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Summary

Chapter 1

The potential of phosphorescent organic light emitting diodes (phOLEDs) in full-color flat-
panel display solid state lighting devices is fueling the interest in high triplet energy
materials. 4,4'-Bis(9-carbazolyl)—biphenyl (CBP) is one of the most widely used host material
in phOLEDs. Because of its triplet energy (Et) of 2.56 eV, it is a suitable hole transporting
material for green phosphorescent emitters, such as tris(2-phenylpyridine)iridium(lll)
[Ir(ppy)s]. However, the commonly used dye bis[(4,6-difluorophenyl)-pyridinato-N,C2]-
picolinateiridium(IIl) (Flrpic) in blue phOLEDs exhibits a Et of 2.65 eV. Therefore, new high-Et

host materials are required to allow for efficient OLED-devices.
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The design of blue pixel host materials is based on the idea of reducing the level of
conjugation between the carbazole subunit and the biphenyl backbone. Therefore, a series
of CBP derivatives was synthesized and studied with spatially restricted degrees of freedom
in their biphenyl-N-carbazole junctions by introducing spatial demanding methyl moieties
either in positions 1 and 8 of the carbazole unit or in positions 3,5,3’,5’ of the biphenyl
backbone. Moreover, the electronic features of the carbazole synthons were investigated by
attaching electron-withdrawing or electron-donating groups in the positions 3 and 6 or

positions 2 and 7 of the carbazole subunits.

Chapter 2

Acetylenes are highly intriguing building blocks in molecular electronics. Besides their
modularity, synthetic accessibility and efficient post-functionalization by click-chemistry,
acetylenes allow a broad scope of protecting groups that makes them ideally suited for

targeted assembly of multifunctional self-assembled monolayers (SAMs). The idea of an



electrochemically-triggered deprotection of acetylene enables the specific addressability of
the desired reaction site. When this deprotection of the immobilized acetylene takes place
on a conductive surface, post-functionalization leads to the formation of a multifunctional

SAM.

The design of a reductively cleavable acetylene protecting group is based on the idea of
spatially separation of the actual connection to the acetylene from the redox active moiety.
In order to enable the efficient attack of the silyl moiety by the formed anion, it was
important to separate the two mentioned reactive centers in an appropriate distance from
each other. Its length has been chosen such that the resulting attack leads to the
spontaneous formation of an energetically favored six membered ring. The investigated
system is completed by 4-tert-butylphenylacetylene, since the optical properties are readily
distinguishable from the 77* transitions of the redox center. The liberated acetylene can,
due to its molecular weight also be detected by gas chromatography—mass spectrometry

giving a second indicator for the success of the reaction.

Chapter 3

In this chapter, the progress towards the synthesis of a ball-shaped, highly symmetric
thiospherophane (C4sS1>) is discussed. This ball-shaped molecule consists of eight identical
benzene subunits, which are interconnected via a sulfur atom. The insertion of these sulfur
heteroatoms would transform the fullerene closed-shell structure into a hollow molecular

cage.
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Chapter 1

High-Triplet State Energy Materials for OLED

devices!!
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Introduction
Improving the Light

There is no doubt that the invention of the incandescent light bulbs in 1879 by Thomas Alva
Edison was a great discovery. The idea of making the night to day was fascinating world
wide, leading to the tremendous amount of artificial light, which is used nowadays. About
20% of our energy goes into lighting applications, ranging from simple signals to general
illumination.” In the USA an even more impressive number of 38% of all consumed energy is
used for residential or commercial buildings. The fear of not knowing what is out there due
to the absence of light has certainly set the triumphal procession for the distribution of the
artificial light in this dimension. The invention of artificial light was not only fueling the
economy due to elongation of working time, but also society benefits by offering more time
for recreational activities. Nevertheless, the non-efficient and upward-directed lighting
systems of residential and commercial places show the tremendous growth of light pollution

(Figure 1).

Figure 1: Artificial night sky brightness at sea level for Europe. In the red area is the Milky Way no longer
visible. Reprinted from Elvidge and co-workers.”
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Sustainability or going green as one of the greatest topic arising the last few years, the
incandescent light bulbs were pushed in the spotlight of environmental developments.
Although, optimizing shielding advices, intelligent light controlling systems, or daylight

harvesting architectures,

is commendable, the problem relies more profound. As more
than 55% of the whole generated electricity is used for electrical devices, the 20% which are
used for lighting systems are not negligible.[G] Besides the relative short lifetime (1000 —
2000 hours) of the incandescent bulb lamps, only 15% of the energy is used as light, and 85%
is released as heat."” By using new lighting technologies like organic light emitting diodes

(OLEDs) this lost of energy could be reduced by more than 25%, which would not only

reduce the light pollution but also save a tremendous amount energy waste.®!
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Figure 2: Progress for display source efficiency in various lighting. PhOLEDs and PLEDs refer to devices based on

phosphorescent emitting dyes and fluorescence phosphorescent polymers, respectively. Adapted from
(8]

Forrest.

