) with diazoacetate in the presence of a chiral copper complex 34. After activation of the diazoacetate
by the metal, the chiral ligand differentiates the sides of the approaching styrene, providing the trans and cis

diastereomers in a 7:3 ratio and with moderate 6%ee and 10%ee, respectively (equation 1).'%

Me
G
o-Gu
PhNs CO,Et CO,Et
AN Me 34
N,CHCO,Et
35 36 trans: cis 37

6%ee 7:3 10%ee
equation 1. First asymmetric metal catalysis by Nozaki and Noyori, employing chiral Cu-complex 34 for cyclopropanation of styrene (35).'%

This was followed by pioneering work of Noyori and Knowles on the development of enantioselective
hydrogenations, and of Sharpless on asymmetrically catalyzed oxidation reactions, for which they were awarded
the Nobel Prize in 2001.1°! The intrinsic advantage of asymmetric catalysis over the chiral auxiliary strategy,
which involves additional synthetic steps and the need for stoichiometric amounts of the auxiliary, was later
summarized by Noyori as the "multiplication of chirality".!** Towards the end of the 20th century, there was rapid
growth in several areas of asymmetric catalysis. In the field of metal catalysis, a variety of asymmetric ligand
structures was developed and different metal centres evaluated to explore diverse reactivity (chapter 1.2.2). The
field of asymmetric biocatalysis also experienced rapid growth, influenced both by approaches on enzyme
optimization through rational modifications, but particularly through the concept of directed evolution established
by Frances Arnold (Nobel Prize 2018)(chapter 1.2.4).!"* In addition, the new concept of organocatalysis emerged,
using small chiral organic molecules to catalyze a multitude of chemical reactions. The pioneering work of List and
MacMillan in this field was honoured with the Nobel Prize in 2021 (chapter 1.2.3).!** The underlying principles of
asymmetric metal catalysis, organocatalysis and biocatalysis, as well as their use in asymmetric photo(redox)

reactions, are explained in the following.
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1.2.2  Development and principles of asymmetric metal catalysis

The development of asymmetric metal catalysis is largely driven by discoveries in the fields of asymmetric
hydrogenations (reductions), asymmetric oxidations, as well as asymmetric C-C bond formations, the first
example of which - a copper-catalyzed asymmetric cyclopropanation - by Nozaki and Noyori initiated research on
asymmetric metal catalysis and exemplifies a fundamental requirement for the development of asymmetric metal-
catalyzed reactions: In order for efficient asymmetric metal catalysis to be developed, the corresponding
transformation must in principle be accelerated by coordination of metals to an involved substrate.'®'!" If a
reaction is significantly catalyzed or ideally enabled by metal coordination, the stereochemical outcome in an
asymmetric adaptation is not compromized by uncatalyzed, racemic background reactions. In this sense, the
discovery of copper-catalyzed cyclopropanation with diazo components enabled the aforementioned asymmetric

adaptation using a chiral Cu catalyst 34 by Nozaki and Noyori in 1966 (equation 1).'*

While catalysis generally involves lowering of an activation barrier causing acceleration, in the case of asymmetric
catalysis the reaction pathways leading to the two enantiomers experience a slightly different lowering and thus
acceleration due to the stereogenic elements of the chiral ligands, thereby kinetically favouring the formation of
one enantiomer. The fundamental principle of enantioselective metal catalysis is therefore the differentiation of
prochiral fragments of the achiral substrate via diastereomeric transition states. Like diastereomeric compounds,
possessing distinct physical properties and energy contents as a result of their individual three-dimensional
structure, the reaction of an achiral substrate in the chiral environment of an asymmetric catalyst proceeds via
diastereomeric transition states whose spatial structure and energy differ.""® The difference in energy translates
into a kinetic differentiation and thus directly into the ratio of enantiomers (er) that is formed. Therefore, the
stereochemical outcome is ultimately dependent on the difference in Gibbs energies of the diastereomeric
transition states AAG* (figure 10).!** Considering the small energy difference of the ecliptic versus the staggered
conformation in ethane of approximately 2.9 kcal/mol, emphasises the magnitude of the difference of AAG* that
is required to achieve excellent enantiomeric excesses through kinetic stereocontrol and the inherent complexity

of accurate predictions in rational catalyst development.

100 7
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80
AAG*
AG1:min Y 60
/\ AGF mai dhee
40 -
AG 0
- g T T T T T T 1
minor major 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
enantiomer enantiomer AAG* / [kcal/mol]

figure 10. Schematic representation of simplified energy profiles of uncatalyzed and asymmetrically catalyzed reaction pathways, leading to
the formation of minor and major enantiomer via diastereomeric transition states of different energy content (left) and dependence of
enantiomeric excess on the difference in transition state energies AAG*."
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Similar to the asymmetric adaptation of Cu-catalyzed cyclopropanation, the discovery of metal-catalyzed
Wilkinson hydrogenation using rhodium tris(triphenylphosphine)chloride in 1966 paved the way for the
exploration of asymmetric hydrogenations.'*!!® In the early 1970s, Knowles was successful in utilizing a chiral
rhodium complex with monodentate chiral-at-phosphorus ligand CAMP 38 which yielded a remarkable
enantiomeric excess of 88%ee in the asymmetric reduction of an a-acetamidocinammic acid 39, a key step in the

synthesis of the anti-Parkinson drug L-DOPA (41) (equation 2).!'¢1®

Around that time, Kagan and Dang published their bidentate C2-symmetric ligand DIOP and explained that the
concept of incorporating identical phosphine fragments was intended to prevent potential isomerization of
diastereomeric substrate-catalyst complexes.'”? With this argument, Kagan and Dang drew attention to a more
complex picture of energy profiles that emerges when the coordination of a prochiral substrate to the asymmetric
metal catalyst precedes the enantioselectivity-determining step.!”* Since the coordination results in the formation
of diastereomeric complexes, the stereochemical outcome is determined by the ratio between the energy barrier
for interconversion of the diastereomeric complexes and the energy barriers leading to the product formation. In
case of slow interconversion of the diastereomeric complexes (figure 11, left), the coordination of the substrate
already determines the enantioselectivity of the reaction, whereas in the case of rapid interconversion of the
diastereomeric complexes (figure 11, right), their ratio is less decisive, but the energy difference of the
diastereomeric transition states leading to the products determines the stereochemical outcome (Curtin-Hammett
conditions).'”® Even more equilibria between diastereomeric complexes and reaction pathways are obtained with

ligands that show lower symmetry than C2.'"5

major minor minor major
enantiomer enantiomer enantiomer enantiomer

figure 11. Comparison of simplified energy profiles of asymmetric catalysis with prior substrate coordination to a C2-symmetric catalyst with
slow (left) or fast (right) interconversion of diastereomeric catalyst-substrate complexes.'”

In case of C2-symmetric catalyst complexes, only two diastereomeric substrate-catalyst complexes are obtained, as
illustrated by the alignment of a prochiral double bond in the commonly used quadrant model, visualizing that
protruding residues of C2-symmetric ligands occupy two opposing quadrants (grey), while the remaining two

opposing quadrants (white) are less hindered (figure 12).'
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figure 12. Commonly used quadrant model illustrating the alignment of a prochiral double bond in front of a C2-symmetric catalyst; grey
quadrants represent areas that are occupied by protruding ligand residues; white quadrants are less hindered."

Certainly owing to the good enantioselectivities obtained with Kagan’s and Dang’s C2-symmetric DIOP ligand in
the asymmetric reduction of a-acetamidocinammic acids (83%ee), their influential argumentation on C2
symmetry established a paradigm that was rarely questioned by the research community for several decades, but
initiated the development of a large number of C2-symmetric ligands."*> ' Knowles also refined the L-DOPA
synthesis by switching from the monodentate CAMP ligand (38) to the C2-symmetrical DIPAMP (42), thereby

increasing the enantiomeric excess to 95%ee (equation 2).'*!

OMe
I3
~p—Me  =cAwmP
38
OH 0
H,, [Rh(CAMP),(COD)] 88%ee
M 2 2 M
e0 X o) eO oH
0
NHAc  Ha [Rh(DIPAMP)(COD)IBF; 95%ee dias
AcO AcO
Y =4 & - '
P P. = DIPAMP

© Me0/®
42

equation 2. Key step in the synthesis of L-DOPA: Reduction of a-acetamidocinnamic acids with originally used C1-symmetric CAMP ligand and
with optimized C2-symmetric DIPAMP ligand.'® 12!

Based on these initial achievements, the 1980s and 1990s were characterized by the discovery of further, mostly
C2-symmetric ligands and reactivities. A milestone in asymmetric hydrogenation and, owing to its extraordinary
versatility, for asymmetric metal catalysis in general, was the introduction of C2-symmetric axially chiral
BINAP (46) by Noyori in 1980, the excellent selectivity of which can be used in a key step of the industrial synthesis
of (—)-menthol (47) from myrcene (43) (scheme 11).122'2* Another breakthrough was the use of Ru(II) instead of
Rh(I), which on the one hand significantly extended the scope and on the other hand allowed the inversion of the

preferred configuration in the reductive synthesis of amino acids.''°
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scheme 11. Takasago-menthol-synthesis employing asymmetric BINAP-ligand (46).'2'#

In addition to these advancements in the field of asymmetric hydrogenation (reductions), Sharpless (Nobel
laureate 2001) pioneered the field of asymmetric oxidations by publishing the first asymmetric epoxidation in
1980.1% After attempts on the enantioselective adaptation of a molybdenum- and vanadium-catalyzed TBHP
epoxidation, the breakthrough was achieved with the use of tartrates 51 and 54 that are easily accessible from the
chiral pool as chiral ligands for an asymmetric titanium-catalyzed epoxidation of allylic alcohols 53.'% In 1988,
Sharpless developed an asymmetric cis-dihydroxylation based on racemic osmium tetraoxide dihydroxylation, but
in the presence of asymmetric cinchona alkaloid derivatives dihydroquinidine or dihydroquinine and employing
only catalytic amounts of OsO, that are steadily regenerated by inexpensive stoichiometric oxidant additives.'?
Considering that the opening of an epoxide with an oxygen nucleophile produces a trans-1,2-diol derivative,

Sharpless developed the corresponding synthetic counterpart with this dihydroxylation (scheme 12).}¥

o Ko HO .":
=~ “OH " oH
49 OH 50
OH O
EtO o | TP, AD-mix-p
(-)-DET K20s0,(0OH)y
o OH TBHP K,CO3. KsFe(CN)s |
(-)-DET (DHQD),-PHAL
51

R? R
RL{OH

OH O
EtONOEt AD-mix-a
: Ti(OiPr), K,0s0,(0H),
O OH (+)-DET K,COs. KgFe(CN)g
(+)-DET TBHP (DHQ),-PHAL

54
H o HE(/\)\/\ (DHQ),PHAL
A OH ; X OH
OH

ent-49 ent-50

| 125,126

scheme 12. Asymmetric Sharpless epoxidation and asymmetric Sharpless dihydroxylation on the example of geranio
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Inspired by the porphyrin ligands in the Heme group of oxidizing enzymes, Jacobsen and Katsuki developed a

manganese-catalyzed epoxidation in 1990 employing the asymmetric salen ligand (90). In this way, the limitation

of Sharpless epoxidation to allylic alcohols was overcome.'* %

=N_ N=
Mng
tBu O ¢c O tBu
r! gz _NaOCI, tBu 57 tBu R' R?
\—/ N7
0

equation 3. Asymmetric Jacobsen epoxidation employing porphyrin inspired salen ligands (90).2% 1%

In addition to these milestone publications on reductions and oxidations, asymmetric C-C bond formations have
extensively been investigated. Compared to the asymmetric hydrogenations and oxidations discussed, this field is
substantially more versatile, considering the variety of organic transformations involving C-C bond formations
that can be activated by Lewis acids. As described above, initial research focused on asymmetric
cyclopropanations.'® Breakthroughs in this field were made in the late 1980s and early 1990s by the groups of
Pfaltz, Masamune and Evans with the development of structurally related bisoxazolines 62-69 and

semicorrines 59-61, that also provided very good selectivities in numerous alternative transformations such as

hydrosilylations, Mukaiyama aldol and Diels-Alder reactions (figure 13).13%13
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figure 13. Structures of semicorrines 59-61, bisoxazolines 62-65 (BOX-ligands) and bis(oxazolinyl)pyridines 66-69 (PyBOX-ligands).

In addition, a plethora of C-C bond forming reactions, including cycloadditions, aldol chemistry and analogous
transformations, conjugate additions and alkene functionalizations, extending beyond the scope of this discussion
of principles and milestones of asymmetric metal catalysis, was developed, frequently involving C2-symmetric

ligands that were successful in the context of asymmetric hydrogenations and oxidations.!> 27 1%

Despite the success of C2-symmetric ligands, Achiwa et al. questioned the need for C2 symmetry in the early 1990s
and developed a C1-symmetric modification of Kagan’s DIOP (72) based on the consideration that the phosphine
fragments fulfil different functions in the asymmetric intermediate complex: While the double bond standing cis
to the PPh; residue serves enantioselection, more electron-rich trans-positioned PCy, fragments increases electron

density at Rh, resulting in (1) an acceleration of the rate-determining oxidative addition of H; and (2) a more rigid
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n’-substrate positioning due to enhanced d-n* back-bonding. The C1-symmetric variant 73 indeed showed both

higher catalytic activity and enantioselectivity (equation 4).13%14

N |
L= Lo -
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R,P  PPh, ! oy A
H, (50 atm), RhL* : 0y, e
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o] 2 : L o . >< j¥ Rh !
o] HO" ! ;
THF, 50 °C ' / )l\
0 © : Pt Ph R
70 H L 71 —
R =Ph, C2-symmetry (DIOP) 72  45% yield, 37%ee E Y =0, N, Cl, solvent
R = Cy, C1-symmetry 73  >99% yield, 72%ee , X=CO,N

equation 4. Comparison of C2-symmetric DIOP (72) to C1-symmetric variant 73 in an asymmetric reduction according to Achiwa et al'**'%

The concept of desymmetrization led Pfaltz, Helmchen and Williams to the development of phosphinooxazoline
(PHOX) ligands (74-78), that rely on a combination of one P- and one N- as coordinating atoms instead of
bidentate substrate coordination with two identical P-atoms or N-atoms, resulting in an electronic
desymmetrization due to different m-acceptor and o-donor properties, respectively, and that have successfully been

employed in a variety of allylic substitutions.'4*

R=Me 74
R=tBu 75
! o}
R=iPr 76 o N|\)
R=Bn 77 2 {
R
OAc R=Ph 78 - CH(COMe),  gg_ 999 yield
Ph/\}\ Ph NaHC(CO,Me), Ph X" ppy 90 - 94%ee
79 2.5 mol% [Pd(.C3H5)]CI 80
10 mol% ligand
THF, rt

equation 5. Application of PHOX ligands (74-78) in a Pd-catalyzed asymmetric allylic substitution according to Williams et al.'*?

Some ligand structures and their corresponding metal complexes provided excellent selectivities in multiple,
mechanistically unrelated reactions.”'** These man-made catalysts exhibit a more universal scope than enzymes,
while providing similar or matching selectivities. Adapting a term used in pharmaceutical chemistry to describe
substances that are active on multiple biological targets, some ligand structures that have proven to provide

excellent selectivities in a variety of different reactions are referred to as "privileged structures” (figure 14).° 1%

The origin of chirality differs significantly among the ligands.!” In the structure of BOX (62-65), the chiral
information originates from stereocentres in spatial proximity to the coordinated metal and thus reaction centre.
In contrast, the stereocentres in Chiraphos (81) appear more remote and the chiral information is translated to the
reaction centre via a favourable skewed conformation of the metallacycle in which the backbone methyl
substituents occupy pseudo-equatorial positions causing the P-bound phenyl groups to protrude, in analogy to the

quadrant diagram discussed above (figure 12). In contrast, the widely used BINAP (46) or BINOL (86) exhibit
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axial chirality, as although the two napthyl fragments are connected by a single bond, the rotation barrier is so
large due to the hydrogen atoms at the C8 and C8’ positions, as well as potentially large residues X, that the
configuration is stable even at high temperatures. The single bond nevertheless allows the coordination of metals
of different radii, since the distance between the coordinating residues X can vary by rotation around the central

aryl-aryl bond.'”
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figure 14. Overview of common asymmetric ligand structures (“‘privileged ligands”)."'> 4

The versatile applications of these privileged structures in highly diverse reactivities render them an obvious
starting point for the exploration of new asymmetric transformations. Some of them have also been successfully
incorporated in asymmetric phototransformations, both in dual metal photoredox catalysts (chapter 1.3.1) as well

as in bifunctional single catalyst approaches (chapter 1.3.2).
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1.2.3  Development and principles of asymmetric organocatalysis

Organocatalysis is the latest emerging approach to asymmetric catalysis, which received prominence following two
milestone publications in year 2000 by List and MacMillan, who were awarded the Nobel Prize 2021 for their
achievements in the area.'* %67 Although the history of related catalysis dates back to the 1970s when Hajos and
Parrish (Hofmann-La Roche) and Eder, Sauer and Wiechert (Schering AG) discovered a L-proline (95) catalyzed
intramolecular aldol reaction known as the Hajos-Parrish-Eder-Sauer-Wiechert reaction, its underlying principles

and potential for organic synthesis were not recognized.!****!

(0] (6]
L-proline
CH3;CN
o o 93%ee OH
91 92

150,151

equation 6. Hajos-Parrish-Eder-Sauer-Wiechert reaction: L-Proline-catalyzed asymmetric Robinson-annulation.

Inspired by metal-free aldolase enzymes exploiting an enamine-based mechanism, in the year 2000 List et al.
achieved an asymmetric L-proline (95) catalyzed aldol reaction of acetone (93) with various aldehydes 94.1'4 % A
screening of primary amino acids and cyclic amino acids of varying ring size and substitution patterns revealed
that both the pyrrolidine ring and the carboxylic acid are required for efficient catalysis and good
enantioselectivities.'”” This observation suggested a metal-free Zimmermann-Traxler-type transition state,
illustrating two modes of action of the organocatalyst 95: The enamine formation increases the nucleophilicity
compared to acetone (93) and creates a chiral environment, furthermore the carboxylic acid acts as an acid/base
co-catalyst, thereby both activating the aldehyde 94 towards a nucleophilic attack as well as directing the

aldehyde 94 towards the favoured Re-facial attack (equation 7).'*

o) (0] 6 examples
)j\ + L 54-97% yield
H™ R 60 - 96% ee
93 94

equation 7. L-proline catalyzed asymmetric aldol reaction by List et al.™’

In the same year, MacMillan et al. realized the close similarity between the organocatalytic idea and the established
Lewis acid (LA) catalysis, given that analogous to the LA coordination to a carbonyl group, also the condensation
with an amine activates by LUMO lowering while the iminium ion formation remains reversible thereby ensuring

the catalytic turnover (scheme 13).14¢

substrate catalyst LUMO activation
g LA — SN LA
98 99 100
R
MO HN, _ XxN-R
R 1t
98 HCI R
101 102

scheme 13. Comparison of LUMO-activating Lewis-acid catalysis and iminium-catalysis.'®
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Realizing this similarity, MacMillan et al. foresaw the potential use of chiral amines as asymmetric organocatalysts
in many transformations that had previously been metal-catalyzed and proved his concept in organocatalyzed
Diels-Alder reactions of «,p-unsaturated carbonyl compounds104 with different dienes.''* ¢ Besides
L-proline (95), several chiral secondary amines, both cyclic and acylic, were evaluated, with the phenylalanine-
derived imidazoline 103 providing the best selectivity. The latter controls stereoselectivity both by favouring the

formation of the (E)-iminium ion and by shielding the Re side of the iminium ion (equation 8).'%

o Me
N — —
(2‘ et o Me
0 L R e @’\f/ ©
A N ’l/M

! X HCI 103 H © <,“)n 12examplfas
- (4 | H — m 72 - 99% yield
R | = MeOH/HQO \_ R CHO 83-94%ee
1 < U
X Siface \;‘ X

U

X

104 105

106
equation 8. Organocatalyzed asymmetric Diels-Alder-reaction by MacMillan et al'*
The aforementioned milestone publications illustrate two fundamental activation principles of organocatalysis:
Simple carbonyl compounds 108 undergo condensation with chiral secondary amines 112 to form chiral
enamines 111, which contain an energetically raised HOMO and are in turn activated towards reaction with the
LUMO or SOMO (single-occupied molecular orbital) of electrophiles or electrophilic radicals. In contrast,
a,B-unsaturated carbonyl compounds 109 form chiral iminium ions 113 with energetically lowered LUMO,

showing an increased electrophilicity for the reaction with nucleophiles in conjugate additions."*

Enamine catalysis Iminium catalysis

(0]
0 . Rz i} 0
E E R4 108 Rs~ R4 Nu
R, =~ N H —_— R,

Ri RN
110 112 7 Nu

114

higher HOMO lower LUMO
enhanced a-electrophilicity enhanced B-nucleophilicity

scheme 14. Comparison of the activation principles of enamine and iminium ion catalysis.'*?

In addition to these very common mechanisms of activation, organocatalysis also comprises activation by

hydrogen bonding or Brensted bases and acids, usually in the form of chiral organic ions.">'**

In recent decades, research in organocatalysis has provided various chiral secondary amines, and similar to
privileged ligand structures, some have repeatedly provided satisfactory results (figure 15)."* Remarkably,
cinchona alkaloid structures 116 have also been used as metal-free organocatalysts. Moreover, the bifunctional
nature of L-proline (95) and its electrophile-directing carboxyl group can be modified analogously to the

Jorgensen-Hayashi catalyst 115 to reverse the direction by shielding one side of the enamine 118."%
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figure 15. Commonly employed organocatalysts and comparison of electrophile directing carboxylic acid 117 and sterically shielding
silylester 118 in L-proline (95) and Jorgensen-Hayashi-catalyst 115, respectively.'*?

The versatility of organocatalysis predicted by MacMillan became a reality, in part because of several advantages
over metal and biocatalysis. For example, organocatalysts are either available from the chiral pool or can be easily
and inexpensively synthesized therefrom, without the need for expensive metals some of which may leave toxic
impurities. Moreover, many reactions proceed without exclusion of air and water and are very well scalable.”® Also
in the context of photoredox reactivity, a large number of asymmetric transformations involving odd-electron

species has been carried out by organocatalysis (chapters 1.3.1.1 and 1.3.2.1).>
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1.24  Development and principles of asymmetric biocatalysis

The use of biocatalysts dates back to ancient times, exploiting the fermentation of sugar 121 to alcohol 119 in the
production of beer or wine, and of lactose to lactic acid in cheese production.””® ™’ But even beyond food
production, some large-scale industrial processes predate detailed structural elucidation or mechanistic
understanding and range from the synthesis of glycerol (123) by yeast fermentation for the production of
explosives in World War I, to the benzoin-type condensation of benzaldehyde (124) with acetaldehyde (125)
produced in situ from glucose (121) by yeast to yield a precursor 126 of L-ephedrine (127).8%136 138190 A patent for

this process was filed as early as 1934 without any knowledge of a mechanism and it is still used today.'*> ¢!

CHO
H——OH
HO——H
H——OH
H——OH
CH,OH
+ NaHSO,
yeast 4 O Na* on
B a
2 C3HsOH +  2C0; fermentation Py " EOH
OH
119 120 122 123
ethanol glycerol
o 0 OH CH3-NH, OH
. Ho/Pt
o Ao oy e
o) HN\
124 125 126 127
L-ephedrin

scheme 15. Selected examples of historical applications of biocatalysis: Production of alcohol 119 (top left) and glycerol (123) (top right) from
glucose (121) and stereoselective benzoin-type condensation for the synthesis of a precursor 126 of L-ephedrin (127) (bottom) # 196 156161

Biocatalysts can be whole cell organisms, single enzymes, crude enzyme preparations or immobilized enzymes.
The actual catalyst is usually an enzyme, i.e. a complex structure, often comprising several hundred amino acids,
that evolution has created over millions of years in order to perform a biochemical transformation precisely, with

superior chemo-, regio- and stereoselectivity.3* 162

An example of the extraordinary regioselectivity is a key step of
the Reichstein synthesis of ascorbic acid (130) from D-glucose (121). After reduction to D-sorbitol (128),
regioselective oxidation of a secondary hydroxyl group besides three more secondary and two primary hydroxyl

groups to L-sorbose (129) takes place by Acetobacter suboxydans (scheme 16).16> 164

CHO CH,OH CH,OH CH,OH
H OH HO H H Acetobacter HO
HO——H _  HO——H [He] HO——H suboxydans  HO——H = HoO - 0 _o
H——OH H——OH H——OH H——OH —
H——OH HO——H HO——H HO——H HO  OH
CH,OH CHO CH,0H CH,OH
121 128 129 130

scheme 16. Key step in the Reichstein synthesis of L-ascorbic acid (130) from D-glucose (121): Regioselective oxidation of b-sorbitol (128) to
L-sorbose (129),6 164
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A key step in the industrial synthesis of hydrocortisone (133) also illustrates the remarkable regio- and
stereoselectivity of biocatalysis. The selective C-H oxidation at C11 of progesterone (131) is achieved using

Rhizopus nigricans (scheme 17).

Rhizopus
nigricans
—_—

131 132 133
scheme 17. Biocatalytic C-H oxidation at C11 of progesterone (131) by Rhizopus nigricans in the industrial synthesis of hydrocortisone (133) %
Although biocatalysts were already used extensively in industrial processes without mechanistic understanding
and were rather used as a black box for the corresponding transformation, it was not until the 1950s that methods
for structural elucidation were advanced sufficiently to shed some light into the dark.** In 1951, Sanger (Nobel
laureate 1958) succeeded in determining the first enzyme primary structure on the example on the amino acid
sequence of insulin."®® > Progress in the field of X-ray crystallography led to the first structural elucidations at the
end of the 1950s.1%¢ 17 The mechanistic understanding of involved coenzymes such as NAD(P)H (309) or thiamine
also developed increasingly, but several decades passed and pioneering work in the field of genetic engineering,
such as the decoding of the genetic code and the development of methods for DNA modification and recombinant
DNA, had to be achieved before enzymes became available in sufficient quantities for industrial applications and

mechanistic insights could be gained through enzyme modifications."

Despite the very large enzyme structures relative to metal catalysts and organocatalysts, the same fundamental
chemical principles and principles of catalysis apply in the active centre. Therefore, depending on whether the
active site contains a metal, enzymes can be regarded either as complex, oversized organocatalysts or as giant
organometallic catalysts.®* However, the outstanding selectivity results not only from an energetic differentiation
favouring one of several competing transition states, but also from a synergy of multiple interactions between the
reaction partners and the relatively large specialized tertiary structure that serves to precisely align substrates in

the active centre.®

The obvious desire to extend such selectivity to unnatural substrates and reactivities and to increase the
applicability of biocatalysts under non-natural conditions motivated researchers to pursue rational enzyme
optimizations in the 1980s.3% 156117 Erances Arnold achieved a breakthrough in the early 1990s by establishing
the concept of directed evolution, for which she was awarded the 2018 Nobel Prize in Chemistry."* Aware of the
superiority of nature, this concept is based on an interplay of alternating random mutation and subsequent
selection.!” In this approach, a randomly mutated gene is expressed in a bacterium, producing enzymes the
properties of which are subsequently evaluated in the desired transformation before ineffective enzymes are sorted
out and the promising gene sequences undergo another cycle of random mutation.'*'”* Using this concept, Arnold
investigated the solvent limitation of enzymes on the example of subtilisin, that breaks down casein, and found

that its third generation of directed evolution showed a 256-fold improvement in performance in 65% DMF
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compared to the original enzyme. This was the result of 10 random mutations, the advantages of which were not

predictable by rational enzyme design.!** '™

The outstanding selectivities, the steadily growing capabilities of enzyme engineering and the fact that catalysis in
general, but biocatalysis in particular, meets many of the principles of green chemistry, led to a steep increase from
60 industrial biocatalyzed processes in 1990 to several hundred in 2019."% ' The ongoing search for new
reactivities also led to the recent discovery, that irradiation with visible light can induce new reactivities.
Biocatalysts containing a photoactive fragment, e.g. flavin-dependent ene-reductases, were irradiated with visible
light, enabling new, unnatural transformations involving single-electron species (chapter 1.3.2.3).76'%
Furthermore, combinations of enzyme catalysts with a separate photocatalyst were also investigated

(chapter 1.3.1.3).181°18
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1.3 Asymmetric photoredox catalysis

Since pioneering reports by MacMillan, Yoon and Stephenson in 2008, research in the field of photoredox catalysis
has dominated the chemical literature and added a variety of useful transformations to the repertoire of organic
synthesis.> * 112 1% Exploiting photosensitizers to harvest abundant, inexpensive and environmentally benign
visible light energy and to convert it into chemically available energy under mild conditions and with simple
experimental setup opened a new dimension of chemical transformations involving odd-electron species that were

regarded as difficult to control before.'®”

Considering the increasing demand for enantiopure material, this type of chemical reactivity has been extensively
combined with the concepts of asymmetric metal-, organo- and biocatalysis, resulting in a variety of asymmetric
photoredox transformations. The catalyst concepts may be further divided into dual catalytic systems, in which a
photoredox catalyst is present besides an asymmetric catalyst (chapter 1.3.1), and single bifunctional catalysts,

which both initiate the photoredox reactivity and cause the asymmetric induction (chapter 1.3.2).1571%

1.3.1  Asymmetric dual catalyst approaches
1.3.1.1 Asymmetric dual organophotoredox catalysis

1.3.1.1.1 Asymmetric dual organophotoredox catalysis via chiral enamines

The great research interest in photoredox catalysis was inspired, in part by a milestone publication by
MacMillan et al. who established an asymmetric a-alkylation by combining a photoredox catalytic cycle with an
organocatalytic cycle (equation 9).'° The asymmetric organocatalyst condensates with an aldehyde to form a chiral
enamine 135 with energetically raised HOMO, that is involved in two steps: First, it serves for the reductive
quenching of the excited photocatalyst 12, yielding the reduced photocatalyst [Ru(bpy)s]* (11), which is itself a
sufficiently strong reductant to reduce an a-halocarbonyl compound1 to the corresponding a-carbonyl
radical 138 upon release of a halide anion. Second, the elevated HOMO in the chiral enamine 135 results in an
activation towards a reaction with the electrophilic radical 138 the stereochemical outcome of which is influenced
by the chiral imidazolidinone substructure. The resulting radical 139 is subsequently oxidized in a chain
propagation mechanism by the a-halocarbonyl substrate 1, generating an iminium ion 136 which liberates the

enantioenriched a-alkylated product 5 and regenerates the organocatalyst 4 upon hydrolysis (scheme 18).1°

