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Abstract

Throughout the last decades, the field of
organic optoelectronics gained constantly
more importance in our everyday world and
thereby research and development in this
sector exhibits a need to improve these
materials. Organic Light Emitting Diodes
(OLEDs) are already in use for many
electronical applications, including
commercial TV screens and smartphones of

everyday usage.

Their biggest advantage lies in the fact, that
organic semiconductors are soft materials.
This results in flexible, thin and lightweight
devices, which show good Iluminous
efficacies, small contrast rates, as well as low
production costs and no toxic containments.
These properties arise also big interest in the
use as lighting sources. Towards this
development, different strategies of OLED
designs can be achieved, including many

factors, that need improvement.

Latest research in our group introduced novel
bipolar host materials for Phosphorescent
Organic Light Emitting Diodes (PhOLEDS),
based on oxadiazole electron acceptors and
planarized triarylamines as donors. It was
observed, that an increase of triarylamine
planarization, leads to a decrease of the donor
strength in the molecule as a consequence.
Furthermore, fully planarized
indolo[3,2,1-jk]carbazole (ICz) even showed

weak acceptor character.

The introduction of electron withdrawing
nitrogen atoms in the 1Cz scaffold induced an
increase of acceptor strength. In addition to
the lowered HOMO and LUMO levels, high
triplet energies were preserved. The aim of
this work is the synthesis of novel donor-
acceptor systems as potential Thermally
Activated Delayed Fluorescence (TADF)
emitters. Theoretical calculations for several
bipolar systems using N-incorporated ICz
acceptors with different nitrogen amounts and
varying its position showed promising electro-
luminescent properties, such as small singlet-
triplet-energy gaps (AEst < 0.2 eV), as well as
a broad spectral range to cover. Hence, not
only the amount, but also the position of the
additional nitrogen in the structure has
influence on the HOMO/LUMO levels, a
comparison of acceptors with alternating

strength in the final materials is also possible.
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Potential bipolar TADF-emitters

In the course of this thesis a comprehensive
synthetic approach towards the bipolar
materials, including the required building
blocks, was established. Furthermore,
electrochemical and photophysical properties

of the target materials were studied in detail.



Kurzfassung

In den letzten Jahrzehnten gewann das
Gebiet der organischen Optoelektronik immer
mehr an Geltung, weshalb stetiges Interesse
an der weiteren Verbesserung der
Materialien  besteht. Organische Licht
(OLEDs) finden

heutzutage bereits in vielen elektronischen

emittierende  Dioden

Geraten Anwendung im Alltag. Dazu zahlen
insbesondere Fernsehgerate und

Smartphones.

Durch die Verwendung von organischen
Materialien in OLEDs kdnnen diinne, flexible
und leichte Gerate gebaut werden, die eine
gute Lichtausbeute, hohen Kontrast, sowie
geringe Produktionskosten aufweisen und
dabei  keine toxischer Inhaltsstoffen
verwenden. Diese Eigenschaften erregen
dadurch auch grof3es Interesse in der
Verwendung als Lichtquellen. Durch die
standige Entwicklung gibt es verschiedene
Strategien und Funktionsprinzipien, die in
OLEDs Anwendung finden, dabei aber noch

verbessert werden missen.

In unserer Forschungsgruppe wurden
bipolare Host-Materialien far
phosphoreszente OLEDs, basierend auf
Oxadiazol Elektronen Akzeptoren und
planarisierten Triarylaminen als Donoren,
entwickelt. Es konnte beobachtet werden,
dass eine Erhéhung der Planarisierung der
Triarylamine, eine Senkung der Donorstarke
zur Folge hatte. Des Weiteren konnte gezeigt
werden, dass komplett planarisiertes
Indolo[3,2,1-jk]carbazol (ICz) sogar leichten

Akzeptorcharakter aufweist. Zusatzliches

Einbringen von Stickstoff in das ICz Gerust
fuhrt zu einer Erhéhung der Akzeptorstarke.
Neben der Senkung der HOMO/LUMO Levels
konnten die hohen Triplettenergien dabei
erhalten bleiben. Ziel dieser Arbeit, war die
Synthese neuer Donor-Akzeptor Systeme, die
potenzielle  Anwendung als Thermally
Activated Delayed Fluorescence (TADF)
Emitter finden. Berechnungen far
verschiedene bipolare Systeme, unter der
Verwendung von stickstoffmodifizierten ICz
Akzeptoren mit unterschiedlichem

Stickstoffgehalt und  -position, zeigten

vielversprechende elektrolumineszente
Eigenschaften, wie optimale Singulett-Triplett-
Energie Absténde (AEst < 0.2 eV), sowie ein
breiter spektraler Bereich. Da nicht nur
Anzahl,

eingebauten Stickstoffs Einfluss auf HOMO

sondern auch Position des

und LUMO Level haben, ist ein Vergleich
verschieden starker Akzeptoren in den

Endmaterialen maéglich.
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Potenzielle bipolare TADF-emitter

Im Rahmen dieser Arbeit wurde eine
ausfihrliche Synthesestrategie zur
Herstellung der bipolaren Systeme, sowie der
dafir notwendigen Bausteine entwickelt.
Zusatzlich  beinhaltet die Arbeit eine
ausfihrliche Diskussion der
elektrochemischen und photophysikalischen

Eigenschaften dieser Materialien.



Abbreviations

Besides common abbreviations in the English language and chemical element symbols short

forms listed below are used.

abs.
acac
ACN
aqg.
BHA
CHA

CBP

Cz

dba
DCM
DMA
DMAcr
DMF

DMSO

dppf
DMTBCz

EA

absolute

acetylacetonate

acetonitrile

aqueous

Buchwald Hartwig amination
CH-activation

4.,4'-bis(9-carbazolyl)-1,1'-biphenyl

carbazole

dibenzylideneacetone
dichloromethane
N,N-dimethylacetamide
9,9-dimethyl-9,10-dihydroacridine
N,N-dimethylformamide

dimethylsulfoxide

1,1’-bis(diphenylphosphino)

ferrocene

3,6-di-tert-butyl-9H-carbazole

ethylacetate

eq.
GC
HR-MS
ICz
ISC
NBS

NCS
NHC-ligand
NMR

PE

pic

PXZ

PRy

rt

TADF

TLC

THF

equivalents

gas chromatography

high resolution mass spectrometry
indolo[3,2,1-jk]carbazole

inter system crossing
N-bromosuccinimide

N-chlorosuccinimide

1,3-bis(2,6-diisopropylphenyl)-1H-

imidazol-3-ium chloride

nuclear magnetic resonance
petroleum ether

picolinato

10H-phenoxazine
phenylpyridinato

room temperature

thermally activated delayed

fluorescence

thin layer chromatography

tetrahydrofuran



General Remarks

Labeling of substances

Identification of substances was achieved by strict sequential numbering. Substances
previously reported in literature receive Arabic numbers, whereas substances unknown to

literature are labeled with Roman numbers.

References to literature citations

References to literature are given within the text by superscript Arabic numbers in square

brackets.

Nomenclature

The nomenclature of chemical compounds not described in literature was based on the rules
of Chemical Abstracts. Other compounds, reagents and solvents may be described by

simplified terms, trivial or trade names.
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Formula Scheme

A.2.2 Pre-functionalized approaches
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A.2.3 Post-functionalized approaches
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A.3 Donor-Acceptor coupling
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A.4 Synthesis of the Pd-NHC catalyst
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B.1 Organic electronics

The technological highly important field of organic electronics deals with engineering of organic
molecules and their use in electronic devices. Especially, their extensive applications in
organic semiconductors, such as organic field effect transistors (OFETS), organic photovoltaic
cells (OPVs) and organic light emitting diodes makes research and development of this
technology very important and promising in today’s electronic generation. The ability to create
energy efficient, lightweight and flexible devices gives an attractive inducement to further
improve materials while keeping extremely low costs. Research in this topic is constantly
evolving and thereby new simple processing technologies even manage the use of compounds
in specific inks to establish printable conductive dyes. These can be coated on low price
substrates over a large area, but still keep the used volume very small.l? |n general,

application for organic electronics are limitless in many different technological fields.

B.2 Organic light emitting diodes (OLEDS)

B.2.1 History

In the early 1950s, the French scientist A. Bernanosel® and his colleagues showed first
connections between electroluminescence and molecular excitation due the acceleration of
charge carriers in a high electric field. Almost 10 years later Pope et al.”¥! conducted similar
experiments and observed especially electroluminescence in single crystals of anthracene and
anthracene crystals, with 10" mol% tetracene impurity. Though only the containment of traces,

luminescence of the impure crystals showed already tetracene fluorescence.

After many years of research and improving, in 1987, Tang and Van Slyke® constructed a
novel electroluminescent device by using organic materials as emitting elements, which

represented the first reasonable OLED device.

Over the years OLED technology improved much more and today they are the most advanced
technology within organic electronics. Even if today's OLEDs show less system efficacy at the
luminaire level as the classic LEDs do, they have a lot of features, why they should be favored,
compared to their inorganic counterparts. The emissive layer of OLEDs contains
electroluminescent organic molecules and by the fact that this organic matter shows a soft
behavior, the technology finds especial application in all kind of displays. Other than the brittle,
rigid LEDs, the resulting flexibility of OLEDs makes fabrication of very thin and bendable
devices possible. In addition, there is no need for any backlight emitting compared to LCDs,
because photoemission is only generated through applied voltage to the molecules and the

device can be kept very thin.[67]
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The generation of white light is achieved through a certain tandem structure of a blue, green
and red emitter layer or a single layer structure that emits all three of them.® Overall, they are
not only convenient for small smartphone displays, but also for television screens or large flat
panel displays in any shape. The big advantage, compared to LEDs, is, that there is no need
for connections of larger screen panels, for example via a light guiding panel, as the layer
exhibits local homogenous properties. Furthermore, these optoelectronics provide a wide
spectral range of colors, but can on the other hand also provide pure white light at good
efficiency, as well as keeping a good contrast ratio stable and therefore OLEDs show also a
high potential for the use of future light sources. The fact, that they don’t contain any toxic
substances, like for example mercury, compared to compact fluorescent lamps, is another
advantage, not only in production cost, but also in recycling and environmental impact. Of
course, costs in general are held very low, as the need of amount for organic substances, to

achieve an emissive nanolayer, is not high. [/}°:10111]

Following table shows the luminous efficacies of common lighting sources. It is to mention,
though white OLEDs are yet to achieve 92 Im/W, theoretically calculations predict up to
210 Im/W.122]

Table B.1: Luminous efficiencies of different lighting devices!!?!

Lighting sources Luminous efficacy

[Im/W]

Incandescent bulbs 10-22
Fluorescent bulbs 25-115
High-intensity discharge lamps 25-140
Low-pressure sodium lamps 60-150
(O)LED 27-92

B.2.2 Working principle

OLEDs are current-driven devices that utilize emissions from electronical excited states of
molecules. The mechanism of organic semiconductors proceeds through a different
mechanism than the energy band model of inorganic LEDs. As in organic materials, only weak
forces, like Van-der-Waals interactions, are present, no valence and conducting bands are
formed. In the easiest case, also referring to first OLEDSs, the device consists of a single layer
structure, where the emissive layer is placed between a cathode and an anode. If voltage is

applied, electrons are injected at the cathode, while electron holes form at the anode. In
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molecular disordered systems, the charge transfer takes place in hopping process, referred to
a certain sequential redox process over molecules. Electrons are transferred through the
lowest unoccupied molecular orbital (LUMO) from the anion radical of a molecule to another
nearby neutral molecule for transport. On the other hand, electron-hole transport is established
by the sequential transfer from electrons of a neutral molecule to a cation radical using the
highest occupied molecular orbital (HOMO).

Electron
Emitting layer injection

Ny G - Catfode
Anode \ _1--"

3
~
~

< Emission | ?

-5

injection

Figure B.1: Operation principle of an OLED.

As the electrons and the corresponding holes migrate through the layer, they recombine, as
they meet, and form an electronical excited state of the molecule, called exciton. If an exciton
relaxes back into the ground state, energy is translated into photoemission. Hence, the emitted
wavelength, and thereby the emitted color, depends on the type and structure of the
photoluminescent organic molecules, as it corresponds to the HOMO-LUMO gap of the
material. Due to spin-statistics singlet and triplet states are formed in a ratio of 1:3 in OLEDs.
Therefore, early OLED technology could only use ¥ of the energy of excitation, corresponding
to the excited singlet state (S:) and thereby causing fluorescence when relaxing back to the
ground state (So). Unfortunately, the major part of the electric excitation, which refers to %4,
was converted into non-radiative decay, because of relaxing from the triplet state (T1) to the
ground state.®! As an upcoming result, research investigated several approaches to improve

this internal quantum energy, which will be discussed below.
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Scheme B.1: Jablonski Scheme of an early OLED emitter.

As already mentioned, structurally early OLEDs consisted of a three-layer system: two
electrodes and the emissive layer. These layers are usually applied via spin or slot die

coating™, as well as vapor deposition.!°!

In classical physical vapor deposition (PVD), the material of need is vaporized, using a specific
heat source and transported through a vacuum to the substrate. Via a temperature gradient
the vapor condenses onto the surface, creating a thin layered deposit.*> Conventional spin
coating relates to a simple technique of fabrication, by the addition of a thin, planar film to a
surface. In order to deposit the desired layer, the component has to be diluted first.
Subsequently, the solution is dispensed on the spinning substrate, leading to a layer thickness,
determined by spinning speed, surface tension and viscosity of the solution. The final coating
is usually obtained by removing the solvent due evaporation.!*®! On the other hand, the slot die
coating process uses a liquid, which is delivered through an immobile slot gap onto a moving
substrate, filling the space in between. As the liquid forms a coating bead and a layer is carried
away by moving the substrate, in relation to the gap, a thin film is obtained. To dry the coating,
usually solidification or evaporation is used.** All announced methods show their advantages

and disadvantages, nevertheless they can also be used to generate multilayered structures.

To gain high internal quantum efficiency for electroluminescence, both electrodes must inject
either holes or electrons optimally in the organic layer. This can be achieved by low driving
voltage, good charge balance, and confinement of the injected charge carriers. As a result, the
probability of emissive recombination increases. This can be realized by introducing hole-
transport and electron transport layers located between the electrodes the emissive layer. The

energy barriers for injection of charge carriers are reduced and the recombination rate rises.
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These positive effects are realized by adding further layers, for electron or hole transport, as
well as blocking layers, in a sandwich structure (see Figure B.2.). The whole device, in
particular, can achieve a thickness of 100 — 500 nm. Though systems differ, the following

components are always used:[H7]

Substrate: helps to support the OLED and gives stability to the device. The substrate is usually
glass, a thin foil, or a plastic polymer, which can optionally also be transparent. Usually, the
substrate builds the base, where the other components are placed on top, often applied via

spin or slot coating, as well as vapor deposition.

Anode: usually transparent indium tin oxide (ITO), which promotes the electron-hole injection
in the HOMO as an adequate conductor. Polystyrene based polymers are sometimes used as
an alternative.

Cathode: silver or aluminum are most common for this component. OLEDs using metals like
barium, calcium and even transparent cathodes are also established, depending on the type

and application of the device.

Emissive layer: organic molecules which emit a certain wavelength of fluorescence or
phosphorescence, caused by electrical excitation. The applied current is proportional to the
brightness of the OLED.[*]

Light emission

/ : S Anode

— Substrate Hole transport layer (HTL)

Emissive layer (EML)

Electron transport layer (ETL)

Cathode

N =

Figure B.2: Multilayer structure of an OLED device.

B.2.3 Host Materials and Phosphorescent OLEDs (PhOLEDSs)
Host materials are often used in OLEDs, as the exhibit kind of a matrix to lower the
concentration, especially of phosphorescent and TADF emitters. Thereby, the concentration

of excited states is lowered, which reduces processes competitive to photoemission.
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CBP ICzPCz

Scheme B.2: Examples for host materials used for OLEDs.[8}19]

As research improved, it was obvious to develop a method for using all the excitation energy
for conversion into visible radiation. A possibility to achieve this, is transforming the excited
singlet states (Si) into triplet states (T1) and thereby change fluorescence into
phosphorescence, which leads to a total internal quantum efficiency of up to 100 %.© This can
be realized using the process of intersystem crossing (ISC), achieved through spin-orbit
coupling®, caused by heavy atoms. The ISC leads to the mentioned excited state conversion
from S; — T and makes utilization of maximum internal quantum yield possible.
Cyclometalated Ir or Pt complexes exhibit such high spin coupling behavior and show strongly
potential as phosphorescent emitters, because of high efficiency rates even at room
temperature.?® These complexes facilitate the lowest excited triplet state (T1) to the ground

state (So) transition (T1 — So) for electroluminescence by phosphorescence.?!

Internal Conversion Illte,,sy
Ste

A l Crogq;
S, Sing

Internal Conversion
AEgt

| .

Fluorescence

Absorption
Phosphorescence

So

Scheme B.3: Jablonski scheme of a PhOLED emitter.

As a matter of fact, the phosphorescent heavy metal complexes have a relatively long lifetime
of the excited triplet state (milliseconds) and cause a resulting dominant triplet-triplet
annihilation at high currents.®?? This could also support undesired long-range exciton diffusion,
which may lead to quenching in the neighbored layers. Hence, host materials are here a very

important solution to reduce these concentration related quenching effects.8
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Another disadvantage may be the high cost of those heavy metal complexes, though only
concentrations of about 10% are used in the emissive layer. Typically iridium complexes used

for phosphorescence in OLEDs are shown in Scheme B.4, 181123l

_ _ _ F_ N _
4 ()

F N /O
Ir Ir< N Iry >

N SN 070 7] ©

\ Y \ Y S

- -3 - -2 - -2

(PPy)slr Firpic (pig),lr(acac)

Scheme B.4: Common Ir complexes used as triplet emitters in PHOLEDSs.