OLEDs represent a strong candidate in next generation solid-state lighting devices
alternative to conventional incandescent bulbs or fluorescent lamps. OLEDs produce light
similar as light-emitting diodes (LEDs) do, except that in OLEDs the positive and negative
charges originate in organic compounds, and LEDs in crystalline semi conductors. Using

these revolutionary lamp properties, including tuning of color, flexible lighting source, and



transparency, the light can be switched on and off in high frequencies without any problems.
Furthermore, the slimness (10 — 1 mm) of this lighting device and ability to perform on large
areas may allows lighting of commercial buildings without the usage of lighting

fixtures.' 27910

Nevertheless, there are still some issues to overcome. For example
encapsulation due to the OLED’s high sensitivity towards air and moisture inducing
degradation of the device. Many feasible solutions for the encapsulation of rigid substrates
are present (e.g., atomic layer deposition (ALD), or glass-cap), but are more challenging for
flexible devices. The storage lifetime is directly linked with encapsulation technologies,
whereas operational lifetime is mainly limited by material degradation during operating
conditions.® Performance and efficiency are the most important criteria in this competitive
market ($90 billions) of existing and upcoming lighting technologies.™ Rapid progress in the

optimization of OLED device performance in the past and present century will decrease costs

of production. Therefore OLEDs represent a competitive player in the near future of lighting

11]

technologies (Figure 2).!

OLED Architecture

Encapsulation

/ Cathode
% Electron transport layer (ETL)

Emission layer (EML)

Voltage — \

Hole transport layer (HTL)

Anode (ITO)

Glass substrate

Light emission

Figure 3: A typical stack layout of a multilayered OLED consisting of a hole transporting layer (HTL), electron
transporting layer (ETL) and an emission layer (EML), which represents the heart of an OLED. Reprinted from
Britting and co-workers.™

In 1978 Ching W. Tang and Steven VanSlyke demonstrated the first doubly layered thin film

OLED using vacuum deposition techniques.m] Shortly after, a group at Cambridge University
4



reported a large-area OLED based on the conjugated polymer poly(p-phenylene vinylene).[l‘”
In order to enhance current efficiency and lumen output, nowadays vertical stacking of
multilayer OLEDs is more complex.™ However, an organic layer sandwiched between an
anode and a cathode still represents the principal of a thin-film OLED device. This
multilayered architecture is essential regarding efficiency and lifetime, since the properties
of each layer can be addressed and tuned individually through the proper choice of material
(Figure 3). A multilayered OLED requires a hole transport layer (HTL) that transports the
holes from the positively charged anode towards the emission layer (EML). Notably, the
electrons are injected from the cathode into the electron transport layer (ETL). The holes
and electrons recombine ideally in the EML, comprising one or more emitting dyes,
providing electroluminescence. Choosing an appropriate dye, emission in different regions
of the visible spectrum is possible. To optimize transport properties separate blocking and
injection layers are required. Properties of commonly used materials in HTL and ETL for

OLED devices are listed in table 1.

Table 1: Glass transition temperature (T,), HOMO/LUMO, triplet energy level and hole/electron mobility for
selected hole and electron transport materials. Data obtained from Tao and co-workers.®

compound ng HOMO  LUMO Er L p.a_l L electric f_i;eld
(°C) (eV) (eV) (eV) (cm -V -s7) (V-cm™)
PR 65 5.4 2.4 2.34 1.0-10° 1.5-10°
npgl71920 95 5.4 2.3 2.29 88-10" -
TCTA2022 151 5.7 2.4 2.76 2.0-107 -
TAPC#%] 78 5.5 2.0 2.87 1-10-10°  1.0-4.4-10°
Alg,*¢7 172 5.8 3.0 2.00 7.2-10°° 6.4 - 10°
Bcp!'&2230 83 6.7 3.2 2.50 56-10° 6.4-10°
TPBIF? 124 6.2 2.7 2.74 33-80-10° 4.7-7.0-10°
‘Bu-TAZ***" 70 6.3 2.7 2.75 - -
pO151%* 106 6.6 2.9 3.07 - -

®Hole mobility for TPD, NPB, TAPC, and TCTA, electron mobility for the others.



Working Principle of OLEDs

The most important parts of the working principle can be separated into four fundamental
steps as denominated in figure 4. By applying an external voltage two types of charge
carriers are injected from the opposite electrodes. At the anode, the hole transport layer
gets oxidized generating a hole, whereas the cathode reduces the electron transport layer by
injecting electrons into the device (1). Both, the electron and the hole, start to drift towards
the emission layer (EML) by hopping processes (2). At the EML the initially free electrons and
holes form strongly bound electron—hole pairs (excitons) (3), which induce light emission (4).
The color can be tuned by the dopant of the host material. This organic material based
electroluminescence devices allow low driving voltage and at the same time bright

emission.®

&
cuum %"
Voo dﬁ{
E .
3 — |“:
i =l |
| Exciton "
7 ) |
| [1]L n
! l
Anode Hole injection  Emission Electron injection -

& transport layer  layer & transport layer

Figure 4: Schematic energy diagram of a three layer OLED illustrating the four fundamental steps of the
working principle.[n] (1) Electrons are injected from the anode into the lowest unoccupied molecular orbital
(LUMO) by reduction of the ETL. Similarly, holes are injected into the HTL by removing electrons from the
highest occupied molecular orbital (HOMO). To establish a current flow through the device, a built-in voltage
has to be overcome by applying an external voltage (V); @, and @ are the work functions for the anode
and the cathode, respectively. (2) By properly alignment of the HOMO and LUMO levels the holes and the
electrons are transported towards the EML. Due to high LUMO levels of the HTL (yellow), electrons will be
blocked at the EML, and holes will be blocked due to the low HOMO level at the ETL (orange), respectively. (3)
Recombination of the hole and electron in the EML are forming excitons. (4) Emission of light occurs due to
radiative exciton decay by either fluorescence or phosphorescence. Reprinted from Britting and co-workers.™?