2+

2ClI- 4
j\/R1 (0.5 mol%) (20 mol%) o 12 examples
+ K :
H Br” EWG 2,6-lutidine (2.00 eq.), DMF, white light, rt H)J\-‘ SEWG 63 - 93% yield
R 88 - 99%ee
2 1 5

equation 9. Asymmetric a-alkylation of aldehydes according to MacMillan et al.'®



Introduction: Asymmetric photoredox catalysis 46

0 0
1
HJ\Z/ R H J\ SEWG
sé\ /Ll*v R'
N 5
H
H20 4 H,0
S 134 134

N e ™ TP A

R! L.
135 photoredox i % “SEwe
catalysis 1 1
- 7 135R . 136 R
:é\N/‘% SNEWG
A . 138
\ 1 Ru' SEWG .
137 11 138 AN
Br” “EWG '\"‘\\EWG Br” “EWG
1 R’ 1
139

scheme 18. Mechanism of the asymmetric a-alkylation of aldehydes proposed by MacMillan et al.'®

This principle was extended to other a-functionalizations such as a-trifluoromethylations and
a-perfluoroalkylations and the underlying reactivity was also optimized for alternative photocatalysts.’”'* Using
the first-row analogue [Fe(bpy)s]Br, and the non-transition-metal complex Al(salen)Cl, Cozzi et al. achieved a
closely related a-alkylation, however, the excited photocatalysts directly served to reduce the alkyl radical precursor
in contrast to MacMillan’s original [Ru(bpy)s]** (7) catalyzed reaction.’> **! Related a-alkylations have also been
optimized for metal-free photosensitizers such as Eosin-Y by Koénig and Zeitler et al. or rose bengal by
Ferroud et al.’*> ' Luo et al. applied MacMillan’s mechanistic principle to the a-alkylation of p-ketocarbonyl
compounds 140 and 144, obtaining all-carbon quaternary stereocentres (scheme 19)."* For this purpose, an
acyclic organocatalyst 142 was used, that contributed to high stereoinduction by H-bonding interaction of the

protonated amine with the carbonyl group of the electrophilic radical ***

2+
Q 4, 18 examples

R1ﬂ>'/\ffR 30 - 96% yield
r3od 'st 0 64 - 98%ee

2CI- 142

140 141 (1.0 mol%) (20 mol%) 143
NaHCO3 (1.00 eq.), CH;CN, white light, rt R6
via [~ BE: HO //,
0} /\\ A

9 examples

0o o 0
.R®
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scheme 19. Asymmetric a-alkylation of 3-ketocarbonyls 140 and 144 providing access to all-carbon quarternary stereocentres and associated
model of stereoinduction according to Luo et al.'*
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Employing electron-deficient benzyl bromides and the stronger reducing photocatalyst fac-Ir(ppy)s (29),

MacMillan expanded the scope of the general reactivity to an asymmetric a-benzylation of aldehydes 149.'%

0 29 148 0
y )J\/R1 . JEWG (0.5 mol%) (20 mol%) JEWG 16 examples
+ Br S — — S 72 - 91% yield
| /1 2,6-lutidine (2.00 eq.), DMSO, white light, rt R | /l e gso/zge
149 150 151

equation 10. Enantioselective a-benzylation of aldehydes according to MacMillan et al.'®

A few years later and inspired by DNA biosynthesis involving a spin-centre-shift to cleave a C-O bond, MacMillan
et al. developed an asymmetric a-benzylation employing benzylic alcohols 154 as radical precursors, thereby
avoiding the additional step of converting them into halides or other suitable leaving groups.'®® The mechanism
proceeds via the reduction of the heteroaromatic 154 and spin-centre shift (SCS) to cleave off water (134) and
generate the benzyl radical 157. After addition to the chiral enamine 161, oxidation by the Ir(IV) species 158
follows, closing the photocatalytic cycle and generating an iminium ion 162 that releases the product 155 upon

)‘196

hydrolysis (scheme 20

tBu
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153 N ’ ; b Ta S S R N 94 - 99%ee
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scheme 20. Spin-centre-shift enabled direct enantioselective a-benzylation of aldehydes 153 with alcohols 154 and proposed mechanism
according to MacMillan et al'®*
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Another elegant approach of asymmetric a-functionalizations based on the combination of photoredox reactivity

with asymmetric enamine organocatalysis is MacMillan’s direct a-alkylation using simple olefins.'®”'3* %" Besides

the synthetic utility of employing simple olefins, the underlying mechanistic concept, involving the interplay of

three individual catalytic cycles to ensure redox neutrality, is particularly noteworthy. The photoexcited iridium

complex 173 oxidizes the chiral enamine 174 to form an electrophilic enaminyl radical 179 that readily adds to

suitable olefins 165 and 169. MacMillan ef al. succeeded in identifying thiophenol 163 as a suitable hydrogen atom

source, which transfers the hydrogen atom only after alkene addition (rather than to the enaminyl radical

cation 179). The resulting iminium ion 175 releases the product 164 or 170 upon hydrolysis. The thiyl radical 178

is reduced by the Ir(II) species 177, thereby turning over both the photocatalytic and the HAT catalytic cycle. In

this way, a variety of intra- and intermolecular cyclizations were performed in high enantioselectivies

(scheme 21).'”
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scheme 21. Mechanism and conditions of MacMillan’s intra- and intermolecular a-alkylation of aldehydes using simple olefins.'’
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1.3.1.12 Asymmetric dual organophotoredox catalysis via chiral iminium-ions

Besides combining photoredox reactivity with organocatalysis based on chiral enamines, in most cases aiming at
asymmetric a-functionalizations of carbonyl compounds, some transformations have been developed that involve
chiral iminium ions, and mostly focus on asymmetric p-functionalizations of Michael systems.'®”'® Condensation
with the chiral organocatalyst lowers the LUMO of the a,p-unsaturated carbonyl compounds, resulting in the
activation of the chiral iminium ion towards the addition of nucleophiles or nucleophilic radicals. Melchiorre et al.
exploited this concept and developed an approach to quaternary stereocentres the broad applicability of which was
demonstrated by the use of two non-related light-induced pathways involving different photoredox catalysts

(scheme 22).1%8
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scheme 22. Asymmetric catalytic formation of quaternary carbons by iminium ion trapping of radicals according to Melchiorre et al.'*®

For the benzodiazole substrate 184, tetrabutylammonium decatungstate (TBADT) (181) was used, which upon
excitation acts as a hydrogen-atom transfer catalyst and homolytically cleaves the C-H bond on the
benzodiozole 184, generating a nucleophilic carbon-centred radical 188.'® For the tertiary amine substrate 186,
Ir(dF(CFs)ppy)2(dtbbpy)PFs (32) was used as the photocatalyst, which oxidizes the amine 186 to form a-amino
radicals 188. In both cases, nucleophilic carbon-centred radicals are formed which add in a stereocontrolled
fashion to the chiral iminium ion 193 formed from the organocatalyst 182 and a cyclohexenone substrate 183. A
chiral cyclohexyl diamine 182 containing a redox active carbozole unit was used as the organocatalyst. The latter

initiates intramolecular SET to form an enamine, which rapidly tautomerises to an imine 190. The carbazole
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radical cation 194 is then reduced, closing the photocatalytic

cycle and releasing the product 185/187 upon

hydrolysis.'®” 185 1%
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scheme 23. Mechanism of the asymmetric catalytic formation of quaternary carbons via iminium ions proposed by Melchiorre et al.'*

The underlying mechanistic principle was subsequently extended by Yu et al. to asymmetric hydroacylation of
aromatic enals 196 using a-ketoacids 197.'% 188 1% In this process, excited [Ru(bpz)s](PFs), (24) serves to induce
oxidative decarboxylation of the a-keto acid 197 and generation of an acyl radical, which adds to the chiral
iminium ion in a similar way to the B-functionalization discussed earlier. The resulting enaminyl radical is oxidized

by a Ru(I) species, giving rise to the 1,4-dicarbonyl product 198 by hydrolysis.'”

N 2+
e
NS
\ AN
N N (\N
N, | N~z
“Ru”
SN | N
N~ N\ K,N
[
L N _l2PFg
o o 24 195 o R
(5 mol%) (20 mol%) 2 21 examples
HJv\R1 + Rzﬂ\mOH — - HJ\)\,(R 44 - 99% yield
o CH3CN, white light, 20 °C 5 62 - 80%ee
196 197 198

equation 11. Asymmetric hydroacylation of enals 196 with a-ketoacids 197 according to Yu et al.'*
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1.3.1.13 Asymmetric dual organophotoredox catalysis via H-Bonding, Brensted acid or base catalysis

Besides the discussed combinations of photoredox catalysis with organocatalysis based on chiral enamines or chiral
imines, the field of asymmetric organophotoredox catalysis also includes the combination with chiral hydrogen-
bonding catalysts or chiral Bronsted acids or bases.'"™ '® All these concepts share the principle of transferring
chirality from chiral counterions to intermediately formed (radical) ions. In addition, the hydrogen-bonding

interaction often leads to the modification of redox potentials of involved substrates.

An example is the enantioselective reduction of 1,2-diketones 201 by Jiang et al. using a guanidinium salt 200 as
H-bonding organocatalyst.*® The excited dicyanopyrazine photocatalyst (DPZ) (206) is reductively quenched by
a tertiary amine 202 (N-napththyl-tetrahydroisoquinoline). The reduced photocatalyst 205 reduces the
substrate 201 to generate a ketyl radical anion 204 that forms a hydrogen bond with the chiral guanidinium
salt 200. In this chiral environment, reduction to the anion 209 is caused by another equivalent of the tertiary
amine 202. After enantioselective protonation, the enantioenriched a-hydroxyketone 203 is released from the

organocatalyst 200 (scheme 24).>%
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scheme 24. Catalytic enantioselective reduction of 1,2-diketones 201 by the combination of photoredox catalysis and chiral H-bonding
organocatalysis and proposed mechanism thereof according to Jiang et al?®
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Chiral Bronsted base catalysis was also successfully combined with photoredox catalysis.'® '*® Recently, Knowles
et al. succeeded in developing an intramolecular hydroamination by exploiting a triple catalytic system, consisting

of a photoredox catalytic cycle, a Bronsted base catalytic cycle and a HAT catalytic cycle.”®!

PFg 211 R2 R3
(25 mol%) Q.0 30 examples
1-S< 50 - 98% vyield
PhCF3, blue light, ~20 °C RUVTN 74 - 96%ee
213

163
(30 mol%)

equation 12. Enantioselective hydroamination of alkenes with sulfonamides enabled by proton-coupled electron transfer !

The hydrogen bonding interaction of the sulfonamide 212 with the chiral BINOL-phosphate anion 211 activates
the substrate 212 towards oxidation by the excited photocatalyst 217, rendering this step a proton-coupled-
electron-transfer (PCET).?*" After stereocontrolled 5-exo-dig cyclization, the product 213 is formed by hydrogen
atom abstraction from the thiol cocatalyst 163. The resulting thiyl radical 178 is reduced to thiol 163 by the

photocatalyst 210 in the presence of phosphoric acid 216, thereby turning over all three catalytic cycles

simultaneously.?”
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scheme 25. Mechanism of the triple catalytic enantioselective hydroamination of alkenes with sulfonamides.?”!
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The combination of chiral Brensted acids with photoredox reactivity has led to a wide variety of transformations,
ranging from conjugate additions involving enantioselective protonation to cycloadditions or reductions for the
synthesis of furoindolines and pyrolloindolines. Common principles often include proton-coupled electron
transfer and directing effects of phosphate groups, as well as LUMO lowering to facilitate nucleophilic attacks.'®”
188 An example is the enantioselective coupling of a-bromoketones222 with N-aryl-a-aminoacids 221 by
Jiang et al.*®® Thereby, the deprotonated amino acid 224 is oxidized by the excited photocatalyst, inducing a
decarboxylation with formation of an a-amino radical 226. Reductive debromination completes the photocatalytic
cycle and generates an a-carbonyl radical 227. In the chiral environment of the chiral phosphoric acid 220, which
functions as a bifunctional H-bonding catalyst by both stabilizing the electrophilic a-carbonyl radical species 227

and activating the nucleophilic a-amino radical species 226, enantioselective radical cross-coupling occurs.”®?

NC CN
COH o 199 220 o R
)\ J\’<R3 (0.5 mol%) (10 mol%) : 45 examples
1+ R2 2 - i
ArHN221R R LBr NaHCOj; (3.00 eq.), molecular sieve, R ) NHAr gg ) g?gf’g;eld
1,2-dimethoxyethane, blue light, 0 °C R3R4 °
222 223

co, co,

ArHN)\R1 Aerﬁ)\w Y

224 225
>—< ArH,N" R
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DPZ* DPZ* o R
206 205 220 ) .
photoredox ] R 7 NHAr
catalysis RN R® R R®R*
o A . 223
DPZ o 227 R
199 J\’<R3 ~—H 4
R R
4Br - —0227
R2
222 228

scheme 26. Enantioselective radical-radical coupling of a-bromoketones 222 with N-aryl-a-aminoacids 221 and mechanism thereof according

to Jiang et al*®
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1.3.1.2  Asymmetric dual metallaphotoredox catalysis

The combination of chiral metal catalysis with photoredox reactivity has produced a multitude of useful
transformations. On the one hand, coordination to a chiral Lewis acid ensures a chiral environment in the
enantiodetermining step; moreover, it leads to increased electrophilicity, lowered reduction potentials and

stabilized (radical)anion intermediates due to electron withdrawal.

1.3.1.2.1 Dual metallaphotoredox catalysis exploiting enhanced electrophilicity for asymmetric radical addition
An important mechanistic principle of asymmetric metallaphotoredox catalysis is the exploitation of the
electrophilicity of electron-deficient alkenes 233, enhanced by Lewis acid coordination, for the enantioselective

addition of radicals 229, known as a photo-Giese-type reactions.'®”

The common mechanistic principle of such
transformations is based on reductive quenching of the excited photocatalyst 234 (PC) by a radical precursor
containing a suitable leaving group 230. The resulting radical 229 readily undergoes stereoselective conjugate
addition to the asymmetrically activated Michael acceptor 233. The resulting radical 232 completes the
photocatalytic cycle and generates a Lewis acid enolate 236 that releases the enantiomerically enriched product 238

by protonation and keto-enol tautomerism. The Lewis acid serves for chirality transfer and accelerates the rate-

determining step of conjugate addition (scheme 27).'%

/
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229 R oA o~
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230 PC*- RZJ\-/K: ) RZ\)J\: )
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pC photoredox chiral LA

catalysis catalysis

234

scheme 27. General mechanistic principle of asymmetric Lewis acid-catalyzed photo-Giese-type reactions.'®’

Based on this mechanism, a variety of transformations has been developed that differ in the source of the
nucleophilic radicals. While Yoon et al. and Shibasaki et al. generated a-amino radicals from the corresponding
trimethyl silanes 239, Meggers et al. and Xiao et al. generated alkyl radicals from trifluoroborates 240 and
Hantzsch esters 241, respectively.??% Furthermore, the Michael acceptors incorporate different heteroatom-
containing groups in addition to the carbonyl group to ensure rigid two-point coordination to the chiral Lewis
acid.’¥”1% Many different photocatalysts and chiral ligands were successfully employed. While Yoon et al. used the
prototypical [Ru(bpy)s]Cl, (7) and a C2-symmetric PyBOX ligand 245, Shibasaki et al. wused

Ir(ppy)2(dtbbpy)PFs (31) and a Cu complex with an axially chiral Segphos derivative (85).2°>2% Both Meggers et al.
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and Xiao et al. used the metal-free organic acridinium photocatalyst, but different chiral Lewis acids: Meggers et
al. employed a chiral-at-metal rhodium complex 246, the photophysical properties enabled its use as a bifunctional
asymmetric photocatalyst in later research (chapter 1.3.2.2).>* Indeed, a similar asymmetric photo-Giese-type
reaction with dihydropyridines as alkyl radical precursors was developed by Meggers et al. in 2018 using the chiral-
at-metal-complex without an additional photoredox catalyst.*” Inspired by these results and the structure of
Megger’s chiral-at-metal complex, Xiao et al. designed a chiral Co-complex 247 whose tetradentate ligand also

provided very good enantioselectivities due to its high configurational stability (scheme 28).2%
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scheme 28. Selected examples of asymmetric metallaphotoredox-catalyzed photo-Giese-type reactions.

187,188, 203-206

Meggers applied this principle to a y-selective C(sp’)-H functionalization of amides, demonstrating that triple
catalytic systems are also accessible involving Lewis acid catalysis. " #8208 Interaction of the amide 252 with the
phosphate base catalyst adjusts the redox properties to induce a PCET that generates a N-centred amide radical 255

and a reduced photocatalyst 257. The amide radical undergoes a 1,5-hydrogen atom transfer (HAT) to generate a
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more stable terminal C-centred radical 256. According to the previously discussed mechanism of the conjugate
radical addition, this C-centred radical adds to the chiral Rh-coordinated substrate (scheme 27). However,
Meggers et al. proposed the following alternative mechanism, which differs mainly in the order of the steps,
especially that of the conjugate addition and reduction by the reduced photocatalyst 257. According to this
mechanism, reduction of the Rh substrate complex 261 occurs prior to radical-radical coupling in the chiral
environment. The base catalytic cycle is then closed by protonation of the rhodium enolate 259, enabling the

product 254 to be exchanged for a new a,p-unsaturated 2-acylimidazole substrate 253 (scheme 29).2%

o (4 mol%) PFe (8 mol%) 22 examples
40 - 68% yield
R2 . (5 or 8 mol%) 77 - 97%ee
H™ Rt NZON-R CH,Cl,, 4A MS, blue light, rt
252 253
OQrPMP Os_PMP
NH
1,5-HAT
R2 . R2
Oy PMP - H™ 21255 R' 256
N. --[Rh
H _--"[Rn]

\ _-[Rh] (0] R® O
I

\ -~

O /\/7*)\(
. | PMP .
R2 L—= pC* Ry\\¢J\W¢N P
N R
R
258

Iz

AY
23
N

R //§CET 257

photoredox chiral LA
catalysis catalysis

O
WL

R4 R! :Rz R“N
261 262
/ﬁ\ R® O o]
N N
PMP N /\/7)\)1\(/ R3W
H R 'hz N \/) N \/)
R* R*
254 253

scheme 29. Triple catalytic asymmetric y-selective C(sp?)-H functionalization of amides 252 and mechanism thereof by Meggers et al?*®
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13122 Dual metallaphotoredox catalysis exploiting lowered redox potentials for photocatalytic reduction

Mechanisms of this type exploit the lowering of redox potentials of carbonyl groups, michael systems or imines
caused by Lewis acid coordination for the generation of asymmetrically coordinated radicals, which either undergo

radical radical coupling with a radical generated elsewhere in the mechanism, or add to a double bond.'®” 18

One example is Megger’s synthesis of 1,2-amino alcohols 265.°” As in previous examples, an a-silylamine 263
serves as radical precursor and reductively quenches the excited photocatalyst 12 to form an a-amino radical 267
and release a TMS cation 272. The latter plays a crucial role as it serves as an in situ generated additional Lewis
acid. A chiral-at-metal rhodium complex 246, as well as the TMS-cation 272, activate the 2-acylimidazole
substrate 264 and allow its reduction to a ketyl radical 268. Cross-coupling with the a-amino radical 267 in the

chiral environment of the rhodium complex 246 and desilylation yields the enantiomerically enriched 1,2-amino

alcohol 265.%%
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scheme 30. Enantioselective photocatalytic synthesis of 1,2-aminoalcohols 265 and mechanism thereof according to Meggers et al?”
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This general principle of exploiting lowered redox potential of Lewis-acid coordinated substrates is also the
foundation of many transformations by Yoon et al. who used Lewis acid activation to lower the potential of enones
and cyclopropyl ketones for the reduction to allylic ketyl radicals and distonic radicals, respectively. In this way,
they developed several initially racemic and then enantioselective (2+2) and (3+2) cycloadditions, first intra- then
intermolecularly.'> 2> 2! Their initial success was an intramolecular (2+2) cycloaddition of bis(enones) 6, which
revealed that Lewis acid activation was required for the key step of the first enone reduction.!’ The allylic ketyl
radical 274 underwent intramolecular 5-exo-dig conjugate addition to form an a-carbonyl radical, that reacts with
the lithium enolate to form the cyclobutane fragment.!! Soon after, this reactivity was extended to an
intermolecular crossed (2+2) cycloaddition.?’° The requirement of a Lewis acid for the reduction to an allylic ketyl
radical, suggested an asymmetric adaptation with asymmetrically coordinated Lewis acids. Due to the kinetic
lability of lanthanide complexes, i.e. to ensure the turnover from chelating product to monodentate substrate,
chiral gadolinium and europium complexes were evaluated.*"* Since no or very little evidence of enantioselectivity
was detected with the privileged ligand structures BINOL (86), TADDOL (87) and PyBOX (66-69), Yoon et al.

developed a C1-symmetric Schiff-base ligand 281 (scheme 31).2!

2008: Intramolecular [2+2]-enone photocycloaddition via:
[Ru(bpy)sICl (5 mol%) Haor
o o LiBF4 (2.00 eq.) o o Ru'
iPr,NEt (2.00 eq.) 13 examples Ph |
Ph Ph Ph Ph 54 -98% yield
| | MeCN, white light, rt H H up to 1011 do. 273 SR
6 Lisg
2009: Intermolecular crossed [2+2]-enone photocycloaddition 3 Ru'" Ph/gL
[Ru(bpy);]Cl, (5 mol%) | 274 R_]
o o LiBF4 (4.00 eq.) o o
iProNEt (2.00 eq.) \|j\ 7 examples
Ph | Me - Ph " Me 9 -88% yield
| MeCN, sunlight, rt ) up to >10:1 d.r.
275 Me 276 Me“277
2014: Asymmetric adaption of the [2+2]-enone photocycloaddition
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. s ligand (30 mol%) ; W 34-72% yield N
R R : R TR 39 dr
| | iPr,NEt (2.00 eq.) 1-9:1dr 0 o
. 86 - 93%ee HN
R2 MeCN, light, -20°C R? \
278 279 280 281  Bu

scheme 31. Development of an asymmetric (2+2)-enone photocycloaddition from racemic intra- and intermolecular (2+2)-enone
photocyclizations by replacement of the required formerly achiral Lewis acid LiBFs with a chiral Schiff base 281 coordinated lanthanide complex
according to Yoon et al.'210:21!

With cyclopropyl ketones 282 and 285 instead of enones 6, 275, 276, 278 and 279, the reduction proceeds to a
ketyl radical that opens the cyclopropyl ring and forms the distonic radical 284, paving the way for a formal
(3+2)-photocycloaddition with formation of cyclopentanes 283 and 287 instead of cyclobutanes 3, 277 and 280
(scheme 33).2'22" Following the initial intramolecular proof of concept, an extension to an intermolecular variant

followed in 2016, as well as the asymmetric adaptation thereof (scheme 32). In this study, lanthanides were again
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used as Lewis acids and a screening of asymmetric PyBOX ligands with different stereodiscriminating residues

resulted in the best selectivities using s-Bu-PyBOX 288.%1% 23

2011: Intramolecular [3+2]-photocycloaddition of aryl cyclopropyl ketones

via:

2+
[Ru(bpy)sCl (5 mol%) ~Akal
o , La(OTf); (1.00 eq.)
R®_R TMEDA (5.00 eq.) 17 examples PR
Ph | 57 - 86% yield
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scheme 32. Intra- and intermolecular (3+2)-photocycloaddition and asymmetric adaption thereof by Yoon et al?'%2"

Mechanistically, after ring closure, either a reduction of the LA-activated cyclopropyl ketone substrate 285 takes

place in the sense of a chain propagation or an oxidation to the product by the amine radical cation 291 occurs by

means of a chain termination (scheme 33).213
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scheme 33. Mechanism of the (3+2)-photocycloaddition on the example of the asymmetric intermolecular variant proposed by Yoon et al*"
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13123 Dual metallaphotoredox catalysis exploiting chirale enolates as reductive quencher

In contrast to the previously discussed transformations, the LA-coordination-modified redox potentials allow
direct reductive quenching of the excited photocatalyst by the substrate complex 303 rather than by a radical
precursor containing a suitable leaving group or a quenching additive.'*”'® Using chiral-at-rhodium complex 246
for substrate activation and chirality transfer, Meggers et al. achieved enantioselective a-aminations and a-
alkylations of 2-acylimidazoles 298 employing aryl azides 296 and a-diazo esters 299 as radical precursors,
respectively.”** The excited photocatalyst 12 is reductively quenched by the rhodium-coordinated substrate 303.
The electron-deficient radical precursor 296 or 299 is reduced by the Ru(I) species 11, thereby turning over the
initiating photocatalytic cycle. Depending on whether an aryl azide 296 or diazo ester 299 was used, a nitrogen or
a carbon-centred radical (304 or 305) is formed after the elimination of the only by-product, nitrogen. The radical
304 or 305 adds selectively to the chiral rhodium enolate 303 to form the ketyl radical 302. The latter can then
either reduce another equivalent of the electron-deficient radical precursor 296 or 299 in the sense of radical
propagation, or convert to the Rh-coordinated product 301 by reductive quenching of the excited photocatalyst 12.

The enantiomerically enriched product 297 or 300 is released by exchange for a new 2-acylimidazole substrate 298

(scheme 34).%
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scheme 34. Mechanism of enantioselective a-alkylation and a-amination of 2-acylimidazoles 298 according to Meggers et al?™*
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1.3.1.3  Asymmetric dual biophotoredox catalysis

The combination of biocatalysis with photoredox reactivity has produced several interesting transformations in
recent years, aiming at the exploitation of the outstanding selectivity of biocatalysts. The approaches focus both on
the combination of an established photocatalyst with enzyme catalysts but more commonly on the utilization of
redox-active cofactors such as NAD(P)H (310) (nicotinamide dinucleotide (phosphate)) or flavin mononucleotide
(FMN) the redox potentials of which are modulated by photoexcitation, paving the way for an expansion of the
natural ground state reactivity of enzymes."”” The substrate activation relies on principles of H-bonding
organocatalysis, on the one hand modifying the corresponding redox potentials and on the other hand spatially
arranging the involved reaction partners for enantioselective HAT (hydrogen atom transfer) key steps.!8® 215216
Hyster et al. developed a concept of biophotoredox catalysis using rose bengal (RB) (315) as an external
photosensitizer for deacetoxylation of a-acetoxyketone 308 with NADPH-dependent ene-reductases.”” To
prevent racemic background reactions outside the enzyme, a substrate was chosen whose redox potential is
adjusted through hydrogen bonding with a tyrosine residue within the chiral environment of the active site. After
reductive quenching of the excited photocatalyst 314 by NADPH (310), the activated substrate 313 is reduced to
the ketyl radical 317. A spin-centre shift leads to deacetoxylation and the formation of an a-carbonyl radical 318.

The selectivity-determining step is the hydrogen atom transfer of NADPH (310) from the back of the substrate

radical 318. A SET of NADP radical onto the ground state photocatalyst closes the catalytic cycle (scheme 35).'”
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scheme 35. Mechanism of the asymmetric biophotoredox deacetoxylation of a-acetoxyketones 308 with NADPH-dependent ene-reductases
according to Hyster et al."”’

Given that some enzymes or their cofactors themselves show modified redox potentials and thus reactivities when
irradiated, such an extension of natural enzyme reactivity by irradiation in the sense of single bifunctional catalysts

(chapter 1.3.2.3) is even more common than the combination with an external photosensitizer.
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1.3.2  Asymmetric single bifunctional catalyst approaches
In addition to combining established concepts of asymmetric organo-, metal- and biocatalysis with photoredox
catalysts in the sense of separate, dual catalytic systems, some bifunctional catalysts have been developed that

combine different concepts of asymmetric induction with photoredox reactivity within one catalyst.'®

1.3.2.1 Asymmetric bifunctional organo-photoredox catalysis

Many of the different activation concepts of asymmetric organocatalysis have been incorporated into bifunctional
photocatalyst concepts. Pioneering work in the field of bifunctional organo photocatalysis dates back to 2005 and
work by Bach et al. who achieved the first enantioselective photoreaction by linking a benzophenone fragment
with a chiral bicyclolactame via a rigid oxazole unit.*’” After photoinduced electron transfer (PET), cyclization
occurred by intramolecular conjugate addition of an intermediate a-amino radical to C-4 of a quinolone fragment
(transition state 319). In this process, the substrate 320 is positioned in the chiral environment by two H-bonding

interactions (equation 13)."7

via:
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__O\ =~
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(o]
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~ — 319 © — 39% vyield
A > 300 nm, toluene 72%ee

N O

H

320 321

equation 13. Asymmetric intramolecular cyclization employing bifunctional organo-photocatalyst according to Bach et al*"”

This general concept of covalently connecting a photosensitizer with an asymmetric H-bonding organocatalyst
was modified and adapted several times using a thioxanthone structure as the photoactive element due to its
significant absorption in the visible spectrum.*® Similar to the initial work, the thioxanthone fragment was linked
to different chiral H-bonding fragments, such as bicyclolactame or thiourea fragments, and used in intra- and
intermolecular photocyclizations (scheme 36).2'%2° However, the latter construct yielded only modest
enantiomeric excesses (12%ee).”® In 2020, the thioxanthone fragment was linked to the commonly used
(privileged) chiral BINOL-phosphate acid fragment, enabling intermolecular (2+2)-photocycloadditions of cyclic
B-carboxyl enones 332 and olefins 333.2?! The interaction of the substrate with the chiral Bronsted acid not only
serves to attach the substrate 332 in the chiral environment, but also to modify its triplet energy. Since it was not
possible to determine the enantiomeric excess by chiral HPLC, a derivatization was carried out by benzylation,

revealing up to 86%ee (scheme 36).2!
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2014: Intramolecular (2+2)-photocycloaddition using bicyclolactame thioxanthone
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scheme 36. Selected examples of bifuncitonal asymmetric H-bonding thioxanthone photosensitizers and their application in asymmetric

phototransformations by Bach et a/?'®%*'
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Structurally closely related is a concept by Aleman that links the thioxanthone structure with MacMillan’s
imidazolidinone organocatalyst 336.'>** It was used for an adaptation of MacMillan’s pioneering a-alkylation of

aldehydes 337 (equation 14), following the intially reported mechanism (scheme 18).!%2

0
o 336 o
)J\/R1 (20 mol%) 13 examples
N .
H Br” EWG  2,6-lutidine (2.00 eq.), DMF, white light, 15 °C H)J\AEWG 55 - 98% yield
R 84 - 99%ee
337 338 339

equation 14. Bifunctional photoaminocatalyst for the a-alkylation of aldehydes 337 according to Aleman et al?*

Besides these covalently linked catalyst concepts, some non-covalently connected combinations of chiral anions
with cationic photocatalysts are also considered bifunctional organo-photocatalysts.'®” The chiral induction is
usually based on the interaction of a substrate or intermediately formed radical cations with anionic axially chiral
BINOL derivatives. Such chiral anions have been combined with organic photocatalysts, such as Fukuzumi’s
mesityl acridinium catalyst (Mes-Acr* (340)) or Nicewicz oxopyrylium catalyst (348), as well as with metal-based

photoredox catalysts.