B.2.4 Thermally activated delayed fluorescence (TADF)18l

A possible method to avoid the discussed disadvantages of heavy metals in emissive layers,
is the use of an unimolecular mechanism called thermally activated delayed fluorescence. It
consists of prompt fluorescence (PF) and delayed fluorescence (DF). The PF occurs
immediately (scale of nanoseconds), caused by fast decay from the excited singlet state (Si)
to the ground state (Sp). On the other hand, DF can be explained through the process of
reversed intersystem crossing (RISC), as triplet excitons (T1) are converted into singlet
excitons (Si1) to undergo again PF. Overall the emitted fluorescence is thereby increased to
several microseconds, which makes TADF materials very promising for OLED emitting layers.

There are four important processes to mention:

e The recombination of electrons and holes lead to a singlet-to-triplet ration of 1:3.

¢ Vibrational relaxation transfers the high exciton states to lower ones.

¢ Thermal activation supports the transfer of the generated triplet excitons (T1) via RISC
to the singlet exciton (S1).

e Singlet excitons states (Si) relax back to the ground state (Sp) under emission of

photons as fluorescence.

To increase RISC, which represents the key-step of TADF emission, the energy (AEgt)
between T: and S; must be very small. Controversially, as a matter of fact, the fluorescent
radiative decay rate (k) must be high enough to avoid the transition to non-radiative decays,
such as thermal energy. The strategy to obtain these special TADF molecules, which exhibit a

spatially separated HOMO and LUMO, is the introduction of steric hindrance in structure, or
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the use of certain electron donor-acceptor bipolar systems, that show a small overlap of the

HOMO-LUMO. This increases the probability of the charge transfer state.

Sy

delayed Fluorescence

Scheme B.5: Jablonski scheme of a TADF emitter.

Studies showed, delayed fluorescence could already be observed at values of AEgt = 0.43 eV
for PPZ-4TPT, a molecule that consists of a 5-phenyl-5,10-dihydrophenazine (PPZ) donor unit
and a triphenyl-1,2,4-triazole (TPT) acceptor unit. Nevertheless, the ideal energy difference
between the excited singlet-triplet state refers to a common gap of AEgy = 0.24 eV.? As
mentioned earlier white OLEDs consist in multilayer form of several layers emitting different
wavelengths. The main task, is the development of long-life blue emitters, which exhibit high

triplet energies and high photoluminescent quantum yield.?®

acceptor

N
=N

PXZ-DPS PPZ-4TPT

Figure B.3: Examples showing the different parts of a bipolar TADF emitters.[24

B.3 Arylamine based materials

Materials based on arylamines, like triphenylamine (TPA) or carbazole (Cz), are widely applied
as donor structures in the field of OLEDSs. In the last years, our research group introduced

several novel bipolar systems, utilizing the planarization as tool to control donor strength, as it
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decreases with increasing planarization. This can be explained by the contribution of the
nitrogen lone pair to the aromaticity of the pyrrole ring generated by planarization.?® The
electrons are less prone to a delocalization in a donor-acceptor system, due the lone pair is
more bound to the core of the arylamine. The novel structures exhibit in addition high triplet
energies and show good thermal stability, what makes them very attractive in the field of OLED
technology.?1281 Research in our group showed, as the donor strength lowers, the acceptor
properties of indolocarbazole (ICz) simultaneously increase, according to further planarization.
Further research on these observations can thereby lead to many novel applications in OLED

systems.
| Planarization | N-content >
NICz NNICz

—g p—

Figure B.4: Influence of planarization and nitrogen content on the electron acceptor/donor properties. 28

The increase of acceptor properties of ICz derivatives in bipolar systems, utilizing substitution
of the framework with cyano groups, led to further improvement of pure blue TADF emitters. !
Recent studies on the incorporation of electron-withdrawing pyridine-like nitrogen atoms in the
ICz scaffold revealed a further increase of the acceptor strength of the molecules. Therefore,
the research and development of novel nitrogen-substituted ICz (NICz) based donor-acceptor
molecules appears to be a very promising approach to achieve new TADF emitting

materials.[®!
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B.4 Goal of the thesis
The goal of this thesis is the development of new donor-acceptor systems, which can be
potentially applied as TADF emitters in OLEDSs.

Earlier research according to Kader et al.?® already showed the influence on the HOMO and
LUMO by adding further nitrogen atoms to the ICz scaffold (Scheme B.6). The incorporation
has an impact on lowering the HOMO as well as the LUMO. Furthermore, it was observed,
that not only the nitrogen amount, but also the exact position of the introduced heteroatom
within the scaffold, has large impact on the alteration of the energy levels, which can be

explained via spatial distributions of the orbitals.

2
227
246 2.42
] — 2.57 -2.58
— -2.68 —
S gwe
3 N
g aaewe Ndwe
eV Z>N N S | N
- - g ! g
1 7NICz N O
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-6.00
6.22 6.22 -
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Scheme B.6: Schematic representation of the energy levels of HOMOs and LUMOs in potential scaffolds.[?8!

The potential of NICz based emitters, caused by the possibility to fine-tune the molecular
properties on the one side, as well as high triplet energies and good thermal stability which
were observed for suchlike planarized systems, on the other, makes them interesting for blue
and white OLED applications. Therefore, synthesis, properties and characterization exhibit a

new contribution concerning OLED technology.
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C. Specific Part
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C.1 Introduction

Initially, in order to test a selection of several promising donor-acceptor systems on their TADF
potential, theoretical calculations based on the density functional theory were conducted. As
the focus was on the variation of novel acceptor molecules, common donor units were used to
build these desired systems. Out of many possible bipolar molecules, only a few seemed to
show optimal properties as TADF emitters, as they had auspicious results on singlet-triplet
transition energy (AEst < 0.2 eV). Potential systems, that showed a wide range of different
wavelengths over a large scale, were selected. A comparison of AEst and the emission

wavelength of the selected systems is shown in Figure C.1.

- B D-5NICz
0,201 ] D-6NICz
0,18 1 I D-6,10NICz
] D-2NICz
0.16 1 I D,-2NICZ
0,14 [ ]D-511NICz
%‘ 0,12 D = PXZ, DMAcr,
& 0,10 DTBCz
53]
<

0,08
0,06
0,04

0,02 4

0,00 -
400 420 440 460 480 500 520 540 560 580 600

Wavelength [nm]

Figure C.1: Calculated emission wavelengths and AEst of potential donor-acceptor systems.

As the synthesis of blue TADF emitters is mainly desired, systems, in the left part of the
diagram (Figure C.1), were chosen, by combining three common donors, with different NICz
acceptors. Also, systems with proposed photoluminescence around 500 nm should be
synthesized. Due the variation of different donors, linked via a C-N binding to the NICz
acceptors in the system, the suggested first retrosynthetic approach leads to a cut between
these two molecules. As the bond refers to a C-N binding, the forward reaction can be

conducted using Buchwald-Hartwig amination (BHA).

The catalytic BHA cycle contains an oxidative addition of the halogenated species, followed by
transmetallation, using usually a strong base like NaO'Bu or KO'Bu. In a next step the amine
is introduced, while releasing an alcohol. At this point B-hydride elimination can occur as an
undesired side reaction leading to a dehalogenated arene and an imine product.®% The

regular, desired final step leads to reductive elimination and formation of the C-N bond.
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The following Scheme C.1 shows the catalytic cycle of BHA under used conditions within

donor-acceptor couplings.

+ Pdy(dba),

4 ('Bu)sP*HBF,

3 dba + 4 HBF,

Ar-X
Pdo(tBU3)2P2 d

Reductive Oxidative
elemination addition

Bu)P AT
(Bu)s ~p

(tBU)SP\Pd"’Ar B-Hydride >pd!
(Bu)sP”  “NH elimination (Bu)sP >x
)
R
Transmetalliation
HotBu NaOtBu
(BulaP A"
R-NH (Bu)P” oy NaCl

Scheme C.1: Buchwald-Hartwig amination using Pdz(dba)z, (Bu)sP*HBF4, and NaO'Bu.3

Scheme C.2: Structure of precatalyst Pd2(dba)s.[

As three aromatic rings can be used for positioning the additional nitrogen atoms, several
structural types were obtained for the target systems. The different target systems, as well as

the retrosynthetic approaches towards them are shown in the following Scheme C.3:
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Scheme C.3: Retrosynthetic cleavage of donor-acceptor systems.

Thereby, the functional group X leaves two different approaches to be added to the system:
either via pre-functionalization at the beginning of the acceptor synthesis, or
post-functionalization of the acceptor building block before C-N coupling. Initially, the
post-functionalization route was preferred, as the synthesis would be less prone to unwanted

side-reactions or dehalogenation during the synthesis.
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For the donating species, following building blocks, already applied, not only in blue TADF

emitters, were utilized:

CryC

PXZ DMACR DTBC:z

Scheme C.4: Selected donors for bipolar target systems.

These materials are often used as donors, not only because of their donation properties, but
also because of their good thermal stability and oxidation reversibility.334 Phenoxazine (PXZ)
and di-tert-butyl-carbazole (DTBCz) are commercially inexpensive and easily available. For
dimethyldihydroacridin (DMAcr) literature known procedures according to Liu et al.*® and

Reddy et al.® were conducted.

Although the synthesis of NICz isomers is already well established, the synthesis of the
functionalized acceptor building blocks is unknown to literature and therefore the main task of

the synthetic work in this thesis.

In the case of ICz and similar NICz isomers, the ring closing reaction step towards the
planarized systems was already established via several synthesis methods: flash vacuum
pyrolysisel37 - CHAR® and diazotization?®l, As flash vacuum pyrolysis requires special
laboratory equipment, the approach was not conducted and therefore the focus was on CHA
and as an alternative, also diazotization. CHA exhibits a very good pathway towards NICz ring
closing, because of the high commercial availability of the necessary, low prized, halogenated
benzene and pyridine derivatives. Furthermore, according to previous work on triarylamines in

the Frohlich group?28l, these pathways were already well researched.

Following retrosynthetic schemes show the disconnection of not functionalized structures, for
better overview and understanding. Based on the different target acceptor types, the major
described strategies for ring closing (CHA, diazotization) lead to subsequent carboline (Cb)
disconnections (see Scheme C.5). These can be divided into two strategies which differ in
where the functionality for the ring closing is placed. Approach Cb-a starts from commercially
available pyridine derivatives and carbolines that can be synthesized straightforward. In
contrast Cb-b needs functionalization on the carboline scaffold which represents a more

challenging and time-consuming synthesis and is thereby not considered in this work.
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Scheme C.5: Possible disconnection approaches for type A acceptors.

Though simultaneously ring closing via double CHA might not lead to the desired product,
because of selectivity for type A acceptors, for type B, in the case of Z = CH, it appeared to be
also a good opportunity for receiving the final structures. Furthermore, this triarylamine (TAA)

synthetic strategy was already established in a modified version by Kautny et al.[?”

Type B/C
VAR Cb-c 77X TAA Z(j\ /@
I
l . — | \ > Ny
X X
Qb <4 f\T
N\ N —
N N N
Cb-d Z=N, CH
X = Br, Cl, NH,
VAR
I
Z N
X =z
o
N

Scheme C.6: Possible disconnection approaches of type B/C acceptors.

As already mentioned for all acceptor types, the closing of the ring should be tried first, using
the CHA of the Cb routes. In case the approach and variations appeared to fail, for some
structure accomplishments, the diazotization route was chosen according to the procedure of

Dunlop and Tucker.1%!
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Anyhow, for both CHA and diazotization, an arising challenge in the ring closing step is the

possible formation of two different isomers depicted in Scheme C.7.

SwOll . Crx
5 I 5

Isomer A X =Br, Cl, NH, Isomer B

Scheme C.7: Possible ring closing directions, obtaining different NICz isomers in the Ch-a route.

Since CHA is very often used in this thesis, following shows the proposed catalytic cycle for
isomer A of type A acceptors:

Pd(OAc),

/ NHC-Ligand
(L (L

NHC-Pd°

W
&

X

HX oxidative
B-hydride addition
elimination

addition to
double bond

Scheme C.8: Proposed CHA mechanism towards acceptor isomer A.B9
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A final disconnection approach leads to only a few molecules as starting material, including
halogenated benzene and pyridine derivatives, carbolines, carbazole (Cz),
pyrrolodipyridin (PDP), as well as diphenylamine (DPA) and phenylpyridineamine (PPA) in the
case of the TAA route. In the forward synthesis, these C-N bonds can be formed by
nucleophilic substitution as primary strategy, respectively BHA or Ullman reaction as

alternative.

Y o
. ®
Cb-a N + z
N N
X X = Br, Cl, NH, N
B/y - Cb,

X Y
(R W
Cb-b N + ;
X = Br, Cl, NH, N ©
@ B/y - Cb, \_ | N

ﬂ

ﬂ,

Q
I
N

Cz
VAR Y
=
Cb-c N —> « | | P
= X N
| Z=N,CH H
SN X = Br, Cl, NH, y-Cb,
PDP
= !
chd Y —> P \fj
X N z
/l Z=N, CH H
\N X =Br, Cl, NH, y-Cb

L0 ) !
|
TAA N ' " +

Scheme C.9: Disconnection approach of carboline and triarylamine derivatives to starting materials.
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C.2 Donor Synthesis
C.2.1 9,9-Dimethyl-9,10-dihydroacridine

As already mentioned, synthesis of DMAcr was conducted, as the starting materials are

inexpensive, easy to handle and lead to good yields over a 3-step reaction.

0
0] o/
| j
o+ \© — NH
NH,
1 2 3

Scheme C.10: Synthesis of 3 via Ullmann condensation. i: Cu, K2COs, 0-DCB, 180 °C.

According to a protocol of Liu et al.B® the reaction was performed using an Ullmann
condensation to achieve the desired product. The synthesis gave compound 3 with an overall
yield of 80%.

o OH
o~ ©\)<
ii i
NH  + CHsMgBr — = N —— O O
N
H
3 4 5 6

Scheme C.11: Synthesis of 6 using Grignard reaction and ring closing under acidic conditions.
i THF, 0 °C — 50 °C — rt. iii: HsPOq, rt.

Conversion of the ester to the alcohol was conducted using the commercially available
Grignard reagent, yielding almost quantitative amounts of 5 with 99%. The last step used an
acid supported ring closing leading to 92% yield of DMAcr (6). Both procedures were
performed according to Reddy et al.*®
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C.3 Towards acceptor starting materials

C.3.1 Synthesis of carbolines

The used synthesis for the carbolines were all literature known, therefore no specific research

had to be performed. The different approaches are shown in the following section.

4

1 a
3y
2
H 1 4:8

Scheme C.12: Declaration of different carbolines according to their nitrogen position in the scaffold.

C.3.2 Synthesis of B-carboline

o) 0
o . o . O
| NH | NH NN
N 2 N H
H H

9

Scheme C.13: Synthesis of B-carboline 9 by Pictet-Spengler cyclization of L-tryptophan, followed by
decarboxylation. i: CH20, NaOH, H20, reflux. ii: NCS, TEA, DMF, rt.

Synthesis of B-carboline 9 was performed in a two-step sequence, starting with the amino acid
L-tryptophan. After the ring formation with formaldehyde in aqueous sodium hydroxide via
Pictet-Spengler cyclization?“1 yielding the precursor 8 with 83%, B-carboline 9 was received
under decarboxylation*? with NCS in tetraethylamine and DMF giving 82% yield.

C.3.3 Synthesis of y-carboline

Metal assisted route

UG N SUS N O W
+ | — ] — -

. X
| HNTS N N

H H

10 1 12 13

Scheme C.14: Synthesis of y-carboline 13 using BHA, followed by CHA. i: Pd2(dba)s, dppf, NaO'Bu,
toluene (abs.), reflux. ii: Pd(OAc)2, K2COs, NHC-ligand, DMA, 130 °C.

Synthesis of y-carboline 13 was conducted in two steps according to Iwaki et al.*?l, In a first

step, the intermediate 12 was achieved with 56% yield using BHA with Pd,(dba)s and dppf as
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a catalytic system in toluene and NaO'Bu as a base. Subsequent intramolecular ring closing
via CHA using Pd(OAc). and the NHC-ligand in DMA with K.CO3 yielded 13 with 38%. The

low yield can be explained by formation of dehalogenated starting material as side product.

Microwave assisted route

Another route to synthesize y-carboline 13 was using reaction protocols of F. Dennone “4 and

Chen et al.*

0 0
EN e
N N
o)\ o)\ *HBr
14 15

Scheme C.15: Synthesis of 15 via bromination. i: Brz2, CHCls, 0 °C — rt.

Bromination of N-acetyl-4-piperidone 14 with bromine in chloroform gave hydrobromide 15 in
good vyield (86%). The product 15 was further converted to y-carboline 13 using a modified
Fischer indole synthesis via microwave assisted reaction®®, adding phenylhydrazine,
hydrochloride and acetic acid, giving carboline 13 with moderate yield (33%).

o) NHNH,

Br ii NN

+ —_— “ |
N *HCI N
o)\ *HBr H

15 16 13

Scheme C.16: Synthesis of y-carboline 13 by a modified Fischer indole synthesis: i: AcOH, microwave, 200 °C.

30



Specific Part

C.4 Synthesis of Pyrrolodipyridine (PDP)

1 17 18 19

Scheme C.17: Synthesis towards 19 by BHA and CHA. i: Pdz(dba)s, dppf and NaOtBu in toluene, reflux.
ii: Pd(OAC)2, K2COs, NHC-ligand, DMA, 130 °C.

Like the synthesis of y-carboline, compound 19 was also produced using BHA and CHA
according to Iwaki et al." The BHA yielded 18 with 85%, followed by selectively,

intramolecular ring closing via CHA obtaining 57% vyield of 19.