OLED Families

OLED devices can be separated in roughly three different families (Figure 5). This division is
based on the optical and physical properties of the materials, which are used in such a
device. The most common used family is the fluorescent family. They profit from a long
lifetime and therefore, most flat-panel displays available on market are using this technique.
However, they suffer from low efficiency according to spin statistics.®”! Another interesting
family of OLEDs is based on polymer materials. If polymers are used in such a multilayer
device, the production costs of OLEDs will be reduced due to facile multilayer device
fabrication.” The most interesting family represents the phosphorescent family. Due to spin
statistics, the ratio of singlet and triplet states formed under electrical excitation is 1: 3,
owning to their multiplicity.®® Unlikely fluorescent, phosphorescent emitters can harvest
both singlet and triplet excitons, and thus, their maximum internal efficiency can approach
theoretically an internal quantum efficiency of 100% by harvesting both—singlet and triplet

excitions—simultaneously through intersystem crossing.

Fluorescent Polymer
Family Family

» Long lifetime
* Most display product on
market

* Demo displays made
* Potential for low cost

» Lamps on sale as demo kits . fl\flib”(’agont " ot
» Low efficiency o product on the marke

\/

Phosphorescent
Family

» High efficiency
(4x Fluorescent)
*« Demo OLED lamps made
« No display product with all
phosphorescent
« Lifetime of blue material

Figure 5: The free families of OLEDs.

If the pathway of electroluminescence via fluorescence is followed the maximum of
efficiency will be 25%, since only one forth of the recombined excitons remain in the singlet

state on initial charge recombination (Figure 6). Therefore, it has been a major breakthrough
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in improving electroluminescence efficiency by moving the point of interest in research from
fluorescent®>*% to phosphorescent triplet emitters in OLEDs.B7#7*! However, lifetime of

lighting devices often suffer from the relatively low efficiency of the blue light emission.

exciton formation
according to
spin-statistics

singleté t | S=0| singlet

path © [M: =0 ain 51
singlet
fast ISC

f é é S=1 _\.j
triplet @( e\ +1 tnprI]el
_@? i S T

Cjp—

radiationless triplet pho
deactivation resc
S, Y — S,
maximum maximum
efficiency efficiency
per trapped per trapped
exciton: 25 % exciton: 100 %

Figure 6: Possible pathways of an excition recombination according to spin-statistics. Theoretical maximum
internal efficiency per trapped exciton is 25% and 100% for fluorescence and phosphorescence, respectively.
Reprinted from Yersin.“®

Dyes in Phosphorescent Emitting OLEDs

O C B
[% < (jdf @foé

Firpic Ir(pPy)s (ppy);lr(acac) Ir(piq).(acac)

Scheme 1: Structures for most common used blue, green and red phosphorescent dyes.

The most widely used dopants in phosphorescent organic light-emitting diodes (phOLEDs)
are triplet-emitting Ir'"-complexes. The best well-known triplet emitters are bis[2-(4,6-

difluorophenyl)pyridinato-C? N](picolinato)iridium(Ill) (FIrpic)[47’4g] for blue; tris[2-phenyl-



M4 and  bis[2-(2-pyridinyl-N)phenyl-C](acetyl-

pyridinato-C% N]iridium(lll)  [Ir(ppy)s),
acetonato)iridium(lll) [(ppy)zlr(acac)][43] for green; and bis(1-phenylisoquinoline)(acetyl-
acetonate)iridium(ll) [Ir(pig)(acac)]™ for red dyes. Their triplet energies are 2.65 eV,
2.42 eV, and 2.00 eV, estimated from the highest energy peak in phosphorescence
spectra for blue (Flrpic), green (Ir(ppy)s) and red emissive (Ir(pig),(acac)), respectively. These
dyes are usually doped in a concentration ranging from 1 —20% to reduce quenching,[53’54]
triplet—triplet annihilation, which originates from the long lifetime of phosphorescent heavy
metal complexes (up to microseconds), and long range diffusion of excitons (>100 nm) that

could get quenched in the adjacent HTL or ETL. (4748

Host Material

To achieve efficient electro-phosphorescence, host materials have to fulfill several
requirements. (i) It is essential that the triplet excited state of the host material is higher
than that of the triplet emitter to prevent revers energy transfer from the guest back to the
host and to effectively confine triplet excitons on the guest molecules.®%%°] (ii) The HOMOs
and LUMOs of the host material should match with those of neighboring active layers to
reduce the hole and electron injection barrier, and thus lowering the driving voltage of the
device.® (iii) The host material should provide thermal and morphological stability, which
can reduce the possibility of phase separation upon heating and thus, prolonging the device
operational lifetime.[*®! Generally, bulky and spatial demanding moieties are introduced into
the molecular configuration to enhance the glass transition temperature (Tg), and form
morphologically stable and uniform amorphous films.8 (iv) The hosts are expected to have
good and balanced charge carrier transport properties for the hole—electron recombination
process. The host materials can be summarized in three separated categories: hole-transport

type, electron-transport type, and bipolar-transport type material. The choice of appropriate

d [56,57] [

host materials in re and green 58591 O EDs is well developed compared to blue emitting
OLEDs, due to their low triplet energy levels. For the blue emitting phOLEDs it becomes
considerably challenging to meet these requirements for host materials arising from the high
Er (> 2.65) of the blue guest (dopant). As high-Er materials generally require decreased 7z