Luo et al. achieved an anti-Markovnikov hydroetherification based on the interaction of the chiral BINOL
phosphate anion 341 with radical cations 342 formed by reductive quenching of the photoexcited Mes-Acr*
catalyst.”® The chiral anion 341 not only transfers chirality, but also mediates a proton transfer to the reduced
phenylmalonodinitrile additive, which forms the product by H-atom transfer to the cyclized radical

(equation 15).22

via: .
’H\ nJ Ar
e}
+
R1 4
R? .
R R2 R2 341 342 _ R o R? 14examples
A~ X \ , 15\<_7<R2 50 - 90% yield
R OH catalyst (5 mol%), PhCH(CN),, DCE, blue light, rt R 2 - 64%ee
343 344

equation 15. Anti-Markovnikov hydroetherification with non covalently connected anionic chiral BINOL-phosphate 341 and cationic mesityl
acridinium photocatalyst 340 as well as transition state of proposed H-bonding interaction between chiral phosphate 341 and key radical cation
intermediate 342 according to Luo et al*®

Soon after and also based on ion-paired cationic photocatalyst 348 with an anionic chiral anion 349, an intra- and
intermolecular Diels-Alder reaction was published by Nicewicz et al., proceeding via a cation radical

intermediate 350.'%7 2 Tt was assumed that these common intermediates resulting from dienophile oxidation
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should pair with the chiral anion even without any additional coordinating functional group, such as a carbonyl
group or hydroxyl group. Indeed, an inverse correlation of enantioselectivity and solvent dielectric constant
confirmed that close ion pairing is required for chirality transfer. Furthermore, a catalyst screening revealed that
only N-triflylphosphoramides 349 with sterically demanding substituents at positions 3 and 3’- of the BINOL
backbone gave satisfactory results, which was attributed to lower nucleophilicity of the anions and thus increased
reactivity. Using the combination of cationic oxopyrylium photocatalyst 348 and anionic N-
triflylphosphoramide 349, three intra- and three intermolecular cation-radical Diels-Alder transformations with

moderate selectivities of up to 50%ee were achieved (scheme 37).2**
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scheme 37. Asymmetric cation radical Diels-Alder reaction using a bifunctional ion-pair catalyst consisting of a cationic oxopyrylium
photocatalyst 348 and an asymmetric BINOL-derived N-triflylohosphoramide anion 349 according to Nicewicz et al?*

Ooi et al. developed a related concept using an ion pair of a BINOL-derived chiral borate 356 as a non-nucleophilic
anion for a cationic iridium photocatalyst 32.%%” 2 The chiral anion 356 serves as an H-bond acceptor for urea
derivatives of cyclopropylamine substrates 357. The urea group in the substrate 357 not only functions as a
directing group, but is also redox active as it is oxidized by the excited photocatalyst (*[Ir'"!]* 360) to form a
N-centred radical cation 362. The reduced [Ir"]-complex 361 is uncharged, leaving the chiral borate (“[B] 356) for
interaction with the substrate radical cation 362. As in previously discussed (3+2)-cycloaddition of cyclopropyl
derivatives (vide infra), further transformation proceeds via a distonic radical 363 that is derived from an
equilibrium with the N-centred radical cation 362 by ring opening and that readily adds to a-alkylstyrenes 358.
This is followed by an enantiodetermining 5-exo-trig cyclization in the chiral environment of the anion. Final
reduction yields the uncharged urea-cyclopentane 359 and regenerates the cationic [Ir'™]* complex 32 along with
the chiral anion [B]~ 356. Alternatively, the cyclization can be followed by direct oxidation of a substrate 357 in
the sense of radical propagation. By reaction with diethylenetriamine at 130 °C, the synthesis of chiral

aminocyclopentanes with vicinal tertiary and quaternary stereocentres was achieved in this way (scheme 38).2»



Introduction: Asymmetric photoredox catalysis 66

N7 |
Arl Ar:
N—H i i N—H 18 examples
O=<+_ . ArZ\”/ CF3 | 356 " iPr O=< 80-99%pyield
N-H catalyst (5 mol%), CH,Cly, blue light, ~30 °C AR NH gg t%;fgg dr.
. -97%
<r 358
357 h e (8] ~———— [r"]" [B] 359
360 photoredox 32
catalysis
'
361
1 1 1 1
Ar\N H o/% Ar\N H oﬁ Ar\N H o7b Ar\N H---0
TH0, A TH0, s ~HoO, —H--0,
o=, 7(Bi£‘__;0 N (Bf; N o=, (Bf; , o=, (Bi;‘
N—H-- N—H---0 N—H---0 R N-H---0

- -0 Ar2Z
<r \‘ﬁ y >¢ ArR; A~ }i rod
362 363 364 365

scheme 38. Asymmetric (3+2)-photocycloaddition of N-cyclopropylurea derivatives 357 with alkylstyrenes 358 using a bifunctional ion-pair
consisting of a cationic Ir-photocatalyst 32 and an asymmetric BINOL-derived borate anion 356 according to Qoi et al**®



67 Introduction: Asymmetric photoredox catalysis

1.3.2.2  Asymmetric bifunctional metallaphotoredox catalysis

Bifunctional metal catalysts, which are responsible for both the asymmetric induction in the enantiodetermining
step and for initiating photoredox reactivity, can be classified according to the origin of chirality.'" Most
approaches focus on the exploitation of chiral-at-ligand complexes and the ability of some to function both as
photoredox and asymmetric catalyst structures, but also chiral-at-metal complexes were employed as bifunctional
chiral photoredox catalysts by Meggers et al. The most commonly used chiral-at-metal complexes are characterized
by a helical chiral arrangement of either 2-phenyl-benzoxazole or 2-phenyl-benzothiazole ligands in left-handed

(A-enantiomer) and right-handed (A-enantiomer) screw-sense configuration (figure 16).%

X M complex X M complex

O Ir A0 366 O Ir AIr0O 368
S Ir AIrS 367 S Ir AIrS 369
O Rh A-RhO 251 O Rh A-RhO 370
S Rh A-RhS 246 S Rh A-RhS 371

figure 16. Enantiomers of chiral-at-iridium 366-369 and chiral-at-rhodium 251, 246, 370 and 371 complexes with helical chiral arrangement
of benzoxazole or benzothiazole ligands 2

In their initial application in 2014, A-IrO (366) and A-IrO (368) served as chiral Lewis acids in a non-photoredox
related Friedel-Crafts alkylation.”” As discussed earlier, they were subsequently employed successfully as chiral
Lewis acids in combination with a photosensitizer (chapter 1.3.1.2).205 208 20% 214, 228 Shortly after their initial
application, Meggers et al. showed in a seminal report from 2014 that the chiral-at-Ir complex 367 or the
corresponding substrate complex itself can serve not only for asymmetric induction but also as a photosensitizer

for the asymmetric a-alkylation of 2-acylimidazoles 372.%

2014: Asymmetric a-alkylation and a-benzylation of 2-acylimidazoles

0 0
N\j)j\/ R’ B EWG A-IrS (2 mol%), NaH,PO4 (1.10 eq.) Nx R’ 51;2 e);%rg‘f/)lilsield
+ r _ A
Q\/N\ MeOH / THF (4:1) <\/N\ 90 - 99%ee
R? white light, 40 °C R2 EWG
372 373 374

equation 16. Initial application of bifunctional chiral-at-Ir complex 367 for asymmetric induction and as a photosensitizer in the asymmetric
a-alkylation and a-benzylation of 2-acylimidazoles 372 according to Meggers et al**

The mechanism proceeds via the exchange of labile acetonitrile ligands against 2-acylimidazole enolates, resulting
in the photoactive complex 375, which upon visible light irradiation is capable of reducing electron-deficient
radical precursors 373.%* The electrophilic radical 379 adds to the chiral enolate 382 in a stereocontrolled fashion,
forming a ketyl radical 381 that either closes the photocatalytic cycle or initiates the formation of another

electrophilic radical 379 according to a radical propagation mechanism (scheme 39).**
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scheme 39. Mechanism of the initial application of bifunctional chiral-at-metal photocatalysts in the asymmetric a- a\kylatlon and general
mechanism of subsequent a-functionalizations.?*

The high enantioselectivities of this transformation and all subsequent transformations involving chiral-at-metal
complexes arise from steric shielding of one side of the substrate by the protruding tert-butyl residue of the helical-
chiral 2-phenylbenzoxazole or 2-phenylbenzothiazole ligands. > 2% 226229331 The optimization of the a-alkylation
revealed an increase of yield, selectivity and decrease of reaction time from 97% yield, 95%ee and 3 h to quantitative
yield, 99%ee with half the reaction time due to the switch from the benzoxazole to the benzothiazole fragment.””
This was attributed to the longer C-S bond resulting in a decrease in the distance between the coordinated substrate
and the stereodiscriminating tBu group (figure 17).* In some later photoredox applications, the chiral-at-Rh
analogue showed superior performance to the Ir catalyst, which was attributed to faster ligand exchange and

turnover.??

Siface
shielded

= N-R’
o N=

@ 'tBu  Re face
approach
382

figure 17. Model of stereoinduction for transformations involving chiral-at-metal complexes on the example of Meggers a-functionalization of
2-acyl-imidazoles

In the following years, a variety of versatile transformations were developed using chiral-at-metal complexes as
chiral photosensitizers. Based on the mechanism of the a-alkylation, the reactivity was extended to asymmetric
a-trichloromethylation of 2-acylimidazoles and 2-acylpyridines (383), as well as to a-perfluoroalkylations of

2-acylimidazoles 386 providing excellent enantioselectivities of up to >99.9%ee.”*> 2%
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2015: Asymmetric a-trichloromethylation of 2-acylimidazoles and 2-acylpyridines

(o] (o]

N R' } } N R!' 21 examples
. \\)J\/ N BrCCl, A-IrS (2 - 4 mol%), NaHCO3 (1.10 eq.) g \ 62 - 96% yield
RN, MeOH / THF (4:1) . x_, CCly 90-99.9%ee

- R2 384 white light, rt TR

383 385

2016: Asymmetric a-perfluoroalkylation of 2-acylimidazoles

O O
N R? _ 0 N R!' 14 examples
O)J\/ . Rel A-IrS (2 mol%), NaHCO3 (1.50 eq.) &Q’)J\r 43 - 93% yield
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386 388

scheme 40. Application of the bifunctional chiral-at-metal complex 367 in the asymmetric a-trichloromethylation and a-perfluoroalkylation by
Meggers et a2

In addition to the a-functionalization of metal enolates, chiral-at-rhodium complex 391 has been successfully

employed in an asymmetric $-C-H-functionalization.”

Exploiting the strongly reducing excited rhodium
enolate 394 for a SET and f-proton transfer onto a 1,2-dicarbonyl compound 390, radical coupling in the chiral
environment and protonation yields the product of -functionalization 392 involving two adjacent stereocentres

(scheme 41).%¢

PFg~
o R' O
R3 | (4 mol%) N 25 examples
R" + R2 R <~ "R® 43-99% yield
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(RO 0 H Rl =) 10 R'" O
| .
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e \\‘/K)\W SET, B-H* transfer (' R1 O <R
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scheme 41. Asymmetric 3-C-H-functionalization of 2-acylimidazoles and 2-acylpyridines (389) with 1,2-dicarbonyl compounds 390 using
bifunctional chiral-at-rhodium catalyst 391 according to Meggers et al**

Besides these transformations in which the excited chiral-at-metal complex served as a reducing agent, it can also
function as an oxidant, as shown in the asymmetric conjugate addition of alkyl radicals to chiral Rh-acylenones.””’
The excited state Rhodium enolate complex 403 oxidizes an alkyl-Hantzsch ester 398 to liberate an alkyl
radical 401 that recombines with the asymmetrically coordinated p-carbonyl radical404 in the

enantiodetermining step (scheme 42).2
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scheme 42. Asymmetric 3-alkylation of g,-unsaturated 2-acylimidazoles 397 using the bifunctional chiral-at-rhodium catalyst 246 for the
oxidative generation of alkyl radicals 401 from Hantzsch esters 398 according to Meggers et al*’

In addition, the chiral-at-metal complexes have been used in asymmetric (2+2) photocycloadditions of metal
enones and in (3+2) photocycloadditions of cyclopropyl ketones.?*"#** In the (2+2)-cyclization, ISC of the excited
metal enones 409 is followed by selective addition to the alkene 407. Another ISC paves the way for ring closure

yielding asymmetric cyclobutanes 408 with vicinal all-carbon quaternary stereocentres with excellent selectivities

(scheme 43).%!
O R! R2 oI A
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scheme 43. Asymmetric (2+2)-photocycloaddition of enones 406 using the bifunctional chiral-at-rhodium catalyst 371 for the synthesis of
cyclobutanes 408 with vicinal all-carbon quaternary stereocentres according to Meggers et al?®!

The (3+2)-cycloaddition follows a mechanisms which is related to the photocyclizations described by Yoon et al.?'>

23 Thus, a reduction of a coordinated cyclopropyl ketone initiates ring opening to the key distonic radical
intermediate 416, which undergoes a (3+2) cycloaddition with a variety of alkenes and alkynes (413) in the chiral

environment. Final oxidation releases the product 414 and turns over the catalytic cycle (scheme 44).7%
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. R 9 examples
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scheme 44. Asymmetric (3+2)-photocycloaddition of cyclopropyl ketones 412 with alkenes and alkynes (413) using the bifunctional chiral-at-
rhodium catalyst 371 according to Meggers et al**

[Rh]_
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In bifunctional asymmetric photocatalysts that both initiate photoredox reactivity and serve for chirality transfer,
the chiral information can also originate from chiral ligands."” In a seminal report by Fu and Peters et al. from
2016, chiral Cu-spirophosphine complexes were used for asymmetric cross-coupling of racemic tertiary
a-haloamides 419 with carbazoles 420."%” ¢ After deprotonation of the carbazole 420 and coordination to the
chiral copper complex 427, the excited Cu(I)-carbazolide 423 reduces the a-chloro carbonyl compound 419 to the
corresponding a-carbonyl radical 422. The C-N bond formation occurs after addition of the alkyl radical 422 and

enantiodetermining reductive elimination (scheme 45).2%
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scheme 45. Asymmetric copper-catalyzed C-N cross coupling and mechanism thereof according to Peters and Fu et al. ¢

This seminal report was followed by further transformations based on asymmetric Cu complexes, often involving

bisoxazoline-like ligands.'®’

Mechanistically similar, Wang and Xu et al. succeeded in developing a
multicomponent asymmetric cyanofluoroalkylation of alkenes 431.%7 A perfluoroalkyl radical 437 from the
oxidative quenching of excited Cu(I) complex 440 adds to an alkene 431. The resulting radical forms a Cu(III)
species 441, allowing enantioselective reductive elimination to give the product 436 and close the cycle. Screening

of several privileged structures (BINAP 46, BINOL-phosphate, salen 90) revealed the class of bisoxazolines to be

particularly promising, of which the cyclopropylindanoyl-BOX-ligand 428 gave the best results (scheme 46).2’
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scheme 46. Asymmetric cyanofluoroalkylation of alkenes 431 using copper bisoxazoline as bifunctional catalyst and mechanism thereof
according to Wang and Xu et al?*’

Zhang and Zhang et al. also succeeded in a dual alkene functionalization, however involving the attachment of two
alkyl residues (dual carbofunctionalization).!¥”-*® This transformation also follows a similar mechanism, although
with the additional formation of the photoactive Cu-acetylide species 453, which reduces the alkyl iodide radical
precursor 446 after excitation with visible light. Analogous to previous mechanisms, the addition to the alkene 444,
subsequent coordination to the complex 451 and enantiodetermining reductive elimination takes place. The

chirality transfer occurred from the BOX-related BOPA (bis(oxazolinylphenyl)amide) ligand (443) (scheme 47).%®
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scheme 47. Asymmetric copper-catalyzed photoinduced dual carbofunctionalization of alkenes and mechanism thereof according to Zhang
and Zhang et al**®



73 Introduction: Asymmetric photoredox catalysis

Also employing Cu-BOX complexes, Gong et al. achieved various useful transformations, such as an a-alkylation
and a-aminoalkylation of imines, as well as an aerobic cross-dehydrogenative coupling, although exploiting
different mechanisms.'” > In the initial alkylation of imines 455 and 459, the oxidation of alkyl trifluoroborate
radical precursors 456 or 460 by the excited Cu(II)-BOX complex 466 occurs upon irradiation with visible light.
The corresponding alkyl radical 463 adds to the Cu-coordinated imine substrate 468 in the chiral environment,
generating a coordinated enantioenriched amino radical cation 465 that is reduced to the coordinated product 469

by the reduced Cu(I) species 464 (scheme 48).
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scheme 48. Asymmetric copper-catalyzed photoinduced alkylation of imines 455 and 459 and mechanism thereof according to Gong et al?*?

Also based on Cu-BOX complexes, shortly afterwards Gong et al. succeeded in an enantioselective
a-aminoalkylation of acylic imines 470, wherein the photoactive species 476 is formed in situ.'®” 2% Initially, the
silylamine radical precursor 471 is oxidized by the ground state Cu(Il) complex 479. The released a-amino
radical 478 reacts selectively with a coordinated imine substrate 477 in the chiral environment of the BOX
ligand 472. The reduced Cu(I) complex 476 formed at the beginning is photoactive and, after excitation, capable

of reducing the N-centred radical 475 to give the enantioenriched diamine 473.2%
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scheme 49. Asymmetric copper-catalyzed a-aminoalkylation of acyclic imines 470 and mechanism thereof according to Gong et al**

In a mechanistically different approach, the Cu photocatalytic cycle serves on the one hand for the visible light-
induced oxidation of a xanthene derivative 483, and on the other hand for the reduction of atmospheric
oxygen 491 to the hyperoxide anion (488), paving the way for the formation of a xanthene peroxide 490, which
upon protonation forms the xanthenyl cation 494 - the actual electrophile of this transformation.'®”**! In the chiral

environment, the enantiodetermining C-C bond linkage with the Cu-enolate 495 takes place (scheme 50).**!
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scheme 50. Asymmetric copper-catalyzed aerobic cross-dehydrogenative coupling of C{sp)-H bonds and mechanism thereof according to
Gong et al*!

496
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In addition to these versatile Cu-based approaches, the chirality of which was mostly based on bisoxazoline

derivatives, bifunctional nickel complexes have also successtully combined with chiral bisoxazoline derivatives and

187

employed as bifunctional catalysts.’®” The first example is a conjugate addition of a-amino radicals 501 that are

released from silylamine radical precursors 499 upon oxidation by the excited Ni(II)-DBFOX complex 505.>*> The
radical undergoes stereocontrolled conjugate addition with the substrate 504 that is activated by coordination. The
resulting a-carbonyl radical 503 is reduced by the reduced nickel complex 502, allowing the enantioenriched

product 500 to be released upon protonation (scheme 51).>
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scheme 51. Asymmetric nickel-catalyzed aminoalkylation of enones 498 and mechanism thereof according to Gong et al**?

Furthermore, Xiao et al. developed a bifunctional BOX-Ni-based catalyst concept that, unlike all previous chiral-
at-ligand approaches, does not rely on the photocatalytic activity of involved Cu or Ni complexes, but instead,
similar to some of the single-catalyst approaches in the field of organophotoredox catalysis, covalently links the
chiral BOX-Ni fragment to a thioxanthone structure that serves as a photosensitizer.”*® The bifunctional catalyst
was successfully used in an asymmetric aerobic oxidation of B-ketoesters 511. While the thioxanthone fragment
serves to generate singlet oxygen (514) by energy transfer to atmospheric oxygen (491), the chiral BOX-Ni
complex 510 provides substrate activation and a chiral environment for the transformation with singlet

oxygen (514) (scheme 52).*%

In contrast to the previously discussed single catalyst approaches, this catalyst concept of linking an established
asymmetric ligand for substrate activation and an established photosensitizer for initiating the desired
photochemistry offers the advantage that established photosensitizers allow access to more diverse
phototransformations. For good reason, certain chemical structures have emerged as commonly used

photocatalysts, while others have emerged as privileged ligands. Although many useful transformations have been
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developed using for example chiral-at-metal complexes as photocatalysts, the complexes involved typically exhibit

weaker absorption and shorter lifetimes than commonly used photocatalysts.*** The concept of combining an
established asymmetric ligand structure (BOX) with an established photocatalyst ([Ru(bpy)s]** (7)) will later

become the basis for the development of bifunctional asymmetric BOX-substituted ruthenium photocatalysts

(chapter 2).
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scheme 52. Asymmetric nickel-catalyzed photoinduced aerobic oxidation of B-ketoesters 511 according to Xiao et al*®
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1.3.2.3  Enzymes as asymmetric bifunctional photoredox catalysts

Exploiting the observation that redox potentials of some cofactors can be significantly modified by visible light
irradiation, initial attempts to combine photoredox reactivity with asymmetric biocatalysis were based on the
principle that the cofactors involved serve as radical initiators.'”® The first example by Hyster et al. used various
NAD(P)H-dependent ketoreductases (such as RasADH and LKADH) as radical initiators for a dehalogenation of
a-bromolactones 516 followed by an enantioselective HAT. Taking advantage of the change in the redox potentials
of such cofactors 310 from about 0.57 V vs. SCE in the ground state to about 2.60 V vs SCE in the excited state, a
charge transfer excitation of the substrate 516 and cofactor 310 in close proximity occurs. After cleavage of a
bromide anion, an enantioselective hydrogen atom transfer occurs. Exchange of the product 515 or 517 for the
reactant 516 and of the cofactor 309 for a new equivalent 310 completes the catalytic cycle. Light excitation turned

the carbonyl reductase into an initiator of radical transformation and chiral H-atom donor (scheme 53).'7¢
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scheme 53. Asymmetric reductive dehalogenation with ketoreductases according to Hyster et al.'’

Following the initial biophotoredox concept, flavin-dependent ene-reductases were also used for asymmetric
radical cyclizations of a-chloroamides 522 to B-stereogenic lactams 523.17% Taking advantage of the lowering of the
potential of flavin hydroquinones from —0.45 V vs. SCE in the ground state to —2.26 V vs SCE in the excited state,
numerous asymmetric cyclizations ranging from 5-exo-trig to 8-endo-trig with different substitution patterns and
employing different ene-reductases were achieved. The excitation of an electron-donor-acceptor (EDA)
complex 525 by irradiation leads to the reduction of the C-Cl bond accompanied by chloride cleavage. The

a-carbonyl radical 527 undergoes enantioselective cyclization followed by HAT. Exchange of the product 523 for



Introduction: Asymmetric photoredox catalysis

78

a new substrate 522 and regeneration of the flavin by NADPH (310) completes the catalytic cycle. In this example,

substrate activation as well as spatial arrangement is also achieved by interaction of the carbonyl group with some

side chains (His and Asn) of the active site (scheme 54).18
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scheme 54. Asymmetric radical cyclization by photoexcited flavin dependent ene-reductases according to Biegasiewicz et al.'”®
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2 Objective of the project

The present thesis aims to combine an established photocatalyst structure with asymmetric Lewis acid catalysis in
one chiral bimetallic photocatalyst structure. Therefore, a chiral ligand structure, bisoxazoline (R-BOX), will be
covalently connected to at least one 4 position of 2,2’-bipyridine (bpy) resulting in double (528, 530) or triple (529,
531) bidentate BOX-bipyridine ligands (R-BOX-bpy), the bipyridine fragments of which can form a
[Ru(bpy)s]**-type photocatalyst substructure and whose chiral BOX fragments might coordinate to a substrate-

activating Lewis acid (L.A.) (figure 18).

AN
R =iPr528 R=iPr529 Q N
R =Bn 530 R =Bn 531 /‘R

figure 18. Targeted ligand structures for combining a bipyridine fragment with a chiral bisoxazoline.

Based on the most common photocatalyst structure [Ru(bpy)s]** (7), the desired bimetallic complex might be
obtained by the synthesis of a Ru(II) complex wherein the metal centre is octahedrally surrounded by three
bidentate bipyridine ligands, of which at least one is R-BOX-bpy 528-531. This incorporation of a R-BOX-
bpy 528-531 might extend the versatile reactivity of visible light photoredox catalysis by enantioselective transition
metal catalysis thus giving access to asymmetric phototransformations. The simplest imaginable catalyst structure
[Ru(bpy)2(R-BOX-bpy)]** 532 or 533 containing two unmodified bipyridines and one R-BOX-bpy 528-531 is

shown in figure 19.

R=iPr 532
| R=Bn 533

figure 19. Simplest heteroleptic bimetallic catalyst [Ru(bpy)2(R-BOX-bpy)]** 532 or 533.
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Efficient asymmetric induction by the BOX fragment requires the corresponding transformation to occur
preferentially in the chiral environment of the BOX fragment. Given that both electron transfer and energy transfer
are strongly distance dependent,'”*! the structure shown above might despite substrate activation by the chiral
Lewis acid suffer from a competition with the racemic background reaction in proximity to the unsubstituted
bipyridine ligands thus leading to a poorly controlled stereochemical outcome. Accordingly, during irradiation
and MLCT, the electron should be excited into orbitals of the unsubstituted catalyst side, so that electron transfer
to the substrate occurs preferentially from this side. This is illustrated by the imaginable SET's onto a generalized

substrate structure 534 which is suitable for Lewis acid coordination (scheme 55).
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scheme 55. Competition between SETs onto a generalized substrate 534 structure inside or outside the chiral BOX environment.

The mentioned challenges could be overcome by focusing on substrates whose redox potentials lie outside the
redox capabilities of the photocatalyst, allowing transformations only to occur upon prior Lewis acid activation of
the substrates and the associated modification of the orbital energies and redox potentials. Although this concept
of dual photoredox catalysis has been successfully applied in a number of reactions it is inherently constrained to
only those substrates or functional groups that have a precisely adjusted range of redox potentials.'>2!>*2% More
desirable is a catalyst concept 535, whose intrinsic design of structure as well as resulting orbital energies reduce
the racemic background reactions to a minimum. For this purpose, the averted catalyst side of the BOX fragment

needs to be shielded (figure 20).

\

4

535

figure 20. Schematic representation of the required separation of heteroleptic bimetallic complexes into shielded and reactive sides.
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The most obvious type of shielding could be provided by sterically demanding substituents that enlarge the
distance between substrate and photocatalyst core to such an extent that efficient electron transfer is as or less likely
than on the BOX-substituted side. Although tert-butyl substituents cannot nearly meet the steric demand of the
BOX fragments, comparison of the photocatalysts without shielding [Ru(bpy).(R-BOX-bpy)]** 532 or 533 and
with fert-butyl-substituted backbone in [Ru(fBu-bpy)-(R-BOX-bpy)]** 536 or 538 could provide insight into
general prospects for the success of steric backbone shielding, especially since the slightly electron-donating tert-
butyl substituents might increase the orbital energies thereby rendering the r* orbitals of the less electron-rich R-
BOX-bpy side in the complexes 536 and 538 the LUMO. An alternative concept of shielding could explicitly exploit
this change in orbital energies, specifically making excitation into a m*-orbital at the BOX-bpy side more likely,
thereby favoring electron transfer to substrates in close proximity to the BOX-bpy fragment. The incorporation of
electron-donating methoxy substituents should electronically disfavor the backside, since the m*-orbitals of the
methoxybipyridine fragments should be significantly higher in energy and thus rendering the n*-orbital of the
BOX-bpy ligand the LUMO (figure 21).

7 N\

2\

R=iPr 536 R=iPr 537
R=Bn 538 R=Bn 539

figure 21. Heteroleptic bimetallic photocatalysts 536-539 with sterically or electronically disfavored symmetric sides.

Instead of a heteroleptic complex 536-539 with only one reactive BOX-bpy fragment and two sterically (tBu-bpy)
or electronically (MeO-bpy) disfavoring bipyridine fragments, the synthesis of homoleptic [Ru(R-BOX-bpy);]**
catalysts 540-543 could eliminate the need for shielding of an achiral side required in the heteroleptic
complexes 536-539. In the homoleptic complexes 540-543 the asymmetric outer BOX ligand sphere completely
surrounds the photocatalyst core and could coordinate up to six substrate-activating Lewis acids in a chiral

t,172! substrates in close

environment. With both electron and energy transfers being strongly distance-dependen
proximity to the asymmetric Lewis acid surrounding will preferentially engage in photoinduced transformations.
Although racemic background reactions could potentially occur outside the BOX ligand sphere, the probability
should exponentially decrease with the distance. Despite the advantages of these catalyst structures, its synthesis
could be particularly difficult due to the double or triple bidentate structure of the BOX-bpy ligands 528-531

(figure 22).
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R
R=Pr 540
R=Bn 542

R=/Pr 541
R=Bn 543

figure 22, Homoleptic complexes of the form [Ru(R-BOX-bpy)s]** 540-543.

After successful ligand synthesis, R-BOX-bpy 528-531 can be used in the synthesis of Ru-tris diimine complexes
of the homoleptic form [Ru{R-BOX-bpy)s]** 540-543 or the heteroleptic form [Ru(R’bpy)(R-BOX-
bpy)]** 536-539. Given a greater risk of racemic background reactions for the heteroleptic case, different residues
R’ should be incorporated on the achiral backside ligands, in particular tert-butyl for steric shielding as well as
methoxy for electronic disfavoring. For better comparability of the shielding concepts and to determine the change
in catalyst performance as well as photophysical properties caused by the incorporation of R-BOX compared to
[Ru(bpy)s]** (7), the heteroleptic ~complex without substituents in the achiral backbone
[Ru(bpy)2(R-BOX-bpy)]** 532 and 533 should also be prepared. In order to obtain information about the change
in reactivity of these catalysts, and for complete characterization of the novel photoredox catalysts, they should be
investigated by photophysical and electrochemical measurements, and the obtained values compared with the
prototypical [Ru(bpy)s]** (7). In case of the heteroleptic catalysts 536-539, the changes of orbital energies with
respect to the substituents in the catalyst backside should be analyzed in order to gain insight into the potential

success of the concept of electronically disfavoring MLCT excitation into orbitals of the achiral catalyst side.

Ultimately, the asymmetric bifunctional photoredox catalysts 532, 533, 536-543 should be evaluated in suitable
transformations both for their fundamental catalytic activity as well as efficiency of stereoinduction by the
asymmetric BOX fragments. In the case of the heteroleptic complexes 536-539, the different shielding concepts
could be compared, hence the substituent influence on the resulting enantiomeric excess of the achiral side of the
catalyst could be investigated. Since the catalysts aim to link asymmetric Lewis acid catalysis with photoredox
reactivity, suitable transformations for evaluation of the catalysts employ substrates that might be coordinated by

a Lewis acid in the chiral environment of the BOX fragments, e.g., 1,3-dicarbonyl compounds.