C.5 Synthesis of pre-functionalized carbolines
| N i Br | X
N~ %
M H

9 20

Scheme C.18: Synthesis of eudistomin N by bromination. i: NBS, AcOH, rt.

Bromination of B-carboline was conducted using the procedure of Kamal et al.*? In this case,
the bromination using NBS, as a possible weak bromination reagent, already worked out,

under activation with acidic acid, with 86% yield of eudistomin N 20.

O,N ~
AN . OZN AN
| ! | : N :/N

Iz
Iz
X

¥

Scheme C.19: Possible approach towards pre-functionalized, substituted B-carboline derivative. i: see Table C.1.
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Another approach for a pre- functionalized B-carboline derivative in order to use it in a further
proposed route towards the Br-6NICz is shown in Scheme C.19. The idea, in this case, was
to introduce the nitro-group before substitution, because CHA ring closing of the substituted

compound 20, with bromine in the para-position instead, didn’t seem to work as expected.

Unfortunately, the nitration of the B-carboline yielded only traces of the product 9a and the
route was dismissed. A table of different used reaction conditions is shown below.

Table C.1: Conditions of conducted reactions towards nitrated $-carboline

Reagents Temperature [°C] Time [h] Literature
NaNO2, HNOs, AcOH 50 35
Cu(NOs3)2*3H.0, Ac,0, . ” Ponce et al.[*
r
MeOH
Ac,0, HNO3 2t 2.5 Kneeteman et al.*"]
0—rt
HNOs3, H2SO4 24 -
80
N
H b
13 21

Scheme C.20: Synthesis of compound 21 by bromination. i: NBS, DMF, 0 °C — rt.

The bromination of y-carboline was performed using N-bromosuccinimide in DMF, yielding
53% of the desired product 21.

Also, in the case of y-carboline, the idea of introducing a nitro group prior should lead to a more
controlled way and better yields, to obtain the bromine in para-position, as the achievement of
the corresponding acceptor species Br-2NICz seemed to be very challenging. The exact
proposed route towards the acceptor molecule is shown in Scheme C.21. The first step of the
sequence, the nucleophilic substitution was carried out in DMF, using Cs,COs3 as a base.
Unfortunately, no product formation was observed. As later other approaches were successful

(see Scheme C.29 and Scheme C.32) this strategy was not further pursued.
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Scheme C.21: Possible approach towards pre-functionalized, substituted y-carboline derivative. i: Cs2COz, DMF,
130 °C.

C.6 Synthesis of acceptors

As already mentioned, the proposed strategy towards the target acceptor molecules was a
substitution of the corresponding carboline moiety, followed by ring closing. Depending on the
used strategies and functionalization methods the steps vary between 3 to 4.

C.6.1 Synthesis of 2-bromopyrido[3’,4’:4,5]pyrrolo[3,2,1-jk]carbazole/Br-5NICz

Cl . ‘O[ }“ e O
cl I N " N
+
N
H

= R — [

| OIS N
N - |
N N
22 23 24 a4

ROWE
N

X

7
N

LI

Scheme C.22: Synthesis towards LI using substitution, CHA, and bromination. i: Cs2CQOs, DMF, 130 °C.
ii. Pd(OAC)2, K2CO3, NHC-ligand, DMA, 130 °C. iii: NBS, MeOH, H20, 55 °C.
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The synthesis of LI required a total of 3 steps, containing substitution, CHA, and bromination
of the planarized NICz. In a first step carbazole 22 was substituted with 3,4-dichloropyridin
leading to 24 with an overall yield of 83%. Subsequently, the ring was closed via CHA and as
the selectivity, in this case, doesn’t matter, the reaction showed almost a quantitive yield of
98% of 5NICz (44). Both substitution and CHA were performed following the procedure of
Kader et al.®®! The bromination was conducted using NBS in a mixture of MeOH and water
(7:3), for post-functionalization, receiving Br-5NICz (LI) with 46% vyield. The solvent
composition for bromination showed, under corresponding conditions, best conversion

according to previous work in our group.

C.6.2 Synthesis of 2-bromopyrido[4',3":4,5]pyrrolo[3,2,1-jk]carbazole/Br-6NICz

Br

20 28 XXIX L

Scheme C.23: Proposed pre-functionalization synthesis towards L using substitution and CHA. i: Cs2COs, DMF,
130 °C. ii: Pd-NHC, K2COs, DMA, 130 °C.

To control the position of the functional group of L a route of pre-functionalization was chosen,
as previous work showed that selective bromination and purification starting from the acceptor
building block 6NICz is very challenging. The substitution of the halogenated benzene
derivative was performed according to Kader et al.?® using Cs,COs as a base and DMF as a
solvent and worked with an overall yield of 84% very good. However, the bromine in para-
position interferes with the intramolecular CHA, as oxidative addition probably occurs first in
the sterically less hindered para-position. As a result, only the dehalogenated side product

together with starting material were isolated (Scheme C.23).
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Scheme C.24: Synthesis of L by substitution, reduction and diazotization. i: Cs2COs, DMF, 130 °C, ii: SnCl2*H20,
EtOH, reflux. iii: NaNO2, AcOH, H2S04, H20, 0 °C — reflux.

Therefore, an alternative route, leading to the accomplishment of L in 3 steps was developed
(Scheme C.24). At first, the benzene derivative was added to the carboline moiety via
nucleophilic substitution using Cs,CO3 as a base in DMF, according to a modified procedure
of Wharton et al.*® giving 75% yield. In the following step, the nitrogen group was reduced
using SnCl,*2H,0O in EtOH, obtaining 86% yield XXVI. The ring was closed via in situ
generation of the diazonium salt and subsequent decomposition of the salt, using NaNO- in a
mixture of AcOH, H.SO., H.O. A procedure of Dunlop and Tucker® was used for this
synthesis. The lower yield of 22% Br-6NICz (L) corresponds to troubles during the workup, as
well as again the reactivity towards ring closing of the brominated B-carboline derivative.
Anyhow the ring closing and thereby the synthesis of the acceptor, could be achieved in the

end.
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C.6.3 Synthesis of 2-bromopyrido[3,4-b]pyrido[4',3":4,5]pyrrolo[3,2,1-
hilindole/Br-6,10NICz

L 4
F
/I i N\N ji N\N
N | Cl X
H N |
_N
30

iii

Br

LI

Scheme C.25: Synthesis towards LI, via substitution, CHA and bromination. i: Cs2COs. DMF 130 °C,
ii: Pd(OAC)2, K2COs, NHC-ligand, DMA, 130 °C. iii: Br2, DMF, rt.

Again, the substitution of the halogenated pyridine was conducted following Kader et al.l®!
yielding compound 30 with 31%. The low yield can be explained by instability of this certain
pyridine, as well as side reaction in position 4 of the pyridine, due to the high reactivity of the
para position. Subsequently, the ring was closed via metal-catalyzed CHA®®, receiving a yield
of 35% of 6,10NICz (XLV), because of dehalogenation of compound 30. Nevertheless, the
bromination, in a third step, achieved by the addition of Br; in DMF, yielded in 67% of
Br-6,10NICz (LII).

As a variation of the synthesis of 30 another halogenated pyridine species was tried as a
reagent. Unfortunately, under none of the following conditions (see Table C.2), the desired
product could be established.
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Scheme C.26: Alternate substitution towards 30. i: see Table C.2.

Table C.2: Alternate reaction(28 conditions towards 30.

Reagents Temperature [°C] | Time [h]
Pd»(dba)s, NaO'Bu,
110 96
PY(Bu)s*HBF4, toluene
Pd(OAc)., NaO'Bu, BINAP,
110 18
toluene
Pd(OAc)., NaO'Bu, dppf,
(OAC): PP 110 18
toluene
Cu, Na,COs, DMF 130 48
CuS04*5H,0, K-COs3 230 6

C.6.4 Synthesis of 5-bromodibenzol[b,e]pyrido[3,4,5-gh]pyrrolizine/Br-2NICz
As the preparation of this acceptor building block proofed to be more challenging than

expected, different strategies were investigated.

Again, the first route started by substitution and CHA according to Kader et al.?®! As mentioned
before, the additional nitrogen in the carbazole scaffold in this certain position may decrease
the reactivity for nucleophilic substitution reactions. Therefore, compound 31 was isolated only
with moderate yield of 55%. Subsequent CHA gave 46 with 67%. Although there are two
possible isomers in this reaction step the desired one was formed predominantly. The
bromination itself was very tasking, due to the low reactivity of 2NICz (46) towards electrophilic
substitution. Mild bromination reagent like NBS showed no conversion towards the desired
product at all, on the other hand too rapid addition of concentrated Br. to the solution led to
formation of the double brominated product. In addition, though in the end yields show 38%
product Br-2NICz (L1V) formation, it was very hard to isolate the product as it is barely soluble.

The reaction scheme is shown below.
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Scheme C.27 Synthesis of LIV by substitution, CHA and bromination. i: Cs2COz, DMF, 130 °C.
i Pd(OAC)2, K2COs, NHC-ligand, DMA, 130 °C. iii: Brz, DMF, 0 °C — 55 °C.

Different reaction conditions, that were also used for the bromination in the last step, achieving

almost no yields, are shown in the following table:

Table C.3: Different approaches to achieve bromination as post-functionalization.

Reagents Temperature [°C] Time [h]
NBS, MeOH, H0O 55 18

NBS, DMF rt 80

Brz, CHCI3 reflux 48

Another route to achieve precursor 2NICz is shown in Scheme C.28. In this case, substitution
and double-sided CHA should lead to the product. Both reactions were conducted following a
modified protocol of Kautny et al.?"yielding 52%, in case of the substitution to 34. The low
yield corresponds to side products, as during the high temperature, the trichloropyridine rapidly
dehalogenated and showed besides decomposition also dimerization. As selectivity doesn’t
matter, the double-sided CHA works with almost quantitative yields of 99% towards compound
2NICz (46).
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Scheme C.28: Synthesis of 46 via substitution and double CHA. i: NaH, DMF, 130 °C.
ii: Pd(OAC)2, K2CO3s, NHC-ligand, DMA, 130 °C.

A different approach was used, introducing a functional group already in the beginning

according to the procedure of Wharton et al.[*® for substitution. The whole pathway is shown

below.
F O,N Os5N
Z >N Br i ji
_ l + —_— N Em— N
H Br _ | _— |
NO, X X
N N
13 38 XXXIX XLvii
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< ]
N

LIV Lv

Scheme C.29: Synthesis towards LV using a pre-functionalized pathway by substitution, CHA, reduction and
Sandmeyer reaction. i: Cs2COs, DMF, 130 °C. ii: Pd-NHC, DMA, 130 °C. iii: SnCl2*2H20, EtOH, reflux. iv: NaNOz2,
CuBr, HBr, H20, 0 °C — rt.

The substitution towards XXXIX showed yields of 41%, as the reagent easily gets lost of the
nitro group at higher temperatures, which was also a matter during the next reactions in
Scheme C.29. Though the ring closing via CHA®® could probably lead to both isomers, the
expected closing towards the desired isomer could be achieved as favored. Anyhow, the
synthesis of XLVII only yielded 22%, according to already discussed reasons. Holding the
temperature lower, the reduction of the nitro group using SnCl>*2H,O and EtOH, following the
procedure of Dunlop and Tucker®®, showed, as expected, good yields of 78% of compound

LV. The final step uses a Sandmeyer reaction to accomplish the final functionalized acceptor.
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The reaction was performed using NaNO- and CuBr in HBr and H>O according to Fries and

Imbert.°!

A fourth possibility for the synthesis of LIV accords to a pre-functionalization and ring closing

via diazotization instead of CHA, which again may lead to bad yields, because of the bromine.

Br Br
Br N F . .
\CC@ 02N I N/© 1 N/©
> + _— D ——
N . NO, . NH,
"] |
N

21 25 XL XLI

OC
N

LIV

Scheme C.30: Synthetic approach towards LIV using substitution, reduction and in situ diazotization.
i: Cs2C03, DMF, 130 °C. ii: SnCl2*2H20, EtOH, reflux. iii: NaNO2, AcOH, H2SO04, H20, 0 °C — reflux.

The substitution was conducted under standard conditions, using Cs,CO3 as a base in DMF
relating to the work of Wharton et al.® Product XL showed an overall yield of 59%, as again
the loss of the nitro group appeared to be a side product according to GC-MS. Subsequently,
the nitro group was reduced and in a further reaction desired ring closing performed, both
under conditions of Dunlop and Tucker.®® Though the reduction to the corresponding amine
XL1 worked with an almost quantitative yield of 99%, the in situ diazotization towards LIV failed

and only led to deamination.

In order to try a pre-functionalization route, similar to Scheme C.28, the synthesis of a

corresponding precursor is shown below (Scheme C.31).

O,N ; O,N
IO O
NH, | H

35 2 36

Scheme C.31: Synthesis of compound 36 via Ullmann condensation. i: Cul, CsF, DMSO, 130 °C.
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The reaction represents an Ullmann condensation, using Cul as a copper source and CsF as
a base, following the protocol of Guell and RibasP® yielding 36 with 33%, as the iodobenzene

decomposes.

O2N\©\H 0. le}j Qﬁ@ /N

36 33 XXXVII XLviI

Scheme C.32: Pre-functionalization synthesis of XLVII, by substitution, double CHA. i: NaH, DMF, 130 °C.
ii: Pd(OACc)2, K2CO3, NHC-ligand, DMA, 130 °C.

The proposed pathway towards XLVII therefore shows a combined analog of the routes
mentioned in Scheme C.28 and Scheme C.32. The substitution was achieved following a
modified procedure according to Kautny et al.?” yielding 29%, as well as the ring closing via
simultaneously double-sided CHA vyielding XLVII with 54%. In case of substitution, the same
side reactions, as in the unsubstituted form, happened (see above), as well as denitrification
for both compounds XXXVII and XLVII. Due the low overall yield this strategy was not
continued, as large scale resynthesis of the compounds would have been necessary, which

was beyond the time scope of this thesis.

C.6.5 Synthesis of 5,11-dibromodibenzol[b,e]pyrido[3,4,5-gh]pyrrolizine/Br-
2NICz

As the unsubstituted scaffold of LIl is the same as LVI, synthesis might be possible using

almost the same route, because only the amount of bromine varies.

-
z

7 N\
=z

46 LI

Scheme C.33: Synthesis of LIII by post-functionalization via bromination. i: Br2, DMF.
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As already mentioned in part C.6.4, the bromination of compound 46 was very challenging due
to the low reactivity of 46 which therefore demands harsh reaction conditions, which make
control of the selectivity very difficult. The best yields were achieved by adding Br, in DMF
rapidly and concentrated, instead of slow and diluted. Furthermore, it could be observed, that
further bromination of mono-substituted product LVI to LIII only works under conversion of
traces, hence, the ring system exhibits less reactivity. Also approaches, using higher and lower
temperatures, were outsourced, as well as the addition of FeCls as a Lewis acid. In addition, a
separation in the work up between the mono- and double-substituted moieties appeared to be
time consuming, as also very hard to isolate. Attempts using hot nitrobenzene showed the best
results with an overall yield of 49% Br2-2NICZ (LIII).

C.6.6 Synthesis of 11-bromobenzo[b]dipyrido[4,3-e:3',4',5'-gh]pyrrolizine/Br-
5,11NICz

According to problems, earlier mentioned in this study, synthesis of acceptors, especially
having nitrogen atoms in para-position in their scaffold, could not be achieved (Scheme C.34).
In a post-functionalization approach, the first step was the substitution using Cs>,COs in DMF,
yielding XLII with 55%. The lower yield relates to a dehalogenated form of the product. For
substitution and following ring closing CHA, a protocol according to Kader et al.?® was used.
The CHA worked with a good yield of 76% of 48, as the selectivity also does not matter in this

case.

Br/N /lN
N/| Z N b i N\' i NS
\ \l + Br—> —_—
N
\N N

19 49 XL 48

Br

48a

Scheme C.34: Snthesis of 48a by substitution, CHA and bromination. i: Cs2COs, DMF 130 °C.
ii: Pd-NHC, Cs2CO3s, DMA, 130 °C. iii: see Table C.4.
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The bromination towards Br-5,11NIZC (48a) could finally not be achieved, as the desired
bromination in the position showed hardly any conversion. Different tried reaction conditions

are shown in Table C.4.

Table C.4: Reaction condition tested for bromination of 48.

Reagents Temperature [°C] Time [h]

Brz, CHCI3 reflux 50

Br., DMF rt 71
Br,, AlBrs/Fe, DMF 60 144

As a result, a different pathway using pre-functionalization was investigated and is shown in
Scheme C.35.

F 02N Br V N 02N V
N 2N Br N | 3 N
| | i N ji N
N N + —_— E—
N % | % |
NO ~
2 N

19 38 XL XLIX

—Z

HoN

XLIXa

Scheme C.35: Proposed synthesis towards XLIXa by substitution, CHA and reduction. i: NaH, DMF, 50 °C. ii: Pd-
NHC, K2COs, DMA, 130 °C. iii: SnCl2*2H20, EtOH, reflux.

In a second pathway, the desired acceptor should be achieved via substitution of a nitro
functionalized halogen derivative, followed by CHA, reduction and Sandmeyer reaction. The
substitution was conducted following the procedure of Wharton et al.*® and again, as a side
product, the dehalogenated, as well as the denitrated, formed obtaining a yield of 35% of XLIII.
Also the CHA, according to Kader et al.?®, only could achieve 28% of XLIX, because of
undesired de-functionalized side products. The following reduction could not achieve the next
product XLIXa in the scheme, as the impact of heating to reflux achieved again cleavage of

the nitro group.
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C.7 Donor-acceptor systems

) O @ ° i 1 N
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Scheme C.36: General synthesis route towards different mono-donor-acceptor systems using phenoxazine as a
donor, via BHA. i: Pd2(dba)z, NaO'Bu, P(‘Bu)z*HBF4, toluene, 110 °C.