0]

conjugation, this may adversely affect the charge transport properties[6 as well as thermal

and morphological stabilities.®™ Since formation of excitons is energetically unfavorable on

9



wide gap materials, a compromise between the HOMO and the LUMO level is required.
These large band gaps would lead ultimately to higher driving voltages and lower power

efficiencies of the devices.[6>%!

Energy Transfer Between Host and Dopant

The host—guest energy transfer occurs via two different mechanisms,'*® the Férster

)4 and the Dexter electron transfer.® The Férster energy

resonance energy transfer (FRET
transfer relies on radiationless dipole—dipole interactions (Coulomb interactions) where the
excited singlet state is transferred to the dopant. This is a fast (ca. 10 s) and long range
process (up to 10 nm)./®®¢”1 Notably, the emission spectrum of the host matrix needs to
overlap significantly with the absorption spectra of the guest molecule (Figure 7, left). This

overlap between the emission and absorption spectra can be easily examined by UV-vis

measurements.

T e T+ T, T4+

T T S

Host D t
os opan Host Dopant

Figure 7: Host—guest energy transfer; a) Forster resonance energy transfer (FRET), showing an excited singlet
state, transferred from the host to the dopant. b) Transfer of the excited triplet state from the host to the
guest molecule, known as Dexter energy transfer. Reprinted from Tao and co-workers.™

In contrast, the Dexter energy transfer is an electron-exchange interaction between the host
exciton and the dopant, due to mechanical tunneling electrons, which is a short distance
process ranging from a few A up to 1 nm.[®! Efficient Dexter transfer requires the match of
energies of the singlet and triplet excitons on the host with the exciton energies on the guest

(Figure 7, right).
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Bipolar Host Materials
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Scheme 2: Molecular structures of selected bipolar host material for phOLEDs.

Due to its unique structural motives, bipolar host systems gained more interests, because
they may will simplify the device structure.”®® Very intuitively, the recombination zone is
close to the EML-ETL interface when using a hole-transport type host and shifts towards the
EML-HTL interface when conducting a electron-transport type host material.*® A very
challenging issue to overcome is the fact that the electron-donating and electron-
withdrawing moieties unavoidably lower the band gap of the material by intramolecular
charge transfer. This low triplet energy of the host may cause energy transfer from the guest
back to the host, which consequently decreases the efficiency of phOLEDs.m] This issue was

1,71,72 i
L7721 or non-para linkage between

addressed by incorporation spatial demanding groups
the two subunits,[37’56’57_61] both leading to a interruption of the 7~conjugation and rising the
triplet energy (Scheme 2). Since 4,4'-bis(9-carbazolyl)—biphenyl (CBP) derivatives are the
most widely used hole-transport and oxadiazole derivatives represent commonly electron-
transport type materials, the carbazole—oxadiazole hybrid is a very interesting bipolar
structural motive. 0-CzOXD displays enhanced T, values of 97 °C, attributed to the oxadiazole

moiety, and an E; of 2.68 eV. These superior properties of 0-CzOXD increas the performance

of both green (Ir(ppy)3; 77.9 cd - A™) and red ((piq).lr(acac); 13.6 cd - A™) pixel in phOLEDs.
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Similarly hybrid structures of 1,2,4-triazol (electron-transport type) and 9-phenylcarbazole
(hole-transport type) display promising properties, suitable for blue electrophosphorescence
devices. Tunable triplet energies by varying the substitution pattern of the phenyl-carbazole
unit leads to high Er ranging from 2.8 to 3.0 eV."”®! The best maximum current efficiency of
14.2 cd - A" was observed for 3,5-(bis(3-(9-carbazoyl)phenyl)-4-(4-butylphenyl)-4H-[1,2,4]-
triazole (TAZ-Cz-Ph 1).[73] A novel bipolar host material is combining the electron donating
carbazole with an electron accepting pyridine unit affording a unique molecular design of
26DCzPPy and 35DCzPPy. Both are displaying Er values of 2.71 eV, therefore they are
performing well in blue Firpic-based phOLEDs.’” The combination of the hole conducting
phenoxy-carbazole and the electron deficient 1,3,5 triazine (PCTrz) leads to a monodisperse
molecular mixed host that combines good transport properties for both types of charges.
The Er of 2.91 eV makes it suitable for Flrpic fabricated phOLEDs exhibiting a current
efficiency of 13.5cd - A™! whereas the Tg of 148 °C ensures morphological stability during
the operational lifetime of the device.’” An universal bipolar host with remarkable
properties (Tg =137 °C, Er=3.01 eV) was observed for carbazole—phosphine oxide hybrid
structure BCPO. Its low turn on voltage as well as good current efficiency for blue (2.8 V;
45.1cd- A, green (2.1V; 83.4cd - A™), and red (2.7V; 20.4¢cd - A dopants emphasize
BCPO as potential host for white organic light emitting dyes (WOLEDs).[76]

Electron Transport Type Host Material

BOBP 3 T2T:R=H SPPO 1
T3T: R = Ph

Scheme 3: Molecular structure of selected electron-type host material for phOLEDs.