The synthesis of the novel asymmetric bifunctional catalyst structures and the exploration of the conceptually
novel approach of electronic disfavoring of an achiral catalyst side by rational modification of excited-state orbital
energies, by both photophysical and electrochemical investigation, as well as by comparison of the catalysts in

photoredox transformations, may establish the foundation for a new type of dual asymmetric photoredox catalysis.
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3 Results and discussion

3.1 Synthesis of BOX substituted bipyridine ligands 528-531

3.1.1 BOX-bipyridine 528-531 synthesis via substitution on 4-halopyridines and bipyridine coupling
The synthesis of BOX-substituted bipyridine ligands could be carried out by the synthesis of a BOX-pyridine

fragment 544 and 545 and subsequent coupling to the bipyridine, either in the sense of homocoupling with
another BOX-pyridine fragment 544 or 545, or with an elsewise- or unsubstituted pyridine.****** This
retrosynthetic approach traces the synthesis back to the linkage of a halopyridine 551 or 553 with a malonic acid
derivative e.g. malonic acid ester 554 or malonodinitrile 552. To separate the conjugated m-system of bipyridine
from the bisoxazoline fragment, the malonylpyridine 549 or 550 could be methylated at the benzylic a-position.
Nitrile substituents could then be converted into oxazoline rings with a chiral amino alcohol in the presence of a
Lewis acid.**>? For ester substituents the BOX-fragment could be obtained by amide formation with a chiral
amino alcohol and conversion of the terminal hydroxy groups into suitable leaving groups and subsequent
intramolecular nucleophilic substitution.”*** Alternatively, ring closure could be achieved under dehydrating
conditions or by Lewis-acid activation.'*>2*2% The BOX-pyridine fragment 544 or 545 could then be coupled with

itself or with a different pyridine derivative to form the bipyridine ligands 528-531 (scheme 56).
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scheme 56. Retrosynthetic approach via substitution on 4-halopyridines 551 and 553 and bipyridine coupling.
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3.1.1.1 Ullmann-type coupling for the synthesis of malonylpyridin 550

In order to obtain malonylpyridine 550, a copper(I) iodide-catalyzed heteroarylation according to Zeng et al. was
investigated. They successfully performed the heteroarylation with a variety of pyridine derivatives at the 2-, 3-
and 4-position of the heterocycle in good to excellent yields. Zeng et al. obtained the desired 4-malonylpyridine 550

in very good yield (81%) (equation 17).%

N\> o o
Br 0 EtO OFt
j\/ﬁ\ KsPO,, Cul, 23 P
~) + EO OFt DMSO U |
NS NS
N (Zeng et al. 81%) N
551 554 550

266

equation 17. Ullman-type coupling for the heteroarylation of diethylmalonate (554) according to Zeng et al

In optimizing the reaction conditions, Zeng et al. screened different ligands, Cu(I) sources, bases, solvents,
temperatures, and stoichiometry. Best results were obtained using 8 mol% Cu(I), 12 mol% benzoxazole (555) as
ligand, 1.5 eq. diethylmalonate (554) and 3.0 eq. KsPO, in degassed DMSO under an argon atmosphere after six
hours at 50 °C. Without any ligand, only product traces were obtained and using other ligands provided
significantly lower yields (<43%). Alternative bases (Cs,CO3, K,COs, NaOAc, Et:N, DIPEA, Py) or solvents (DMF,

1,4-dioxane, toluene, THF) resulted in less or no product formation.*

The mechanism of the Ullmann coupling or the Ullmann reaction involves the formation of a Cu-n-complex 564
followed by an oxidative addition of the aryl halide (bromopyridine 551). After reductive elimination and
dissociation of the n-bound product the Cu(I) halide can react with another potassium malonate 557 to form the
copper malonate 562. The mechanism proposed by the authors is similar to the Ullmann reaction. Alternatively,
a radical mechanism via a pyridyl radical is conceivable. Thereby, the Cu(I) malonate 562 cleaves the halogen-
carbon bond reductively. The pyridyl radical 559 could then oxidatively add to the Cu(II) malonate 560 to form a
Cu(IIl) species 566 which, in analogy to the mechanism of the Ullmann reaction, reductively eliminates the

product 550 to complete the cycle. A direct, one-step conversion to the product 550 is also possible.?”
Ullmann-coupling: alternative mechanism:
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scheme 57. Potential mechanisms for the Ullmann-type hetercarylation of diethylmalonate 554.2
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The results reported by Zeng et al. failed to be reproduced in several approaches. First, 4-bromopyridine (551) was
prepared from its hydrochloride and under the published conditions allowed to react with distilled
diethylmalonate (554), KsPO, and freshly purchased benzoxazole (555) in degassed DMSO (p.a.) under nitrogen
atmosphere. However, no conversion was observed on TLC. In another approach, a mixture of 4-bromopyridine
hydrochloride, benzoxazole (555) and distilled diethylmalonate (554) in freshly distilled DMSO was first degassed
and then mixed with Cul (556) and finally with a slightly increased amount of KsPOy in a strong nitrogen
counterflow. As again no conversion was detectable, the ligand benzoxazole (555) was first purified by column
chromatography and finally by sublimation. However, even the use of highly purified benzoxazole (555) did not
lead to product formation. Finally, 4-bromopyridine hydrochloride was degassed with sublimed benzoxazole (555)
and distilled diethylmalonate (554) in distilled DMSO under an argon atmosphere. Cul was added to the mixture

in a strong argon counterflow, followed by KsPO4, but again no product formation was observed.

The absence of product formation could be explained by two deviations from the literature conditions: Instead of
setting up the reactions in an argon glovebox, the experiments were carried out using high-purity chemicals in
thoroughly freeze-pump-thaw degassed solvents using general Schlenk technique. Furthermore, 4-bromopyridine
hydrochloride was used in three experiments instead of 4-bromopyridine (551). However, the latter should have

formed in situ due to the use of a larger amount of base.

In order to covalently connect a malonic acid derivative to a Pyridine-ring further experiments investigated the

nucleophilic aromatic substitution.
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3.1.1.2

Nucleophilic aromatic substitution for the synthesis of malonylpyridine 549 and 550

Another synthetic route for linking a pyridine ring to a malonic acid derivative is the nucleophilic aromatic

substitution of a 4-halopyridine 551 or 553 with a malonate ester 554 or malonodinitrile (552) (equation 18).

Different base-solvent combinations and reaction temperatures were evaluated. The parameters and results of

selected experiments are summarized in table 1.

LG
A
L.
N
LG =Br 551
LG=Cl 553

EWG=CN 552
EWG = CO,Et 554

EWG___EWG
base
7 . XN
solvent |
temperature N/

EWG=CN 549
EWG = CO,Et 550

equation 18. Nucleophilic aromatic substitution for the synthesis of malonylpyridines 549 and 550.

table 1. Reaction parameters and results of selective modifications of the nucleophilic aromatic substitution.

entry LG EWG base solvent temperature yield
1 Br CO,Et NaH THF rt = reflux ---
2 Br CN KyCOs Et,O rt = reflux ---
3 Br CN K2COs DMF rt ---
4 Cl CN Piperidine DMF rt - reflux -
5 Cl CN Piperidine EtOH rt - reflux traces
6 Cl CN n-BuLi THF -78 °C ---
7 Cl CN LiHMDS THF -70 °C - reflux ---
8 Cl CN KHMDS THF -50°C > rt ---
9 Cl CN NaHMDS THF rt ---

Given the relatively low electron density compared to benzene, nucleophilic aromatic substitutions on pyridines

typically proceed very well. The mesomeric structures suggest that nucleophilic substitutions occur particularly at

positions 2 and 4. This distribution of electron density is also reflected in studies on the relative reactivity of

chloropyridines with NaOEt in EtOH at 20 °C (scheme 58).2*¢

The investigation of the nucleophilic aromatic substitution showed that neither irreversible bases (NaH), nor

inorganic bases (K,COs), nor organic bases (piperidine) have selectively initiated the desired substitution in

different solvents and at different temperatures (entries 1 — 4). In a similar, literature-known substitution with

phenylpyridine chloride, good yields were obtained using piperidine in both DMF and EtOH.?*® However, only

product traces were detected in NMR after refluxing with piperidine in EtOH.
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scheme 58. Mesomeric structures of pyridine and relative reactivity of chloropyridines with NaOEt in EtOH at 20 °C >

The dominantly formed side product appeared to be a piperidylnitrile-like species 577 resulting from the addition
of the base to malonodinitrile. In further approaches, stronger bases were evaluated. Using n-butyllithium, the
quantitative formation of a substance which appeared to have either the mass of 4-chloro-2-butylpyridine (576)
or 4-butylpyridine hydrochloride (578) was detected in TLC-MS within 15 minutes at —78 °C (entry 6). This is
plausible, since analogous to the Ziegler reaction of pyridines with alkyl or aryllithium compounds, a hydride
substitution can take place in the 2-position due to the directing effect of nitrogen (scheme 59).2® Alternatively,
the n-butyl anion could also have exchanged the chloride substituent and the product might have been detected as
the corresponding hydrochloride in TLC-MS. When more sterically demanding HMDS bases were used, neither
TLC-MS nor crude NMR detected product formation (entries 7 - 9).
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scheme 59. Detected side products 576-578 and potential side reaction of the nucleophilic aromatic substitution.

Since nucleophilic aromatic substitutions at the 4-positions of pyridines are generally favoured and all investigated
bases should be able to deprotonate the malonic acid derivatives (malonodinitrile 552, pKa = 11.1,
diethylmalonate 554, pKa = 15.9) the problem could arise from the leaving group.® *° Therefore, the synthetic
route involving final coupling of a BOX-pyridine 544 or 545 with another pyridine-derivative to a bipyridine
ligand was not pursued further and instead the synthesis of bipyridine derivatives with better leaving groups was
begun. Theses derivatives might not only be used to link the bipyridine with malonic acid derivatives, but possibly
also to link directly with a bisoxazoline fragment, thereby giving access to the bisoxazoline bipyridine ligands 528

and 530 in a very convergent synthetic route.
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3.1.2  BOX-bipyridine 528 and 530 synthesis via SyAr on bipyridine derivatives

A straightforward synthetic approach for a BOX-substituted bipyridine derivative might be the nucleophilic
substitution on a bipyridine bearing a suitable leaving group (scheme 60). Conversion of bipyridine 587 into the
N-oxide 588 allows a selective nitration at the 4-position. Subsequent reduction of both the nitro group and the
N-oxide would provide the aminobipyridine 590 thus paving the way for a Balz-Schiemann sequence to give
4-fluorobipyridine 585 via the corresponding diazonium salt 582, both of which might serve as bipyridines with
suitable leaving groups. Simultaneously, the synthesis of the BOX fragments 581 and 584 could be performed
either from a malonate ester 554 or from malonodinitrile 552,13 24926527127 Thjg approach does not require the
final coupling of two pyridine fragments to form a bipyridine and may not only be used to link the bipyridine with
malonic acid derivatives 552 or 554, but possibly also to link directly with the bisoxazoline fragments 581 or 584.
In this way, the bisoxazoline bipyridine ligands 528 and 530 could be accessible in a very convergent synthetic
route. The convergence of the resulting route makes this approach particularly worth considering, not because the
total number of synthetic steps is small, but because the separate syntheses of the bipyridine 582 or 584 and the
BOX fragments 581 or 584 may possibly proceed more smoothly. However, this retrosynthetic analysis only

provides access to 4-BOX-bipyridines 528 and 530, not to 4,4-DiBOX-bipyridines 529 and 531.
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scheme 60. Retrosynthetic approach via nucleophilic aromatic substitution on bipyridine derivatives.
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3.1.2.1

Synthesis of 4-diazobipyridine 582 and 4-fluorobipyridine 585

The synthesis of 4-fluorobipyridine 585 was performed starting from bipyridine 587 by conversion to the

N-oxide 588, selective nitration at the 4-position, reduction to 4-aminobipyridine 590 and a Balz-Schiemann

sequence (scheme 61).
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scheme 61. Synthetic route for the synthesis of 4-flucrobipyridine 585 from bipyridine 587.

Pyridine N-oxides allow ring functionalizations that are not possible in pyridine or only under harsh conditions.
Thus, the reaction of pyridine in nitrating acid at 300 °C leads to nitration at the 3-position in a very poor yield
of 15%.2*® Since the connection between the BOX fragment and bipyridine is ultimately desired at position 4 of the
heterocycle, which according to the mesomeric structures does not preferentially participate in electrophilic
aromatic substitutions, bipyridine was converted into the corresponding N-oxide 588. The mesomeric structures
of the bipyridine N-oxide 588 show that it has an increased reactivity in nucleophilic substitutions as well as in

electrophilic substitutions, paving the way for electrophilic ring functionalizations at 4-position (scheme 62).2*
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scheme 62. Mesomeric structures of bipyridine N-oxide 588.

The N-oxide 588 was quantitatively formed within one hour by stirring bipyridine (587) in trifluoroacetic acid
with hydrogen peroxide solution. Extraction with chloroform and washing with NaOH to neutralize and remove
acid residues gave the N-oxide 588 in an excellent yield of 98%. The subsequent nitration was carried out by heating
the N-oxide 588 with KNOs in concentrated sulphuric acid, whereby the nitrosyl cation readily added to the para-
position regarding the N-oxide as favored by the mesomeric structure 596. During the workup, the nitrating acid

had to be neutralized to cause precipitation of the 4-nitro-bipyridine N-oxide 589. Thereby, the pH value had to
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be precisely adjusted to pH = 9.5 in order to prevent nucleophilic substitution by hydroxide anions, indicated by

the sudden colour change of the yellow solution to dark green (scheme 63).
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scheme 63. Nitration of bipyridine-N-oxide by electrophilic aromatic substitution and side-reaction occurring during workup at pH > 9.5.

Experiments attempting to control the rapid pH change using less concentrated NaOH resulted in a significantly
reduced yield due to dilution. Thus, for maximizing the yield, a 25% NaOH solution was used to neutralize and in
order to fine adjust the pH value and prevent degradation of the product, a pH meter was used. In this way, the
yield of 4-nitrobipyridine-N-oxide 589 was maximized to 69%. The subsequent reduction of both the nitro group
and the N-oxide proceeded smoothly with Pd/C and NaBH, and yielded the corresponding amine 590 in excellent

yield (97%) setting the stage for a Balz-Schiemann-sequence.’®

As part of the Balz-Schiemann sequence, initially sodium nitrite in tetrafluoroboric acid was used to obtain the
diazonium salt 582, which was filtered off as a beige solid and dried over phosphorus pentoxide to avoid hydrolytic
side reactions. The dry diazonium salt 582 was then heated without solvent under inert conditions until a
controlled decomposition to 4-fluorobipyridine 585 occurred, indicated by an alteration of the beige solid to a
brownish substance. Several experiments revealed that a temperature of about 60 °C leads to the formation of
4-fluorobipyridine 585. The Balz-Schiemann sequence provided 4-fluorobipyridine 585 in a maximum yield of

64% over two steps.

The described synthetic sequence provides access to 4-fluorobipyridine 585 from bipyridine 587 in a total yield of
42% over 6 linear steps. Since the diazonium salt 582 showed remarkable stability and the leaving group (nitrogen)
should also be suitable for nucleophilic aromatic substitutions, the diazonium salt 582 was not entirely converted

into 4-fluoropyridine 585 but kept for substitution experiments.
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3.1.2.2  Synthesis of chiral bisoxazolines

In order to evaluate a very convergent synthetic approach of directly linking a bisoxazoline with a bipyridine
derivative and to establish an enantioselective dual-catalyzed photoredox transformation with separate
photoredox- and Lewis acid BOX catalyst, different synthetic strategies for the synthesis of non-, mono- and
dimethylated BOX derivatives (BOX 612, MeBOX 581, Me,BOX 613 - 614) were investigated. In all BOX
syntheses, the chiral information originates from the chiral pool: Reduction of naturally occurring amino acids

(L-valine (600), L-phenylalanine (601)) with LiAlH, provides access to chiral amino alcohols 603 and 604, which

react with different malonic acid derivatives (554, 605 - 607) to form bisoxazolines (581, 612 - 614) (scheme 64).
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scheme 64. Evaluated synthetic approaches for the synthesis of bisoxazoline derivatives 581,612 - 614.

After reduction of the amino acids 600 and 601, the isolation of the amino alcohols 603 and 604 from the reaction

mixture, i.e. the separation from the Li/Al salts, was particularly challenging, making the work-up strategy the
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critical factor for obtaining very good yields. Three work-up strategies were examined: Repeated refluxing of the
Li/Al salts in a THF/water mixture yielded L-valinol (603) in a maximum yield of 37%. Through addition of a
sodium-potassium-tartrate solution, which coordinates the Li/Al salts the crude product became extractable with
diethyl ether, increasing the maximum yield to 55%. In case of L-phenylalaninol (604) product isolation by
refluxing the crude mixture in diethyl ether was achieved in a yield of 61%. As the amino alcohols 603 and 604 are
very polar and highly soluble in water, it was assumed that a further improvement of the yield is only possible by
a complete removal of the water. Therefore, after extraction from the Li/Al salts by repeated refluxing in a
THF/water mixture, the THF was removed under reduced pressure and the remaining aqueous residues were dried
with chloroform on an inverse Dean-Stark-apparatus. In this way the yields for L-valinol (603) and

L-phenylalaninol (604) were increased to 92% and 91%, respectively.

With the chiral aminoalcohols 603 and 604 at hand, the BOX-derivate 612 without substituent at the bridging
atom (R’ = H) was first prepared by formation of a diamide 608. For this purpose, diethyl malonate (554) was
heated to 120 °C in excess L-valinol (603) (neat). After removal of malonate residues by column chromatography,
the diamide 608 was selectively obtained in excellent yield (92%) by increasing the polarity of the eluent. Excess
L-valinol (603) remained stuck to the column by this method; later approaches showed that the excess

L-valinol (603) can be recovered by distillation during the workup process.

The diamide 608 was subjected to the most common two-step ring closing sequence for the conversion into
bisoxazolines.”* For this purpose, the diamide 608 was deprotonated at the hydroxy groups with triethylamine
and converted into the dimesylate with methanesulfonyl chloride. The crude product was then refluxed in NaOH
solution in H,O/MeOH. The base serves to deprotonate the amide nitrogen-bound protons to induce the
intramolecular mesylate substitution. In competition with this ring-closing mechanism, however, hydroxide
anions may also participate in intermolecular nucleophilic mesylate substitution (scheme 65). This side reaction
is equivalent to a reverse reaction to the diamide 608 and could be a possible reason for the low yield of 21% over

two steps.
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scheme 65. Base induced intramolecular cyclization for oxazoline ring formation and competing back reaction to the hydroxyamide.

In this way, the unmethylated BOX derivative 612 was obtained in a yield of 19% over three linear steps from
diethylmalonate (554). Next, a monomethylated BOX derivative 581 for subsequent linkage to a bipyridine
derivative was prepared. The methyl group serves to separate the conjugated n-system of the bipyridine from the
BOX fragment, since a hydrogen atom on the bridging carbon atom would allow imine-enamine tautomerism to
extent the conjugated mt-system of the ligand and significantly alter the photophysical properties in comparison to

[Ru(bpy)s]** (7). The a-methylation of diethylmalonate (554) proceeded smoothly in good yields (78%) and set
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the stage for the formation of a diamide 609 as well as the subsequent ring closing sequence, which was performed
in the same way as for the unmethylated derivative however in a higher yield of 28% over four linear steps from

diethylmalonate (554), albeit the additional step of the a-methylation.

To establish an enantioselective photoredox transformation with separate photocatalyst and BOX-Lewis acid
complex, the synthesis of dimethylated BOX derivatives 613 and 614 was investigated. Due to the modest yield in
the ring closing sequence in the synthesis of the non- or monomethylated BOX derivatives 612 and 581, alternative
synthetic strategies, either again via diamides 610 and 611 and alternative ring closing methods, or by direct
synthesis from dimethylmalonodinitrile 607 with a Lewis acid were examined. Although the preparation of the
diamide by heating a mixture of malonate and aminoalcohol gave satisfactory yields for the synthesis of the
diamides 608 and 609, the synthesis of dimethylated diamides 610 and 611 was carried out via the corresponding
malonic acid dichloride 606, as besides L-valinol (603) (containing an isopropyl residue) also
L-phenylalaninol (604) (containing a benzyl residue) was to be incorporated and since the latter is a solid at room
temperature and a reaction in molten aminoalcohol 604 was not considered, the acid chloride 606 enabled diamide
synthesis under mild conditions. The malonic acid dichloride 606 was generated using DMF and oxalyl chloride
and obtained in very good yield (83%) by fractional distillation with minor impurities by acid (< 2%). Reaction of
the dichloride 606 with L-valinol (603) or L-phenylalaninol (604) in the presence of triethylamine gave the
corresponding dimethylated diamides 610 and 611 in moderate (45%) or good (77%) yields, respectively. Two
distinct ring closing strategies for the conversion of the diamides 610 and 611 into bisoxazolines were investigated.
The first method evaluated was another very common approach reported by Evans ef al. (scheme 64, method A),
which strongly resembles the two-step ring closing sequence, but which converts the bis(malonamide) 610 in the
presence of DMAP, triethylamine, and toluenesulfonylchloride into a bistosylate that cyclizes to the
bisoxazoline 613 under the reaction conditions without the need for isolation of the intermediate and initiation of
the cyclization by another base, e.g. by refluxing the intermediate in aqueous sodium hydroxide solution.® After
extraction and removal of the solvent the bisoxazoline 613 can be isolated from the crude product by extraction
with hot n-pentane. In this way, however, 'H-NMR analysis revealed toluene signals that were traced back to
residual para-toluenesulfonic acid. Thus, as recommended for further purification to obtain analytically pure
samples, the mixture was subjected to a Kugelrohr distillation carried out on a modified rotary evaporator. High
vacuum was applied to the apparatus and the rotating flask containing the product mixture was heated to a
maximum of 120 °C in an oil bath. The product was condensed by cooling the rotating adjacent Kugelrohr
distilling bulbs with liquid nitrogen. However, 'H-NMR analysis showed that the impurity assumed to be para-
toluenesulfonic acid increased. This indicated that more distillation flasks connected in series are required to
separate para-toluenesulfonic acid and the bisoxazoline 613. Due to the encountered problems during
purification, a ring closing procedure was investigated involving the Burgess dehydration reagent 619.%%25-27* The
Burgess reagent 619 is an inner salt that binds a y-hydroxyamide 615 at its terminal hydroxy group while splitting

off a triethylammonium cation to form a methoxycarbonyl sulfamate 620. Assuming a six-membered transition
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state, the oxazoline ring 617 might be formed by proton transfer resulting in the fragmentation of the sulfamate

into sulfur trioxide and a (methoxycarbonyl)amide anion (scheme 66).
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scheme 66. Assumed mechanism of the conversion of y-hydroxyamides 615 into oxazolines 617 by cyclodehydration using Burgess
reagent 619.

In this way, no product has been obtained using the iPr-hydroxyamide 610, probably as a result of the use of an
older batch of Burgess reagent 619 which, despite storage at —20 °C in a nitrogen glovebox, showed signs of a
change in appearance from an off-white solid to a yellow solid with sporadic sticky clumps and significantly
reduced solubility in THF. With a benzyl-hydroxyamide 611 and using a new batch of the Burgess reagent 619, a
yield of 65% was obtained. A completely different synthetic strategy employs malonodinitrile 607, which reacts

with amino alcohols in the presence of a suitable Lewis acid to give bisoxazolines.****>?

To achieve a high yield of
bisoxazoline 613, stoichiometric amounts of Zn(OTf), must be used in this direct synthesis. By refluxing the
mixture in toluene for 24 hours, excellent yields (90%) were described. However, when sub-stoichiometric
amounts were used, only partial ring formation was observed giving the bisoxazoline in a mixture with a
monocyclized oxazoline.””> When the literature-known procedure was performed, the mixture of L-valinol (603)
and malonodinitrile (607) was refluxed in the presence of stoichiometric amounts of Zn(OTf), (stored in a
nitrogen glovebox) in toluene for twice the reaction time (48h) to ensure complete conversion to the

bisoxazoline 613. Nevertheless, only the monooxazoline 621 was obtained in a yield of 81%, clearly indicated by

the ratio of integrals of methyl- and ring protons or isopropyl signals.

|
Nc7<ko

621
figure 23. Obtained monooxazoline side product 621 from the BOX-synthesis from malonodinitriles.

The demand for stoichiometric amounts of zinc triflate may be due to its catalytic inactivation by the water that is
released during the reaction. Given the very selective formation of the monooxazoline by-product 621, it was
assumed that stoichiometric amounts of zinc triflate should not be related to the amount of malonodinitrile but to
the number of rings to be formed (twice the amount). At this point, since enough material was produced following
the other routes, the synthesis of bisoxazolines was not further optimized and the bisoxazolines prepared so far
were used either for the enantioselective adaptation of photoreactions (chapter 3.4) or for the linkage with

bipyridine derivatives (chapter 3.1.2.3).
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3.1.2.3  Nucleophilic aromatic substitution on 4-diazobipyridine 582 and 4-fluorobipyridine 585

As discussed previously, pyridine derivatives react more readily in nucleophilic aromatic substitutions due to the
lower electron density compared to benzene, besides the mesomeric structures suggest that such transformations
occur preferentially at positions 2 and 4. Nevertheless, several attempts to obtain malonylpyridine derivatives by
nucleophilic substitution failed with 4-bromopyridine (551) and 4-chloropyridine (553) (chapter 3.1.1.2).
Assuming that the reaction was hampered by the absence of a suitable leaving group, 4-fluorobipyridine 585 and
its precursor 4-diazobipyridine 582 were synthesized and evaluated in substitution reactions with both the
malonate ester 605 and BOX-derivative 581 (scheme 67). Different base/solvent combinations and temperatures

were investigated. The parameters and results of selected experiments are summarized in table 2.
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scheme 67. Nucleophilic aromatic substitution on 4-diazobipyridine 582 and 4-fluorobiyridine 585 with 2-methyldiethylmalonate (605) and
monomethylated BOX 581.

table 2. Reaction parameters and results of selected experiments on the nucleophilic aromatic substitution.

entry  nucleophile bipyridine base solvent temperature yield [%]

1 605 582 NaH DMF rt ---

2 605 582 NaH THF reflux -

3 605 582 KHMDS DMF rt

4 581 582 KOtBu DMF rt ---

5 581 582 tBulLi THF -78°C —rt ---

6 581 585 KOtBu DMF 150 °C ---

7 581 585 tBuli THF -78°C —rt traces
8 581 585 tBulLi THF -78°C - rt traces
9 581 585 tBuli THF -78°C —>rt tBu-bipyridin
10 581 585 LDA THF -78°C —rt traces

For the optimization of a nucleophilic aromatic substitution reaction, the quality of a leaving group in terms of the

stability of the cleaved fragment is not the only critical factor. Nucleophilic aromatic substitutions proceed via an
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addition-elimination mechanism. The first step, i.e. the addition, is comparatively slow, as the aromaticity is lost,
whereas the subsequent elimination is fast, since the aromaticity is restored. Although the stability of the leaving
group may increase the rate of the second step, the total reaction rate remains unaffected since the addition step is
the bottleneck of the reaction. Although the fluoride anion is a less stable leaving group than chloride or bromide,
the negative hyperconjugation may contribute to both an activation of the heteroaromatic for nucleophilic
aromatic substitutions and a stabilization of the intermediate obtained after loss of aromaticity. Unfortunately,
several approaches with the use of both malonate ester 605 and monomethylated BOX 581 employing
4-fluorobipyridine 585 using various bases (NaH, KHMDS, KOtBu, tBuli) failed (entries 1 - 5). Neither TLC-MS
nor NMR allowed detection of product formation. Therefore, the diazonium salt 582 was used in further
approaches. Hoping for a highly convergent synthetic route, monomethylated BOX 581 was continued to be used
as the nucleophilic component. To force reactivity, the previously unsuccessful combination of KOtBu in DMF
was tested again at elevated temperature. Upon addition of the diazonium salt 582 an immediate nitrogen release
was observed. This could either be the result of a Balz-Schiemann-type conversion to fluorobipyridine 585 or a
side reaction of the diazonium salt 582 with DMF (although, the corresponding ortho-hydroxyaldehyde was not
detected).?””® The reaction indicated that the cleavage of nitrogen occurs rapidly, so further bases were investigated
at low temperature. Using tBuLi, the mass of the protonated BOX-bipyridine 528 was detected by TLC-MS for the
first time. Since it was a very small scale experiment, only traces of a substance with a similar 'H-NMR spectrum
to BOX-bipyridine 528 was obtained after column chromatography (entry 7). Since the integrals did not fit and
the purification by column chromatography was complicated, it was assumed that the obtained product was still
contaminated with monomethylated BOX 581. Therefore, the reaction with tBuLi was repeated. This time the
product mass BOX-bipyridine 528 + NH," was detected by TLC-MS. Again, the removal of BOX residues by
column chromatography was not successful and only trace amounts of the product were obtained (entry 8). As the
experiment was performed a third time, a substance with the mass of 4-tert-butyl-bipyridine was found dominantly
in TLC-MS and a 'H-NMR spectrum was obtained, which, in addition to bipyridine signals, included a singulet at
1.54 ppm with approximately 7 H; due to the low concentration, the integrals might be incorrect and the singulet
interpreted as a tert-butyl residue (entry 9). The formation of fert-butyl bipyridine suggests that even the sterically
demanding tBu anion is too nucleophilic for the very good leaving group N.. In a further approach, the even bulkier
and less nucleophilic LDA was used (entry 10). After purification, however, the reaction again gave only traces of
a substance similar to BOX-bipyridine 528, purification of which was not successful. This synthetic approach
would formally represent a very convergent synthetic route, although it requires the separate synthesis of both
BOX 581 and a bipyridine derivative 582 or 585, resulting in 10 total steps on top of the relatively unsuccessful
nucleophilic aromatic substitution. Therefore, the route for the synthesis of BOX bipyridine by nucleophilic
aromatic substitution was not pursued any further. Instead, the development of a synthetic route for DiBOX-
bipyridine derivatives 529 and 531 by side chain functionalization of dimethylbipyridine 626 was the focus of the

following experiments, providing access to the desired ligand structure in only four linear steps.
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3.1.3  BOX-bipyridine 529 and 531 synthesis via side-chain functionalization of dimethylbipyridine 626

Another retrosynthetic approach exploits the extraordinary kinetic acidity of the heterobenzylic protons for the
stepwise conversion of 4,4’-dimethylbipyridine 626 into their corresponding methylene bases,**® which should
readily undergo nucleophilic addition to ethyl chloroformate (627), thus giving access to 4,4’ -dimalonylbipyridine.
Subsequent methylation at the benzylic a-positions would separate the conjugated n-system of the bipyridine from
the bisoxazoline fragment and provide access to the central compound 625 of this synthetic approach. From there,
the BOX-bipyridines 529 and 531 could be accessible either via formation of hydroxyamides 622 and 623, that can
be transformed into the corresponding bisoxazolines 529 and 531 by a multitude of pathways including Lewis-
acid activation,'>2%* 2% dehydratization*> > and (most commonly) conversion of the terminal hydroxy groups
into leaving groups followed by intramolecular nucleophilic substitution.”*?*® Alternatively, the methylated
dimalonylbipyridine 625 could be converted into the tetranitrile 624 by dehydratization of a bis(malonamide) or
a bis(dioxime) and provide access to the desired bisoxazoline-substituted bipyridines 529 and 531 by the direct
reaction with chiral aminoalcohols in the presence of a Lewis acid or via the addition of aminoalcohols to
iminohydrochlorides.?**» 254 27127 Thjs synthetic approach requires only four linear steps and allows varying the
steric demands of the bisoxazoline residues at a late stage of synthesis by using differently substituted
aminoalcohols. However, this strategy involves the intrinsic challenge that the corresponding transformations
must take place at four reaction centres on almost every stage. Obtaining high conversions is of particular

importance due to potentially difficult to separate (since similar) product mixtures (scheme 68).
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scheme 68. Retrosynthetic approach via side-chain functionalization of 4, 4'-dimethylbipyridine 626.