Reactions were performed according to a modified procedure according to Iwaki et al.”? In
most cases the final products were further purified using high vacuum sublimation. Yields of

the corresponding target molecules are shown below.

Table C.5: : Comparison of the yields of the reactions towards target molecules, using phenoxazine as a donor,

via BHA.
Donor-acceptor system  Acceptor structure Yield [%]
L
PXZ-5NICz (LI) N\ 96

PXZ-6NICz (L) 75
Br.
| N
PXZ-6,10 (LII) N 59
=
N

44



Specific Part

Again, the influence of the nitrogen position and amount can be seen via the varying yields in
Table C.5, as the reaction towards compound LIl led also to the de-functionalized moiety of

the acceptor.

Furthermore, it has to be mentioned, that the solubility of all donor-acceptor systems increased

during the coupling, compared to their former acceptor solubility, especially in the case of LIII.
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Scheme C.37: Synthesis of DMAcr2-2NICz (LXI) and PXZ2-2NICz (LXII) by BHA using different donors.
i: Pd2(dba)z, NaO'Bu, P(‘Bu)s*HBF4, toluene, 110 °C.

The preparation of the systems with two donor molecules in their structure was also conducted
under the same conditions as for the mono donor-acceptor systems using the procedure of
Iwaki et al.*¥ yielding 63% in the case of PXZ»-2NICz (LXII) and 65% of DMAcr2-2NICz (LXI).
These kinds of systems could not be sublimated via high vacuum sublimation, as their phase
transition temperature seems to be very high. On the other hand, this represents the good

thermal stability of the compounds.
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Scheme C.38: Solid phase synthesis of DTBCz2-2NICz (LXIV). i: K2COs, CuSO4*5H20, 250 °C.

The synthesis of target molecule DTBCz»-2NICz (LXIV), using a carbazole derivative as a
donor, was conducted as a solvent-free Ullman reaction according to Kautny et al.»® obtaining
45% yield.

C.8 Synthesis of Pd-NHC-catalyst
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Scheme C.39: Synthesis of the Pd-NHC catalyst 67. i: n-BuLi, THF, rt.

In a lot of CHA reactions, the palladium salt 66 and NHC-ligand 65 were separately used for
in situ formation of the corresponding catalyst. In small scale reactions the Pd-NHC precatalyst
was used in order to achieve better control over catalyst formation. Pd-NHC 67 was

synthesized according the procedure of Navarro and Nolan®Yl,

Big advantages of NHC ligands in general, are their good donor properties and their stability
against oxidation and furthermore higher reactivity (sometimes at rt) is achieved and even
arylchlorides can be used.? A proposed cycle of the generation of the active species is shown

below.
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Scheme C.40: Proposed possible activation mechanisms of the Pd-NHC catalyst{3],

C.9 Characterization

In order to determine the photophysical effects and the properties of the synthesized materials,
several common optical and electrochemical measurements were conducted. Details are given
in the following section.

C.9.1 Absorption and fluorescence

Absorption and fluorescence spectra were recorded in DCM as a 5 uM solution of the target
compounds.
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Figure C.2: UV/Vis absorption (full lines) and normalized fluorescence spectra (dotted lines) of the synthesized
systems PXZ-5NICz, PXZ-6-NICz and PXZ-6,10NICz. All spectra recorded as 5 uM solutions in DCM.
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Absorption peaks at around 285 nm can be attributed, as expected, to a -* transition of the
conjugated moieties.!®! Systems, where nitrogen is introduced in meta-position in the ICz
scaffold (PXZ-6NICz and PXZ6,10NICz) exhibit almost the same absorption onset of about
400 nm, though the single nitrogen induced PXZ-6NICz shows decently a decrease of the
corresponding absorption maximum. On the other hand, the absorption onset of the nitrogen
para-positioned PXZ-5NICz, is clearly blue shifted to 365 nm. This trend corresponds with the
observation of the influence of the nitrogen position in the isolated NICz units.?®! The
PXZ-6NICz absorption spectrum also features a strong absorbance at 318 nm, which is
lowered in the other two molecules. Furthermore, it can be observed, that PXZ-6,10NICz

shows a blue shifted shoulder in this area.

Concerning fluorescence, it is visualized, that mono induced nitrogen species show a close
maximum at 529 nm in the case of PXZ-5NICz and 553 nm for PXZ-6NICz. Again, the system
including the para-positioned nitrogen is slightly blue shifted. PXZ-6,10NICz shows a distinct

maximum fluorescence peak at shorter wavelengths of 394 nm.
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Figure C.3: UV/Vis absorption (full lines) and normalized fluorescence spectra (dotted lines) synthesized systems
DMTBCz2-2NICz, DMACr2-2NICz and PXZ2-2NICz. All spectra recorded as 5 uM solutions in DCM.

In the case of the double substituted donor systems, DMACr,-2NICz shows the highest
absorption intensity at 284 nm. The quite distinct -1* transition signal lowers and broadens
to higher wavelengths in the case of DMTBCz,-2NICz, including a red shifted shoulder peak
in this area. In contrast PXZ»-2NICz shows no distinct peaks in this area. The highest
absorption onset corresponds to the system including phenoxazine as donors (PXZ»-2NICz)

with 371 nm, followed by DMTBCz,-2NICz and further DMACr2-2NICz with blue shifted onsets.
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Accordingly, the highest fluorescent emission wavelength shows PXZ»-2NICz at 538 nm.
Shifted to shorter wavelengths, DMACr2-2NICz exhibits a maximum at 494 nm, as well as a
blue shifted shoulder at about 400 nm. Also, DMTBCz>-2NICz with a fluorescent peak at
447 nm displays this shoulder, though it is lowered. If we have a close look at 439 nm also

PXZ,-2NICz exhibits this shoulder, but at very low photoluminescence intensity.

C.9.2 Phosphorescence
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Figure C.4: Normalized low-temperature phosphorescence spectra (77 K) of the synthesized systems.

In order to determine the triplet energies of the materials, low temperature phosphorescence
spectra at 77 K were recorded. Surprisingly, the maxima of all spectra with exception of
PXZ-6,10NICz are blue shifted to the corresponding fluorescence spectra, which contradicts
basic physical-chemical principles. A possible explanation is the use of different polar solvents.
As the fluorescence is measured in a more polar solvent an excited charge transfer complex
is better stabilized and therefore might be redshifted. Another explanation would be the higher
temperature which might cause stronger relaxation and therefore a distinct red shift. In contrast
to single donor systems the molecules DMTBCz2-2NICz, DMACr2-2NICz and PXZ,-2NICz

show a shoulder at higher wavelengths.
C.9.3 Cyclic voltammetry (CV)

The HOMO energy levels of the novel phenoxazine based bipolar systems were determined
by CV. For measurements ferrocene was used as an internal standard and the levels
calculated from the onsets of the oxidation peaks. All three compounds show, as expected,

reversible oxidation behavior which indicates good electron hole injection and transport.[>l

The measurement of the remaining systems could not be conducted, as the fragile working

electrode broke in a cleaning step between.
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PXZ-5NICz PXZ-6NICz PXZ,-2NICz

I {a.u]

T T T T T T
00 02 04 06 08 1,0 12

Potential vs. Fc/Fc+ [V]

Figure C.5: Cyclic voltammograms of oxidation for PXZ-5NICz, PXZ-6NICz and PXZ»-6,10NICz as 12.5 mM
solution in DCM.

C.9.4 Summary

The same trend, regarding the influence of the nitrogen position within the scaffold of isolated
NICz, is reflected in the synthesized materials. The photoluminescence distributes over a
broad range and therefore possibly enables the use as emitters with a wide spectral color
range. Especially the materials with the strongest blueshift are potential candidates for deep
blue devices which are, at the moment, one of the biggest challenges in the field of OLEDs.
Anyhow, the decreased optical bandgaps for the tested systems could allow high device
efficiency, as low driving voltages can be applied. The triplet energy values vary between
2.38 eV and 2.76 eV and could thereby achieve a good device performance. At this point the
photoluminescence spectra must be handled with care, as the redshift of the fluorescence
compared to the phosphorescence has to be further investigated. Therefore, AEsr of the

materials could not be determined, at the moment.

Table C.6: Physical data of target materials

Substance O[Zil]BbG 'E;;;“]b [eEVT]C [‘;'fﬁz HOMO/LUMO®!
PXZ-5NICz 3.39 539 2.55 0.02 -5.12/-2.88
PXZ-6NICz 3.13 553 2.49 0.02 -5.11/-2.48
PXZ-6,10NICz | 3.11 394 | 238 | 0.7 5.12/-2.96
DMTBCZz,-2NICz| 3.46 247 | 271 | 002 i
DMAcr2-2NICz 3.78 494 2.76 0.01 -
PXZ:-2NICz 3.34 538 2.62 0.02 -

a Determined from the absorption onset.

b Measured in DCM (5 uM) at rt.

¢ Determined from phosphorescent maxima measured in toluene/EtOH 9:1 (Img/mL) at 77 K.

d Theoretical calculated from density functional theory.

¢ HOMO levels calculated from the on sets of the oxidation peaks from cyclic voltammetry measurements as
12.5 mM solution in DCM.

fLUMO levels were calculated from HOMO levels and the optical bandgap.
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C.10Results and Discussion

Throughout this thesis novel NICz based donor-acceptor materials, as potential TADF
emitters, could successfully be synthesized. Synthetic pathways, including nucleophilic
substitution, CHA, diazotization and BHA were utilized to engineer the target molecules, by the
use of commercially low-cost starting materials. Research showed effects due various

synthetic approaches, caused by the alternating nitrogen amounts and position in the scaffold.

In detail the investigated routes gave pre-functionalized reaction routes in the case of
PXZ-6NICz and 2NICz. All other materials were synthesized post-functional, including an
alternative route for 2NICz, as synthesis appeared challenging, especially towards the
secondary brominated acceptor. Nevertheless, CHA was used as a main method for
intramolecular ring closing of acceptor building blocks including Br-5NICz, Br-6,10NICz,
Br,-2NICz and Br-2NICz. In the case of Br-6NICz, CHA showed hardly any conversion, as
oxidative addition probably occurs first in the sterically less hindered para-position and

therefore diazotization was chosen as a method of choice to achieve the desired product.

Though several attempts, the synthesis of the Br-5,11NICz acceptor could not be

accomplished, as establishment of the functional group appeared to fail.

The synthesized target materials exhibit same trends regarding the influence of the nitrogen
position within the scaffold of isolated NICz according to earlier research.®! The
phosphorescent maxima of all spectra, with exception of PXZ-6,10NICz, are blue shifted to the
corresponding fluorescence spectra, which contradicts basic physical-chemical principles,
might be caused by the polarity of different solvents. Anyhow, the use as emitters with a wide
spectral color range can possibly be given, as the photoluminescence distributes over a broad
range. Thereby, materials with a strong blue shift, like DMTBCz.-2NICz, appear to be very
promising, as these emitters relate to one of the big challenges in the field of OLEDSs.

In future investigation, the establishment of PDX-5,11NICz, as well as the use of Br-2NICz as
a acceptor building block can be further approached. In addition, the turnout of the
characterization observations should be investigated, in order to explain the behavior in detail

and receive experimental values concerning the singlet-triplet transition energy gap.
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D. Experimental Part
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D.1 General remarks

Unless explicitly mentioned otherwise, all reagents from commercial suppliers were used
without further purification. Absolute, anhydrous solvents like toluene and THF were
absolutized by the PURESOLV-system from Innovative Technology Inc. Other anhydrous
solvents like DMA or DMF were purchased from commercial suppliers. The commercially
available lithiation reagent n-BuLi was used without additional quantitative analysis, using the

declared value.

D.2 Chromatographic methods

D.2.1 Thin layer chromatography
Thin layer chromatography (TLC) was performed using TLC-aluminum foil (Merck, silica 60
F254).

D.2.2 Column Chromatography
Preparative column chromatography was performed using a BUCHI Sepacore flash system,
which was equipped with the following components:
e Pump system:
o BUCHI pump modules C-605 (2 units)
o BUCHI pump manager C-615
e Detector:
o BUCHI UV photometer C-635
e Fraction collector:
o BUCHI fraction collector C-660

The appropriate PP-cartridges were packed with silica (Merck, 40-63 pm).

D.3 Sublimation

For purification a self-made, turbomolecular-supported high vacuum sublimation system with

following components was used:

e Pump system:
o Leybold Turbovac 50 turbomolecular pump
o Rotary vacuum pump

e Oven:
o BUCHI Glass Oven B-585

e Cold trap: filled with liquid nitrogen

e Pressure sensor
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The flow chart of the used sublimation system is shown below:
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Figure D.1: Sublimation flow chart.

D.4 Microwave assisted reactions
Reaction supported by microwave irradiation was conducted using a BIOTAGE® Initiator EXP
EU 355301.

D.5 Analytical methods

D.5.1 NMR-Spectroscopy

NMR spectra were recorded using a Bruker Avance DRX400 MHz (400 MHz for *H; 100 MHz
for 13C) or DRX-600 MHz (600 MHz for *H; 150 MHz for *3C) Fourier transform spectrometer.
'H- and *3C-spectra are given as stated: chemical shift in parts per million (ppm) referenced to
the according solvent (*H: CDCl; 5=7.26 ppm, CD,Cl, =5.32 ppm, DMSO-d6 5=2.50 ppm; *C
CDClI3 6=77.0 ppm, CD-Cl, 6=54.0 ppm, DMSO-d6 6=39.5 ppm) with tetramethylsilane (TMS)
at =0 ppm. Multiplicities of the signals are given as: *H: s=singlet, d=doublet, t=triplet and

m=multiplet.
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D.5.2 GC-MS measurements

GC-MS measurements were conducted using a GC-MS interface from Thermo Scientific™:

e TRACE™ 1300 Gas Chromatograph with a Restek® Rxi®-5Sil MS column (=30 m,
ID=0.25 mm, 0.25 pm film, achiral).

o ISQ™ LT Single Quadrupole Mass Spectrometer (El - electron ionization).

D.5.3 Absorption spectroscopy
Absorption spectroscopy was conducted on a NanoDrop™ One/OneC Microvolume

UV-Vis Spectrophotometer from Thermo Scientific™ in DCM as a 5 uM solution.

D.5.4 Fluorescence and phosphorescence spectroscopy

Fluorescence and phosphorescence spectra were recorded on a PerkinElmer LS 55
Fluorescence spectrometer. Thereby, fluorescence was measured in degassed DCM solution
(5 uM) and phosphorescence in a Img/mL degassed solution of toluene and ethanol (9:1) at
77 K.

D.5.5 Cyclic voltammetry (CV)

CV was conducted using a three-electrode configuration consisting of a Pt working electrode,
a Pt counter electrode and an Ag/AgCI reference electrode and a PGSTAT128N potentiostat
provided by Metrohm Autolab B.V. The measurements for the reduction scans were carried
out in anhydrous DCM as 12.5 mM solutions. As a supporting electrolyte BusNBF4 (2.5 mM
solution in DCM) was used, as well as ferrocene (12.5 mM), as a reference for potential

calibration. Each sample was purged with nitrogen for 10 min before measuring.
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D.6 Synthesis and characterization of the compounds

D.6.1 Donor synthesis

Methyl 2-(phenylamino)benzoate

(@] O/
_ l Cu, K,COg3
(@] + > NH
o-DCB
NH,
1 2 3
CgHgNO, CgHsl C14H13NO,
151,17 204,01 227,26

Synthesis of 3 followed the procedure according to Liu et al.®

Potassium carbonate (41.5 g, 300 mmol, 2 eq.) and copper (0.191 g, 3 mmol, 0.02 eq.) were
weighed, under inert conditions, in a three-neck flask, equipped with a condenser and
thermometer. A solution of 1 (22.7 g, 150 mmol, 1 eq.) and 2 (30.9 g, 150 mmol, 1 eq.),
dissolved in 400 mL degassed 0-DCB, was added. The reaction mixture was heated to 180 °C
and allowed to stir for 28 h until full conversion (according to TLC) was observed. The
suspension was cooled to rt, filtered off and the residue washed with DCM. The filtrate was
concentrated under vacuum and the crude product purified via column chromatography
(PE/EA 1:3) yielding 3 (27.3 g, 120 mmol, 80%) as a light yellow solid.

'H NMR (400 MHz, CDCls, FID NIK010/20) & = 9.45 (s, 1H), 7.97 (dd, J = 8.0, 1.6 Hz, 1H),
7.39 - 7.22 (m, 6H), 7.09 (ddt, J = 8.5, 7.4, 1.2 Hz, 1H), 6.73 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H),
3.91 (s, 3H) ppm.
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2-(2-(Phenylamino)phenyl)propan-2-ol

O OH
o~ CH3MgBr
4
3 5

THF (abs.)

C14H13NO; C15H417NO
227,26 227,31

The synthesis of 5 was performed according to Reddy et al.t*®!

Methylmagnesiumbromide 4 (158 mL, 475 mmol, 4 eq.) was placed in a dry three-neck flask,
equipped with thermometer and condenser and covered with 300 mL degassed THF (abs.).
Compound 3 (27.0 g, 119 mmol, 1 eq.), dissolved in 150 mL degassed THF (abs.), was added
dropwise under cooling to 0 °C. After full addition, the reaction was stirred for 1 h at 50 °C
followed by 20 h at rt (full conversion according to TLC). Subsequently, the reaction mixture
was quenched by pouring on 500 mL ice water, followed by neutralization with saturated NH4Cl
solution and extraction with EA. The combined organic layers were dried over Na.SO4 and the
solvent evaporated under reduced pressure. After flashing over silica and evaporating the

solvent, 5 (27.03 g, 121 mmol, 99%) was obtained as a dark brown oil.