To meet the requirements of high electron mobility, high triplet energy, low electron

injection barrier, and thermal stability, an electron withdrawing oxadiazol moiety was

12



attached at the ortho-position of the biphenyl backbone (BOBP 3), similar to o-CBP.
Attributed to the well matched spectral properties with the green dopant Ir(ppy)s and
BOBP 3, a maximum current efficiency of 26 cd - A™ was observed.””” Higher triplet energies
were observed for star-shaped structures based on 1,3,5-triazine derivatives, namely 2.80 eV
and 2.69 eV for T2T and T3T, respectively. The excellent performance (54 cd - A™) of T2T in
green emitting phOLED, is attributed to its superior balanced electron—hole recombination
within the EML."® By implementation of a phosphine oxide moiety that acts as point of
saturation between the phenyl groups and the spiro-fluorene group (SPPO 1), the triplet
energy is enhanced to 2.9eV. SPPO 1 was successfully investigated for a blue
electrophosphorescent device, exhibiting a current efficiency of 37.2 cd - A, which is
attributed to its multi-functionality of being an exciton blocking and electron transporting

material.

Hole Transport Type Host Materials

N N N N N N
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DFC: R; = OMe, R; = 4-Bu-Ph
CBZ1-F2: R =Ry=H

o-CBP mCP SimCP2

Scheme 4: Molecular structure of selected hole-type host material for phOLEDs.

Carbazole based structural motives have been widely used as hole-transport type material.
The most prominent host for triplet emitters is CBP. phOLEDs using CBP as host material
showed good peak efficiencies for green (57.2 cd - A™) and red (58.2cd - A™Y) dopants.[79]

Besides its rather simple synthesis, the relative low T, of 62 °C®® Jeads to crystallization in
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the device and an Er of 2.56 eV, which is lower than those of commonly used blue triplet
emitters (> 2.65 eV),'® results in an inefficient energy transfer from host to dopant and poor
device efficiency. Researchers try to overcome these issues by introduction of bulky methyl
(CDBP) or trifluoromethyl groups mounting at the 2,2’-position of the biphenyl backbone,
arising a high Er of 2.95-3.0 eV and a higher T, (ca. 100 °C) compared to CBP.***? These
properties doubled the maximum external quantum efficiency of a Firpic-based phOLED. A
similar idea was followed, when the methyl units where attached at the 3,3’-position of
biphenyl subunit (o-CDBP) or the carbazole moiety was interlinked in ortho-position with the
biphenyl (0-CBP). Both investigated methods lead to a decreased z~conjugation throughout
the molecular rod, conducting triplet energies ranged from 2.73 —3.01 eV. The improved T,
ranging from 78 — 115 °C can be attributed to the spatial arrangement of the interlinked
subunits.®! The non-conjugated hybrid structure of carbazole (Er=2.95eV) and fluorene
(DFC, Er = 3.05 eV)®®¥ leads to rather high T, of 180 °C. Nevertheless, its triplet energy of 2.53
eV makes them only suitable for green and red dopant based phOLEDs.[85] A similar work
presented fluorene—carbazole linked molecules (CBZ1-F2) as effective host material with
higher triplet energies (2.88 eV) suitable for blue dyes.[86] Another initial example is 1,3-
bis(carbazole-9-yl)benzene (mCP), interlinking two carbazole with one phenyl unit in metha-
position, decreasing 7z~conjugation and therefore increasing Et (2.9 eV).[87] This relatively
high Er makes mCP a widely used host in blue emitting phOLEDs. To improve its low T,

(60 °C) and formation of hill-like pattern in thin films,®®

structurally related motives were
investigated, such as SimCP2. Connecting two mCP units by a diphenyl-silane moiety exhibits
a structure with enhanced properties, such as increased T, (148 °C) and better performance.
This is attributed to the bulky substituents, separating the dopant molecules and therefore
reducing T;—T; annihilation. Furthermore, the tetraphenyl silane subunit provides a more
balanced hole and electron recombination property. Additionally, a lower ISC-rate compared

to mCP was found, arising a higher energy transfer rate from guest to host.!®!
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Aim of the Work

Nowadays the production of full-color flat-panel displays is strongly linked with the
commercialization of highly efficient material that can generate all blue, red, and green
colors. The promising implementation of OLEDs in flat-panel displays and solid state lighting
devices gained attention after the first OLED material.>® Whereas, the efficiency of
electroluminescence in OLEDs, based on green and red dyes is already reaching satisfying
values, the efficiency based on the blue Firpic pixel still needs further improvements. To
improve the efficiency of the host material, its requirements can be summarized as
followed:

i) To prevent back energy transfer from the guest to the host and to efficiently promote the
exothermic energy transfer from host to guest, the E; of the matrix material must be higher
than the Er of the phosphorescent emitter. This fact is making the use of high-Er materials
imperative to confine the triplet excitons in the emitter. Relying on the fact that CBP
(Er=2.56eV) is a suitable matrix for green phosphorescent emitters like Ir(ppy)s, the
scaffold of the CBP backbone provides the structural base. According to the triplet energy of
the commonly used blue phosphorescent emitter used Flrpic, Et values higher than 2.75 eV
are required.