Results and discussion: Synthesis of BOX substituted bipyridine ligands 528-531 98

3.1.3.1 Synthesis of 4,4’-dimalonyl-bipyridine 636 by heterobenzylic functionalization
Heterobenzylic protons show a kinetic acidity that is 10° times higher than that of benzene derivatives. This
becomes evident by H/D exchange experiments of 2-, 3- or 4-picoline (628, 631, 633)(relative rates: 130:1:1810 in

MeOD, MeONa at 20 °C, toluene = 107). This is due to the resonance stabilization of the carbanions with

participation of the heteroatom when deprotonating at positions 2 and 4 (scheme 69).2*

relative
reaction
~ rate
X _H* X X
position 2: | — _H < | AN = H=~— | - H=— ... 130
N CII\H + H*Y N (IZ N CI:
H H H
628 ~ 629 630
H f H
H
_H* )\
position 3: | o H = 4] = He—s ... 1
~ +H
N N”
631 ~ 632
r
H H H H._H H H
_H*
position 4: < -~ -~ ... 1810
X + HY X
® B [ ]
N ~ N N
633 634 635

scheme 69. Mesomeric structures of deprotonated picolines and relative reaction rates.?*

Given the equilibrium between 2- and 4-alkylpyridines with their methylene bases that readily react as nucleophilic
enamines, attempts were made to synthesize bis(diethylmalonyl)bipyridine 636 by side-chain functionalization of

4,4 -dimethylbipyridine 626 (dmb) through deprotonation with LDA and reaction with ethyl chloroformate (627).

1) LDA
3
N (¢]] OEt
627
~ _—
N S THF

626
equation 19. Side-chain functionalization of 4,4-dimethylbipyridine 626.
The deprotonation of dimethylbipyridine 626 with 2.2 eq. LDA caused an immediate change of colour of the
solution to deep red. After addition of 2.5 eq. ethyl chloroformate (627), the quick colour change from red to yellow
indicated that all methylene bases were added to the electrophile. Only ten minutes after the addition of LDA and
ethyl chloroformate (627) the formation of mono-, di-, tri- and tetrasubstituted bipyridine-derivatives was

confirmed by TLC-MS (figure 24).
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figure 24. Assumed substitution patterns related to the product masses detected 10 minutes after addition of LDA and ethyl
chloroformate (627).

The substances shown in figure 24 are most likely formed, since the acidity increases with the number of electron-
withdrawing substituents and the formation of the pentasubstituted product was not detected, presumably due to
steric hindrance. Accordingly, despite increasing acidity, the formation of the isomers shown in figure 25 is

possible but unfavorable due to steric hindrance or pK, considerations.
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figure 25. Possible but due to pKi or steric hindrance unfavored isomers.

As the BOX-synthesis requires a malonate moiety only the (tetrasubstituted) dimalonate bipyridine 636 as well as
the (disubstituted) malonate bipyridine 638 are of interest for the following synthetic route. Since the selective
termination of the reaction at the disubstituted derivative 638 seemed impossible, a total of 6.1 equivalents of both
LDA and ethyl chloroformate (627) were added alternatingly to achieve high conversion to the tetrasubstituted

dimalonate bipyridine 636. Applying these conditions resulted in the product distribution shown in equation 20.
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equation 20. Product distribution from the side chain functionalization of dimethylbipyridine (626) with LDA and ethyl chloroformate (627).

In an attempt to convert a mixture of disubstituted and trisubstituted bipyridines 638 and 639 in an analogous
reaction with LDA and ethyl chloroformate (627) to the tetrasubstituted bipyridine 636, one excess equivalent of
each led for the first time to the formation of the pentasubstituted product. This is probably a consequence of the

along with the degree of substitution increasing acidity. In previous reactions, the formation was not observed, as
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excess equivalents of base reacted with residues of other excess equivalents of ethyl chloroformate (627). In order
to increase the yield of the tetrasubstituted derivative, a direct addition of both 4.4 eq. LDA and ethyl
chloroformate (627) was performed. As multiple simultaneous deprotonations are unlikely, the excess equivalents

reacted quickly to form a substance with the mass of ethyl diisopropyl carbamate (643) (figure 26).
Py
L

643

figure 26. Presumably formed side product ethyl diisopropyl carbamate (643) derived from excess equivalents of LDA and ethyl
chloroformate (627).

Therefore, in all further approaches LDA and ethyl chloroformate (627) were repeatedly added alternatingly until
the conversion to the tetrasubstituted product 636 did no longer appear to increase. Thereby, a maximum yield of
25% was obtained. In the corresponding experiment the formation of the sticky black mass was also observed,
presumably resulting from the side reaction of excess equivalents. Accordingly, the precise addition of equivalent
amounts of LDA and ethyl chloroformate (627) must be ensured. Since the pK, decreases with a growing degree
of substitution, the higher substituted derivatives are preferably deprotonated in a mixture of different degrees of
substitution. The formation of the pentasubstituted product is generally possible; therefore the conversion of di-
or trisubstituted bipyridine 638 and 639 in a mixture with the tetrasubstituted bipyridine 636 is not possible.
Accordingly, the overall yield could only be increased by ensuring an evenly increasing degree of substitution.
Since a mixture of mono-, di-, tri- and tetrasubstituted bipyridine was detected by TLC-MS after only 10 minutes
and after the addition 0of 2.2 eq. of LDA and 2.5 eq. ethyl chloroformate (627), controlling the degree of substitution
is a major challenge. Especially since it cannot be avoided that after addition of one equivalent of ethyl
chloroformate (627) to a quantitatively deprotonated solution of dimethylbipyridine 626, the initially formed
monosubstituted derivatives might participate in a deprotonation by unsubstituted dimethylbipyridine anions,
thereby leading to a neutralization of the unsubstituted derivatives and at the same time paving the way for the
second substitution of the already substituted derivatives. To solve this problem, after quantitative deprotonation
a very fast addition of the electrophile should take place, allowing the dimethylbipyridine anions to react uniformly
with one equivalent each without time for reprotonation. Since a sticky black substance was observed in all
reactions, possibly as a result of the side reaction of excess equivalents to ethyl diisopropyl carbamate 643, the
reaction should be performed using a mechanical stirrer. Applying these conditions increased the maximum yield
of the tetrasubstituted product 636 to 30%. In the corresponding experiment the formation of the sticky black mass
was again observed, although great attention was given to the precise addition of one equivalent of reactant for
every cycle of functionalization. Although a maximum yield of only 30% of dimalonylbipyridine 636 was obtained,
the described strategy provides access to malonylsubstituted (bi-)pyridine derivatives for the first time.
Furthermore, the present synthetic approach provides access to the ligand structure DiBOX-bpy 613 by side chain

functionalization of 4,4’-dimethylbipyridine 626 in only four linear steps, thus a yield of 30% is limiting but
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significantly more efficient compared to the convergent synthetic approach (see chapter 3.1.2) consisting of 10

linear steps.

3.1.3.2  Methylation at heterobenzylic a-position

The dimalonyl bipyridine derivative 636 was methylated at the benzylic a-positions. The methylation was
performed by deprotonation with potassium carbonate in DMF and subsequent addition of methyl iodide. After
24 hours a complete conversion to the product 625 was detected by TLC-MS. Precipitation of the product from
chloroform/n-hexane gave the dimethylmalonyl bipyridine 625 in very good yield (85%) as colorless crystals

(equation 21).

K2CO3, Mel

DMF, rt, 24 h
85%

equation 21. Methylation of dimalonylbipyridine 636 at the benzylic a-positions.

Installing a methyl group at this position and thereby removing the remaining a-carbonyl-proton prevents imine-
enamine-tautomerism in the final BOX-bipyridine product 529 and therefore separates the aromatic bipyridine
fragment from the BOX-ligand. Besides slightly electron-withdrawing inductive effect of the BOX-fragments, the
BOX-bipyridine ligand should as a result not exhibit significantly altered photophysical- or electrochemical

properties, when implemented into a [Ru(R-bpy)s]** type catalyst structure (scheme 70).

imine-
enamine-
tautomerism

scheme 70. Imine-enamine-tautomerism DiBOX-bipyridine-derivatives with and without methyl group.

Given this central key molecule of the present synthetic route, bis(2-methyldiethylmalonyl)bipyridine (DiMeMal-
bpy) 625, the stage was set for the synthesis of BOX-substituted bipyridine ligands 529. As mentioned earlier, the

synthesis of bisoxazolines from malonic acid esters can be carried out in two ways, essentially consisting of the
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same main steps, however, due to the different sequential order of the steps, proceeding via significantly differing

intermediates as summarized in scheme 71.

@) o)
O OEtEtO o)

OEt
dep
. 02\ \ Varag;
NH,)

625
CN NC
7N\
\
- s

624

R =iPr 622
R=Bn 623

R=iPr 529
R=Bn 531

scheme 71. General pathways for the synthesis of bisoxazolines from malonate esters.

Starting from DiMeMal-bpy 625, a tetra-y-hydroxyamide 622 and 623 can be synthesized through attachment of
chiral aminoalcohols (chapter 3.1.3.3). The subsequent ring closure of the y-hydroxymalonamide fragments to the

bisoxazoline substructures formally represents a dehydration, achievable by a variety of synthetic strategies,

132, 264, 265 132, 259-263

including Lewis-acid catalysis, dehydrating reagents or most commonly via conversion of the
terminal hydroxygroups into suitable leaving groups followed by intramolecular nucleophilic substitution®*%*
(chapter 3.1.3.3.4). Alternatively, after conversion of the bis(malonyl)bipyridine 625 with ammonia into a
malonamide, it can first be dehydrated to obtain a bis(malonodinitrile) 624 (chapter 3.1.3.4.1), which in a second
step can be converted into bisoxazolines 529 with chiral amino alcohols in the presence of suitable Lewis acids

(chapter 3.1.3.4) 249252277279
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3.1.3.3  Synthesis of BOX-bipyridine 529 and 531 via y-hydroxyamides 622 and 623

3.1.3.3.1 Synthesis of Pr-tetra-y-hydroxyamide 622

In analogy to the procedure described for the synthesis of bisoxazolines from malonate esters (chapter 3.1.2.2), the
bis(2-methyldiethylmalonyl)bipyridine (625) was heated in excess L-valinol (603), aiming at the formation of the

tetra-y-hydroxymalonamide-bipyridine 622 (equation 22).

L-valinol
neat

625

equation 22. Synthesis of the Pr-tetra-y-hydroxyamide 622 from malonylbipyridine 625.

Due to the steric demands of the product 622 and intermediates the formation of the tetra-y-hydroxyamide 622 is
very slow. Attempts to increase the reaction rate by raising the temperature (above 75 °C) failed, given that water
residues, possibly originating from the highly hygroscopic L-valinol (603), might trigger a partial saponification of
the ethyl ester groups. The resulting B-amido carboxylic acids 647 can undergo decarboxylation reactions at
elevated temperatures, thereby vyielding the bisamide 649 containing only two amide strains and two

heterobenzylic protons generated by saponification and decarboxylation in a yield of 86% (scheme 72).

scheme 72. Observed saponification decarboxylation sequence yielding the bisamide 649 as side product.

The obtained bisamide 649 could potentially be used for the synthesis of unsymmetrically substituted
bisoxazolines, but this pathway was not further investigated. In order to avoid such saponification-decarboxylation
sequences, further approaches were performed in L-valinol (603) that was previously dried on an inverse Dean-
Stark trap and thereafter distilled under high vacuum into the reaction flask. The malonylbipyridine 625 was then

added in a nitrogen counterflow and the reaction mixture was first heated slightly above the melting point of
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L-valinol (603). However, at this temperature the reaction was so slow that after 48 hours the lower intermediates
(mono- and diamide) were only slightly indicated. Therefore, the reaction mixture was gradually heated to 80 °C
within three days, and catalytic amounts of sodium hydride were added to the reaction mixture,?®® while regularly
monitoring the conversion and the intermediates. In this way, after a total of seven days, only the product 622
mixed with the diamide 646 was detectable on TLC-MS. The formation of the diamide 646 proceeded
comparatively unhindered, while the binding of two further valinol-amide strands is probably hindered sterically.
This assumption is supported by the observation that the reaction mixture had to be stirred at 75 °C for another
10 days before complete conversion to the product 622. In a smaller scale, product formation under the optimized
conditions was first observed after 48 hours. After 5 days the tetra-y-hydroxyamide 622 was dominant on
TLC-MS. During workup, the main impurity excess L-valinol (603) was easily regained by vacuum distillation of
the crude mixture. The residue was then subjected to a short silica column and finally purified by precipitation
from dichloromethane/n-hexane to give the tetraamide 622 as a colourless crystalline solid in excellent yields

(95%). This process was also successful on a gram scale (equation 23).

L-valinol
neat,
<75°C,5d
95%

625
equation 23. Optimized conditions for the synthesis of the iPr-tetra-y-hydroxyamide-bipyridine derivative 622.



105 Results and discussion: Synthesis of BOX substituted bipyridine ligands 528-531

31332 Synthesis of Bn-tetra-y-hydroxyamide 623

An advantage of the synthetic strategy for BOX-bipyridine derivatives via side-chain functionalization is that
during amide formation a broad scope for diversification arises at a late synthetic stage. By using different amino
alcohols, the steric demands of the BOX residues should be precisely adjustable. Thus, instead of using
L-valinol (603), ultimately leading to isopropyl residues in the BOX fragments, some attempts have been made
employing L-phenylalaninol (604), aiming for benzyl residues. Given that L-phenylalaninol (604) is a solid at room
temperature the amide formation by heating malonylbipyridine 625 in the molten aminoalcohol (604) (neat) was
not considered an option at first. Therefore, different solvents for the formation of the tetraamide 623 with

L-phenylalaninol (604) were investigated, the results of which are summarized in equation 24.

EtO
L-phenylalaninol
EtOH, 78 °C,

t.
toluene, 110 °C, t.
DMF, 130°C, n.
s.
s.

CI-Ph, 100 °C,
neat, 100 °C,

d.
d.
r.
r.
r.

equation 24. Conditions and results of selected experiments for the formation of the Bn-tetra-y-hydroxyamide-bipyridine derivative 623.
t. d. = traces detected in TLC-MS, n.r. = no reaction, s. 1. = side reaction.

For this purpose, malonylbipyridine 625, L-phenylalaninol (604) and catalytic amounts of sodium hydride were
dissolved in ethanol, toluene or DMF and stirred for five days at 78 °C, 110 °C or 130 °C, respectively. Although
TLC-MS investigations of the experiments in ethanol (78 °C) and toluene (110 °C) indicated the formation of the
product 623 after 24 hours, it could not be excluded that the assumed product signal was only the result of a
contamination in the background noise when repeatedly measuring blank spectra. During further TLC-MS
analyses no further increase in product formation was detected. However, the formation of a species with the mass

of bis-y-hydroxyamide (m/z 711.1) was repeatedly detected in ethanol and toluene (figure 27).

L

HOo_
" NH OEt OH

Exact Mass: 710.3316 Exact Mass: 710.3316

figure 27. Assumed structures of bis-y-hydroxyamides 650 and 651 related to the detected mass.
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Due to the greater steric demand of the benzyl residues in L-phenylalaninol (604), the formation of the desired
tetraamide 623 could be even more hindered (and thus slower) than the amide formation with L-valinol (603). To
accelerate the reaction, it was performed again in chlorobenzene, the increased polarity of which should be
accompanied by improved solubility of both the reactants as well as the ethanolate or ethanol molecules released
during the reaction. After 40 hours, a TLC showed the complete turnover of the reactant, as well as two new spots
of significantly higher polarity. The analysis of these spots by TLC-MS indicated both the excess
L-phenylalaninol (604) (m/z 152.1) and the formation of the tetra-y-hydroxyamide product 623: Although the
product mass (m/z 921.4) in the mass spectrum of the TLC spot was merely indicated with low intensity besides a
dominant peak at m/z 567.4, a closer examination revealed a set of peaks with a mass difference of 44 and a linear
increase of intensity from m/z 830.9 (tetra-y-hydroxymalonamide after fragmentation of one benzyl residue 653)
to m/z 567.4. The fragments with a mass of 44 could be traced back to the separation of 2-hydroxyethyl radicals 654
or isocyanic acid (656). The observation suggests a stepwise fragmentation of the product 623 to a species 658 with

m/z 567.4 under the conditions of mass spectrometry (scheme 73)

Hol J/OH Hol J/OH

Bn” “NH HN™ “Bn OH —\© Bn” "NH HN™ “Bn OH
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_*\\_OH Bn

(0] (0]
NH N OxNH
N N
7 oH 1
B
: OH
623 653 655
Exact Mass: 829.3925 Exact Mass: 785.3663

657 658
Exact Mass: 742.3605 Exact Mass: 566.2893

scheme 73. Conceivable mechanism for the detected fragmentation pattern in TLC-MS.

Alternatively, the dominant peak at m/z 567.4 might, in analogy to the observed side product formation in the
synthesis of iPr-tetra-y-hydroxyamide 622 (chapter 3.1.3.3.1), be traced back to a saponification-decarboxylation

sequence, ultimately leading to the same bisamide 658 (scheme 74).
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659 660
scheme 74. Saponification decarboxylation sequence yielding the bisamide 658 as side product.
After work-up by removal of the solvent and column chromatography, no substance was isolated with an '"H-NMR
spectrum containing the characteristic bipyridine signals. Similar to the iPr-bisamide 649, the Bn-bisamide 658
could itself be a compound that is nearly insoluble even in an eluent mixture of

dichloromethane/methanol/ammonia and could thus not be washed off the silica gel.

To enforce the formation of the benzyl-substituted tetra-y-hydroxyamide 623, the reactants
malonylbipyridine 625 and L-phenylalaninol (604), which are solids at room temperature, were gradually heated
with catalytic amounts of NaH up to the melting temperature of the amino alcohol (604) (first observed at bath
temperature 95 °C) and ultimately stirred at 100 °C for 65 hours. TLC-MS analysis indicated the complete
conversion of malonylbipyridine 625 to a very polar species that showed the same fragmentation pattern as in the
amide formation in chlorobenzene. For product isolation, most of the excess L-phenylalaninol (604) was recovered
by sublimation. The residue was purified by column chromatography, but again no bipyridine derivative was
obtained. Perhaps the investigated reaction temperatures were too high for the amide formation, since especially
2-arylmalonate derivatives are prone to undergo thermal decarboxylation.” Therefore, the synthesis of BOX-
substituted bipyridines containing benzyl residues 531 via hydroxyamide 623 was not pursued further and instead
the synthesis of bis(malonodinitrile)-bipyridines 624 as precursors for the synthesis of Bn-BOX-bpy 531 was

approached.
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31333 Alternative approaches for the synthesis of y-hydroxyamides

31333 Side-chain functionalization of dimethylbipyridine 626 with isocyanate 662

In addition to the synthesis by amide formation from malonylbipyridine 625 an alternative approach for the
synthesis of the tetraamide was evaluated, starting from dimethylbipyridine 626. It was assumed that the high
reactivity of in situ generated O-TBDMS-valinol-isocyanates 662 could be used for the direct formation of a

tetraamide 663 from dimethylbipyridine 626 (scheme 75).

ji/ Imidazol

TBDMSCI Phosgen Oy
OH ——» \'/; _hosgen 1 Mg OTBDMS
HN CHLCl, ~ pN~ ~OTBOMS —— N

603 rt, 10 d 661 0.5 h, -40 °C 662
quantitative
X
| LDA THF, -78 °C
NS
N~

626

TBDMSO J/OTBDMS
\g\NH HN ( OTBDMS
] )\)

scheme 75. Alternative synthetic approach for the direct synthesis of a tetraamide-bipyridine species 663 from dimethylbipyridine 626.

For this purpose, L-Valinol (603) was protected at the hydroxy group in quantitative yield using imidazole and
TBDMSCI in dichloromethane. The TBDMS protected L-Valinol 661 was then converted with phosgene in
triethylamine to the corresponding isocyanate 662. After 30 minutes, a white suspension was formed whose NMR
spectroscopic analysis indicated the absence of amino group signals. The white suspension was then added to a
deep red solution of dimethylbipyridine 626 and LDA. No decoloration of the solution was observed (in analogy
to the side chain functionalization in chapter 3.1.3.1) and also no signs of product formation were detected by
TLC-MS. In a second experiment, the mixture of dimethylbipyridine 626 and LDA was added to a suspension of
the isocyanate 662, but again the desired reaction was not observed. Preliminary stages of tetraamide (i.e. mono-,
di-, triamide) were also not detected. Although this synthetic approach would have allowed the direct formation
of a tetraamide species 663 from dimethylbipyridine 626, a subsequent methylation would have been necessary in
order to separate the m-system of bipyridine from the BOX fragment. Furthermore, this synthetic approach

requires two additional steps (TBDMS protection and deprotection) and was therefore not pursued any further.
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313332 Synthesis of Bn-tetra-y-hydroxyamides 623 via malonic acid derivatives

Furthermore, an alternative strategy for the synthesis of the benzyl-tetra-y-hydroxymalonamide 623 was
evaluated, involving the bis(2-methylmalonic acid) 664 which was obtained by saponification of
malonylbipyridine 625 with potassium hydroxide in very good yield (83%). The bis(malonic acid) 664 was then
treated with L-phenylalaninol (604) in the presence of the carbodiimide coupling reagent EDC HCI and DMAP.
However, neither the formation of the product 623 nor the formation of lower intermediates could be detected

under these conditions.

Bn
H
HoN ©
HO 604
EDC HCI,
KOH DMAP
—_—
O H,O/EtOH, O CH,Cly, t
reflux, 24 h,
OEt 83% OH
625 664

scheme 76. Attempted synthesis of Bn-y-hydroxyamide 623 via bis(2-methylmalonic acid) 664.

Possibly the linkage of the tetraacid 664 with the amino alcohol 604 requires prior activation via the acid chloride.
Since acid chlorides are highly reactive and often unstable, and since four carboxyl groups would have to be
activated simultaneously in the molecule, which also corresponds to an additional synthetic step, this procedure
was not pursued further. Instead, further approaches focused on the conversion of isopropyl-

tetra-y-hydroxyamide bipyridine 622 to the corresponding iPr-BOX-bpy ligands 529 (chapter 3.1.3.3.4).
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31334 Ring-closing-strategies for the conversion of y-hydroxyamide 622 into BOX-bipyridine 529

The synthesis of oxazoline structures can essentially be performed by two established synthetic strategies: By
reaction of nitriles with aminoalcohols in the presence of suitable Lewis acids (chapter 3.1.3.4),>>* or by ring
closure of y-hydroxyamides, like iPr-tetra-y-hydroxyamide 622. A multitude of conditions for initiating the ring
closure has been successfully applied: Ring closure was achieved by activation of y-hydroxyamides with Lewis

acids,lfﬂ, 264

e.g. dimethyltin dichloride or trifluoroborane diethyl etherate. Due to the toxicity and high reactivity
accompanied by potential loss of selectivity, several different ring-closing methods have evolved, which are
characterized by milder conditions and are essentially based on two principles: (a) The dehydration by use of
hydrophilic substances, e.g. calcium hydride, Burgess reagent or diethylaminosulfur trifluoride (DAST), or
reaction setups with continuous removal of water using Dean-Stark-trap (chapter 3.1.3.3.4.2) or (b) the conversion
of the terminal hydroxy groups into suitable leaving groups, e.g. mesylates, tosylates or chlorides, followed by
intramolecular nucleophilic substitutions.'*> 2% Mitsunobu-type conditions were also successfully used for

cyclization (chapter 3.1.3.3.4.1).2% 260261 Ap overview of the desired transformation and different literature-known

conditions is given in scheme 77.

via Lewis acid activation via dehydration vialeaving group:
- Me,SnCl, (Masamune 1990) - MsOH, CaH, (Corey 1992) - MsCl, base (Denmark 1995)
- BF30Et, (Davies 1996) - MsOH, Dean-Stark (Singh 1994) - TsCl, DMAP, NEt; (Evans 1998)
- Burgess (Wipf 1992) - 50dl, (Pfaltz 1991)
- DAST (Lellouche 1995/Knight 1996) - PPh3, DIAD (Wipf 1992)
- PPhs, NEt;, CCl4 or (CCl3), (Vorbriiggen 1993)

iPr,_ iPr

529
scheme 77. Common synthetic strategies for the synthesis of bisoxazolines from y-hydroxyamides.

132, 252-265
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3.1.334.1 Cyclodehydration via leaving group and intramolecular substitution

Of all the ring closing strategies described, the route via suitable leaving groups has found particularly widespread
application in the literature. Therefore, the first approaches focussed on the conversion of the terminal hydroxy
groups in the tetra-y-hydroxyamide 622 into mesylate leaving groups, followed by an intramolecular nucleophilic

substitution induced by deprotonation at the amide nitrogen atom (equation 25).>*

1. leaving group
formation

2. intramolecular
nucleophilic
substitution

622

equation 25. Two-step ring closing sequence via leaving group and intramolecular substitution.

As in the preparation of the tetraamide 622, both steps must take place at four reaction centres. It was therefore
initially assumed that the mesylation step would require a longer time. To ensure complete conversion, the
mesylation was stirred for at least 24 h in the first approaches. In later experiments, the required reaction time was
examined by repeated TLC-MS analysis every five minutes revealing that the conversion to the tetramesylate was
almost completed after only 25 minutes. However, this investigation is only possible indirectly because the reaction
product and its precursors tend to eliminate methanesulfonic acid and therefore only partly or completely
eliminated reaction products were available for conclusions on the progress of the reaction. Some repeatedly

detected masses and potential corresponding molecular structures are shown in figure 28.

MsO OMs

665 666 667

668 669 670
Exact Mass: 692.4261 Exact Mass: 752.3931 Exact Mass: 545.3366

figure 28. Detected masses and potential corresponding molecular structures.
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The mass of the tetraene 667 is of particular importance, as this is probably related to the tetramesylate. This
assumption is confirmed by closer examination of the time-resolved spectrum shortly after injection which showed
exclusively the mass of the tetramesylate (m/z 1040). However, within a few seconds the remaining signals

emerged, resulting from gradual elimination under the conditions of mass spectrometry.

Although after 25 minutes there were still traces of di- and trimesylate detectable, a subsequent experiment showed
that not even the addition of 10 eq. Et:N and a total of 15 eq. MsCl (3.75-fold excess) was sufficient to reach
complete conversion to the tetramesylate. Neither do longer reaction times lead to quantitative conversion; instead,
formation of additional unknown side products was detected after 4.5 h. The tetramesylate although contaminated
with small amounts of di- or trimesylate was then heated in a solution of sodium hydroxide in a mixture of water
and methanol in order to initiate the ring closure.”® As discussed in chapter 3.1.2.2, the base serves to deprotonate
the amide nitrogen atom, allowing the ring closure to occur by intramolecular substitution of a mesylate group. In
a competitive reaction an intermolecular nucleophilic substitution of the mesylate, by hydroxide anions or water,

might result in a conversion back to the y-hydroxyamide (scheme 78).
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H H >
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scheme 78. Mechanism of the base induced ring closure and potential side reaction.

This could explain why in several experiments a mixture of the desired Di-iPr-MeBOX bipyridine 529 and a species
with a mass of 675.1 g/mol, possibly corresponding to a compound containing three oxazoline rings and one amide

fragment 671, was obtained (figure 29).

Exact Mass: 656.4050 Exact Mass: 674.4156

figure 29. Di-Pr-MeBOX-bpy 529 and the inseparable side product of the ring-closing-reaction.

Since the separation of this mixture was neither possible by column chromatography nor by precipitation or
recrystallization, the mixture was subjected to another mesylation-ring-closing sequence. After only 10 minutes
the dominant formation of a spot indicating the mesylation of the free hydroxy group was detected by TLC-MS.
Since the TLC did not change over one hour, an aqueous extraction was performed to prepare the ring closure.
However, TLC-MS confirmed that the mesylate group is already substituted during the workup. Therefore,

mesylation was repeated and the solvent dichloromethane was removed in a high vacuum via the schlenkline
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before the ring closure, hoping that any residual triethylammonium chloride and methanesulfonyl chloride or
methanesulfonic acid would not interfere the subsequent step. DMF and potassium tert-butoxide were then added
as a non-nucleophilic solvent-base combination and the mixture was stirred for three days. After this time,
however, the formation of a substance with a mass of 728.4 g/mol was observed, suggesting a ring opening reaction
of all rings providing the tetraamide 622. Possibly the solvent used was contaminated with residual water and the
potassium tert-butoxide reacted to tert-butanol and potassium hydroxide. The latter could have caused the side
reaction described above. In conclusion, the additional mesylation and ring closure using DMF and potassium
tert-butoxide did not facilitate the separation of the desired BOX-bpy ligand 529 and the partly uncyclized
precursor 671 shown in figure 29. In subsequent experiments, other leaving groups as well as other solvents and
non-nucleophilic bases for initiating the intramolecular substitution were evaluated. In analogy to a procedure
according to Evans ef al., triethylamine and tosyl chloride were added to the iPr-tetra-y-hydroxyamide 622. This
combination was intended both to convert the hydroxy groups into tosylate leaving groups and to initiate the
intramolecular nucleophilic substitution. However, tosylation was only detected after the addition of catalytic
quantities of DMAP, and only besides a large number of side products. Product formation appeared more clearly
after the addition of a large excess of triethylamine, tosyl chloride and DMAP as well as heating the reaction
mixture to 40 °C, although continuing to occur alongside intermediates with only three closed amide chains or
species whose TLC-MS analyses indicated the loss of one or two rings or amide chains. Since also a second attempt
with DIPEA instead of triethylamine did not lead to an increase in selectivity, the tosylation strategy was not
pursued further. In the following approaches, the hydroxyamide 622 was first mesylated with methanesulfonyl
chloride and triethylamine in dichloromethane at —18 °C for 45 minutes before the solvent was removed inertly
over the schlenkline in high vacuum and the residue was mixed with different non-nucleophilic bases and suitable
solvents to initiate ring closure by intramolecular substitution. Both the combination of potassium tert-butoxide
in THF and of diisopropylethylamine in THF showed significant product formation in TLC-MS analysis, but some
masses again indicated the loss of ring fragments or amide strands. Only when using LIHMDS, Di-iPr-MeBOX-
bpy 529 could be isolated in a yield of 52% with only minor impurities resulting from the ring-loss side-product.
In an experiment in which no more mesylated species could be detected after some time, it was observed that
addition of further LIHMDS resulted in a significant increase in the amount of BOX-bpy 529, possibly because
lithium acts as a Lewis acid activator while HMDS acts as a dehydration reagent. This observation became the basis
for further experiments on cyclodehydration with dehydrating reagents or continuous removal of water (chapter

255, 260, 261

3.1.3.3.4.2). Finally the ring closure was evaluated applying Mitsunobu-type conditions. After two days at
room temperature, the formation of triphenylphosphine oxide was observed, but product formation was only

indicated besides five other side-products.