'H NMR (400 MHz, DMSO-d6, FID NIK007/21) & = 8.48 (s, 1H), 7.24 (dtd, J = 14.8, 7.6, 7.2,
1.5 Hz, 4H), 7.15 (td, J = 8.1, 7.6, 1.5 Hz, 1H), 7.01 — 6.95 (m, 2H), 6.83 (dtd, J = 13.1, 7.4,
1.3 Hz, 2H), 5.77 (s, 1H), 1.51 (s, 6H) ppm.
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9,9-Dimethyl-9,10-dihydroacridine

OH
- L0
@ N
H
5 6
C15H17NO C15H15N
227,31 209,29

Synthesis of 6 was conducted following Reddy et al.®!

A solution of 5 (15.5 g, 68 mmol, 1 eq.) in 335 mL H3PO4 was weighed in a flask and stirred at
rt overnight. The reaction mixture was diluted with water and neutralized with 4N NaOH. The
green solid was filtered off and washed with water. The crude product was purified via column
chromatography (PE/EA 8:1), yielding 6 (13,12 g, 63 mmol, 92%) as a yellow solid.

IH NMR (400 MHz, CDCls, FID NIK009/10) & = 7.39 (d, J = 7.7, 1.4 Hz, 2H), 7.11 (t, J = 7.6,
1.4 Hz, 2H), 6.92 (s, 2H), 6.70 (t, 2H), 6.09 (s, 1H), 1.59 (s, 6H) ppm.

D.6.2 Acceptor synthesis

D.6.3 Synthesis of carbolines

2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid

o) CHx0, o}
NaOH
| oH o | OH
NH H,0
N 2 2 N NH
H H
7 8
C11H12N202 C12H12N202
204,23 216,24

Synthesis of 8 followed the procedure according to Lippke et al.[*%

To an aqueous solution of L-Tryptophan 7 (15.3 g, 75 mmol, 1 eq.) and NaOH (3.00 g,

75 mmol, 1 eq.) in 50 mL water, formaldehyde (6.06 g, 75 mmol, 1 eq., aqueous solution 37%)
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was added and the reaction was stirred for 1 h at rt. The reaction was refluxed for 2 h and after
cooling to rt, 6N HCI was added until pH 6 was achieved. Subsequently, the solid was filtered
and repeatedly washed with water, MeOH and DCM. The crude product was dried under

reduced pressure giving 8 (13.5 g, 62 mmol, 83%) as a white solid.

'H NMR (400 MHz, DMSO-d6, FID AYA013/110) & = 10.97 (s, 1H), 7.43 (d, J = 7.8 Hz, 1H),
7.33 (d, J =8.0 Hz, 1H), 7.07 (t, J = 7.6 Hz, 1H), 6.99 (t, J = 7.4 Hz, 1H), 4.34 — 4.07 (m, 2H),
3.61 (dd, J = 10.5, 5.0 Hz, 1H), 3.14 (dd, J = 16.1, 5.1 Hz, 1H), 2.81 (dd, J = 16.1, 10.5 Hz,
1H) ppm.

9H-Pyrido[3,4-b]indole / B-carboline

X
| OH NCS | N

N

N NH TEA, DMF H

H

8 9

C12H12N205 C11HgNy
216,24 168,20

The synthesis of 9 was performed according to Kamal et al.*?

To a suspension of compound 8 (19.1 g, 88 mmol, 1 eq.) in 135 mL DMF, a solution of TEA
(26.8 g, 265 mmol, 3 eq.) and NCS (24.8 g, 186 mmol, 2.1 eq.) in 135 mL DMF was added.
The orange-brown suspension reaction was stirred 2 h at rt and afterwards quenched with
water. The resulting suspension was repeatedly extracted with EA and the organic phase
washed with saturated NaHCOs; solution and water until neutral. The combined organic layers
were dried over Na,SO. and the solvent evaporated in vacuo leading to product 9 (12.2 g,

72 mmol, 82%) as an orange-beige solid.

1H NMR (400 MHz, DMSO-d6, FID NIK004/10) & = 11.61 (s, 1H), 8.90 (d, J = 1.2 Hz, 1H), 8.34
(d, J =5.3 Hz, 1H), 8.24 (d, J = 7.9 Hz, 1H), 8.10 (d, J = 5.2 Hz, 1H), 7.60 (dd, 1H), 7.54 (ddd,
J=8.2,6.9, 1.2 Hz, 1H), 7.24 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H) ppm.
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N-(2-Bromophenyl)pyridin-4-amine

sz(dba)&
dppf, Br
@ /Q NaO Bu /Q
H,oN tquene (abs.)
10 1 12
CGH4Br| CSH6N2 C11HgBrN2
282,91 94,12 249,11

Synthesis of 12 was conducted following Iwaki et al.!**!

To a suspension of 11 (2.35 g, 25 mmol, 1 eq.), NaO'Bu (3.36 g, 35 mmol, 1.4 eq.), Pd>(dba);
(28.0 mg, 0.25 mmol, 1 mol%) and dppf (0.280 g, 0.5 mmol, 2 mol%) in 100 mL degassed
toluene (abs.), 10 (8.49 g, 30 mmol, 1.2 eq.) was added via a syringe, under inert conditions
and heated to reflux. After 2 days, the reaction was quenched with 40 mL distilled water and
repeatedly extracted with EA. The combined organic layers were dried over NaSO4 and the
solvent evaporated under reduced pressure. The crude product was purified via column
chromatography (DCM/MeOH 1% — 4%) yielding 12 (3.50 g, 14 mmol, 56 %) as a dark-brown,

viscous liquid.

IH NMR (400 MHz, CDCls, FID NIK001/20): & = 7.85 (dd, J= 4.7 Hz, 1.6 Hz, 1H), 7.43 (dd, J =
8.0 Hz, 1.8 Hz, 1H), 7.39-7.34 (m, 2H), 7.18-7.07 (m, 4H), 6.16 (bs, 1H) ppm.

5H-Pyrido[4,3-b]indole / y-carboline

Pd(OAc),
Br K,CO3
Z N NHC-Ligand Z "N
| s
N DMA N
H H
12 13
C11HgBrN2 C11H8N2
249,11 168,20

Synthesis of 13 followed the procedure according to lwaki et al.[*3!

Pd(OAc) (65.0 mg, 0.29 mmol, 2 mol%), the NHC-ligand 65 (124 mg, 0.29 mmol, 2 mol%)
and potassium carbonate (3.88 g, 30 mmol, 2 eq.), were weighed in a three-neck flask
equipped with thermometer and condenser under inert atmosphere. Compound 12 (3.50 g,

15 mmol, 1 eq.), in 70 mL degassed DMA, was added dropwise and the reaction heated to
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130 °C. After 71 h, more Pd(OAc); (65.0 mg, 0.29 mmol, 2 mol%) and NHC-ligand 65 (124 mg,
0.29 mmol, 2 mol%) were added and the reaction finally quenched after further 2 days. The
suspension was diluted with EA, filtered, and the filtrate repeatedly washed with brine and
distilled water. The combined organic layers were dried over Na,SO. and the solvent
evaporated under reduced pressure. The crude product was recrystallized from toluene
yielding 13 (1.53 g, 9 mmol, 38%) as a light brown solid.

'H NMR (400 MHz, DMSO-d6, FID NIK003) & = 11.70 (s, 1H), 9.33 (s, 1H), 8.42 (d, J = 5.6
Hz, 1H), 8.23 (d, J=7.8 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.53 — 7.39 (m, 2H), 7.33 — 7.22 (m,
1H) ppm.

N-Acetyl-3-bromo-4-piperidone, hydrobromide

@) 0]
—_—
*HBr
14 15
C7H11N02 C7H11Br2N02
141,17 300,98

The synthesis of 15 was performed according to F. Dennone.®4

14 (6.15 g, 44 mmol, 1 eq.) was dissolved in 116 mL CHCI; and cooled to 0 °C. Br, (7.66 g,
48 mmol, 1.1 eq.), diluted with 2 mL CHCls, was added at O °C and the reaction mixture was
stirred under further cooling for 5 min. The reaction was allowed to heat up to rt and stirred for
another 2 h. Thereby, the color of the dispersion changed from an intense orange to white.
Subsequently, the solid was filtered, washed with CHCIs; and dried under vacuum, yielding
15 (11.3 g, 37 mmol, 86%) as a white solid.
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5H-Pyrido[4,3-bJindole / y-carboline

0]
Br NHNH
ﬁjj/ 2 AcOH ~ N
* N
N MW 200°C N
%\*HBF *HClI

0]

15 16 13

C7H11BF2NO2 C6H9C|N2 C11H8N2

300,98 144,60 168,20

Synthesis 13 of was conducted following Chen et al.[*%

A microwave vial was charged with 15 (2.40 g, 8 mmol, 1 eq.), 16 (1.74 g, 12 mmol, 1.5 eq.)
and 20 mL acetic acid (98%-100%). The reaction was stirred in the microwave for 10 min at
200 °C, the residue was taken up with 1N HCI, followed by neutralization with 2N NaOH. The
agueous solution was repeatedly extracted with EA and the combined organic layers were
dried over Na:SO.. The solvent was evaporated under reduced pressure and the crude product
was purified via column chromatography (DCM/MeOH 5% — 30%), yielding 13 (302 mg,
1.8 mmol, 23%) as a grey-brown solid.

IH NMR (400 MHz, DMSO-d6, FID NIK026/20) & 12.33 (s, 1H), 9.93 (d, J = 1.0 Hz, 1H), 9.01
(d, J=5.7 Hz, 1H), 8.81 (dt, J = 7.9, 1.0 Hz, 1H), 8.15 (dt, J = 8.2, 1.0 Hz, 1H), 8.10 — 7.99 (m,
2H), 7.85 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H).

3-Chloro-N-(pyridin-4-yl)pyridin-4-amine

Pd2(dba)3,
depf, cl
N7 cl N NaO'Bu @\ 7N
+ -
NONH, B~ & toluene (abs.) N N N
11 17 18
CsHeN, CsH3BrCIN C1oHsCIN
94,12 192,44 205,65

Synthesis of 18 followed a modified procedure according to Iwaki et al.!

Compound 11 (1.88 g, 20 mmol, 1 eq.), 17 (4.23 g, 22 mmol, 1.1 eq.), Pdx(dba)s; (366 mg,
0.4 mmol, 2 mol%), dppf (444 mg, 0.8 mmol, 4 mol%) and NaO'Bu (2.69 g, 28 mmol, 1.4 eq.)
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were suspended in 80 mL degassed toluene (abs.) and refluxed under inert atmosphere
overnight. The reaction was quenched with distilled water and extracted repeatedly with EA.
The combined organic layers were dried over Na.SO4 and the solvent evaporated under
reduced pressure. The crude product was purified via column chromatography (DCM/MeOH
1% — 5%), yielding 18 (3.51 g, 17 mmol, 85%) as an off-white solid.

IH NMR (400 MHz, CDCls, FID NIK034/20) & = 8.52 (d, J = 8.7 Hz, 3H), 8.32 (d, J = 5.6 Hz,
1H), 7.31 (d, J = 5.5 Hz, 1H), 7.11 (d, J = 5.4 Hz, 2H), 6.87 (s, 1H) ppm.

5H-Pyrrolo[3,2-c:4,5-c']dipyridine

Pd(OAC),
N KyCO3 _
NN DMA NN
H H
18 19
C10HsCIN; C10H7N3
205,65 169,19

The synthesis of 19 was performed according to a modified procedure from Iwaki et al.[*®

Compound 18 (823 mg, 4.0 mmol, 1 eq.) Pd(OAc). (78.0 mg, 0.32 mmol, 8 mol%), the
NHC-ligand 65 (126 mg, 0.32 mmol, 8 mol%) and potassium carbonate (1.11 g, 8 mmol, 2 eq.)
were charged under argon in a vial in 18 mL degassed DMA. The reaction was heated to
130 °C for 6 days and after cooling to rt, the black suspension was diluted with EA.
Subsequently, the solid was filtered off and the filtrate repeatedly washed with saturated
NaHCO:s solution, 2N NaOH and distilled water. The combined organic layers were dried over
Na,SO. and the solvent evaporated under reduced pressure. The crude product was purified
via column chromatography (DCM/MeOH 10%), giving 19 (388 mg, 2.2 mmol, 57%) as a
light-beige solid.

'H NMR (400 MHz, DMSO-d6, FID NIK043/20) 8 = 12.12 (s, 1H), 9.44 (d, J = 1.1 Hz, 2H), 8.51
(d, J=5.7 Hz, 2H), 7.55 (dd, J = 5.7, 1.1 Hz, 2H) ppm.
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D.6.4 Synthesis of pre-functionalization carboline derivatives

6-Bromo-9H-pyrido[3,4-blindole

9 20
C11H8N2 C11H7BFN2
168,20 247,10

Synthesis of 20 was conducted following Kamal et al.[*?

B-Carboline 9 (392 mg, 2.3 mmol, 1 eq.) was dissolved in 12 mL AcOH (98%-100%) and NBS
(456 mg, 2.6 mmol, 1.1 eq.) added as a solid. After 2 h and full conversion (according to TLC),
the solution was concentrated under vacuum and the residue neutralized with saturated
NaHCOs solution. The aqueous solution was extracted with EA and repeatedly washed with
distilled water. The combined organic layers were dried over Na,SO. and the solvent
evaporated under reduced pressure. The crude product was recrystallized from ACN and
further purified via column chromatography (PE/EA 1:4), yielding 20 (505 mg, 2.0 mmol, 86%)

as a beige solid.

'H NMR (400 MHz, DMSO-d6, FID NIK005/20) 8 = 11.78 (s, 1H), 8.94 (d, J = 1.1 Hz, 1H), 8.52
(d, J=2.0 Hz, 1H), 8.36 (d, J = 5.2 Hz, 1H), 8.16 (dd, J = 5.3, 1.1 Hz, 1H), 7.66 (dd, J = 8.7,
2.0 Hz, 1H), 7.58 (d, J = 8.7 Hz, 1H) ppm.

8-Bromo-5H-pyrido[4,3-b]indole

Br
| =N NBS | N
N~ NF DMF N~ NF
H H
13 21
CyqHgN; C11H7BrN,
168,20 247,10

y-Carboline 13 (673 mg, 4.0 mmol, 1 eq.) was dissolved in 20 mL DMF and cooled to 0 °C.
NBS (783 mg, 4.4 mmol, 1.1 eq.) was added as a solid and the reaction mixture allowed stirring

for 1 h at 0 °C. After further stirring for 24 h at rt, the reaction was quenched with distilled water
64



Experimental Part

and extracted repeatedly with EA. The combined organic layers were dried over NaSO. and
the solvent evaporated under reduced pressure. The crude product was purified via column
chromatography (PE/EA 1:4), yielding 21 (520 mg, 2.1 mmol, 53%) as a beige solid.

IH NMR (400 MHz, DMSO-d6, FID NIK036/20) & = 11.86 (s, 1H), 9.38 (s, 1H), 8.49 (d, J = 1.9
Hz, 1H), 8.44 (d, J = 5.7 Hz, 1H), 7.65 — 7.40 (m, 3H) ppm.

D.6.5 Synthesis of functionalized carboline derivatives

9-(3-Chloropyridin-4-yl)-9H-carbazole

O \ﬁj Cs,COs ‘: :‘
N

22 23 24
167,21 147,99 278,74

The synthesis of 24 was performed modified according to Kader et al.?®

Carbazole 22 (5.02 g, 30 mmol, 1 eq.) and Cs,COs (10.8 g, 33 mmol, 1.1 eq.) were suspended
in 55 mL DMF and 23 (4.44 g, 30 mmol, 1 eq.) in 5 mL DMF was added. The reaction was
heated to 130 °C for 64 h, afterwards quenched with distilled water and extracted repeatedly
with DCM. The combined organic layers were dried over Na,SO4 and the solvent evaporated
under vacuum. The crude product was purified via column chromatography
(DCM/PE 50% — 80%), yielding 24 (6.94 g, 25 mmol, 83%) as a yellow solid.

'H NMR (400 MHz, DMSO-d6, FID NIK014/20) d = 9.03 (s, 1H), 8.81 (d, J = 5.1 Hz, 1H), 8.26
(dt, J=7.7, 1.0 Hz, 2H), 7.81 (d, J = 5.1 Hz, 1H), 7.44 (ddd, J = 8.3, 7.2, 1.3 Hz, 2H), 7.33 (id,
J=7.5,1.0Hz, 2H), 7.17 (dt, J = 8.2, 0.9 Hz, 2H) ppm.
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6-Bromo-9-(2-nitrophenyl)-9H-pyrido[3,4-blindole

Br

Br F |
X N
H

20 25 XXVI
C11H7BFN2 CGH4FN02 C17H1oBrN302
247,10 141,10 368,19

Synthesis of XXVI was conducted following a modified procedure from Wharton et al.[*®!

Compound 20 (1.98 g, 8 mmol, 1 eq.) and Cs,CO3 (2.87 g, 8.8 mmol, 1.1 eq.) were suspended
in 12 mL DMF and 25 (1.13 g, 8 mmol, 1 eq.) in 4 mL DMF was added. The reaction was
heated to 130 °C for 64 h and then quenched with distilled water and extracted repeatedly with
DCM. The combined organic layers were dried over Na,SO4 and the solvent evaporated under
vacuum. The crude product was purified via column chromatography (DCM/MeOH 10%),
yielding XXVI (2.22 g, 6 mmol, 75%) as a brown solid.

'H NMR (400 MHz, CDCls, FID NIK019/1) & = 8.59 (s, 1H), 8.56 (d, J = 5.3 Hz, 1H), 8.32 (d, J
= 1.9 Hz, 1H), 8.24 (dd, J = 8.2, 1.5 Hz, 1H), 7.98 (dd, J = 5.3, 1.1 Hz, 1H), 7.91 (id, J = 7.7,
1.5Hz, 1H), 7.78 (td, J = 7.9, 1.4 Hz, 1H), 7.68 (dd, J = 7.9, 1.4 Hz, 1H), 7.61 (dd, J=8.7, 1.9
Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H) ppm.