ii) Good charge carrier transport properties are required for enabling facile charge injection
form the adjacent layers. Balanced charges in the emitting layer and prevention of charge
accumulation, determine the efficiency of the OLED.

i) It is crucial to reduce the driving voltage for charge injection due to appropriate aligning
of the frontier orbitals of the host molecules with the hole transport layer (HTL) and electron
transport layer (ELT). This can be achieved by functionalization of the carbazole subunit with
electron donating (+| effect) or electron withdrawing (—I effect) substituents shifting the
HOMO and LUMO energy levels.

iv) The glass transition temperature is responsible for a phase separation within a phOLED
device and therefore also effecting the operational lifetime considerably. CBP shows a
relatively low T, value that originates from the intermolecular 77 interactions of the
biphenyl-carbazole junction resulting in relative low thermal and morphological stability of
the device. These interactions are reduced by the combination of all these features

mentioned above. The spatial demanding substituents mounting on the carbazole and the
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almost perpendicular orientation of the carbazole and biphenyl subunit will decrease
intermolecular 7~ rinteraction and therefore increase the glass transition temperature.

The aim of this work was to design, synthesize, and study a series of CBP derivatives as
potential candidates of host material in blue emitting phOLEDs (Scheme 5).

CBP derivatives 1 and 2 are investigated to freeze the conjugation between the biphenyl
backbone and the carbazole subunits. Target structures 3 and 4 have been envisaged to
compare the difference in properties if the electron-withdrawing substituent is introduced
either at the positions 3 and 6 (3) or positions 2 and 7 (4) of the carbazole subunits. To

complete the series compound 5, bearing electron-donating moieties will be synthesized.

J J J ) J ¢
3
30 O D e

Scheme 5: Series of CBP derivatives as potential candidates of host material in blue emitting OLEDs.
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Molecular Design

\,

Figure 8: Molecular design of the compound bearing features required for high triplet energy matrix material in
blue emitting OLEDs. Introducing spatial demanding methyl groups in the positions 3, 5, 3’, and 5’ leads to an
inter-planar twist between the carbazole subunit and the biphenyl backbone. Functionalization of the
carbazole synthon with electron-withdrawing or electron-donating groups in the positions 2 and 7 or positions
3 and 6 induces a shift of the HOMO and LUMO levels.

The requirements mentioned before are provided by different structural features of the
molecule of interest (Figure 8). The specific parts of the structural motives addresses the
requirements as followed:

Introducing spatial demanding methyl groups in the 3,3’,5,5-positions of the biphenyl
backbone or at the positions 1 and 8 of the carbazole subunit will introduce an inter-plane
twisting angle between these subunits leading to an almost perpendicular orientation
between the two subunits. This interrupted charge conjugation throughout the whole rod
will promote a higher triplet energy of the matrix material (Figure 8, red arrows).

Relying on the good hole transport mobility of CBP and mCP the facile and balanced charge
injection from the neighboring layers will be provided by the structural backbone. The
alignment of the HOMO and LUMO level with the adjacent HTL and ETL will be achieved by
functionalization of the carbazole subunit with electron donating (+| effect) or electron
withdrawing (—I effect) shifting the HOMO and LUMO energy levels (Figure 8, blue cycles).

To increase thermal and morphological stability intermolecular interactions have to be
reduced. The spatial demanding substituents mounting on the carbazole and the almost
perpendicular orientation of the carbazole and biphenyl subunit will decrease intermolecular

m-minteraction and therefore increase the glass transition temperature.
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Results and Discussion

Synthesis

Synthesis of Fluoro-2,6-dimethyl-4-nitrobenzene (10)

NH, F
Ry o) \©/ d) \©/ 9) R
— —_— 3

40 10

Ry NO,
f)
37: Ry =NHy, Ry = H —— o) 43:Ry=0OH —
b) a) R =

38: = NHTs, R, = H <e—— o) 8:Ry = OTf  —&—

Br. Br
39 = NHTs, R, = NO, —— Br Br

O,N
41

Scheme 6: Synthesis of building block 10. Reaction conditions: a) p-TsCl, pyridine, 115 °C, 2 h, 93%; b) NaNO,,
nitric acid, acidic acid, water, 90 °C, 4 h, 59%; c) H,S0,, 50 °C, 2 h, 36%; d) HF-pyridine, NaNO,, —15 °C, 3 h, 88%;
e) EtOH, 0 °C — rt, 4 h, 12%, f) TfO,, pyridine, DCM, 0 °C, 1 h, 98%; g) [(cinnamyl),Pd]), (2.5 mol%), tert-
BuBrettPhos (7 mol%), CsF, MePh, 110 °C, 24 h, 93%.