As no ring closure variant through conversion of the terminal hydroxy groups into suitable leaving groups and
intramolecular nucleophilic substitution selectively delivered the desired iPr-BOX-bpy 529 ligand in satisfactory

yield, further approaches focused on dehydration strategies (chapter 3.1.3.3.4.2).
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313342 Cyclodehydration via dehydrating reagents or continuous water removal

Since the formation of oxazoline rings from hydroxyamide fragments formally represents a dehydration, several

established dehydration strategies were evaluated (equation 26).

622
equation 26. Synthesis of Di-iPr-MeBOX-bpy 529 by cyclodehydration.

Following a procedure by Corey ef al. and Singh et al., the reaction mixture consisting of hydroxyamide 622 and
methanesulfonic acid was refluxed in dichloromethane in an apparatus including a schlenk frit loaded with calcium
hydride for continuous removal of water from the refluxing solvent.”> *? Under these conditions only mono
dehydration was detected on TLC-MS after five days. Although calcium hydride is frequently used as a drying
reagent due to its hydrophilic properties, e.g. in the purification of solvents, and is thus capable of binding water
that has been split off during the dehydration thereby removing it from the equilibrium by the release of hydrogen
and calcium hydroxide (which is neutralized by the methanesulfonic acid) it is however not involved

mechanistically in the initiation of the dehydration.

Subsequent approaches focused on the use of the Burgess dehydrating reagent 619.7* As discussed for the
cyclodehydration of hydroxyamides 615 in the synthesis of BOX 613 (chapter 3.1.2.2), it is an inner salt that
assumably forms a methoxycarbonyl sulfamate 620 with the terminal hydroxy group and subsequently through a
six-membered transition state and fragmentation of sulfur trioxide and a ((methoxycarbonyl)amide anion

generates the oxazoline ring 617 (scheme 79).
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scheme 79. Mechanism of the oxazolin formation from y-hydroxyamides by Burgess dehydration.

Despite the use of an older batch of Burgess reagent 619 (recognizable by orange/reddish discoloration), a test
approach of the Burgess cyclodehydration showed the most selective ring-closure with dominant product
formation so far, for which reason all other strategies, both via intramolecular substitution of suitable leaving
groups (chapter 3.1.3.3.4.1) as well as alternative dehydrations, were not further investigated. Instead,

cyclodehydration was optimized with a new batch of the Burgess reagent 619. It was always handled inside the
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glovebox and then added as a solution in dry THF to a solution of the y-hydroxyamide 622. Since 4.4 eq. did not
provide full conversion after three days, further 2.2 eq. were added. In this way, complete consumption of the
starting material was observed mainly providing the desired target molecule Di-iPr-BOX-bpy 529, besides minor
impurities of not completely cyclized intermediates. Identical observations were obtained in subsequent
approaches using 6.0 eq. Burgess reagent 619 and a reaction time of 24 h. Extended reaction times did not appear
to increase conversion to the BOX-bpy 529. Maybe the addition of more than 0.5 excess equivalents per ring are
required for a quantitative conversion to the product, to account for the fragility of the burgess reagent 619.
Purification attempts failed on silica gel with eluents consisting of highly polar mixtures of
dichloromethane/methanol/ammonia, that even elute very polar compounds with a strong tendency to tailing as
clear spots. Using reverse phase HPLC (C18) with a gradient composed of water:methanol, the isolation of pure
BOX-bpy 529 after removal of methanol under reduced pressure and of water at the lyophilizator was successful

in a yield of 70%.

For simplifying the purification, different solvent mixtures were investigated for purification by precipitation.
Before that, the salts derived from the Burgess reagent 619 were removed by washing a solution of the crude
product with water. Since the separation of a few solid particles was observed in an NMR tube containing a solution
of the crude product in acetonitrile and only one spot was visible on the TLC, an attempt was made to purify the
crude product by the addition of a small amount of acetonitrile. However, this approach resulted in only a slight
cloudiness and no significant purification after filtration. After addition of an excess amount of #n-hexane to a
concentrated solution of the crude product in dichloromethane, a significant white precipitate was formed, which
was initially misinterpreted as product precipitation. In fact, this process led to the precipitation of all
side-products, i.e. not fully cyclized intermediates, and after filtration and removal of the solvent the desired
ligand 529 was obtained in a yield of 75%. Therefore, this purification method not only provides higher yield than
obtained by RP-HPLC, the desired ligand structure can also be obtained requiring considerably less experimental

effort and time (equation 27).

6.0 eq. Burgess
_—

THF, rt, 24 h
75%

622 529
equation 27. Optimized conditions for the Burgess cyclodehydration of the y-hydroxytetraamide 622 to BOX-bpy 529.

In summary, the desired ligand structure 529 was obtained in only four steps by side-chain functionalization of
dimethylbipyridine 626 in an overall yield of 18% (scheme 80). The yield limiting factor turned out to be the
benzylic acylation by consecutive benzylic deprotonation and reaction with ethyl chloroformate 627, given that

increasing degrees of substitution are accompanied by decreasing pk, and thus selective functionalization of lower-



Results and discussion: Synthesis of BOX substituted bipyridine ligands 528-531 116

substituted intermediates in mixtures with higher-substituted species, i.e. control of the degree of substitution, is
very challenging. Another key step of the synthetic sequence is the ring closing reaction, which only proceeded in
low selectivity and yield using the more conventional routes of conversion of the terminal hydroxyl groups into
leaving groups and intramolecular substitution. A major difficulty arises from the requirement of four reaction
centres to undergo the transformation, just as in the benzylic acylation and amide formation. Upon examination
of numerous ring closing procedures, the Burgess dehydration reagent 619 provided the most selective formation
of the desired BOX-bpy ligand 529. In addition to the low total number of synthetic steps, another remarkable
advantage of the developed synthetic route is the ability to obtain each reaction product in its pure form by simple
precipitation. Without the need for time-consuming and uneconomical column chromatography, the presented

synthetic route is therefore straightforward and easily scalable.

1) LDA
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Cl OEt
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| X S
N/ | X -78°C > rt
N~
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B —
neat, 75 °C THF, rt
95%

scheme 80. Synthetic route for the synthesis of BOX-bpy 529 from dimethylbipyridine 626 by side-chain functionalization.
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3.1.34  Synthesis of BOX-bipyridine 531 via tetranitrile 624

After some attempts for the synthesis of BOX-substituted bipyridines with benzyl instead of isopropyl residues
failed via the conventional way based on y-hydroxyamides due to decarboxylation reactions during amide
formation, it was assumed that an alternative route could be used to link the malonylbipyridine derivative 625 with
chiral amino alcohols. This strategy exploits that nitriles react with amino alcohols in the presence of suitable Lewis
acids to form oxazolines. Similarly, malonodinitrile derivatives can be used as precursors for the bisoxazoline
synthesis. For the synthesis of benzyl-BOX-substituted bipyridine derivatives it was therefore attempted to convert
the malonylbipyridine 625 into the tetranitrile 624 which could then be further converted with

L-phenylalaninol (604) to the desired ligand Di-Bn-MeBOX-bpy 531 (scheme 81).

Ph—_

NC CN

nitrile amino alcohol
formation X CN lewis acid
L -
N I N CN
N =~
625 624

scheme 81. Synthetic approach for DiMeBOX-bpy ligands via tetranitrile.

3.134.1 Synthesis of the tetranitril-bipyridine 624
The synthesis of the bis(malonodinitrile)-bipyridine 624 starting from malonylbipyridine 625 could be performed
in two ways: By reduction to the alcohol and Swern oxidation, malonate esters could be converted into aldehydes,

which subsequently might be condensed with hydroxylamine to form the oxime derivative 672.%

Dehydration of
the oxime with the Burgess reagent would result in the formation of the tetranitrile 624.”° In a similar, but
significantly shorter route, the malonate esters could be treated with ammonia to form a bis(malonamide) 673,

which in turn could be dehydrated using the Burgess reagent to form the tetranitrile 624.772%>24 Due to the smaller

number of steps, all attempts focused on the nitrile synthesis via the bis(malonamide) 673 (scheme 82).

reduction
Swern oxidation
H,NOH

EtO

NC
672 / 673
m | N CN Burgess
(Miller, 2000) N/ | x CN (Yamamoto, 1990)
N~
624

scheme 82. Conceivable synthetic strategies for the conversion of malonate ester 625 into the tetranitrile 624 27,27 282284
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In an attempt to convert the malonate ester 625 into the bis(malonamide) 673 a solution of malonylbipyridine 625
in ethanol was stirred with an aqueous ammonia solution at room temperature. After three weeks under these
conditions the formation of small amounts of monoamide was detected by TLC-MS, revealing that the reaction

time using these conditions is impractical for the synthesis of larger amounts of tetranitrile 624.

To enforce the amide formation in another approach an ethanolic solution of malonylbipyridine 625 was saturated
with ammonia by bubbling ammonia gas into the solution. After the air was pushed out of the tubes a significant
decrease of bubble quantity and size was visible at the gas bubbler, indicating the dissolution of ammonia in
ethanol. A slight increase of the reaction volume was also visible. After replacing the gas bubbler with an empty
balloon, the reaction mixture was stirred at room temperature for 4 days. After this time, besides the dominant
educt spot (m/z 501), the formation of small amounts of the monoamide (m/z 472) could be detected by TLC-MS.
To increase the reaction rate, a few milliliters of liquid ammonia were added to the reaction solution using an
ammonia condenser and the solution was stirred at —78 °C for another 24 hours. After this time the formation of
a new spot with the mass m/z 429.2 was clearly visible, which was misinterpreted as product mass minus one
proton plus two sodium cations ([M + 2 Na — H]*). Therefore the solvent was removed and the residue was mixed
with about 3 mL of condensed ammonia in a pressure tube at room temperature for another week. At this point,
in addition to weakly indicated product formation, a large number of other spots appeared, which indicated di-
and triamide formation. Moreover, some masses were detected to which no further significance was attributed at
this point. Assuming that the large number of spots might be caused by the repeatedly changed reaction conditions
and since the formation of tetraamide 673 seemed to take much longer, a new approach was initiated in liquid
ammonia in the pressure tube and analyzed after three weeks. At this point, even more spots were visible than in
the previous test approach, but only two of them were formed dominantly. After isolation by column

chromatography, 'H-NMR spectroscopy showed that neither of the two dominant spots was the tetraamide 673,

but instead the decarboxylation products 674 and 675 shown in figure 30.

674 675
Exact Mass: 356.1736 Exact Mass: 327.1583

figure 30. Isolated side products resulting from decarboxylation during an attempt to form the tetraamide 673.

When comparing these results with the masses detected in the previous approach, it was found that some species
were already formed during the reaction with condensed ammonia, and that although the masses of all amide
intermediates were detected, all partially or completely decarboxylated intermediates were also detected to the
same or greater extent. Since decarboxylation requires hydrolysis to the acid and the problems only occurred after

the use of condensed ammonia, larger quantities of water could have entered the reaction mixture during the
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condensation process. During the condensation process, no special attention was paid to inert handling, instead
the ammonia condenser was simply attached to the reaction flask or the ammonia gas was fed through a hose into
an open pressure tube cooled to —78 °C. Condensed traces of water pave the way for a saponification to the acid
which then readily decarboxylates. The synthesis of a,a-disubstituted malonamides from malonate esters has
previously been described as hindered and 2-arylmalonates are known to be involved in decarboxylation
reactions.”® As the synthesis of the iPr-substituted BOX-bpy ligand 529 through cyclodehydration of
hydroxyamide 622 showed promising results at this stage, the synthesis of the benzyl-substituted BOX-bpy
ligand 531 through the tetranitrile 624 was not pursued further and focus was placed on the incorporation of the

iPr-BOX-bpy-ligand 529 into Ruthenium-complexes (chapter 3.2).
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3.2 Synthesis of BOX-substituted photocatalysts

3.2.1  Synthesis of Ru(ll)-precursors 677 and 683

The desired photocatalysts of the general formular [Ru(BOX-bpy);]X; (chapter3.2.2) and
[Ru(R-bpy)(BOX-bpy)IX; (chapter 3.2.3), respectively, are Ru(Il) complexes. Although the synthesis of Ru(II)
complexes can be achieved from RuCl; x H,O (676) by simultaneous ligand attachment and reduction, the use of
Ru(II) precursors can contribute to a simplification of the complex formation since only the ligand coordination

285-289

and no longer the reduction of the metal centre has to take place. Two very common Ru(Il) precursors, cis-

RuCly(dmso)s 677 and Ru(COD)Cl, 683, were prepared and used in the synthesis of the photocatalysts.?*>*

3.2.1.1 cis,fac-RuCly(dmso-S)3(dmso-0O) (677)

The first synthesis for cis-Ru(dmso),Cl, 677 was performed in 1971 by James et al. by bubbling hydrogen gas
through a solution of RuCls x H,O (676) (often assumed to be the trihydrate) in DMSO at 80 °C and subsequent
recrystallization from acetone/DMSO.*° Two years later, Evans et al. reported that this tedious procedure was not
necessary and instead a short (15 min) refluxing of RuCl; x H>O (676) in DMSO followed by precipitation with

acetone and recrystallization from DMSO/acetone was sufficient.”"

In the first approach, to ensure complete conversion and successful reduction, a mixture of RuCl; x H,O (676) was
stirred under a hydrogen atmosphere for 48 h at 80 °C in DMSO through which hydrogen had previously been
bubbled. A distinct color change from opaque black to clear orange was visible. After cooling and addition of

acetone, cis-RuClx(dmso)s 677 crystallized in the form of cubic yellow crystals in a yield of 53%.

Several approaches were carried out to increase the yield and simplify the reaction setup following the procedure
by Evans et al.*' However, refluxing RuCl; x H;O (676) for 15 min in DMSO followed by concentrating the red
solution on the rotary evaporator and adding acetone resulted in only a very small amount of bright precipitate,
which was filtered off and washed with Et;O. Given the low yield, the filtrate was concentrated again and the
residue dissolved in acetone. Addition of Et;O led to the precipitation of a large amount of a black solid that visually
resembled the starting material RuCls x H,O (676), suggesting that under the reaction conditions or after the short

reaction time, most of the RuCl; x H,0O (676) was not reduced and converted into the desired DMSO complex.

According to Alessio etal. the success of the reaction can be significantly increased by refluxing the
RuCls x H,0 (676) in EtOH for several hours and filtration of undissolved residues prior to the heating period in
DMSO.** This procedure also increases the reproducibility of the synthesis, which is problematic due to varying
quality and composition of the starting material RuCls x H,O (676): Although RuCls x H,O (676) is usually
formulated as RuCls x 3 H;O (676), it is actually a mixture of Ru(III) and Ru(IV) species with varying numbers of
water equivalents.?®®?** Furthermore, an extended reaction time of more than 2 h was recommended. In this way,

the Ru(Il) precursor cis-RuCl,(dmso)s 677 was obtained in a yield of 64%.
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The analysis of the obtained complexes was initially performed by elemental analysis which confirmed the desired
elemental composition, however, due to both the heteroleptic nature of the desired complex and the fact that
DMSO ligands (680) preferentially bind to Ru(II) at the sulfur atom, yet coordination via the oxygen atom is also
possible and thus the formation of multiple isomeric structures is conceivable, elemental analysis is insufficient for

the confirmation of the actual structure.

The most common description of the complex, cis-RuCl,(dmso)s 677 also ignores the fact that the
thermodynamically most favorable structure, confirmed by x-ray crystallography, should be correctly referred to
as cis,fac-RuCly(dmso-S)s(dmso-O) (677), considering that other isomers can also be formed: Hence, further
studies on the synthesis, as well as structure and stability of isomers, revealed that heating RuCl; x H,O (676) in
DMSO to merely 70 °C specifically produces the isomer trans-RuCl,(dmso-S), (678), suggesting that this is the
kinetic product.?*** Furthermore, irradiation of cis,fac-RuCly(dmso-S):(dmso-O) (677) at room temperature can
initiate isomerization to the trans-RuCl,{dmso-S), derivative (678), which can likewise isomerize back to the

thermodynamically more stable cis,fac-RuCl,(dmso-S)3(dmso-O) (677) when heated (scheme 83).7>2%

//SMez
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RUC|3 X H20
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Clu. | .wSMe,
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trans-RuCl,(dmso-S),

MeQS\\O
678

scheme 83. Synthesis and equilibrium of isomers of RuCl(dmso)s. 2724 2%

Due to the isomerization described above, the reaction products obtained were further analyzed by 'H-NMR
spectroscopy, which proved to be challenging since the O-bound DMSO ligand (680) is particularly labile and
exchanges quickly for stronger o- and n-donors. Residual water in commercial CDCl; initiates a partial hydrolysis,
resulting in additional sets of signals that were initially misinterpreted as impurities or ascribed to signs of partial
isomerization to trans-RuCl,(dmso)s (678). Upon comparison with the literature, the obtained signals were
assigned to the desired cis,fac-RuClL(dmso-S);(dmso-O) (677) in addition to further signals resulting from

cis,fac-RuCly(dmso-S);(H,O) (spectrum 2).%*
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spectrum 2. Detailed 'H-NMR analysis of cis,fac-RuCl(dmso-S)s(dmso-0) (677) and its partial hydrolysis in commercial CDCl,

3.2.1.2 p-Chloro-(n*-cycloocta-1,5-diene)ruthenium(ll)-polymer (683)
Less common but yet very successfully employed in the synthesis of Ru(II) complexes of the type Ru(R-bpy).Cl: is
the stable ruthenium(II) precursor [RuCL(#*-COD)]« (683), which was prepared by refluxing RuCl; x H>O (676)

and cyclooctadiene (COD) for 48 h in degassed ethanol acting as a reducing agent (equation 28).

|

X N

2 RuCl3 x H,0 + 2 + CHsCH,OH ——=———> 2 \l/Ru\CI + 2 HCI + CH4CHO
676 682 684 685

X
681 683
2 [RuCly(77*-COD)],

equation 28. Synthesis of [RuCL(r*-COD)]« (683).

Filtering off the brown precipitate and washing with EtOH and Et,O gave the complex in excellent yield. Due to
the polymeric structure of the generalized form [RuClL(#*-COD)], with x > 2, no further analysis of the structure
is typically performed and the poorly soluble brown product is used in further reactions without further

purification.
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3.2.2  Synthesis of homoleptic photocatalyst [Ru(BOX-bpy)s]** 540

3.2.2.1 Direct synthetic approaches

The initial complexation experiments focused on the synthesis of a homoleptic Ru(II) complex 540 containing an
inner sphere wherein the metal centre is surrounded by three bipyridine substructures, resulting in a [Ru(bpy)s]**-
derived photocatalyst with a photoredox active core completely surrounded by a chiral BOX sphere. Due to the
distance dependency of electron transfers, substrates that are in close proximity to the chiral BOX fragments should
preferably react. Another advantage compared to a heteroleptic complex version (featuring only one BOX-
bpy ligand 529) is that besides the low risk of racemic background reactions at a larger distance to the chiral BOX

fragments, there is no risk of racemic background reactions on opposite sides to the BOX fragment.

For the synthesis of the octahedral complex [Ru(BOX-bpy);]?* 540, three equivalents of the BOX-bpy ligand 529
were mixed with different Ru(II) sources and refluxed in various solvents. The parameters and results of selected

experiments are summarized in table 3.

“"Ru(ll)"

solvent, temperature
N
N

- i'
540 /\

[Ru(BOX-bpy)s]**

equation 29. Investigated synthesis of the homoleptic BOX-substituted photocatalyst 540.

table 3. Parameters and results of selected experiments for the direct synthesis of [Ru(BOX-bpy)s]** 540.

entry Ru(II) solvent T [°C] t [h] yield
1 RuCl; / NaH,PO, H,O / EtOH 100 24 ---
2 RuCly(dmso), MeOH reflux (65) 3 42%*
3 RuCl,(dmso)4 EtOH reflux (78) 24 -
4 RuCly(dmso), MeCN reflux (82) 120 —

*including inseparable impurities of partly hydrated complexes

In analogy to a literature known [Ru(bpy)s]** (7) synthesis, the initial complexation experiment was performed by

reaction of RuCls x H;O (676) with three equivalents of the ligand 529 in a reducing aqueous solution of sodium

).296

hypophosphite (entry 1).**° Due to the low solubility of the ligand in water (even at 100 °C), a small amount of
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ethanol was added and the solution was refluxed for 24 h. The reaction mixture showed streaks in the orange
coloration characteristic for ruthenium tris(bipyridine) complexes, besides some undissolved deep red or black
particles, possibly traceable to residues of the ruthenium source. An attempt to precipitate the complex by the

addition of solid potassium chloride and attempts of recrystallization from water failed.

Extraction with ethyl acetate and concentrating in vacuo gave a red film of the crude product which was analyzed
by MALDI-TOF. The formation of the desired photocatalyst 540 could not be observed. Instead, the mass
spectrum indicated the formation of a ruthenium complex containing only two BOX-bpy ligands and two water
molecules occupying the remaining coordination sides 686 (figure 31, left). It was suspected that the complexation
of the bulky BOX-bpy ligand 529 was sterically too hindered under the investigated complexation conditions and
that a stepwise complexation or prolonged reaction times might be required in analogy to literature known
syntheses of sterically demanding substituted ruthenium tris(bipyridine) derivatives. The crude product,
containing the intermediate 686 was redissolved in ethanol und mixed with one more equivalent of ligand,

however the desired complex formation could not be detected.

2+

686 L \\ 687

2CI ClI-
figure 31. Isolated intermediates of the formation of the homoleptic complex 540.

To simplify the complexation reaction, the Ru(Il) precursor cis,fac-RuCl,(dmso-S)s(dmso-O) (677) was used in
subsequent approaches (entries 2 - 4). In this way, only the coordination of the BOX-bpy ligands 529 and not also
its reduction to Ru(II) has to take place. After the Ru(II) precursor was refluxed with three equivalents of the BOX-
bpy ligand 529 for three hours in methanol a small sample was taken from the reaction mixture and analyzed by
mass spectrometry, confirming for the first time the desired complex formation based on a set of peaks at half the
complex mass (m/z 1035.7) with the splitting pattern of a doubly charged substance. Another dominant peakset
indicated a single-charged compound containing only two BOX-bpy ligands 529, one chloride and one water
ligand [Ru(BOX-bpy).(H,O)Cl]* (687) (figure 31, right). Furthermore, a large number of peak sets with masses
far above the desired complex mass were detected, frequently at a distance of a mass difference of m/z 18, which

was attributed to the formation of higher multinuclear complex clusters 688 (figure 32) with different degrees of
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water incorporation. Attempts to isolate the complex 540 in its pure form by column chromatography or

crystallization failed. Only a partial separation of by-products succeeded, yielding a red film containing the product

besides clearly detectable species from both mono- (m/z 1044.6) and double hydration (m/z 1053.1) (entry 2)

(spectrum 3).
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spectrum 3. Mass spectrum of the isolated substance indicating the formation of the desired [Ru(BOX-bpy)s]** 540 (M: 2071 g/mol, m/z 1035)
besides peaksets for mono- and double hydrated side-products.

Hoping for the formation of [Ru(BOX-bpy)s]** 540, hypothesized as the thermodynamically most favorable

complex structure, the Ru(II) precursor 677 was refluxed in EtOH and MeCN for prolonged reaction times of 24 h

and 120 h, respectively. The desired complex formation could not be detected by mass spectrometry. Instead, the

mass

of an intermediate was again detected, this time containing two BOX-bpy ligands 529, one chloride and one

dmso ([Ru(BOX-bpy).Cl(dmso)]*, m/z 1527.6960). Moreover, evidence of partial and complete oxazoline ring

opening by hydration was again observed (BOX-bpy + H,O: m/z 675, BOX-bpy + 4 H,O m/z 729) (scheme 84).
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529 671 622
Exact Mass: 656.4050 Exact Mass: 674.4156 Exact Mass: 728.4473

scheme 84. Side products resulting from hydrating ring opening.

In addition, these approaches also showed a large number of unassignable peaks, often lying above the mass of
[Ru(BOX-bpy)s]** 540 (m/z 1035.7) and therefore possibly resulting from the formation of multinuclear

clusters 688 (figure 32).

N
N
_Ru/

N

figure 32. Conceivable formation of higher multinuclear clusters.

The formation of ruthenium bridged complexes is a direct consequence of the triple bidentate ligand structure.
Although the relatively large ruthenium cation should preferably be coordinated by the bipyridine fragments, some
ruthenium-bisoxazoline complexes have already been prepared, and the conducted experiments confirmed that
even prolonged refluxing does not selectively lead to the complex assumed to be the thermodynamically most
favorable structure.””® Furthermore, all approaches show the partial addition of water, presumably due to a
hydrating ring opening of the oxazoline fragments, which were previously formed by cyclodehydration

(chapter 3.1.3.3.4.2).

A conceivable way for preventing both clustering and ring opening hydration might be to block the BOX fragments
with a suitable Lewis acid, thus using an L.A.-BOX-bpy precomplex. The Lewis acid could protect the ring structure
from ring opening by keeping the oxazoline rings in their coordinating position. Moreover, precomplexation
converts the BOX-bpy ligand 529 from a triple-bidentate to a mono-bidentate structure, leaving only the
bipyridine fragment available for attachment to Ru(II). Therefore, direct synthesis of the homoleptic complex
[Ru(BOX-bpy)s]** 540 was not pursued further and subsequent studies focused on the formation of precomplexes

of the form L.A.-BOX-bpy, as well as complexation experiments thereof (chapter 3.2.2.2).
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3.2.2.2  Complexation through blocking of BOX-fragments by Lewis acids

To increase selectivity and prevent the formation of multinuclear clusters in the synthesis of the homoleptic
photocatalyst 540, several experiments focused on blocking the BOX substructures. Therefore, experiments were
performed regarding the use of Lewis acids for the saturation of the coordination sides of the BOX fragments

(chapter 3.2.2.2.1), along with complexation tests involving the presence of Lewis acids (chapter 3.2.2.2.2).

32221 "H-NMR-investigations on interactions of Lewis acids with BOX-bpy 529

During preliminary complexation experiments for the synthesis of a homoleptic Ru(II) complex 540 with
BOX-bpy ligands 529, it was expected that under thermodynamic control, the bipyridine fragments should
preferentially coordinate to the central metal ion due to the relationship between the ion size and the bite angle of
the bipyridine and BOX fragments. However, the experiments indicated in all approaches that the formation of
multinuclear clusters cannot be prevented due to the triple bidentate structure. Therefore, it was assumed that
prior formation of a precomplex of the form L.A.-BOX-bpy, i.e. blocking of the coordination sides of the BOX
fragments by a suitable Lewis acid, might result in a monodentate ligand structure that should coordinate to

ruthenium via the bipyridine fragments in a more controlled manner.

A suitable Lewis acid is characterized by its ability to contribute to selective blocking of the BOX fragments in
solution. It should be distinguished between Lewis acids that only serve to block the BOX fragments for efficient
complex synthesis and Lewis acids whose properties are suitable for later application in the bimetallic
photocatalyst. For this purpose, the Lewis acid must, for instance, allow efficient exchange of reaction products for
new substrates. In addition, the redox properties of the Lewis acid should be suitable for incorporation in the
photocatalyst: Either redox-inert Lewis acids that do not affect the photoredox reactivity or Lewis acids whose
redox properties lead to a mediating effect or enrich the redox reactivity should be used. In case of Lewis acids,
which are not suitable for later application in the photoreaction, they should not coordinate to the BOX fragment

too strongly, allowing their removal after formation of the precomplex and subsequent Ru-complex generation.

Considering the described criteria, as well as published results on common Lewis acids in asymmetric BOX
catalysis in general and asymmetric dual transition metal photoredox catalysis in particular, Zn(II), Mg(II), Cu(II),
Ni(II), Eu(IIT), GA(III) were considered as potential Lewis acids.?** %% 3% Thereof, Zn(II) and Mg(II) as common
Lewis acids in asymmetric BOX catalysis were considered to be weakly coordinated, photoredox inert
representatives, while Cu(II) and Ni(II) appear to be more strongly coordinated and redox active ions - the
complexes of which have been reported to be photoredox catalysts themselves or the redox behaviour of which is
systematically utilized in dual lewis acid photoredox catalysis.**"** These properties render copper and nickel less
interesting for a proof of concept of bimetallic photoredox catalysis due to potential complication of catalytic steps.
In addition to complicating the overall catalytic system, redox-active Lewis acids, could furthermore counteract
the concept of exploiting the distance dependancy of electron transfers, i.e. gaining stereocontrol by shielding the
photoredox active core by a chiral BOX sphere, through acting as redox mediators. The aforementioned
lanthanides have been successfully used in asymmetric photoredox transformations presumably due to their high

kinetic lability facilitating catalyst turnover.**
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In order to investigate the suitability of the Lewis acids for the preparation of a precomplex in detail, their tendency
to coordinate in solution primarily to BOX fragments or to bipyridine fragments was investigated by 'H-NMR
spectroscopy by gradually increasing the ZnCl, concentration in an NMR sample containing BOX-bipyridine 529

(spectrum 4).
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spectrum 4. 'H-NMR analysis of BOX-bpy 529 in the presence of different amounts of ZnCl,.

A full spectrum of the BOX-bpy ligand 529 is shown at the bottom. Above this, the stacked spectra of the NMR
samples with corresponding equivalents of ZnCl, are shown. For better visibility, the superimposed spectra have

been trimmed to enlarge only the bpy-ring signals (red) and the oxazoline-ring signals (yellow) (spectrum 4).

Examination of the spectra clearly shows that the addition of < 2.0 eq. ZnCl, causes a gradual low-field shift of all
signals, which appear diffuse due to the presence of multiple species with varying ZnCl, interaction and the
associated signal broadening. Upon addition of > 2.0 eq. ZnCl, an obvious clearing of the oxazoline ring signals is

evident due to complete saturation of all bisoxazolines with ZnCl, this is also indicated by the unchanging chemical
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shift of the oxazoline signals. In contrast, the bipyridine signals show a constant form and chemical shift only upon

addition of > 3.0 eq. ZnClL.