2-(6-Bromo-9H-pyrido[3,4-b]indol-9-yl)aniline

Br | N Br | N
N _N SnC|2 * 2H2O N _N
OZN\© EtOH H2N\©
XXVI XXVII
C17H1oBTN302 C17H1zBrN3
368,19 338,21

Synthesis of XXVII followed the procedure according to Dunlop and Tucker.F®!
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To a suspension of XXVI (786 mg, 2.1 mmol, 1 eq.) in 10 mL EtOH, SnCI>,*2H,0 (1.69 g,
7.5 mmol, 3.5 eq.) was added as a solid and the mixture was refluxed for 18 h. After cooling
to rt, the reaction mixture was neutralized with 2N NaOH and repeatedly extracted with DCM.
The combined organic layers were washed with distilled water, dried over Na,SO. and the
solvent evaporated under reduced pressure, yielding XXVII (620 mg, 1.8 mmol, 86%) as a
beige solid.

IH NMR (400 MHz, CDCls, FID NIK038/30) & = 8.55 (d, J = 1.1 Hz, 1H), 8.45 (d, J = 5.3 Hz,
1H), 8.24 (d, J = 1.9 Hz, 1H), 7.88 (dd, J = 5.3, 1.1 Hz, 1H), 7.54 (dd, J = 8.8, 1.9 Hz, 1H), 7.28
(ddd, J = 8.6, 7.4, 1.5 Hz, 1H), 7.16 (dd, J = 7.8, 1.5 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H), 6.91
(dd, J = 8.1, 1.3 Hz, 1H), 6.85 (td, J = 7.6, 1.3 Hz, 1H), 3.50 (s, 2H) ppm.

6-Bromo-9-(2-bromophenyl)-9H-pyrido[3,4-b]indole

Br

| X
Br F
A N
NN DMF Br
H
20 28 XXIX
Cq1H7BrN, CgH4BrF Cq7H10Br2N;
247,10 175,00 402,09

The synthesis of XXIX was performed modified according to Kader et al.l?®!

The carboline 20 (1.24 g, 5.0 mmol, 1 eq.) and Cs,CO3 (3.26 g, 10 mmol, 2 eq.) were
suspended in 8 mL DMF and heated to 130 °C. After 15 min, 28 (1.75 g, 10 mmol, 2 eq.) in
5 mL DMF was added, while keeping the temperature. After 17 h and full conversion (according
to TLC), the reaction was cooled to rt, quenched with distilled water and extracted repeatedly
with DCM. The combined organic layers were dried over Na>SO,4 and the solvent evaporated
under vacuum. The crude product was purified via column chromatography (DCM/EA 1:2),

yielding XXIX (1.68 g, 4.2 mmol, 84%) as an orange solid.

IH NMR (400 MHz, CDCls, FID NIK006/30) & = 8.55 (d, J = 6.4 Hz, 2H), 8.34 (d, J = 1.9 Hz,
1H), 8.02 (dd, J = 5.3, 1.1 Hz, 1H), 7.89 (dd, J = 8.4, 1.4 Hz, 1H), 7.64 (dd, J = 8.8, 1.9 Hz,
1H), 7.62 — 7.55 (m, 1H), 7.49 (ddd, J = 8.6, 7.3, 1.3 Hz, 2H), 7.04 (d, J = 8.8 Hz, 1H) ppm.

67



Experimental Part

9-(4-Chloropyridin-3-yl)-9H-pyrido[3,4-blindole

\
| C32CO3
—_ >

N \é

H

9 29
C1HgN, CsHsCIFN C16H10CIN3
168,20 131,53 279,73

Synthesis of 30 was conducted under modification of Kader et al.?®

B-Carboline 9 (1.02 g, 6.1 mmol, 1 eq.) and Cs,CO3 (2.18 g, 6.7 mmol, 1.1 eq.) were
suspended in 8 mL DMF and 29 (799 mg, 6.1 mmol, 1 eq.), in 8 mL DMF, was added. The
reaction was heated to 130 °C for 42 h, quenched afterwards with distilled water and extracted
repeatedly with DCM. The combined organic layers were dried over Na,SO4 and the solvent
evaporated under vacuum. The crude product was purified via column chromatography
(PE/EA 75% — 80%), yielding 30 (523 mg, 1.9 mmol, 31%) as a brown solid.

'H NMR (400 MHz, CDCls, FID NIK056/20) 6 = 8.80 (s, 1H), 8.74 (d, J = 5.3 Hz, 1H), 8.62 —
8.50 (m, 2H), 8.22 (dt, J = 7.9, 1.0 Hz, 1H), 8.04 (dd, J = 5.2, 1.1 Hz, 1H), 7.69 (d, J = 5.3 Hz,
1H), 7.57 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 7.40 (ddd, J = 8.0, 7.2, 1.0 Hz, 1H), 7.15 (dt, J = 8.3,
0.9 Hz, 1H) ppm.

5-(2-Bromophenyl)-5H-pyrido[4,3-b]indole

gwe
|
@7@ @ NN

©/Br

13 28 31
C11H8N2 C6H4BrF C17H11BTN2
168,20 175,00 323,19

Synthesis of 31 followed a modified procedure according to Kader et al.?®

y-Carboline 13 (672 mg, 4.0 mmol, 1 eqg.) and Cs,COs; (2.61 g, 8.0 mmol, 2 eq.) were
suspended in 4 mL DMF and 28 (1.40 g, 8.0 mmol, 2 eq.), in 4 mL DMF, was added. The
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reaction was heated to 130 °C for 15 h, afterwards quenched with distilled water and extracted
repeatedly with DCM. The combined organic layers were dried over Na.SO,4 and the solvent
evaporated under vacuum. The crude product was purified via column chromatography
(PE/EA 1:3) yielding 31 (718 mg, 2.2 mmol, 55%) as a brown solid.

IH NMR (400 MHz, CDCls, FID NIK040/20) & = 9.40 (s, 1H), 8.52 (d, J = 5.7 Hz, 1H), 8.22 (dt,
J=7.7,1.0Hz, 1H), 7.93 — 7.83 (m, 1H), 7.57 (ddd, J = 8.3, 7.2, 1.4 Hz, 1H), 7.53 — 7.42 (m,
3H), 7.39 (td, J = 7.5, 1.1 Hz, 1H), 7.11 (dt, J = 8.1, 0.9 Hz, 1H), 7.00 (dd, J = 5.7, 1.0 Hz, 1H)
ppm.

3,5-Dichloro-N,N-diphenylpyridin-4-amine

00 oy = ﬁ

32 33 34
Cq2H1N C17H12CI2N;
CsH,CI3N
169,23 189 43 315,20

Synthesis of 34 was performed according to Kautny et al.l?”]

Diphenylamine 32 (338 mg, 1.9 mmol, 1 eqg.) and NaH (96 mg, 4.0 mmol, 4 eq., from 60% oil
dispersion, washed with PE) were dissolved in 7 mL DMF and stirred for 30 min at rt.
33 (438 mg, 2.4 mmol, 1.2 eq.) was added and the reaction mixture heated to 50 °C. After
20 h, more NaH (48 mg, 2 mmol, 1 eq., 60% oil solution dispersion, washed with PE) was
added and stirred for another 6 h. Subsequently, the reaction was quenched with distilled water
and extracted repeatedly with DCM. The combined organic layers were dried over Na,SO. and
the solvent evaporated under vacuum, leaving a black solid. The crude product was purified
via column chromatography, (DCM/PE 10%—60%), yielding 34 (0.329 g, 0.8 mmol, 52%) as

white crystals.

'H NMR (400 MHz, CDCls, FID NIK074/20) d = 8.83 (s, 2H), 7.57 (td, J = 7.3, 1.7 Hz, 4H), 7.36
(td, J=7.3, 1.2 Hz, 2H), 7.25 (dd, J = 8.6, 1.2 Hz, 3H) ppm.
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4-Nitro-N-phenylaniline

O,N
OzN\©\ /© == 2 \©\ /©
+
H

2

35 2 36
CeHgN2O2 CeHsl C42H19N20,
138,13 204,01 214,22

Synthesis of 36 was conducted following Guell and Ribas.%

4-Nitroaniline 35 (138 mg, 1.0 mmol, 2 eq.) and CsF (152 mg, 1.0 mmol, 2 eq.) were weighed
in a vial and a mixture of iodobenzene 2 (102 mg, 0.5 mmol, 1 eq.) and Cul (9.00 mg,
0.05 mmol, 10 mol%), in 1 mL DMSO, was added. The reaction was heated to 130 °C for 18 h
and after full conversion (according to TLC) diluted with EA and filtered. The filtrate was
concentrated under reduced pressure and the crude product was purified via column
chromatography (DCM/PE 20% — 60%), yielding 36 (35.0 mg, 0.2 mmol, 33%) as a yellow
solid.

IH NMR (400 MHz, CDCls, FID NIK097/40) & = 8.16 — 8.08 (m, 2H), 7.47 — 7.31 (m, 2H), 7.25
—7.17 (m, 2H), 7.17 (tt, J = 7.4, 1.1 Hz, 1H), 6.99 — 6.89 (m, 2H), 6.27 (s, 1H) ppm.

3,5-Dichloro-N-(4-nitrophenyl)-N-phenylpyridin-4-amine

0N
a
L0 - oy 2 2y
N - DMF Clu_A_Cl
N |
NS

N
36 33 XXXVII
C12H1oN202 CsH,oCI3N C47H41CI2N30,
214,22 182,43 360,19

Synthesis of XXXVII followed a modified procedure according to Kautny et al.l?”

Compound 36 (574 mg, 2.7 mmol, 1 eq.) and NaH (193 mg, 8.0 mmol, 3 eq., from 60% oil
dispersion, washed with PE) were dissolved in 13 mL DMF and stirred for 15 min at rt.
Trichloropyridine 33 (587 mg, 3.2 mmol, 1.2 eq.) was added and the reaction mixture heated

to 130 °C. After 18 h the reaction was quenched with distilled water and extracted repeatedly
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with DCM. The combined organic layers were dried over Na,SO4 and the solvent evaporated
under vacuum. The crude product was purified via column chromatography
(DCM/PE 10% — 60%), yielding XXXVII (276 mg, 0.8 mmol, 29%) as a dark brown solid.

IH NMR (400 MHz, CDCls, FID NIK093/20) & = 8.72 (s, 2H), 8.27 — 8.14 (m, 2H), 7.47 (tt, J
= 7.7, 1.8 Hz, 2H), 7.39 — 7.30 (m, 1H), 7.25 (dg, J = 6.8, 1.2 Hz, 2H), 6.97 — 6.82 (m, 2H)
ppm.

5-(2-Bromo-4-nitrophenyl)-5H-pyrido[4,3-blindole

F 02N Br SN
| SN Br Cs,CO3 P
o+ — N
N DMF
H
NO,
13 38 XXXIX
C11H8N2 C6H3BrFN02 C17H1oBrN302
168,20 220,00 368,19

Synthesis of XXXIX was performed modified according to Wharton et al.*8!

y-Carboline 13 (336 mg, 2.0 mmol, 1 eq.) and Cs,CO3; (717 mg, 2.2 mmol, 1.1 eq.) were
suspended in 3 mL DMF and 38 (440 mg, 2.0 mmol, 1 eq.), in 1 mL DMF, was added. The
reaction was heated to 130 °C for 22 h, guenched with distilled water and extracted repeatedly
with DCM. The combined organic layers were dried over Na,SO4 and the solvent evaporated
under vacuum. The crude product was purified via column chromatography (PE/EA 1:3),

leading to product XXXIX (301 mg, 0.8 mmol, 41%) as a yellow solid.

IH NMR (400 MHz, CDCls, FID NIK016/20) & = 9.45 — 9.38 (m, 1H), 8.77 (d, J = 2.5 Hz, 1H),
8.56 (d, J = 5.8 Hz, 1H), 8.45 (dd, J = 8.6, 2.5 Hz, 1H), 8.24 (dt, J = 7.7, 1.0 Hz, 1H), 7.72 (d,
J = 8.6 Hz, 1H), 7.52 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 7.45 (td, J = 7.5, 1.1 Hz, 1H), 7.12 (dt, J
= 8.2, 0.9 Hz, 1H), 7.02 (dd, J = 5.8, 1.0 Hz, 1H) ppm.
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8-Bromo-5-(2-nitrophenyl)-5H-pyrido[4,3-blindole

Br NN
Br N F |
N
L) - Ao o0 Swe
N~ NF DMF ©/N02
H

21 25 XL
C11 H7BrN2 C6H4FN02 C17H1oBrN3O2
247,10 141,10 368,19

Synthesis of XL was conducted modified following Wharton et al.[*®!

The carboline 21 (417 mg, 1.7 mmol, 1 eq.) and Cs,COs3 (605 mg, 1.9 mmol, 1.1 eq.) were
suspended in 2 mL DMF and 25 (238 mg, 1.7 mmol, 1 eq.), in 2 mL DMF, was added. The
reaction was heated to 130 °C for 19 h, quenched with distilled water and extracted repeatedly
with DCM. The combined organic layers were dried over Na,SO4 and the solvent evaporated
under vacuum. The crude product was purified via column chromatography
(DCM/MeOH 1% — 5%), yielding XL (369 mg, 1 mmol, 59%) as a brown oil.

IH NMR (400 MHz, CDCls, FID NIK042/20) & = 9.35 (s, 1H), 8.54 (d, J = 6.0 Hz, 1H), 8.33 (d,
J=1.9 Hz, 1H), 8.24 (dd, J = 8.2, 1.5 Hz, 1H), 7.96 — 7.86 (m, 1H), 7.79 (td, J = 7.8, 1.3 Hz,
1H), 7.65 (dd, J = 7.9, 1.4 Hz, 1H), 7.55 (dt, J = 8.7, 1.4 Hz, 1H), 7.06 — 6.96 (m, 2H) ppm.

2-(8-Bromo-5H-pyrido[4,3-b]indol-5-yl)aniline

Br NN Br NN
| . |

N NS SnCI2 2H20 N NS
©/N02 EtOH ©/NH2

XL XLI
C17H1oBrN302 C17H1zBrN3
368,19 338,21

Synthesis of XLI followed the procedure according to Dunlop and Tucker.[%!

To a suspension of XL (330 mg, 0.9 mmol, 1 eq.) in 4 mL EtOH, SnCl,*2H,O (708 mg,
3.14 mmol, 3.5 eq.) was added as a solid and refluxed for 18 h. After cooling to rt the reaction

mixture was neutralized with 2N NaOH and repeatedly extracted with DCM. The combined
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organic layers were washed with distilled water, dried over Na.SO, and the solvent evaporated

under reduced pressure, yielding XLI (0.302 g, 0.9 mmol, 99%) as a brown solid.

'H NMR (400 MHz, CDCls, FID NIK044/10) & = 9.33 (s, 1H), 8.52 (d, J = 5.7 Hz, 1H), 8.33 (d,
J=1.9 Hz, 1H), 7.56 (dd, J = 8.7, 1.9 Hz, 1H), 7.42 — 7.29 (m, 1H), 7.21 (dd, J = 7.8, 1.5 Hz,
1H), 7.15—7.06 (m, 2H), 6.98 (dd, J = 8.2, 1.3 Hz, 1H), 6.93 (td, J = 7.6, 1.4 Hz, 1H), 3.55 (s,
2H) ppm.

5-(2-Bromophenyl)-5H-pyrrolo[3,2-c:4,5-c']dipyridine

Br NN
F
N~ Z "N Cs,CO4 @ S
- | U L s N
N DMF

7~
|
N
19 28 XLII
C10H7N3 C6H4BrF C16H1oBrN3
169,19 175,00 324,18

The synthesis of XLII was performed as a modification according to Kader et al.l?®!

19 (379 mg, 2.2 mmol, 1 eq.) and Cs,COs (1.46 g, 4.5 mmol, 2 eq.) were suspended in 3 mL
DMF and 28 (784 mg, 4.5 mmol, 2 eq.), in 3 mL DMF, was added. The reaction was heated to
130 °C for 22 h and then quenched with distilled water and extracted repeatedly with DCM.
The combined organic layers were dried over Na,SO4 and the solvent evaporated in vacuo.
The crude product was purified via column chromatography (DCM/MeOH 1% — 3%), yielding
XLII (402 mg, 1.2 mmol, 55%) as a yellow solid.

'H NMR (400 MHz, CDCls, FID NIK073/10) & = 9.47 (s, 2H), 8.60 (d, J = 5.7 Hz, 2H), 7.90 (dd,
J =8.0, 1.5 Hz, 1H), 7.60 (td, J = 7.6, 1.5 Hz, 1H), 7.56 — 7.43 (m, 2H), 7.06 (dd, J = 5.8, 1.0
Hz, 2H) ppm.
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5-(2-Bromo-4-nitrophenyl)-5H-pyrrolo[3,2-c:4,5-c']dipyridine

|
T N Br NaH S
NN NN + -
” DMF _
N02 NS |
N
19 38 XLI
C10H7N3 CSH3BFFN02 C16HgBrN402
169,19 220,00 369,18

Synthesis of XLIII was conducted modified following Wharton et al.*e!

Compound 19 (614 mg, 3.6 mmol, 1 eq.) and NaH (0.218 g, 9.1 mmol, 2.5 eq., from 60% oil
dispersion, washed with PE) were dissolved in 6 mL DMF and stirred for 15 min at rt.
38 (959 mg, 4.4 mmol, 1.2 eq.) was added and the reaction mixture heated to 50 °C. After 17 h
the reaction was quenched with distilled water and extracted repeatedly with DCM. The
combined organic layers were dried over Na.SO4 and the solvent evaporated under vacuum.
The crude product was purified via column chromatography (DCM/MeOH 3% — 15%), yielding
XL (463 mg, 1.2 mmol, 35%) as an off-white solid.