Since large amounts of fluoro-nitro 10 were required within this project, a fast and high
yielding synthesis of 10 was investigated in various strategies. Firstly, a literature known
procedure was followed, starting from the commercially available 2,6-dimethyl aniline
(37).[90] The nitro-aniline 39 was successfully transformed into the desired fluoro-nitro
compound 10 using a Balz-Schiemann reaction with HF-pyridine as fluorine source.
Nevertheless, this pathway includes several issues, such as low vyielding steps as well as
difficulties when these reactions were performed in a larger scale. The toslyation of 2,6-
dimethyl aniline provided protected amine 38 in excellent yield (93%). Notably, the nitration
step remains challenging since performing this reaction on a large scale dropped the yield
tremendously and was therefore investigated for improvements. As the undesired oxidation
of the protected amine was observed in the nitration-step, the use of different protecting
groups (e.g., acetyl, benzyl) and different nitration reagent (e.g., pure HNO3;, AgNQOs) were
investigated. However, no significant improvement has been achieved so far. A very

promising approach was carried out by Arnatt and co-workers using tetra bromo 41 as

nitration reagent.[gzl This is in particular interesting since a direct nitration of dialkyl-
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substituted anilines in para-position via radical nitration pathway is enabled. Unfortunately,
also this approach was not satisfying, providing the nitro-aniline 40 in low yield. Successful
synthesis fluoro-nitro compound 10 was achieved in a high yielding three-step synthesis.
Starting from the commercially available 2,6-dimethyl-4-nitro phenol 43. The phenolic
alcohol was transformed into the triflate 8 using triflic anhydride and pyridine. According to
a procedure reported by Buchwald and co-workers, a Pd-catalyzed fluorine insertion was
successful replacing the triflate moiety by a fluorine, providing the fluoro-nitro compound 10

in excellent yield and multigram scale.™

Synthesis of CBP Derivatives 1 and 2

6:R; = H a) O Ry o O ik R O

: > R
7: Ry = CHs O R R, O
Ry 2 Ry’ R;
F
R, R, 11: Ry = CH3, R, =H,R3 =NO, b) 1:Ry=CH3 Ry=H
— 12: Ry = H, Ry = CHg, R; = NO, 2:Ry=H,Ry;=CHj
NO,
C) 13: R1 = CH3, R2 =H, R3 = NH2
9: R2=H 14: R1 =H, R2=CH3, R3=NH2
10: R2 = CH3
15R1 =CH3, R2=H, R3=|

16R1=H,R2=CH3,R3=|

Scheme 7: Synthesis of target structures 1 and 2. Reaction conditions: a) Cs,CO;, DMF, 12 h, 150 °C, 11 (86%),
12 (87%), b) SnCl, - 2H,0, EtOH, reflux, 4 h, 13 (91%), 14 (94%); c) BF; - Et,0, tert-butylONO, THF, K, |,, MeCN,
—10°Ctort, 12 h, 15 (75%), 16 (79%); d) Turbo Grignard, TEMPO, THF, =10 °Cto rt, 2 h, 1 (96%), 2 (97%).

After screening of various nucleophilic aromatic substitution (SyAr) reaction conditions, C—N
bond formation between fluoro-nitro compound (9 or 10) and carbazole (6 or 7[94]) was

achieved in good yield of 86% (11) and 87% (12), respectively. Reduction of the nitro moiety

4 [95]

with tin chloride provided amines 13 and 14, which were further transformed into the

corresponding iodides 15 and 16 using modified Sandmeyer reaction conditions.”® The

homo-coupling of the aryl-iodides 15 and 16 afforded screening experiments, since classical

[97] [98]

Ullmann reaction conditions,””" alternative Cu(l)-sources,” ' as well as immobilized Cu(ll)-

sources,™ did not provide the desired homo-coupled products in reasonable yields. To our

delight, the insertion of the Grignard moiety via Knochel’'s Turbo Grignard reaction,
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followed by the oxidative homocoupling using (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) as co-oxidant,™®" provided the desired CBP derivatives 1 and 2 in excellent yield of
96% and 97%, respectively. Optical and electronic properties have been analyzed and will be
discussed below. An importing finding of these studies has to be already mentioned here, as
it steered the molecular design and also the synthetic pathway of additional CBP derivatives,
which were investigated within this project. Due to the fact, that the origin of the high triplet
state energy arises from the rotational restricted biphenyl backbone only small differences
in optical properties were observed by comparing 1 and 2. These findings lead to the
conclusion, that the spatial arrangement of the phenyl-carbazole junction is equally efficient
whether the methyl groups are mounted at the carbazole (1) or at the biphenyl subunit (2).
As mentioned before, also the HOMO or LUMO level of the matrix material has to be
encountered, the methyl groups are maintained at the biphenyl backbone to profit from the
not yet functionalized carbazole subunits in order to tune the optical properties of the CBP
derivatives. If the methyl groups are attached at the biphenyl subunit, handling issues like
solubility will be solved. This is strongly connected to the findings within the synthesis of the

poorly soluble 1 compared to 2.