When a similar experiment was performed with dimethylbipyridine 626 instead of BOX-bpy 529, chemical shift
and signal shape were constant for > 1.0 ZnCl, suggesting that Zn(II) certainly coordinates to bipyridine fragments
when no BOX-fragments are available. In summary, this NMR experiment clearly demonstrates that ZnCl
preferentially coordinates to the BOX fragment prior to coordination of the bipyridine fragments (figure 33).
Zn(II) could therefore be a suitable Lewis acid for blocking the BOX fragments in the synthesis of
[Ru(X2Zn-BOX-bpy)s]**, and a complexation experiment was therefore carried out in the presence of Zn(OTf),

(chapter 3.2.2.2.2).

coordination side of the

. . ClyZn
third equivalent of ZnCl,

689
figure 33. Comparison of the coordination of ZnCl; at the BOX fragments and at bipyridine.
The NMR sample was transferred into a separating funnel, dissolved in dichloromethane and washed with water
before it was measured again by NMR spectroscopy. The obtained spectrum showed no deviation from the original
spectrum of the ligand 529 before addition of ZnCl,, i.e. no residues of L.A., indicating that although Zn(II) shows

a preference for the BOX fragments it is not bound to BOX sufficiently strong to block it permanently.
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32222 Complexation in the presence of a Lewis acid

Several problems were encountered in the direct synthesis of the homoleptic photocatalyst [Ru(BOX-bpy)s]** 540
(chapter 3.2.2.1). For instance, several attempts yielded only intermediates resulting from double ligand
coordination. When cis-RuCl,(dmso), 677 is reacted with chelating ligands, all four dmso ligands are usually
exchanged first; to force the third ligand coordination, the complexes of the form RuCL(R-bpy), may be converted
into the corresponding solvate complex 690 by abstraction of the chloride ligands with a silver salt. The solvate
complex 690 should then react more readily with another equivalent of the ligand. Furthermore, the formation of
multinuclear clusters was observed in all previous approaches as a consequence of the triple bidentate ligand
structure. '"H-NMR experiments on the tendency of Lewis acids to coordinate rather to the BOX or to the bpy
fragment have shown that Zn(II) coordinates preferentially to the BOX fragments in solution (chapter 3.2.2.2.1).
It was therefore hypothesized that stepwise complexation in the presence of zinc triflate (blocking the BOX
fragments) should first lead to the formation of an intermediate of the form [RuClL((OTf),Zn-BOX-bpy).].
Addition of silver triflate should then abstract the chloride ligands and thereby generate a solvate complex 690,
which should react readily with another equivalent of the ligand 529 to form the desired L.A.-saturated
photocatalyst of the form [Ru((OTf).Zn-BOX-bpy)s]** 691 (scheme 85).

via:
TfO, OTf 2+

~ A\
Chn —
/

1. DiMeBOX-bpy (2.0 eq.)
Zn(OTf), (6.5 eq.)

tone, t, 16 h
cis-RUCl,(dmso), acefone, it

2. AgOTf (2.0 eq.)
677 acetone, rt, 3 h

L 10 OTf _
690

3. DiMeBOX-bpy (1.0 eq.)
acetone, rt, 20 h

Zn_
TfO OTf
691
scheme 85. Attempted stepwise synthesis of the homoleptic complex 691 by blocking the BOX fragments with Zn(OTf)..
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Immediately after the addition of the first two ligand equivalents to a solution of cis-RuCl,(dmso)s 677, TLC
analysis showed seven yellow spots on top of the unreacted ligand spot. Addition of zinc triflate reduced the
number of spots within 30 minutes to one dominant yellow spot, plus three additional spots of lower intensity.
Since this development indicated the successful increase in selectivity through blocking of the BOX fragments, the
reaction mixture was stirred for an additional 16 h at room temperature. After this time, however, the dominant
yellow spot had disappeared and instead the formation of 10 spots of equal intensity was evident. This observation
might indicate that although the blocking of BOX fragments by Zn(II) is kinetically preferable, the formation of
BOX-Ru substructures is thermodynamically more stable and thus, after prolonged reaction time, the Zn(II)-ions
were partly displaced by Ru(Il) complexes. The intended reaction sequence was nevertheless continued by
abstracting any remaining chloride ligands with silver triflate, resulting in a decrease in the number of spots to 6.
After inert filtration of the formed silver chloride through a syringe filter, another equivalent of the ligand was
added. By TLC, it was observed that 12 spots were present after two hours, which reduced to 9 spots within 20
hours with two slightly more dominant spots. After cooling and precipitation with KPFs solution, a black solid was
obtained the 'H-NMR analysis of which showed highly broadened unevaluable signals. Such signal broadening
may either be the result of overlaying of a large number of very similar but not identical species or may be explained
by paramagnetism of Ru(IIl). In summary, the described procedure neither yielded the fully Zn-coordinated
complex [Ru((OTf),Zn-BOX-bpy)s]** 691 nor [Ru(BOX-bpy)s]** 540. The replacement of the dmso ligands by two
chelating ligands can initiate the isomerization of the remaining chlorido ligands depending on the complexation
conditions and ligand type, with contradictory observations in the literature and predictions not possible when

307

using slightly varying ligands.’® For efficient incorporation of the third BOX-bpy 529 equivalent, two adjacent
coordination sides are required, however, the thermodynamically preferred derivatives of the type cis-RuCly(L-L),
are usually formed at high temperatures, conditions under which the kinetically preferred BOX-Zn substructures
are presumably labile, thereby preventing efficient blocking of the BOX fragments by the Lewis acid. Since the
concept of synthesizing the homoleptic complex [Ru(BOX-bpy);]?* 540 by blocking the BOX fragments with a
Lewis acid failed, alternative strategies, such as constructing the BOX fragments on the side chain of ruthenium

complexes with ligands that are precursors of BOX-bpy 529 (chapter 3.2.2.3) or synthesizing heteroleptic BOX-
substituted complexes of the form [Ru(R-bpy).(BOX-bpy)]** (chapter 3.2.3), were evaluated.
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3.2.2.3  Synthesis of [Ru(BOX-bpy)s;]** 540 by side-chain functionalization of [Ru(R-bpy)s;]**-complexes

The selectivity problem arising from the triple-bidentate ligand structure in the reaction of BOX-bpy 529 with a
Ru(II)-source (chapter 3.2.2.1) could instead of blocking the BOX fragments by a Lewis acid (chapter 3.2.2.2) also
be solved by building up the BOX substituents by side-chain functionalization using a simplified photocatalyst
precursor. In this way, the chelating bisoxazoline substructures that led to bridging and formation of multinuclear
clusters in the direct complex synthesis would be formed after coordination of the bipyridine substructures around
a central Ru(Il) ion. For this purpose, the starting material of the ligand synthesis, 4,4’-dimethylbipyridine

(dmb) 626, was reacted with cis-RuCl,(dmso), 677 by heating in ethylene glycol/water to give the corresponding

homoleptic precursor complex of the form [Ru(dmb)s](PFs), (692) in excellent yield (99%) (equation 30).
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L _l2PFg
692

equation 30. Synthesis of [Ru(dmb):](PFs). 692.

Following the ligand synthesis by side-chain functionalization (chapter 3.1.3.1), the obtained precomplex was
subjected to a modified deprotonation addition sequence. Due to the electron-withdrawing effect of the Ru(II)
ion, it was assumed that deprotonation at the heterobenzylic position should proceed under milder conditions
than in the functionalization of the free ligand. Therefore, instead of LDA, which despite its steric demand
readily adds to ethyl chloroformate 627, the non-nucleophilic base Cs;COs was used. This way an alternating
addition of base and ethyl chloroformate 627 was assumed to be no longer necessary. However, after workup by

precipitation with saturated NH4PFs solution, only the starting material was isolated (equation 31).
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equation 31. Attempted side-chain functionalization of [Ru(dmb)s](PFe). (692).
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Perhaps the employed base was too weak for deprotonation despite the reduction in pk, value due to metal
coordination. The lack of conversion was previously not detected by TLC, as precise differentiation of such polar
compounds by TLC is very difficult. Since the desired heterobenzylic functionalization was the bottleneck of the
ligand synthesis anyway, a later entry into complex functionalization was approached. Therefore, either the already
functionalized malonyl-bipyridine (mal-bpy) derivative 625 (chapter 3.1.3.2) or the tetra-y-hydroxyamide-
bipyridine derivative 622 (chapter 3.1.3.3.1) could be employed to prepare precursor complexes, starting from
which the BOX fragments could be synthesized. Assuming that the y-hydroxyamide strands might be sterically
hindered and prone to bridging due to the large number of heteroatoms, focus was placed on the complexation of
malonyl-bpy 625 to obtain a complex of the form [Ru(mal-bpy)s](PFs), 694. In analogy to the above mentioned
synthesis of [Ru(dmb)s](PFs); 693, malonyl-bipyridine 625 was mixed with cis-RuCly(dmso);677 in
ethyleneglycol/water and heated to 120 °C, providing the desired complex 693 in a moderate yield (65%)

(equation 32) .

2+

cis-RuCly(dmso),
ethylene glycol/ H,O

677 120 °C, 2 h, 65%

2 PFg

equation 32. Synthesis of [Ru(mal-bpy):](PF¢). 694.

Following the most successful established ligand synthesis (chapter 3.1.3.3.1), the resulting complex was reacted
neat with freshly dried and distilled L-valinol (603) (equation 32). Already during the synthesis of the free
ligand 529, the amide formation must take place at four reaction centres, which is why this step required a
particularly long reaction time. However, in the case of side-chain functionalization of the complex, amide
formation must take place at 12 ester groups to form the product complex 695, which is why the mixture was
stirred for three weeks, before excess L-valinol (603) was distilled off and the residue was purified by column

chromatography.

A complex species was obtained whose 'H-NMR spectroscopic analysis clearly showed the disappearance of the
ester signals from the reactant complex 694. However, the ratio of the integrals of the valinol-amide strands relative
to the unchanged bipyridine signals and methyl group signals, was found to be only half of that expected for the

product 695, suggesting in analogy to the side reaction observed during amide formation in the synthesis of the
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free ligand, decarboxylation may have occurred (chapter 3.1.3.3.1) (scheme 86). It is possible that the involved

complex species are even more prone to undergo decarboxylation due to metal coordination.
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© 696 °

scheme 86. Attempted side-chain-functionalization of [Ru(mal-bpy)s](PFs). 694 and assumed decarboxylated side product 696.

With these results, the concept of synthesizing the catalyst by side-chain functionalization of precomplexes
prepared from preliminary stages of the ligand was not successful, and the last chance of using tetra-y-
hydroxyamide-bpy 622 was not considered to simplify the complex synthesis for the reasons mentioned above,

thus further experiments focused on the synthesis of heteroleptic photocatalysts (chapter 3.2.3).
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3.2.3  Synthesis of heteroleptic photocatalysts [Ru(R-bpy).(BOX-bpy)1** 532, 536 and 537

An alternative photocatalyst concept envisions heteroleptic complexes of the general form
[Ru(R-bpy)2(BOX-bpy)]X;, containing only one asymmetric BOX-bpy ligand 529. The heteroleptic nature allows
for a conceptual separation of the complexes into an asymmetric and a symmetric side. To achieve satisfactory
asymmetric induction, it is important to ensure that phototransformations occur preferentially in close proximity
to the BOX-bpy ligand 529. Although photoinduced electron transfer onto suitable substrate, e.g.
a-bromocarbonyl compounds, is facilitated by the electron-withdrawing effect of Lewis acids that are
asymmetrically coordinated at the BOX fragments, there is an increased risk of undesired racemic background
reactions on the opposite side of the BOX fragment in the heteroleptic complex, unless the phototransformation
has been tuned in such a way that the involved substrates only react after their redox potential has been lowered
by Lewis acid coordination.!> b 2# 25 Aiming at the enantioselective adaption of previously established racemic
phototransformations that were developed using racemic [Ru(bpy)s]** (7) complexes and thus readily react
without Lewis acid activation, the risk of racemic background reactions on the BOX-bpy side must be lowered in

a different way.

For this purpose, the racemic side has to be shielded, which can be achieved mainly in two ways: The most obvious
way of shielding could be of steric nature and involve the incorporation of, for example, fert-butyl groups to
equalize the distance between the photoredox active catalyst core and the substrate on all sides of the catalyst or to
increase it on the symmetric side. In the resulting complex of the form [Ru(tBu-bpy).(BOX-bpy)]** 536, the
preference for enantioselective transformation should therefore be based 1. on the activating effect of the Lewis
acid, and 2. on the exploitation of the distance dependancy of electron transfers (figure 34, left). An alternative
shielding approach could be of electronic type and increase the electron density on the BOX averted side by
incorporation of alkoxy substituents in such a way that removal of degeneracy of excited triplet MLCT's results
and, during photoexcitation, the electron is preferentially excited into orbitals on the BOX-substituted catalyst side

(figure 34, right).

electronically disfavored side

" ~ "

sterically shielded side

S
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536 R=0Me 537
R=O0OPr 697

figure 34. Envisioned steric shielding and electronic disfavoring of achiral sides in heteroleptic photocatalysts 536, 537 and 697
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3.2.3.1 Synthesis of precursor complexes Ru(R-bpy),Cl, 701-703

For the synthesis of heteroleptic complexes of the form [Ru(R-bpy)(BOX-bpy)]* (536, 537 and 697), several
approaches focused initially on the synthesis of precursor complexes of the form cis-Ru(R-bpy).Cl, 701-703,
allowing BOX-bpy 529 to be incorporated at a later stage (scheme 87). These structures can be obtained by simple
refluxing of a mixture of RuCl; x HO 676 with two equivalents of the corresponding ligand 698-700 in reducing
solvents, e.g. alcohols or DMF. Under these conditions, however, relatively long reaction times are usually
required, thus synthetic methods have been developed using sugars as reducing additives, allowing greatly
shortened reaction times.® Moreover, the synthesis can be carried out using Ru(Il) sources such as
cis-RuCly(dmso)s 677 or RuCly(n*-COD) 683. As both the concept of steric shielding and electronic disfavoring
should be evaluated, a variety of approaches to the synthesis of precursor complexes with different bipyridine
derivatives 698-700 were carried out. In addition to commercially available tert-butyl-bipyridine 698 and
methoxy-bipyridine 699, isopropyloxy-bipyridine 700 was also used, as it was hypothesized that the heteroleptic
complex obtainable with it could embody a symbiosis of steric shielding and electronic disfavoring. The parameters

and results of selected experiments of the synthesis of precursor complexes are summarized in table 4.

R
]
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R Ru-source ~ I N
o N Cl
= | (+additive / reductant) X \RJ
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R _ | \N solvent, T, t ~ | Cl
R=Bu 698 R=tBu 701 536
R = OMe 699 R=0Me 702 R 537
R=0iPr 700 R=0iPr 703 697

scheme 87. Synthesis of precursor complexes 701, 702 and 703 for the synthesis of heteroleptic BOX-substituted complexes 536, 537 and
697.

Starting from dimethoxybipyridine 699, refluxing in a mixture of hydrogen bromide and acetic acid gave
dihydroxybipyridine 704 in a moderate yield of 67%.*° The dihydroxy derivative 704 was reacted with an excess
of isopropyl bromide in the presence of potassium carbonate to neutralize the hydrogen bromide released during
the reaction, and catalytic amounts of potassium iodide to accelerate the substitution by intermediate formation
of the more reactive alkyl iodide. In a small scale, diisopropyloxybipyridine 700 was obtained in quantitative yield,

on a larger scale, the product was obtained in very good yield of 84% (scheme 88).

OMe OH QOiPr
SN SN iPr-Br | AN
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PN O e Ly s o et LA A o
NI P reflux, 72 h NI P 48 h n P
699 67% 704 84 - 99% 700

scheme 88. Synthesis of diisopropyloxybipyridine 700 from dimethoxybipyridine 699.
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table 4. Parameters and results of selected experiments on the synthesis of different precursor complexes of the form Ru(R-bpy)Ch.

entry bpy-R Ru source c¢(Ru) additive [eq.] reductant solvent T [°C] t [min] yield
1 tBu RuCl; xH,O 0.038 M LiCl [40] glucose / ascorbic acid H,O / HOCH,CH,OH 110 60 ---
2 tBu RuCl; xH,O 0.041 M LiCl [40] glucose / ascorbic acid H,O / HOCH,CH,OH 110 100 ---
3 tBu RuCl; xH,O 0.273 M LiCl [5.7] glucose / ascorbic acid H,O / HOCH,CH,OH 110 75 ---
4 OMe RuCl; xH,O 0.038 M LiCl [40] glucose / ascorbic acid H,O / HOCH,CH,OH 110 30 ---
5 OMe RuCl; xH,O 0.038 M LiCl [40] glucose / ascorbic acid H,O / HOCH,CH,OH 110 60 ---
6 OiPr RuCl; xH,O 0.038 M LiCl [13] glucose / ascorbic acid H,O / HOCH,CH,OH 110 60 ---
7 tBu RuCl; xH,O 0.191 M LiCl [6.8] --- DMF 156 480 ---
8 tBu RuCl,(dmso), 0.012 M LiCl [10] --- DMF 130 150 ---
9 OMe RuCl,(dmso), 0.012 M LiCl [10] --- DMF 130 150 ---
10 OiPr RuCly(dmso), 0.012 M LiCl [10] --- DMF 130 150 ---
11 OMe RuCly(dmso), 0.011 M - - CHCl; 61.2 180 -
12 QiPr RuCl,(dmso), 0.011 M - - CHCl; 61.2 180 -
13 tBu Ru(COD)Cl, 0.200 M --- --- 0-C¢H4Cly 140 180 32%
14 tBu Ru(COD)Cl, 0.200 M 0-CsHiCl, 140 180 82%
15 OMe Ru(COD)Cl, 0.198 M 0-CeHiCl, 140 180
16 OiPr Ru(COD)Cl, 0.195 M 0-CeHiCl, 140 > 180 360
17 OMe Ru(COD)Cl, 0.198 M 0-CeHiCl, 180 180 83%
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The initial experiments were carried out according to a modified protocol by Cheruzel et al., who optimized the
synthesis of bis(bipyridine)-ruthenium(II) complexes from RuClsx H,O (676) in the presence of reducing
additives, e.g. glucose and ascorbic acid and successfully synthesized both cis-Ru(tBu-bpy).Cl, (701) and
cis-Ru(MeO-bpy):Cl; (702) in a short time and in good yields.”®® They performed the reaction in the presence of a
large excess of lithium chloride which serves to prevent the addition of a third ligand and formation of a homoleptic
complex of the form [Ru(R-bpy)s]** (714-716). Although accurate analyses of such complexes by structure-
resolving techniques such as 'H-NMR are rather uncommon and often the crude product is used in the next
complexation step without further analysis or purification, all complexation approaches were subjected to
thorough 'H-NMR analysis. This serves on the one hand to minimize potential losses of the ligand 529 in the
development of a complex synthesis, but also to establish a more reproducible synthetic route. Following the
published results with R = tBu provided a dark violet microcrystalline solid in quantitative yield, assuming the
observed substance was indeed cis-Ru(tBu-bpy)Cl; (701), however the unambiguous confirmation of the
successful synthesis by 'H-NMR spectroscopy proved to be challenging (entries 1 - 2). Hence, two separate
tert-butyl signals comprising 18H each were clearly detectable, indicating a desymmetrization compared to the
free ligand 529, which is only to be expected for the desired product cis-Ru(tBu-bpy)ClL, (701) or a precursor of the
form cis,cis-Ru(fBu-bpy)CLX; (705), however the aromatic region showed only four equally intense signals. The
appearance of four signals cannot be rationalized easily by any of the conceivable species 701-716 (figure 35) since
complexes of higher symmetry should carry only three aromatic hydrogen atoms due to the tert-butyl substituent
at the 4- or 4’-position of the bipyridine fragment and thus show only three signals. Low symmetry complexes, on
the other hand, should exhibit three signals each for rings that are trans to chloride or trans to other ligands

(bpy or X), i.e. a total of six signals.
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figure 35. Classification of conceivable complexes according to their symmetry: Top — low symmetry species, bottom — high symmetry species.
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Based on the appearance of the obtained complex, which was in agreement with several publications, it was
assumed that it might be the trans-derivative 708 with three bipyridine-signals in addition to an unknown
impurity, the integral of which coincidentally showed similar intensity. The complex was therefore used in a test
run of the subsequent complexation and indeed successfully afforded the first heteroleptic complex
(chapter 3.2.3.2). Subsequent approaches focused on the goal of obtaining a more comprehensible "H-NMR

analysis in order to employ a better defined substance in the final complexation step than in this test approach.

The reaction was repeated with extended reaction time (entry 2) to ensure that the thermodynamically more
favorable cis-derivative 701 was obtained. A similar spectrum was obtained, but with significantly broadened
signals indicating paramagnetic Ru(III) and thus a failed reduction. By mass spectrometry, the product mass was
confirmed, but the detected compound did not show ionization by protonation or similar. The results obtained
indicated a failed reduction of the paramagnetic Ru(III) and formation of a species of the type [Ru(tBu-bpy).CL]Cl,
which was reported previously.’® The reason might be that the reaction mixture was not degassed by freeze-pump-
thaw but only by bubbling nitrogen into the reaction mixture, although no information was provided in the
literature about prior degassing or required inert handling: Instead, these types of structures are typically filtered
off under air by Buichner filtration and sometimes dried and stored under air. Also, the commercially available
Ru(bpy).Cl; (717) does not require any specifically mentioned inert handling. Nevertheless, all further approaches

were performed in thoroughly degassed solvent.

In the subsequent reaction (entry 3), the concentration was substantially increased. Purification via a short
aluminium oxide column allowed the separation of a small amount of a side-product, the mass spectrum of which
showed dominantly the product mass in addition to a large amount of free ligand 698. The '"H-NMR spectrum
displayed only three signals in the aromatic region, indicating that it was the trans-derivative 708. Furthermore, a
larger amount of a substance was obtained, whose mass spectrum likewise dominantly contained the product mass,
in addition to a small amount of the free ligand 698, and whose '"H-NMR spectrum showed for the first time the
(for symmetry reasons) expected number of signals in the aromatic region, in addition to minor trans-product 708

signals.

1H NMR (300.13 MHz, CDCI3)

cis-Ru(tBu-bpy).Cl

trans-Ru(tBu-bpy).Cl

,’/”/ U s
i s
o nao o
o ~N ® o
— — N

r T T T T T T T T T T T T T T T T T T T T T T As

T T T
20 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 00 -05 -l
[ppm]

spectrum 5. "H-NMR of the obtained mixture of cis-Ru(tBu-bpy)>Clx (701) and trans-Ru(tBu-bpy).Cl> (708).
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When similar conditions were applied using 4,4’-methoxybipyridine 699 (entry 4) the appearance of the obtained
reaction product did not match the reference in the literature describing a smooth shiny violet microcrystalline
solid. Instead, a brown powder was obtained exhibiting very poor solubility in many common solvents, thus
hampering "H-NMR analysis. Nonetheless, very small 'H-NMR signals were obtained in both d;-MeOH and
ds-MeCN, although these included only three aromatic bipyridine signals and one methoxy signal. For symmetry
reasons, six aromatic signals are expected for all desired cis-RuClL(R-bpy). derivatives (701-703), as well as two
peak sets for the corresponding residue (tBu, OMe, OiPr). Therefore, the observed signals can only be attributed
to free dimethoxybipyridine 699 or an isomer of higher symmetry (709, 712, 715). The reaction was repeated with
extended reaction time and using twice the amount of ascorbic acid to ensure successful reduction (entry 5). After
cooling and precipitation, a shiny, deep violet microcrystalline solid was indeed obtained, the appearance of which
changed, however, to a dark brown powder as it was dried by a stream of air over the Biichner funnel. It is possible
that the change in appearance was associated with a transformation of the substance that was drying. The 'H-NMR
spectrum showed the same signals as in the previous experiment; after a week, additional signals became visible in
the aromatic region and around the methoxysignals, either as a result of ligand dissociation or particularly slow
dissolution of the desired cis-RuCl,(MeO-bpy)2 (702). The encountered problem, as well as a thorough analysis of

the compound, have not been reported previously.

It was hypothesized that the observed difficulties could be overcome by employing a different alkyl residue.
Therefore, diisopropyloxybipyridine 700 was subjected to the conditions of previous approaches (entry 6).
Precipitation and filtration provided a black solid, that partly dissolved in acetone. In the '"H-NMR, the solubilized
substance showed the ligand signals clearly shifted (possibly due to Ru coordination), but similar to previous
attempts (with R = OMe), only 3 signals in the aromatic region and only one signal set for the iPr residues. The
mass spectrum indicated the mass of the product probably because the trans-product709 was formed.
Furthermore, the mass of the homoleptic complex [Ru(iPrO-bpy)s]** (716) was visible. In contrast, the acetone-
insoluble substance showed a doubled set of signals for the iPr residues but only three clearly resolved aromatic
signals with 2H each, in addition to two strongly broadened, not clearly identifiable signals with 4H and 2H,
respectively, thus a total of 12 aromatic protons as expected for the desired cis-product 703 and also in the mass
spectrum a peak set with an isotopic pattern typical for ruthenium was recognizable in the region of the product

mass. However, the desired mass could not be found by HRMS-ESI.

In summary, all approaches starting from RuCl; x H,O (676) aiming to shorten the reaction time by using external
reducing agents (sugars and ascorbic acid) were characterized by low selectivity, problematic purification and
difficulties in confirming cis-RuCL(R-bpy), (701-703) unambiguously (entries 1 - 6). Therefore, further
approaches focused on alternative synthetic methods. The tBu-ligand was refluxed with RuCls x H,O (676) in the
presence of LiCl in thoroughly degassed DMF (entry 7). This approach aimed at the tendency of DMF to
decompose at high temperatures, resulting in the release of dimethylamine, which can act as a reducing agent.’®

However, as there is no sudden decomposition of all DMF molecules above a certain temperature, it was suspected
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that a significantly prolonged reaction time of 8 h is required for a complete reduction of the Ru(III) source. After
repeated purification experiments by column chromatography in mixtures of
dichloromethane/methanol/ammonia-solution or benzene/acetone, a dark purple compound was obtained the
"H-NMR spectrum of which contained the expected signals for a cis-RuX,(tBu-bpy). species as well as DMF signals
whose integrals indicated that two DMF molecules were coordinated to Ruthenium (X = DMF). It is possible that
the mixture was refluxed for too long, allowing the chlorido ligands to be exchanged for solvent molecules. Since
it was assumed that the reduction of Ru(III) by DMF requires a prolonged reaction time, the most obvious solution

was to use Ru(II) precursors in subsequent approaches.

Using cis-RuCl,(dmso)s 677 for the complexation of tBu-bipyridine in DMF, several species were obtained after
column chromatography, the 'H-NMR spectra of which exhibited several signals similar to those for Ru-bound
DMSO in the spectrum of the Ru(II) precursor (entry 8). With R = OMe, obtaining a pure substance was not
possible by both column chromatography and precipitation, resulting in 'H-NMR spectra that did not allow
reliable analysis due to the large number of signals, some of which were poorly resolved (entry 9). With R = OiPr,
the expected number of signals in the aromatic region was again obtained in this way, but the integral of the
isopropyl signals relative to aromatic signals showed only half of the expected protons, suggesting the formation
of another asymmetric intermediate for example of the general form cis,cis-RuX,CL(i{PrO-bpy) 707 (entry 10).
Indeed, the formation of such a species for X = dmso was confirmed by mass spectrometry, besides two dominant
peak sets at much higher masses (m/z 852 and m/z 1011), which could not be explained by any obvious potential

side reaction (m/z [Ru(iPrO-bpy)s]**: 918; m/z RuClL(dmf),(iPrO-bpy) 792; m/z RuCly(dmso),(iPrO-bpy) 600).

On one hand, the results indicate that an exchange of chlorido ligands against DMF molecules takes place at
prolonged reaction times, on the other hand, too short reaction times apparently lead to an incomplete exchange
of dmso ligands against two bpy ligands. Therefore, two complexation approaches were carried out with R = OMe
and R = OiPr at extended reaction time but in non-coordinating chloroform (entries 11 - 12). In both approaches,
the formation of a large number of spots was evident on TLC. The precipitation from acetone with Et,O, as
described for these types of complexes, only slightly reduced the number of spots in the case of R = OMe. It is

possible that the absence of LiCl was responsible for the formation of many byproducts.

Ultimately, further approaches were made using the Ru(II) precursor RuCL(COD) 683, the use of which was
reported to provide access to the desired cis-complexes: Heating the precursor 683 with 2 equivalents of the
ligand 702 in 1,2-dichlorobenzene to 180 °C for 2 h according to Meyer et al. or to 140 °C for 3 h according to Du
Bois et al. has been reported to provide access to cis-Ru(MeO-bpy)Cl; 702 in excellent yields.®>*'° However, the

authors did not perform any further analysis and instead assumed the amount of their crude product to be pure

product and used it in subsequent steps.

In the reaction of Ru(COD)CI,; 683 with tBu-bpy 698 according to Du Bois et al. the product was precipitated with
n-hexane in a very microcrystalline form, so that filtration through a Biichner funnel fitted with filter paper

repeatedly failed to collect all solid particles.’® The first filtration gave a sample indeed containing dominantly
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cis-RuCL(tBu-bpy), (701) next to little impurity of free ligand 698 or any symmetric derivative, e.g.,
trans-RuCly(tBu-bpy). (708), in a poor yield of 14%. The second filtration gave the desired complex without traces
of other Ru complexes, but mixed with residues of the solvent 1,2-dichlorobenzene (bp 180 °C); '"H-NMR allowed

the determination of a yield of 32% from this sample (entry 13).

When the reaction was repeated, the work-up strategy was optimized by removing the supernatant solution from
the precipitated product after sedimentation using a syringe and repeatedly purifying the residual solid within the
flask by slurrying with n-hexane, sedimentation and removal of the supernatant solution. In this way, most of the
dichlorobenzene was washed out. After drying in high vacuum, the substance was obtained in a yield of 98%,
however, after 'H-NMR analysis and consideration of the remaining contamination with dichlorobenzene, the
substance was obtained in a yield of 82% (entry 14). The cis-RuCL(tBu-bpy). (701) obtained was not further
purified, since residues of the non-coordinating solvent should not have a negative effect on the subsequent

reaction.

Following the same procedure according to Du Bois ef al. using dimethoxybipyridine 699 led to the isolation of a
brown solid, the "H-NMR analysis of which showed only one dominant set of signals with 3 aromatic signals (2°!°
709 Employing iPrO-bpy 700 under the same conditions gave similar results (entry 16), however besides dominant
signs of the trans-product 710 another set of signal was visible indicating that it might have been a mixture of cis-
product 703 and trans-isomer 710. Given that most approaches so far, especially when employing alkoxy-
bipyridines 699 and 700, led primarily to the formation of the trans-isomers 709 and 710 it was assumed that these
might be kinetically favored while the formation of the desired cis-products 702 and 703 requires even higher
temperatures. Therefore, according to Meyer et al. the crude cis/trans-mixture obtained was dissolved in
dichlorobenzene again and heated to 180 °C for another three hours hoping for an isomerization to the
cis-isomer 703 (entry 16).% However, the spectrum obtained in this way did not show a change in the cis/trans-
ratio. The conditions of the Meyer group were examined again using methoxy-bipyridine 699 (entry 17).5* After
3 h at 180 °C n-hexane was added and the precipitate repeatedly washed inside the flask by carefully removing the
supernatant liquid followed by addition of clean n-hexane to the solid residue. Although the reaction was
performed in a small 100 mg scale, the washing procedure was repeated with a total of 120 mL n-hexane. 'H-NMR-
analysis of the solid in CDCls, did not show any signals similar to MeO-bpy 699, probably as a result of a
significantly increased dipole of the cis-derivative 702 and associated altered solubility. When the substance was
analyzed as a solution in DMSO-ds the formation of the desired cis-complex Ru(MeO-bpy).Cl, 702 was indeed

unambiguously confirmed on the basis of 6 aromatic signals and two MeO-signals (spectrum 6).
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1H NMR (300.13 MHz, DMSO)
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spectrum 6. 'H-NMR spectrum confirming the formation of cis-Ru(MeO-bpy)Cl (702).