'H NMR (400 MHz, CDCls, FID NIK086/20) & = 9.50 (d, J = 1.0 Hz, 2H), 8.79 (d, J = 2.5 Hz,
1H), 8.65 (d, J = 5.7 Hz, 2H), 8.47 (dd, J = 8.6, 2.5 Hz, 1H), 7.72 (d, J = 8.6 Hz, 1H), 7.05 (dd,
J=5.7,1.0 Hz, 2H) ppm.

D.6.6 Ring closure towards acceptors

General procedure 1 (GP1): CHA

GP1 followed the protocol according to the procedure from Kader et al.?®! All compounds,
including the corresponding precursor, the base and either the precatalysts Pd-NHC 67 or
Pd(OAc), and the NHC-ligand 65 were weighed. The flask, equipped with condenser or glass
vials was flushed with argon and closed with a septum, including an argon balloon, to keep
inert conditions straight. Degassed DMA was added, and the reaction heated to 130 °C until
full conversion of the product. The reaction mixture was then cooled to rt, quenched with water
and extracted repeatedly with DCM or EA. The combined organic layers were dried over

Na,SO. and the solvent evaporated under reduced pressure.
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Pyrido[3',4":4,5]pyrrolo[3,2,1-jk]carbazole

Pd(OAc),
oo [ ]
N NHC-Ligand N

Cl | N DMA _ |
Z
N \N
24 44
C17H11C|N2 C17H10N2
278,74 242,28

Synthesis of 44 followed GP1.

Pd(OAc); (106 mg, 0.24 mmol, 2 mol%), NHC-ligand 65 ( 202 mg, 0.47 mmol, 2 mol%),
potassium carbonate (6.55 g, 47 mmol, 2 eq.), 24 (6.61 g, 24 mmol, 1 eq.), 48 mL DMA were
used and heated for 26 h. After the work up with EA, the crude product was flashed over silica
(PE/EA 1:3), yielding 44 (5.63 g, 23 mmol, 98%) as a light brown solid.

'H NMR (400 MHz, CDCls, FID NIK017/30) & = 9.34 (d, J = 1.0 Hz, 1H), 8.71 (d, J = 5.6 Hz,
1H), 8.12 (dt, J = 7.8, 0.9 Hz, 1H), 8.06 (t, J = 7.4 Hz, 2H), 7.88 (dt, J = 8.0, 0.9 Hz, 1H), 7.79
(dd, J=5.7, 1.1 Hz, 1H), 7.64 (td, J = 7.4, 1.0 Hz, 1H), 7.58 (td, J = 7.8, 1.2 Hz, 1H), 7.43 (td,
J=7.6,1.0 Hz, 1H) ppm.

Pyrido[3,4-b]pyrido[4',3":4,5]pyrrolo[3,2,1-hi]indole

\ Pd(OAC), N
swolli- Wl ow
NN NHC-Ligand NN
Cl_~ | DMA N
N N
30 XLV
C16H10CIN3 C16HgN3
279,73 243,08

Synthesis of XLV followed GP1.

30 (503 mg, 1.8 mmol, 1 eq.), Pd(OAc). (8.00 mg, 0.036 mmol, 2 mol%), NHC-ligand 65
(15.0 mg, 0.036 mmol, 2 mol%) and potassium carbonate (497 mg, 3.6 mmol, 2 eq.) were
heated in 4 mL DMA for 2 days. After the work up with DCM, the crude product was purified
via column chromatography (PE/EA 1:3), yielding XLV (157 mg, 0.6 mmol, 35%) as a light

brown solid.
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IH NMR (400 MHz, CDCls, FID NIK060/20) & = 9.20 (s, 2H), 8.63 (d, J = 5.2 Hz, 2H), 8.14 (d,
J=7.5Hz, 2H), 7.95 (dd, J = 5.2, 1.1 Hz, 2H), 7.64 (t, J = 7.5 Hz, 1H) ppm.

Dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

Swe Yl we
™ 2~~3, ™
N NHC-Ligand N
Br\© DMA O

31 46
C47H14BrN; Cq7H10N2
323,19 242,28

Synthesis of 46 followed GP1.

A suspension of Pd(OAc). (27.0 mg, 0.11 mmol, 5 mol%), NHC-ligand 65 (47.0 mg, 0.11 mmol,
5 mol%), potassium carbonate (609 mg, 4.4mmol, 2 eqg.) and 31 (713 mg, 2.21 mmol, 1 eq.)
were weighed and 1.8 mL DMA added. The reaction mixture was heated for 19 h. After the
work up with DCM, the crude product was purified via column chromatography (DCM/MeOH
10%), yielding 46 (358 mg, 1.5 mmol, 67%) as a light brown solid.

IH NMR (400 MHz, CDCls, FID NIK041/30) & = 9.22 (s, 1H), 8.15 (dt, J = 7.8, 1.0 Hz, 1H), 7.86
(dt, J = 8.1, 0.9 Hz, 1H), 7.59 (td, J = 7.8, 1.2 Hz, 1H), 7.41 (td, J = 7.6, 1.0 Hz, 1H) ppm.

Dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

Pd(OAc), _
AL e, 0
i A
N NHC-Ligand N

CI\{TCI DMA
(- (]
N

34 46
C17H12CIoNy C47H10N2
315,20 242,28

Synthesis of 46 followed GP1.
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34 (900 mg, 2.86 mmol, 1 eq.), Pd(OAc). (35.0 mg, 0.14 mmol, 5 mol%), NHC-ligand 65
(61.0 mg, 0.14 mmol, 5 mol%) and potassium carbonate (789 mg, 5.71 mmol, 2 eq.) were
placed in a glass vial and 6 mL DMA was added. The suspension was heated for 20 h. After
the work up with DCM, the crude product was flashed over silica (DCM/MeOH 10%), yielding
46 (685 mg, 2.83 mmol, 99%) as a grey-brown solid.

IH NMR (400 MHz, CDCls, FID NIK083/20) & = 9.18 (s, 2H), 8.11 (dt, J = 7.8, 1.0 Hz, 2H), 7.81
(dt, J = 8.1, 0.9 Hz, 2H), 7.56 (td, J = 7.8, 1.2 Hz, 2H), 7.38 (td, J = 7.6, 1.0 Hz, 2H) ppm.

5-Nitrodibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

Pd(OAc),

N Cl O,N
U L O
N NN NHC-Ligand N A
i Cl DMA l

XXXVII XLVII
C47H41CI2N30, C47HgN30O,
360,19 287,28

Synthesis of XLVII followed GP1.

XXXVII (200 mg, 0.6 mmol, 1 eq.), Pd(OAc). (7.00 mg, 0.03 mmol, 5 mol%), NHC-ligand 65
(12.0 mg, 0.03 mmol, 5 mol%) and potassium carbonate (153 mg, 1.1 mmol, 2 eg.) were
weighed and 1 mL DMA was added. The reaction mixture was heated for 20 h and after the
work up with DCM, the crude product was flashed over silica (DCM/MeOH 10%), yielding XLVII
(86.0 mg, 0.3 mmol, 54%) as a yellow solid.

IH NMR (400 MHz, CDCls, FID NIK094/10) & = 9.34 (d, J = 14.7 Hz, 2H), 9.10 (d, J = 2.2 Hz,
1H), 8.57 (dd, J = 8.9, 2.2 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 7.98 (dd, J = 8.4, 2.7 Hz, 2H), 7.73
—7.65 (m, 1H), 7.53 (t, J = 7.7 Hz, 1H) ppm.
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5-Nitrodibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

XXXIX XLVII
C47H10BrN30O, C17HgN30,
368,19 287,28

Synthesis of XLVII followed GP1.

A suspension of Pd-NHC 67 (22.0 mg, 0.039 mmol, 5 mol%), potassium carbonate (213 mg,
1.5 mmol, 2 eq.) and XXXIX (284 mg, 0.8 mmol, 1 eq.) in 7 mL degassed DMA was heated for
6 h. After the work up with DCM, the crude product was purified via column chromatography
(PE/EE 1:6), yielding XLVII (48.0 mg, 0.2 mmol, 22%) as a yellow solid.

IH NMR (400 MHz, CDCls, FID NIK018/30) & = 9.44 (d, J = 1.0 Hz, 1H), 9.07 (d, J = 2.2 Hz,
1H), 8.82 (d, J = 5.7 Hz, 1H), 8.55 (dd, J = 8.9, 2.3 Hz, 1H), 8.20 (t, J = 7.1 Hz, 2H), 8.01 (d, J
= 8.9 Hz, 1H), 7.93 (dd, J = 5.7, 1.0 Hz, 1H), 7.81 — 7.75 (m, 1H) ppm.

Benzo[b]dipyrido[4,3-e:3',4',5'-gh]pyrrolizine

@Br 7N Pd-NHC, ~N
N Cs,CO5 NS
2 DMA N
x~_N x_N
XLII 48
C16H10BrN; C16HoN3
324,18 243,27

Synthesis of 48 followed GP1.

XLII (362 mg, 1.12 mmol, 1 eq.), Pd-NHC 67 (32.0 mg, 0.06 mmol, 5 mol%) and potassium
carbonate (309 mg, 2.23 mmol, 2 eq.) were weighed and 1.5 mL DMA added. The reaction
mixture was heated for 15 h. After the work up with DCM, the crude product was flashed over
silica (PE/EA 1:3) yielding 48 (208 mg, 0.86 mmol, 76%) as a brown solid.
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IH NMR (400 MHz, CDCls, FID NIKO75/10) & = 9.36 (s, 1H), 9.23 (d, J = 13.4 Hz, 2H), 8.76 (d,
J = 5.6 Hz, 1H), 8.23 — 8.09 (m, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.76 (dd, J = 5.6, 1.0 Hz, 1H),
7.63 (td, J = 7.8, 1.2 Hz, 1H), 7.47 (td, J = 7.7, 1.0 Hz, 1H) ppm.

5-Nitrobenzo[b]dipyrido[3,2-e:3',4',5'-gh]pyrrolizine

O,N Br O,N
2 7N Pd-NHC, 2 7N
S K,COs4 N

7 N
_ DMA _—
9 |
N N
XLII XLIX
C16HoBrN40O, C16HgN4O2
369,18 288,27

Synthesis of XLIX followed GP1.

A suspension of Pd-NHC 67 (33.0 mg, 0.06 mmol, 5 mol%), potassium carbonate (321 mg,
2.32 mmol, 2 eq.) and XLIII (430 mg, 1.16 mmol, 1 eq.) was heated in 1.4 mL DMA for 18 h.
After the work up with DCM, the crude product was flushed over silica and XLI1X (93.0 mg, 0.32
mmol, 28%) received as a dark-orange solid.

'H NMR (400 MHz, CDCls, FID NIK089/20) 5 = 9.48 (s, 1H), 9.41 (d, J = 1.5 Hz, 2H), 9.14 (d,
J = 2.2 Hz, 1H), 8.87 (d, J = 5.5 Hz, 1H), 8.61 (dd, J = 8.9, 2.2 Hz, 1H), 8.05 (d, J = 8.7 Hz,
1H), 7.97 — 7.89 (d, 1H) ppm.
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Diazotization

2-Bromopyrido[4',3":4,5]pyrrolo[3,2,1-jk]carbazole

Br | N Br
NN NaNO,
H2N\© ACOH, H,S0, H,0
XXVII L
C17H12BrN; C17HgBrN,
338,21 321,18

Synthesis L of was conducted following Dunlop and Tucker.®!

XXVII (338 mg, 1.0 mmol, 1 eq.) was dissolved in a mixture of 2.6 mL AcOH (98% - 100%)
and 0.6 mL H>SO4 (98%) and cooled to 0 °C. NaNO; (76.0 mg, 1.1 mmol, 1.1 eq.) was
dissolved in 1.6 mL distilled water and added slowly, without crossing a temperature limit of
4 °C. The reaction mixture was stirred for 5 min, followed by refluxing for 2 h. After cooling to
rt the reaction was quenched with distilled water, neutralized with 2N NaOH and extracted
repeatedly with DCM. The crude product was purified via column chromatography (PE/EA 1:2
— 1:3), yielding L (70.0 mg, 0.2 mmol, 22%) as a beige solid.

IH NMR (600 MHz, CDCls, FID NIK100/60) & = 9.21 (s, 1H), 8.61 (d, J = 5.2 Hz, 1H), 8.17 —
8.12 (m, 2H), 8.02 (dd, J = 7.7, 0.9 Hz, 1H), 7.92 (dd, J = 5.2, 1.1 Hz, 1H), 7.82 (d, J = 8.0 Hz,
1H), 7.61 (td, J = 7.7, 1.2 Hz, 1H), 7.43 — 7.37 (td, 1H) ppm.

13C NMR (151 MHz, CDCls, FID NIK0100/61) & = 142.41, 142.32, 138.66, 135.06, 134.86,
134.28,128.97, 128.17, 124.85, 123.65, 122.89, 120.54, 117.74, 117.31, 116.38, 112.78 ppm.
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D.6.7 Synthesis of post-functionalization carboline derivatives

2-Bromopyrido[3',4":4,5]pyrrolo[3,2,1-jk]carbazole

W ROwe
N NBS N

2 MeOH, H,0 2
- 55°C
N \N
44 LI
C47H10N2 C17HgBIN,
242,28 321,18

y -NICz 44 (1.28 g, 5.3 mmol, 1 eq.) was suspended in 75 mL MeOH and 32 mL distilled water
(7:3 mixture) and heated to 55 °C. NBS (797 mg, 4.5 mmol, 0.8 eq.) was added in portions as
a solid and the reaction mixture allowed to stir. After 2 days, more NBS (234 mg, 1.3 mmol,
0.25 eq.) was added and further stirred for 24 h. Subsequently, the reaction mixture was
poured on 2N NaOH and stirred for 30 min at rt, followed by repeated extraction with DCM.
The combined organic layers were dried over Na.SO,s and the solvent evaporated under
reduced pressure. The crude product was refluxed in ACN, cooled to rt and filtered. The filtrate
was dried and further purified via recrystallization from toluene, yielding LI (779 mg, 2.4 mmol,
46%) as a beige solid.

IH NMR (400 MHz, CDCls, FID NIK095/30) & = 9.21 (s, 1H), 8.70 (d, J = 5.6 Hz, 1H), 8.05 (dd,
J=8.9, 1.4 Hz, 2H), 7.99 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.67 (d, J = 5.5 Hz, 1H),
7.61 - 7.50 (m, 1H), 7.40 (t, J = 7.6 Hz, 1H) ppm.

13C NMR (151 MHz, CDCl;, FID NIK095/81) & = 147.18, 144.69, 142.39, 141.45, 138.16,
129.59, 127.82, 125.08, 123.49, 123.31, 123.08, 122.68, 119.63, 116.97, 116.90, 112.82,
107.47 ppm.

81



Experimental Part

2-Bromopyrido[3,4-b]pyrido[4',3":4,5]pyrrolo[3,2,1-hi]indole

| 2 Br | AN
N N Bra N =N
—_—
2 DMF 2
x~_N =~ _N
XLV LIl
C16HoN3 C16HgBrN3
243,08 322,17

Compound XLV (338 mg, 1.4 mmol, 1 eq.) was suspended in 35 mL DMF and Br, (444 mg,
2.8 mmol, 2 eq.) added dropwise. The reaction mixture was stirred for 7 h at rt and more
Br2 (444 mg, 2.8 mmol, 2 eq.) added. After 24 h the reaction was poured on 2N NaOH and
stirred for 30 min at rt. The solid was filtered off, washed with distilled water and the filtrate
extracted repeatedly with DCM. The combined organic layers were dried over Na,SO. and the
solvent evaporated under reduced pressure. The crude product was purified via

recrystallization from toluene, yielding LII (304 mg, 0.9 mmol, 67%) as a yellow solid.

IH NMR (400 MHz, CDCls, FID NIK067/70) & = 9.36 (d, J = 1.0 Hz, 2H), 8.71 (d, J = 5.2 Hz,
2H), 8.39 (s, 2H), 8.02 (dd, J = 5.2, 1.1 Hz, 2H) ppm.

5,11-Dibromodibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

Br2
—_—
O DMF O
Br
46 LI
Cq7H40N> C47HgBroN,
242,28 400,07

Compound 46 (848 mg, 3.5 mmol, 1 eq.) was suspended in 85 mL DMF and Br, (1.68 g,
10.5 mmol, 3 eq.) added quickly. The reaction mixture was stirred overnight at rt and more

Br2 (2.01 g, 13 mmol, 3.6 eq.) added in portions over 6 days. Subsequently, the reaction was
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poured on 2N NaOH stirred for 2 h at rt. The solid was filtered off, washed with distilled water
and the filtrate extracted repeatedly with DCM. The combined organic layers were dried over
Na>SO4 and the residue refluxed in nitrobenzene, cooled to rt. The solid was filtered and
washed with toluene. The product was dried in vacuo, yielding LIII (682 mg, 1.7 mmol, 49%)

as a beige solid.

IH NMR (600 MHz, DMSO-d6, FID NIK084/80) & = 9.40 (s, 2H), 8.66 (d, J = 2.0 Hz, 2H), 8.36
(d, J = 8.6 Hz, 2H), 7.86 (dd, J = 8.6, 2.0 Hz, 2H) ppm.

5-Bromodibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

swelieewe.
|
N\ Br, N\

[ — .