In summary, the synthesis utilizing the RuCl,(COD) precursor 683 provided the best results, presumably because
the exchange of the n*-bound COD ligand 681 automatically leads to the exposure of 4 coordination sides and thus
there is less risk of only partial exchange of dmso ligands. For the synthesis of the tBu precursor complex 701, a
maximum yield of 82% was obtained at 140 °C, whereas an even higher temperature of 180 °C is required when
MeO-bipyridine 699 is employed. Since the methoxy derivative 702 is sufficient to qualitatively investigate the
concept of electronically directed excitation, the synthesis of the isopropyloxy derivative 703 was not further
investigated. Instead, subsequent approaches focused on the incorporation of BOX-bpy529 into the

cis-Ru(R-bpy)Cl, precursor complexes 701 and 702.
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3.23.2 Incorporation of BOX-bpy 529 into heteroleptic photocatalysts 532, 536 and 537
The synthesis of heteroleptic photocatalysts of the general formula [Ru(R-bpy).(BOX-bpy)]** was approached

starting from the corresponding precursor complexes (717, 701, 702) (chapter 3.2.3.1) by reaction with
BOX-bpy 529 following two different pathways (scheme 89). The reaction parameters and results of selected

transformations are summarized in table 5.

R
BOX-bpy
a solvent, T, t R~
N
1. AgOTf
b acetone, rt, 2 h R X
2. BOX-bpy
acetone, T, t
R=H 717 R=H
R=tBu 701 R=tBu 536
R=0Me 702 [R=0Me 537 __12PFg
scheme 89. Evaluated procedures for the synthesis of heteroleptic photocatalysts 532, 536 and 537.
table 5. Parameters and results of selected experiments for the synthesis of heteroleptic photocatalysts 532, 536 and 537.
entry R n(Ru) [umol]  procedure solvent additive T [°C] t [h] yield [%]
1 H 48.0 a H,O / MeOH --- 100 1.5 ---
2 H 48.0 a MeCN --- 82 18 ---
3 H 72.6 b acetone AgOTf 56 2+18 33
4 H 72.6 b acetone AgOTf 56 2+35 46
5 H 76.6 b acetone AgOTf 50 2+3 42
6 H 165 b acetone AgOTS 50 2+3 46
7 H 155 B acetone AgOTS 50 2+3 60
8 Bu 914 b acetone AgOTS 50 2+3 44
9 Bu 64.0 b acetone AgOTS 50 2+4 52
10 | tBu 165 b acetone AgOTS 50 2+3 52
11 | OMe 88.7 b acetone AgOTS 50 2+3 37
12 | OMe 165 B acetone AgOTS 50 2+3 46

The initial experiments investigated whether simple heating of a solution of a commercially available precursor
complex 717 with BOX-bpy 529 leads to exchange of the chlorido ligands and incorporation of BOX-bpy 529 to

form the desired heteroleptic complexes 532, 536 and 537. After 1.5h at 100 °C in a mixture of H,O/MeOH
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(entry 1), a '"H-NMR spectrum was obtained that showed product-like signals at the expected chemical shifts, yet
signal analysis was severely hampered by signal broadening caused either by the oxidation of the metal centre to
paramagnetic Ru(III) or the overlapping of a large number of structurally related species. The latter was confirmed
by mass spectrometry which included the signal sets of a multitude of Ru complexes although not of the product
mass. In addition, the mass resulting from the hydrating oxazoline ring opening was clearly detectable. Based on
the assumption that a longer reaction time might be required for the replacement of the chlorido ligands and also
for the formation of the thermodynamically most favorable complex, as well as to prevent hydrating ring openings,
an analogous mixture was refluxed in acetonitrile (without H,O) for 20 h (entry 2). However, instead of the desired
complex [Ru(bpy)(BOX-bpy)]** (532) (M 1070.4469, m/z 535.2229) or the precursor Ru(bpy).Cl 717
(M 483.9796, m/z 483.9796) or by-products from single or double exchange of the chlorido ligands against MeCN.
([Ru(bpy)2(MeCN)CI]*, M 490.0372, m/z 490.0367; [Ru(bpy)-(MeCN),]** M 496.0938, m/z 248.0469) a dominant
signal set with Ru-type splitting and single charge around the mass of 639.141 was obtained, the assignment of

which was not successful.

Further approaches therefore pursued an alternative complexation strategy (procedure b) based on exploiting the
extraordinary affinity of silver salts for the formation of silver chloride: The corresponding precomplex was
dissolved in acetone, mixed with silver triflate and stirred for 2 h at room temperature, aiming at the formation of
the acetone complex [Ru(R-bpy).(acetone)]**. In the second step the acetone ligands should be readily exchanged
for the chelating BOX-bpy ligand 529 under mild conditions (50 °C). When cis-Ru(bpy):.Cl; (717) was subjected
to these conditions, the silver chloride formed in the first step was separated by Schlenk filtration of the supernatant
solution into another flask, to which a solution of BOX-bpy 529 was added. After refluxing overnight,
concentration in vacuo and purification by precipitation as hexafluorophosphate salt as well as column
chromatography followed by washing with KPFg-solution, the desired heteroleptic complex
[Ru(bpy)2(BOX-bpy)]l(PFs). (532) was obtained for the first time in a yield of 33% (entry 3). During an attempt to
develop a simplified purification strategy of the very polar complex compound by reverse-phase HPLC
(H.O/MeCN 80:20), the product was lost. Under the same conditions, [Ru(bpy)(BOX-bpy)]** (532) was prepared
multiple times (entry 4 - 7), but with considerably less experimental effort due to the use of syringe filtration for
the separation of the complex solution from precipitated silver salts. During these experiments an optimized
reaction time of only about 3 h was determined by TLC. the desired complex 532 was obtained reproducably in a

moderate yield of 42 - 60%.

With these conditions at hand, the reaction was carried out again using the previously prepared precursor
complexes cis-RuCL(tBu-bpy), (701) and cis-RuCl,(MeO-bpy), (702). After removal of the solvent, the residues
were purified by column chromatography and the obtained substances washed with KPFs to ensure saturation of
the cationic complexes with well-defined hexafluorophosphate anions. In this way, the sterically shielded

heteroleptic complex [Ru(tBu-bpy)(BOX-bpy)I(PFs). (536) and the electronically modified complex
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[Ru(MeO-bpy).(BOX-bpy)]l(PFe), (537) were obtained in yields of 44 — 52% and 37 - 46%, respectively. The scale

of the reaction had no discernible influence on the resulting yields.

Despite the similarities of the three catalyst structures, they differ in "H-NMR spectroscopic analyses not only in
the signal sets of the residues located in the 4-positions of the achiral catalyst sides (R = H, tBu, MeO) but also in
the splitting pattern of aromatic signals, resulting both from electronic differences of the substituents and the
relative position of the rings to each other. In the "H-NMR spectrum of the heteroleptic complex with R = H four
aromatic signals can be identified, three of which have an integral of 6H and probably represent the bipyridine
protons at ring positions 3, 5 and 6. The fourth of the signals comprises only 4H, possibly originating from the

hydrogen atoms at the 4-positions of the unsubstituted bipyridine ligands (spectrum 7).
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spectrum 7. 'H-NMR analysis of [Ru(bpy)2(BOX-bpy)](PFs)2 (532).

In the '"H-NMR spectrum of the heteroleptic complex with R = tBu 536, the successful synthesis is evident from
the correct ratio of the tert-butyl signal and the signals of isopropyl residues of the BOX-fragments (36H/24H). In
the aromatic region, despite the substituents at the four positions of all pyridine rings and the resulting remaining
of only 3H per pyridine ring, a splitting into four signals with the relative intensities 6H, 2H, 4H, 6H is recognizable.
Given that there are 6 rings with 3 aromatic protons each, this splitting probably results from electronic differences
of the individual pyridine rings, which differ on the one hand in their own substituent and on the other hand in
the type of the pyridine ring in trans position. Due to the stronger electron-donating nature of the tert-butyl
substituents compared to the BOX-fragments, one group of hydrogen atoms could be more strongly shielded and

thus high-field shifted in the tBu-substituted rings than the hydrogen atoms at the BOX-substituted pyridine rings.
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Another interpretation could attribute the splitting not to the electronic effects of the ring substituents, but to the
relative positions of the six-rings to each other, i.e. ligand effects. The distinction could therefore also result from
the fact that four pyridine rings are located trans to a tert-butyl-substituted pyridine ring, while only two pyridine
rings are located trans to a BOX-substituted pyridine ring. Which of these analyses is correct remains unclear, but
the fact that there is a splitting of one type of signal and thus an electronic distinction between the asymmetric
BOX-bpy side and the symmetric tBu-bpy side suggests that in the course of the photoreaction there might occur
an electronic disfavoring in addition to the steric shielding of the tert-butyl residues, which was originally intended

to be achieved and investigated using alkoxy-substituted derivative 537 (spectrum 8).
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spectrum 8. 'H-NMR analysis of [Ru(tBu-bpy)2(BOX-bpy)]{PFs)2 (536).

In the methoxy-substituted derivative 537, a splitting of the aromatic signals into a total of six signals is observed,
of which three signals exhibit an integral of 2H and the remaining three signals show an integral of 4H. Despite
the identical substitution pattern compared to the tBu-substituted catalyst, the splitting of the aromatic signals
differs significantly. This might be due to the much stronger electron-donating nature of the methoxy substituents,
making all the effects used previously to explain the splitting patterns of the ring protons even more pronounced
than in the tBu complex 536. While the tBu residues exhibit a slight electron-donating inductive effect, the stronger
electron-donating mesomeric effects of the MeO residues cause a more significant distinguishability of the six
rings. All six rings carry three hydrogen atoms at positions 3, 5 and 6. Since four of the six rings carry strongly
electron-donating MeO substituents, this presumably results in one signal per ring position with one proton

originating from each MeO-substituted ring, thus 3 signals with 4H each. The two comparatively electron-poor
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BOX-substituted pyridine rings also carry three hydrogen atoms each at the ring positions mentioned, likewise
resulting in three signals. However, since there are only two BOX-substituted rings, the integral of these signals is
only 2H. Alternatively, it might be argued by the relative position of the rings to each other, in particular with the
trans effect. Since four of six rings are trans to a methoxy-substituted ring, but only two rings are trans to a BOX-
substituted ring, a similar splitting into two signal sets with 3 signals each, one of them with integral four and the
other with integral two, is reasonable. Despite the strong electron-donating nature of the MeO-substituents,
splitting and signal position are not exclusively dominated by the direct influences of the ring substituents, but are
also influenced by the relative position of the rings to each other, which can also be seen on close inspection of the
MeO-signal (at 3.98 — 4.01 ppm): It is not just a singlet with 12H for all four MeO-groups, but two singlets with

6H each, accounting for the relative position of the rings to each other (spectrum 9).
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spectrum 9. 'H-NMR analysis of [Ru(MeO-bpy)2(BOX-bpy)]l(PFs)2 (537).

Although the synthesis of the originally targeted homoleptic catalyst complex [Ru(BOX-bpy)s](PFs). (540) failed,
the synthesis of three significantly different heteroleptic complexes 532, 536 and 537 succeeded. During the
investigation of substituent influences on the enantiomeric excess, [Ru(bpy).(BOX-bpy)l(PFe). (532) serves as a
reference system without shielding, allowing the evaluation of both the concept of steric shielding using
[Ru(tBu-bpy).(BOX-bpy)1(PFs), (536) and the conceptually new concept of electronically directed excitation using

[Ru(MeO-bpy).(BOX-bpy)](PFs). (537).
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3.3 Photophysical and electrochemical properties of the photocatalysts 532,536 and 537
Before evaluating the heteroleptic complexes 532, 536 and 537 in asymmetric photoredox transformations, some
photophysical and electrochemical characterizations were performed. Irrespective whether the targeted reactivity
is based on energy transfer or electron transfer, knowledge of the underlying parameters allows predictions about
thermodynamically possible reactions, since the orbital energies or redox potentials of the substrates must fit the

catalyst system.

As discussed in the introductory chapter on photophysical properties of [Ru(bpy)s]** (7) (chapter 1.1), visible light
irradiation causes excitation of an electron from a metal-centred d-orbital (HOMO) into ligand-centred n* orbitals
forming a short-lived !MLCT-state. After thermal relaxation and intersystem crossing, a long-lived *MLCT state
is formed, which is responsible for the photoredox reactivity of such structures. In homoleptic [Ru(bpy)s]** (7),
three equivalent mi;* orbitals are available for excitation, ultimately resulting in three degenerate low-energy "MLCT
states consisting of a formally oxidized metal centre surrounded by a reduced bipyridyl radical anion and two

neutral bipyridines (equation 33).2>2

hv
]R ||b 2+ - > 3R |||b bpy" 2+*
[Ru”(bpy)s] MLCT + 1SC [Ru™(bpy),(bpy~)]
7 718

equation 33. Formation of localized lowest energy *MLCT by visible light irradiation on the example of homoleptic [Ru(bpy)s]?* (7).

Whether the electron is actually localized in a w* orbital on one bipyridine orbital or is distributed in multichelate
ring-delocalized orbitals over all bipyridines has been the subject of a long-standing controversy, which was finally
decided in favor of a broadly accepted concept of localized MLCT states with the help of a variety of photophysical
measurements of ground and excited states, including low-temperature cyclic voltammetry and time-resolved

Spectroscopy methods.ZO, 22, 34, 35, 37-46, 311-313

For the excitation of heteroleptic complexes, a more complex picture emerges, since different ligands are available
for the formal ligand reduction associated with the excitation, whose 7* orbital energies and thus reduction
potentials differ more or less strongly depending on their substituents. While electron-donating substituents on
the ligand lead to an increase in the orbital energies and thus a decrease in the redox potential, electron-
withdrawing residues cause the opposite effect.”>” In the case of very similar orbital energies, *MLCT excitation
could still occur into multiple quasi-degenerate w* orbitals despite the heteroleptic nature of the complex, resulting
in multiple conceivable localized excited *MLCT states (equation 34). If the * orbital energies of the different

ligands differ more, reduction occurs at the ligand with the 7* orbital that is easiest to reduce.®®

3[Ru"(R-bpy),(R*-bpy~)12*"
hv 720

1 R 1] R-b R-b 2+
[Ru™(R-bpy),(R-bpy)] MLCT + ISC

719 3[Ru"(R-bpy) (R-bpy)(R-bpy)12**

721
equation 34. Conceivable localized lowest energy *MLCTs accessible by excitation of heteroleptic complexes with electronically similar ligands.
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Since the excitation formally represents an intramolecular charge transfer and the orbitals involved in the redox
processes are the same orbitals involved in the MLCT transition, a photophysical and electrochemical investigation
of the heteroleptic complexes 532,536 and 537 may clarify whether the envisioned concept of electronically
disfavoring an achiral catalyst side by localizing the lowest energy m* orbital on the BOX-substituted side has
succeeded. The heteroleptic complexes 532, 536 and 537, as well as the prototypical [Ru(bpy)s](PFe). (7), were
therefore studied by cyclic voltammetry, as well as UV/VIS and emission spectroscopy. The absorption and
emission maxima and energies, extinction coefficients, quantum yields and lifetimes and E,/» redox potential of the

ground state and the approximated excited state potentials are summarized in table 6.

To account for Einstein coefficients, the absorption spectra were divided by the wavenumber and the emission
spectra were divided by the third power of the wavenumber before normalizing to the longest wavelength
absorption maximum and emission maximum, respectively. Although the comparison of the resulting absorption
and emission spectra shows an essentially similar trend in the shift of maxima with respect to the substituents,

there is no mirror symmetry, confirming that absorption and emission occur from different states.
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spectrum 10. Corrected and normalized absorption and emission spectra of [Ru(bpy)s]** (7) and the bifunctional heteroleptic
analogues 532,536 and 537.
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table 6. Photophysical and electrochemical parameters of [Ru(bpy)s]** (7) and bifunctional heteroleptic analogues 532,536 and 537.

Aabs € Vabs Eabs Xem Vem Eem Vistokes ¢ T
[Ru"(R-bpy)>(R-bpy)]** R R
[nm] [L/(mol.cm)] [em™] [eV] [nm] [em] [eV] [em] [%] [ns]
[Ru(bpy)s](PFs)2 H H 452 15900 22173 2.74 618 16181 2.01 6000 6.55 759
[Ru(bpy)2(BOX-bpy)] (PFs), H BOX 455 12500 22075 273 630 16000 1.97 6200 3.28 921
[Ru(tBu-bpy).(BOX-bpy)](PFs). tBu BOX 460 16200 21786 2.70 648 15528 1.91 6400 2.82 775
[Ru(MeO-bpy)(BOX-bpy)]|(PFs), OMe BOX 475 9100 21053 2.61 683 14728 1.82 6400 673
Ei [Ru(R-bpy)2(R>-bpy)**|  Eiz [Ru(R-bpy)(R>-bpy)]**|
R R Ey [Ru"|Ru"] Ei [R-bpyi|R-bpy:”]  Ein [R-bpyz|R-bpy>"]  Eip [R-bpys|R-bpys;]  [Ru(R-bpy)»(R-bpy)]***] [Ru(R-bpy),(R’-bpy)]*]
[V vs. Fc] [V vs. Fc] [V vs. Fc] [V vs. Fc] [V vs. Fc] [V vs. Fc]
H H 0.890 -1.73 -1.92 -2.16 —1.285 0.455
H BOX 0.908 -1.71 -1.90 -2.15 -1.218 0.418
tBu BOX 0.823 -1.70 -1.98 -2.22 -1.252 0.362
OMe BOX 0.677 -1.72 -1.99 -2.19 -1.351 0.311
Eiz [Ru(R-bpy)>(R-bpy)I**|  Eiz [Ru(R-bpy)»(R’-bpy)[**|
R R’ E [RuT|Ru"]  Eis [R-bpyi|R-bpy:”]  Eiz [R-bpy:|R-bpy>"]  Euz [R-bpys|R-bpy:™]  [Ru(R-bpy)(R’-bpy)]*™*] [Ru(R-bpy).(R>-bpy)]']
[V vs. SCE] [V vs. SCE] [V vs. SCE] [V vs. SCE] [V vs. SCE] [V vs. SCE]
H H 1.27 -1.35 -1.54 -1.78 -0.905 0.835
H BOX 1.29 -1.33 -1.52 -1.77 —0.838 0.798
tBu BOX 1.20 -1.32 -1.60 -1.84 -0.872 0.742

OMe BOX 1.06 -1.34 -1.61 -1.81 -0.971 0.691
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The UV/VIS spectra show broad absorption bands in the visible region between 400 - 600 nm, which in the case
of [Ru(bpy)s]** (7) were assigned to the MLCT transition ([dn®] - ![d7°m*]).2°% Below 300 nm, especially the
heteroleptic complexes [Ru(bpy)(BOX-bpy)]** (532) and [Ru(tBu-bpy).(BOX-bpy)]** (536) show great similarity
to [Ru(bpy)s]** (7), on the one hand exhibiting a high intensity band for ligand-centred excitation (1t — 7*) at
287 - 289 nm, furthermore with bands of lower intensity around 250 nm, which in the case of [Ru(bpy);]** (7) were
assigned to another MLCT transition into energetically higher ligand n* orbitals ([dn®] - *[dn®n;*']).2*** The
direct spin-forbidden triplet excitation results from spin-orbit coupling, merging the orbitals and spin character
in the electronic wavefunctions, with the singlet character dictating the absorptivity.**>7® When the absorption is
measured at 77 K in ethanol-methanol glass the direct transition to the lowest *MLCT-state is also observable in
the low energy tail (around 550 nm) of the visible-light MLCT.*® The MeO-substituted complex 537 exhibits a
broader band below 300 nm with indicated shoulders in the region of the ligand-centred excitation, possibly as a
result of the overlap of absorptions involving more electronically different BOX-bpy and MeO-bpy orbitals.
Alternatively, owing to the raised metal orbitals due to electron donating MeO-bipyridines the band could also
arise from the superposition of strongly red-shifted MLCT excitations into higher m,* orbitals and ligand-centred
excitations (= 71¥). An indication of a change in the electronic structure at the metal centre is further indicated
by the much more intense band at around 335 nm, which in the case of [Ru(bpy)s]** (7) was attributed to metal-
centred excitations.?>*? Closer examination of the visible light MLCT transition reveals that the incorporation of
BOX-bpy 529 leads to a slight red shift of 4 nm to 455 nm compared to [Ru(bpy)s]** (7), possibly because the
slightly electron-withdrawing BOX fragments lower the BOX-bpy orbital energies (lower LUMO). The
incorporation of tBu-residues on the BOX averted side further shifts the absorption maximum to 460 nm, possibly
because there is an increased electron density in the fBu-bipyridine orbitals due to the inductive effect of the
tBu-residues, which suppresses backbonding and is therefore passed on to the metal-centred Ru orbitals thereby
raising their energies. Although the electron-donating nature of the tBu-residues also increases the orbital energies
of the tBu-bpy orbitals, the BOX-bpy-centred m* orbital is still available as an approximately unchanged LUMO,
thus requiring a lower energy for MLCT excitation. Such a change in orbital energies was observed in a study of
the correlation of para-substituent effects with photophysical properties in heteroleptic ruthenium-
trisbipyridines.®® This effect applies even more to the MeO derivative 537, which shows a significant red shift of
the absorption maximum to 475 nm. The emission maxima range from 618 nm for [Ru(bpy)s]** (7) to 683 nm for
MeO-derivative 537 and show the same trend of substituent effects observed for the absorption maxima, with the
Stokes shift increasing with electron-donating substituents in the backbone. The lifetimes range from 673 ns to

921 ns which is consistent with the triplet-character of the excited states.

Cyclic voltammetry measurement of each complex was repeated three times at different scan rates of 50-150 mV/s.
and the obtained signals were referenced to the signal of the redox couple of ferrocene (Fc*/Fc) which was used as
an internal standard, allowing precise conversion of the obtained potentials against other reference systems (SCE)

(spectrum 11).%"38



153 Results and discussion: Photophysical and electrochemical properties of the photocatalysts 532, 536 and 537

[R-bpy,|R-bpy,"]
-1.61 —
-1.60 —

-1.51

-1.54 =
[R-bpy;|R-bpy;~] [R-bpy; R-bpy, ] [Ru"|Ru'"
-1.81 -1.34 1.06
-1.84 -1.33 1.20
-1.77 -1.33 1.29

178 135 potential [V vs. SCE] 1.27

-2.5 -2.0 -“.5 -1.0 -0.5 0.0 0.5 1. 1.5 2.0

— 50mV/s
— 100 mV/s
— 150 mV/s

[Ru(bpy);1(PFe),

— 50mV/s
— 100 mV/s
=150 mV/s

[Ru(bpy),(BOX-bpy)I(PF),

—— 50mV/s
—— 100 mV/s
=150 mV/s

[Ru(tBu-bpy),(BOX-bpy)I(PF,),

—— 50mV/s
— 100 mV/s
=150 mV/s

[Ru(MeO-bpy),(BOX-bpy)](PF,),

L L L
-3.0 25 2.0 -15 -1.0 0.5 0.0 05 1.0 15 2.0
Potential [V vs. Fc]

spectrum 11. Stacked cyclic voltammograms of [Ru(bpy):]?* (7) and heteroleptic complexes 532, 536 and 537 at different scan rates (50, 100,
150 mV/s) referenced against internal standard redox couple Fc*/Fc (bottom scale) and against SCE (top scale).

In the cyclic voltammograms of [Ru(bpy)s]** (7) and the heteroleptic complexes 532, 536 and 537, one peak each

for the metal-centred redox event {[Ru™|Ru"]), and three peaks for the successive reductions of each of the three
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bipyridine ligands ([bpy|bpy 1) are visible (spectrum 11). In accordance with the literature values of the well-

known [Ru(bpy)s]** (7), the redox potentials of the metal-centred redox events [Ru™|Ru"], and the first bipyridine
reduction [bpyi|bpy: -] were determined to be 1.27 V and —1.35V, respectively, confirming that under the
experimental conditions reliable and comparable values were obtained also for the heteroleptic complexes 532, 536

and 537.20%

A comparison of the potentials indicates that the incorporation of a BOX-bpy 529 slightly increases the potential
of the ruthenium oxidation compared to [Ru(bpy);]** (7), which is in agreement with the spectroscopic observation
of a slightly electron-withdrawing effect of the BOX substituents, possibly rendering the BOX-bpy marginally more
backbonding. In contrast, the potentials of the tBu- and MeO-derivatives appear significantly lower at 1.20 V and

1.06 V, respectively, presumably due to the electron-donating effect of the corresponding residues and associated

increase in electron density at the metal raising the dr orbitals.

An analysis of the bipyridine reduction potentials determined for the ground state shows that the incorporation of
BOX is accompanied by an increase in the first reduction potential of 20 mV compared to [Ru(bpy)s]** (7) which
is consistent with the slightly electron-withdrawing nature found in the previous results. Attachment of tert-butyl
residues on the backside results in the same potential of the first bipyridine reduction (-1.33 V), and even
attachment of the strongly electron-donating MeO substituent only leads to a decrease of only 10 mV (-1.34 V).
The extremely small range of redox potentials of the first bipyridine reduction of only 10 mV despite the different
substituents in the backbone of the heteroleptic catalysts (R = H, Bu, MeO) indicates that during the first
bipyridine reduction, the BOX-substituted ligand, which is common to all three complexes is preferentially
reduced. This is also evident when considering the reduction potentials of the second and third ligand reductions,
that show much larger span widths of 96 mV and 70 mV, respectively, representing the greater electronic influence
of the substituents on the redox potentials of the bipyridines that remain to be reduced in the second and third
order and the orbital energies of which vary greatly due to the corresponding substituents. Besides the BOX-
bipyridine ligand 529, which is obviously the easiest to reduce, the largest difference to the potentials of the
subsequent reductions is found in the MeO derivative 537, strongly indicating the successful electronic disfavoring

of the achiral catalyst backbone.® 7678 314

To gain further information on the influence of substituents on the orbital energies of metal centre (HOMO) and
ligands (LUMO), some of the experimental data were correlated with each other and with Okamoto-Brown
parameters. The latter, similar to Hammett parameters, are used to quantify electronic effects of substituents and
have been used in extensive studies correlating substituent effects on diimine ligands to redox potentials of

ruthenium complexes.*>”

6315316 For the purpose of comparing the parameters of [Ru(bpy)s]** (7) and heteroleptic
complexes 532, 536 and 537, the corresponding values were included in the plots, that are correlating absorption
and emission energies with redox potentials, but since [Ru(bpy)s]** (7) does not contain BOX substituents and the

main goal was to investigate the effects of backside substituents, [Ru(bpy);]** (7) was not included in the linear fits

(figure 36).
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figure 36. Correlations of absorption and emission energies, redox potentials and Okamato-Brown-parameters.®* 76315316

While there is an excellent correlation between both absorption and emission energies with the redox potentials

of the metal-centred redox event (E1z[Ru™|Ru"]), no linear correlation of the energies with the potential of the first
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bipyridine reduction (Ei,[R-bpyi|R-bpy: ~]) can be observed. This observation suggests that the substituent-
dependent variation of energy available in the excited MLCT states results mainly from changes in the energy level
of the metal-centred drn-orbitals.®>”® The absorption and emission energies were also plotted against AE,;,, which
is the difference between the potentials of ruthenium oxidation and first ligand reduction
(AE12 = Eip[Ru™|Ru"] - E1[R-bpyi|R-bpy: 1) and related to the HOMO-LUMO-gap.” *'7 The very good and
excellent correlations (R%ps = 0.96842 and R2%., = 0.99102) allow several conclusions: First, that a transition to and
emission from MLCT excited states occurs,”® second, that the orbitals involved in electrochemistry are the same as
those involved in MLCT absorption and 7* - dn emission processes,” 7 and furthermore, that the
reorganization energies arising from dipole changes during excitation as well as the orbital character of the excited
states of all heteroleptic complexes 532, 536 and 537 are very similar.”® The y-intercept of the linear fit of 147 mV,
could result both from the fact that the measurements were performed at room temperature and because, despite
all similarities of involved orbitals, the electron configurations of the electrochemically reduced species dnm*! and
spectroscopically excited state drmy*! still differ.”’” The redox potentials were then correlated with substituent
parameters. Although Okamoto and Brown found Hammett parameters to correlate very well with the rate
constant of solvolysis of meta-substituted phenyldimethylcarbinyl chlorides, worse correlation was observed when
para-substituted derivatives were used causing them to develop parameters that account for the resonance
interactions between para-substituents and the electron-deficient reaction centre, showing much better
correlations than Hammett parameters in a variety of aromatic substitutions.*">*'¢ In addition, Okamoto-Brown
parameters also have been shown to correlate very well with electrochemical properties of substituted
[Ru(bpy)s]** (7) derivatives, which has been attributed to dn/n* overlap and associated substituent influence on
resonance stabilization of the positive charge arising during oxidation of the metal centre.®>”® In summary, also
the correlations of redox potentials to the Okamoto-Brown parameters suggest that the different substituents of

the heteroleptic complexes 532, 536 and 537 mainly raise the orbital energies of the metal centre (dn), while the

lowest energy ligand orbital energy (n* of BOX-bpy 529) barely changes, as illustrated in the simplified MO-

diagram (figure 37).
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figure 37. Simplified MO-diagram showing assumed relative changes in orbital energies based on experimental absorption and emission
energies, redox potentials, Okamoto-Brown parameters and correlations thereof.
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To determine which photoredox transformations are suitable for the heteroleptic complexes 532, 536 and 537 the
redox potentials of the excited catalysts were approximated. There are different approaches to determine these
potentials: By comparing the electron transfer rate with redox partners of known potential,® % by phase-modulated
cyclic voltammetry,* or, most commonly, by calculation from the ground state potentials.?> #6268 78 317,318 The
underlying thermodynamic cycle for the calculation of the excited state potentials is shown in scheme 90 for the
example of the literature-known [Ru(bpy)s]** (7).2> 2 The underlying model is based on the assumption that the
energy present in the excited complex becomes available as an additional driving force for photoredox
transformations, and hence the excited state potential is derived from the ground state potentials in addition to the

free energy of the *MLCT (AGss). The free energy AGgs is composed of the energy of the lowest vibrational

transition (v=0->v*=0) Eq, in addition to a term accounting for internal relaxation and solvent

reorganization (A).2>*
Eq/p [IRU"(bpy)s13* | [RUM(bpy),(bpy; 121 Ey/ [IRU"(bpy),(bpy, )12 | [Ru'(bpy),(bpy;)1*]
= Eyp5 [RUM(bpy)31** | [Ru"(bpy)31>*] - AGes = Eq /5 [IRU"(bpy)312* | [RU"(bpy),(bpy;™)1*] + AGs
[Rulll(bpy)z(bpy1-—)]2+*
-0,92V +0.85V
AGgg=Ego+ A =2.19eV
Eyj [IRU"(bpy)s1* | [Ru'(bpy);12*] Eq/2 LRU"(bpy)s12* | [Ru"(bpy),(bpy,™)1*]
[Ru”'(bpy)3]3+ [Ru(bpy)3]2+ [Ru'l(bpy)z(bpy1~_)1+

+1.27V -1.34V

scheme 90. Thermodynamic cycles for the determination of redox potentials of excited states from ground state potentials and the Gibbs free
energy of the excited state %
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