DMF
<
46 LIV
C17H10N2 C47HgBrN,
242,28 321,18

Compound 46 (700 mg, 2.9 mmol, 1 eq.) was suspended in 70 mL DMF and Br, (888 mg,
5.6 mmol, 6 eq.) added slowly, dropwise at 0 °C. The reaction mixture was stirred overnight at
rt and more Br; (888 mg, 5.6 mmol, 6 eq.) added in portions and heated to 55 °C. After 6 days
the reaction was poured on 2N NaOH stirred for 2 h at rt. The solid was filtered off, washed
with distilled water and the filtrate extracted repeatedly with DCM. The combined organic layers
were dried over Na,SO4 and the residue refluxed in nitrobenzene, cooled to rt. The solid was
filtered and washed with toluene. The product was dried in vacuo, yielding LIV (355 mg, 1.1

mmol, 38%) as a beige solid.

IH NMR (400 MHz, CDCls, FID NIK111/20) & = 9.22 (d, J = 14.1 Hz, 2H), 8.28 (td, J = 2.0, 0.7
Hz, 1H), 8.18 (ddd, J = 7.8, 1.2, 0.7 Hz, 1H), 7.85 (dt, J = 8.0, 0.9 Hz, 1H), 7.78 — 7.68 (m, 2H),
7.63 (ddd, J = 8.1, 7.5, 1.2 Hz, 1H), 7.45 (td, J = 7.6, 1.0 Hz, 1H) ppm.
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Dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizin-5-amine

O,N ‘ o~ H,N o~
| . C] |
N N SnCI2 2H20 N NN
] EtOH !

XLVII LV
C47HgN30O, C17H11N3
287,28 257,30

Synthesis of LV was performed according to Dunlop and Tucker.[%8!

To a suspension of XLVII (69.0 mg, 0.24 mmol, 1 eq.) in 1 mL EtOH, SnCl>*2H0 (189 mg,
3.5 mmol, 3.5 eq.) was added as a solid and refluxed for 3 days. After cooling to rt the reaction
mixture was neutralized with 2N NaOH and repeatedly extracted with EA. The combined
organic layers were washed with distilled water, dried over Na,SO4 and the solvent evaporated
under reduced pressure. The crude product was purified via column chromatography
(DCM/Et,0 3:1), vielding LV (44.0 mg, 0.2 mmol, 76%) as an off-white solid.

'H NMR (400 MHz, CDCls, FID NIK097/30) d = 9.15 (dd, J = 24.5, 1.4 Hz, 2H), 8.20 — 8.07 (m,
1H), 7.77 (dt, J = 7.8, 1.0 Hz, 1H), 7.66 — 7.51 (m, 2H), 7.48 — 7.30 (m, 2H), 6.92 (dt, J = 8.5,
1.8 Hz, 1H), 3.46 (s, 2H) ppm.

5-Bromodibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

I I
N A NaNO, CuBr N AN
l HBr, H,0 ]

LV LIV
Cq7H41N3 C47HoBrNy
257,30 321,18

Synthesis of LIV was conducted following Fries and Imbert.[*%

Compound LV (44.0 mg, 0.17 mmol, 1 eq.) was dissolved in 1.5 mL HBr (ag. solution) and
cooled to 0 °C. A solution of NaNO> (13.0 mg, 0.19 mmol, 1.05 eq.) in 1.5 mL distilled H>O was

slowly added, while the temperature didn’t cross 5 °C. After stirring 30 min at rt, CuBr (13.0 mg,
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0.09 mmol, 0.5 eq.) was added as a solid. The reaction was quenched after 4 days with
2N NaOH, followed by repeated extraction with EA. The combined organic layers were dried
over Na,SO4 and the solvent evaporated under reduced pressure yielding LIV (11.0 mg,

0.03 mmol, 19%) as a brown solid.

IH NMR (400 MHz, CDCls, FID NIK111/20) & = 9.22 (d, J = 14.1 Hz, 2H), 8.28 (td, J = 2.0, 0.7
Hz, 1H), 8.18 (ddd, J = 7.8, 1.2, 0.7 Hz, 1H), 7.85 (dt, J = 8.0, 0.9 Hz, 1H), 7.78 — 7.68 (m, 2H),
7.63 (ddd, J = 8.1, 7.5, 1.2 Hz, 1H), 7.45 (td, J = 7.6, 1.0 Hz, 1H) ppm.

D.6.8 Synthesis of donor-acceptor systems

General procedure 2 (GP2): Buchwald-Hartwig Amination
GP2 followed the procedure modified according to Iwaki et al.l**! All compounds, including the
corresponding acceptors and donors, NaO'Bu, Pd.(dba); and P(‘Bu)s*HBF. were weighed
solid in a glass vial. The vial was flushed with argon and sealed with a septum, equipped with
an argon balloon to keep inert conditions straight. Degassed toluene (abs.) was added, and
the reaction heated to 110 °C until full conversion of the product. The reaction mixture was
then cooled to rt, quenched with water and extracted repeatedly with DCM. The combined

organic layers were dried over Na>SO4 and the solvent evaporated under reduced pressure.

10-(Pyrido[3',4":4,5]pyrrolo[3,2,1-jk]carbazol-2-yl)-4a,5a,9a,10a-tetrahydro-10H-

phenoxazine

Br O/Q
O O o Pd,(dba); NaO'Bu, |
0~ OO0 SR G
+
N toluene (abs.) N

| H
—
N | =
P
N
LI 56 Lvi
C17HgBrN2 C12H9NO C29H17N3O
321,18 183,21 423,48

Synthesis of LVII followed GP2.
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Compound LI (523 mg, 1.6 mmol, 1 eq.), 56 (328 mg, 1.8 mmol, 1.1 eq.), Pdz(dba)s (149 mg,
0.2 mmol, 0.1 eq.), P('‘Bu)s*HBF4 (189 mg, 0.7 mmol, 0.4 eg.) and NaO'Bu (469 mg, 4.9 mmol,
3.0 eq.) were weighed, 13 mL toluene added and the reaction mixture heated for 24 h. After
work up, the crude product was purified via column chromatography (PE/EE 1:3), yielding LVII
(663 mg, 1.6 mmol, 96%) as a dark-yellow solid.

IH NMR (600 MHz, CDCls, FID NIK102/40) & = 9.36 (d, J = 0.9 Hz, 1H), 8.79 (d, J = 5.6 Hz,
1H), 8.13 (dt, J = 7.7, 0.9 Hz, 1H), 8.11 (d, J = 1.2 Hz, 1H), 8.08 (d, J = 1.3 Hz, 1H), 7.98 (dt,
J=8.1,0.9 Hz, 1H), 7.89 (dd, J = 5.6, 1.0 Hz, 1H), 7.66 (ddd, J = 8.2, 7.4, 1.2 Hz, 1H), 7.47
(td, J = 7.6, 1.0 Hz, 1H), 6.74 (dd, J = 8.0, 1.5 Hz, 2H), 6.66 (td, J = 7.7, 1.5 Hz, 2H), 6.61 —
6.49 (m, 2H), 5.91 (dd, J = 8.0, 1.5 Hz, 2H) ppm.

13C NMR (151 MHz, CDCIls, FID NIK102/41) & = 147.37, 145.12, 143.96, 143.10, 142.81,
138.74, 135.38 (d, J = 14.6 Hz), 130.31, 128.02, 125.82, 123.85 (d, J = 4.5 Hz), 123.57 (d, J
= 2.5 Hz), 123.25, 121.41, 120.98, 118.24, 115.46, 113.57, 113.13, 107.76 ppm.

10-(Pyrido[4',3":4,5]pyrrolo[3,2,1-jk]carbazol-2-yl)-4a,5a,9a,10a-tetrahydro-10H-

phenoxazine

Pd,(dba); NaO'Bu, 0
L) e fj owe
+ L
N toluene (abs.) N
H
| X
_N
L 56 LVIII
C17HgBrN2 C12H9NO C29H17N3O
321,18 183,21 423,48

Synthesis of LVIII followed GP2.

L (80.0 mg, 0.25 mmol, 1 eq.), 56 (50.0 mg, 0.28 mmol, 1.1 eq.), Pdz(dba)s (23.0 mg,
0.03 mmol, 0.1 eq.), P('‘Bu)s*HBF.+ (29.0 mg, 0.1 mmol, 0.4 eg.) and NaO'Bu (72.0 mg,
0.75 mmol, 3.0 eq.) were weighed, 2 mL toluene added and the reaction mixture heated for
24 h. After work up, the crude product was purified via column chromatography
(PE/EE 45% — 60% ) and LVIII (80. mg, 0.19 mmol, 75%) obtained as a yellow solid.
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H NMR (600 MHz, CDCls, FID NIK105/20) & = 9.40 (s, 1H), 8.67 (d, J = 5.2 Hz, 1H), 8.16 (d,
J =1.3 Hz, 1H), 8.15-8.11 (m, 2H), 8.03 (dd, J = 5.1, 1.1 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H),
7.68 (td, J=7.8, 1.2 Hz, 1H), 7.45 (td, J = 7.6, 1.0 Hz, 1H), 6.75 (d, J = 1.5 Hz, 1H), 6.74 (d, J
= 1.5 Hz, 1H), 6.66 (td, J = 7.7, 1.5 Hz, 2H), 6.55 (td, J = 7.7, 1.5 Hz, 2H), 5.90 (dd, J = 8.0,
1.5 Hz, 2H) ppm.

13C NMR (151 MHz, CDCI3, FID NIK105/21) & = 143.96, 143.37, 142.70, 139.00, 135.59,
135.31 (d, J = 7.5 Hz), 134.82, 134.57, 129.55, 128.24, 125.42, 124.43, 123.25, 123.04,
121.65, 121.45, 118.24, 117.96, 115.49, 113.57, 112.96 ppm.

10-(Pyrido[3,4-b]pyrido[4',3":4,5]pyrrolo[3,2,1-hi]indol-2-yl)-10H-phenoxazine

Br
| = o Pd,(dba); NaO'Bu, 0
AL OO0 T o
N
_— | H toluene (abs.) N 9
N A

~_N
LIl 56 LIX
C16HgBrN3 C12H9NO 028H16N4O
322,17 183,21 424,46

Synthesis of LIX followed GP2.

Compound LIl (80.0 mg, 0.25 mmol, 1 eq.), 56 (50.0 mg, 0.25 mmol, 1.1 eq.), Pdx(dba)s
(23.0 mg, 0.02 mmol, 0.1 eq.), P('Bu)s*HBF4 (29.0 mg, 0.09 mmol, 0.4 eq.) and NaO'Bu
(72.0 mg, 0.75 mmol, 3.0 eq.) were weighed, 2 mL toluene added and the reaction mixture
heated for 24 h. After work up, the crude product was purified via column chromatography
(DCM/MeOH 10%), yielding LIX (62.0 mg, 0.15 mmol, 59%) as an orange solid.

IH NMR (600 MHz, CDCls, FID NIK081/70) & = 9.52 — 9.42 (m, 2H), 8.75 (d, J = 5.1 Hz, 2H),
8.32 (s, 2H), 8.10 (dd, J = 5.1, 1.1 Hz, 2H), 6.77 (dd, J = 7.9, 1.4 Hz, 2H), 6.69 (td, J = 7.6, 1.5
Hz, 2H), 6.56 (ddd, J = 8.0, 7.4, 1.5 Hz, 2H), 5.86 (dd, J = 8.1, 1.4 Hz, 2H) ppm.

13C NMR (151 MHz, CDCI3, FID NIK081/71) 5 =142.89 (d, J = 4.3 Hz), 142.21, 134.78, 134.72,
134.01, 133.63, 126.58, 122.23, 120.72, 118.44, 117.21, 114.63, 112.43 ppm.
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5,11-Bis(9,9-dimethylacridin-10(9H)-yl)dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

Pdy(dba);, NaO'Bu,
P(‘Bu);*HBF, O O
toluene (abs.)

LI 60
C17HgBraN> C4sH5N C47H36N4
400,07 209,29 656,83

Synthesis of LXI followed GP2.

LIl (81.0 mg, 0.20 mmol, 1 eq.), 60 (127 mg, 0.61 mmol, 3 eq.), Pdx(dba); (37.0 mg,
0.04 mmol, 0.2 eq.), P('Bu)s*HBF, (47.0 g, 0.09 mmol, 0.8 eq.) and NaO'Bu (117.0 g,
1.21 mmol, 6 eq.) were weighed, 2 mL degassed toluene added and the reaction mixture
heated for 24 h. After work up the crude product was purified via column chromatography
(PE/EE 20%) and LXI (86.0 mg, 0.13 mmol, 65%) isolated as a dark brown solid.

IH NMR (400 MHz, CDCls, FID NIK108/40) & = 9.30 (s, 2H), 8.32 — 8.19 (m, 4H), 7.67 (dd, J
= 8.5, 1.9 Hz, 2H), 7.59 — 7.48 (m, 4H), 7.06 — 6.92 (m, 8H), 6.42 — 6.33 (M, 4H), 1.78 (s, 12H)
ppm.

5,11-Di(10H-phenoxazin-10-yl)dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

/; ;\o

Pd,(dba)s NaO'Bu, Q N |

’ e (Y (S ©
toluene (abs.) N

N
H
]
NS
N
L 56 LXIl
C17HsBr2N2 C12H9NO C41H24N402
400,07 183,21 604,67

Synthesis of LXII followed GP2.

L1l (84.0 mg, 0.21 mmol, 1 eq.), 56 (115 mg, 0.63 mmol, 3 eq.), Pd(dba)s (38.0 mg, 0.04 mmol,

0.2 eq.), P('Bu)s*HBF4 (0.049 g, 0.17 mmol, 0.8 eq.) and NaO'Bu (0.121 g, 1.26 mmol, 6 eq.)

were weighed, 3 mL toluene added and the reaction mixture heated 24 h. After work up the
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crude product was purified via column chromatography (PE/EE 2:1) and LXII (80 mg,
0.13 mmol, 63%) isolated as a brown solid.

IH NMR (400 MHz, CDCls, FID NIK110/50) & = 9.31 (s, 2H), 8.25 (d, J = 2.0 Hz, 2H), 8.20 (d,
J = 8.5 Hz, 2H), 7.68 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 2.0 Hz, 1H), 6.76 (dd, J = 7.8, 1.6 Hz,
4H), 6.69 (td, J = 7.6, 1.5 Hz, 4H), 6.61 (td, J = 7.6, 1.6 Hz, 4H), 6.00 (dd, J = 7.9, 1.5 Hz, 4H)
ppm.

Solid Phase Reaction

5,11-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)dibenzo[b,e]pyrido[3,4,5-gh]pyrrolizine

) ® ®
K,CO3 CuSO,4 * 5H,0
; = QU
H N
=
|
N

N
Br

[H]]] 63 LXIV
C17HgBraN> CaoH2sN Cs7Hs6Ng
400,07 279,43 797,10

Synthesis of LXIV followed the procedure according to Kautny et al.[*®

A glass vial was charged with compound LIl (81.0 mg, 0.20 mmol, 1 eq.), 63 (169 mg,
0.61 mmol, 3 eq.), potassium carbonate (112 mg, 0.81 mmol, 4 eq.) and CuSO4*5H,0
(10.0 mg, 0.04 mmol, 0.2 eq.) and heated to 230 °C. After 20 h the reaction was quenched
with distilled water and extracted repeatedly with DCM. The crude product was purified via
column chromatography (PE/EA 3:1), yielding LXIV (68.0 mg, 0.09 mmaol, 45%) as an off-white

solid.

IH NMR (600 MHz, CDCls, FID NIK106/60) & = 9.33 (s, 2H), 8.42 (d, J = 2.1 Hz, 2H), 8.21 (d,
J=2.1Hz, 4H), 8.20 (d, J = 8.4 Hz, 2H), 7.87 (dd, J = 8.4, 2.1 Hz, 2H), 7.53 (dd, J = 8.7, 1.9
Hz, 4H), 7.43 (d, J = 8.6 Hz, 4H), 1.50 (s, 36H) ppm.

13C NMR (151 MHz, CDCls, FID NIK106/61) & = 149.51, 143.15, 139.72, 137.46, 133.75,
129.59, 127.16, 124.62 — 122.28 (m), 116.46, 113.48, 109.00 ppm.
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D.6.9 Synthesis of the Pd-NHC catalyst

[1,3-Bis[2,6-bis(1-methylethyl)phenyl]-1,3-dihydro-2H-imidazol-2-yliden]chloro(n3-
2propen-1-yl)palladium

C ipr 1 ¢®

cl iPr
== iPr i
N/j,\\j@ Sl n-BuLi : :N/ﬁ IPr
\F + <—Pd\ Pd—)) —— iPr N
Cl

THF (abs.) &/Pd‘m oy

65 66 67
425,06 377,86 571,52

Synthesis of 67 followed the procedure according to Navarro and Nolan.!!

The NHC-ligand 65 (3.72 g, 8.75 mmol, 5 eq.) was dissolved in 53 mL THF (abs.) and
n-butyllithium (3.57 mL, 8.93 mmol, 5.1 eq., 2.5 M in hexane) was added slowly at rt. After
30 min, 66 (670 mg, 1.75 mmol, 1 eq.) was added and the reaction mixture stirred for another
2 h. The suspension was filtered over celite and the filtrate concentrated under vacuum. The
crude product was purified via column chromatography (DCM/Et.0 0% — 3%), yielding 67
(1.81 g, 3.17 mmol, 89%) as a beige solid.

IH NMR (400 MHz, CDCls, FID NIK090) & = 7.42 (t, J = 7.7 Hz, 2H), 7.31 — 7.23 (m, 4H), 7.15
(s, 2H), 4.81 (tt, J = 13.2, 7.2 Hz, 1H), 3.90 (dd, J = 7.5, 2.2 Hz, 1H), 3.18 — 3.01 (m, 3H), 2.91
—2.73 (m, 3H), 1.57 (d, J = 11.8 Hz, 1H), 1.39 (d, J = 6.7 Hz, 6H), 1.33 (d, J = 6.8 Hz, 6H),
1.17 (d, J = 6.8 Hz, 6H), 1.08 (d, J = 6.9 Hz, 6H) ppm-
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