Synthesis of 3,6-Substituted Carbazole

e)
6:R;=H,Ry=H —

NH f)

CF —9 44: R, =1, Ry = H~e—

F3C F3C 3

a) 45: Ry =1, R, =Bn —
42 Rs = NH,

22: R1 CF3 R2 =Ac —
h) 9)

43: R1 CF3 RQ—BI"I -€

E 17: R1 = CF3, R2 = H-—-o

Scheme 8: Synthesis of carbazole 17. Reaction conditions: a) AcCl, TEA, DCM, rt, 2 h, 91%, b) SPhos Pd G2 (2
mol%), 3-(trifluoromethyl)phenylboronic acid, K3PO,, THF : H,0 (20 : 1), 80 °C, 12 h, 93%; c) Pd(OAc), (2mol%),
Cu(OAc), (20 mol%), MePh, 120 °C, 24 h, 98%; d) H,SO, : MeOH (1:5), 80 °C, 0.5 h, quant; e) NIS, DCM : DMF

(10:1), 40 °C, 20 h, 55%; f) NaH, benzyl bromide, DMF, rt, 12 h, 82%; g) Cul, CF;COONa, NMP, 24 h, 170 °C,
21%; or AgF, TMSCF3, CuCF;, DMF, 4 h, rt, 26%; h) tert-ButylOK, oxygen, DMSO, THF, 4 h rt, 76%.

20 R3 = NHAC

The functionalization of a carbazole at the positions 3 and 6 seems at first sight very
straightforward. Nevertheless, some problems have to be solved for the CFs-

functionalization. Firstly, the iodine was introduced at the 3,6-position by treating carbazole
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with N-iodosuccinimide in N,N’-dimethylformamide providing the carbazole 44 in moderate
yield. Subsequent amine protection with benzyl bromide in N,N’-dimethylformamide yielded
protected carbazole 45 in 82%. The transformation of the iodine into a CF; moiety was quite
challenging although it is well known in literature.™®>1%% | analogy to a literature known
procedure sodium CFs-carboxylate was used as source as a CF3-source combined with high
boiling solvents and a Cu(l)—source.[mz] These trifluoromethylation reaction conditions are
not very satisfyingly, due to no reproducibility of the conversion into the desired compound
43. Using a combination of AgF, trimethylsilyl-CF3 and CuCF; as trifluoromethylation reaction
conditions appeared very promising.[1°3] One has to mention that these reaction conditions
have one big drawback. Firstly the undesired perfluoroalkylation is very hard to detect by
common analyzing methods like *H NMR. Secondly the separation of the perfluoroalkylated
from trifluoromethylated carbazoles was exclusively possible by using size exclusion
chromatography techniques (e.g., gel permeation chromatography [GPC]). Since large
guantities of the CFs-crabazole 17 are required, this synthetic strategy was not considered.
By following another strategy towards the 3,6-carbazole 17, the CF3-moieties were
introduced at the very beginning starting form the commercial available 2-chloro-4-
(trifluoromethyl)-aniline (42). In analogy to a literature known reaction sequence, acetyl
protection of the amine afforded 20 in excellent yieId.[1°4] The diaryl 21 was obtained in 93%,
applying a Suzuki—Miyaura cross-coupling protocol. The key step of this reaction sequence
was a tandem C-H functionalization and C—N bond formation yielding acetyl-protected
carbazole 22. The deprotection of the acetyl moiety in a solvent mixture of sulfuric acid and

methanol provided desired carbazole 17 not only in high yield but also in large quantities.

Synthesis of 2,7-Substituted Carbazole

Cl
+ f 8 e —» FsC CF3
F3;C N CF3 ”
CFs H
23 46 24 18

Scheme 9: Synthesis of carbazole 18. Reaction conditions: a) Pd,(dba)s;, BINAP, NaOtBu, MePh, 90 °C, 12 h,
93%; b) NaOtBu, [HPtBus][BF,], Pd(OAc),, MePh, 160 °C (MW), 3 h, 81%.
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Initial attempts to synthesize carbazole 18 based on a one-pot tandem Buchwald—Hartwig
reaction, C-H functionalization, C-C bond-formation reaction sequence were not
satisfying.[94] Even after extensive screening of various reaction conditions, isolation of the
desired carbazole 18 was not successful. However a stepwise reaction protocol by coupling
the commercially available aniline 23 and 1-bromo-3-(trifluoromethyl)benzene (46) provided
diaryl 24 in good yield. It has to be mentioned that this Buchwald—Hartwig reaction turned
out to be very sensitive due to competitive amination of the chloro aryl at temperatures
above 90 °C. For the stepwise reaction approach, the diaryl product 24 was filtered through
Celite® plug and was used without further purification. Subsequently, the desired 2,7-CF;
carbazole 18 was formed via C—H functionalization and C—C bond formation in excellent yield

of 81% as well as large quantities.

Synthesis of CBP Derivatives 3 -5

b) 28: Ry =H, Ry = CF3, R3 =NH, ©)

R4 29: R = CF3, Ry = H, Ry = NH, R,

Ra N R2

R —|
‘ " O 30: Ry = OMe, R, = H, Ry = NH, 0 O O
e Lol P i o2
: ! . d)
R, R, R e) R¢ O O

32: Ry =CF3 Ry=H, Ry =1
R R

17:R, = H, Ry = CF, 33:R;=OMe, Ry=H, Ry =
T ” 25: R; = H, Ry = CF3, R3 = NO, o _
18: Ry = CF3, Ry = H 3:Ry=H, Ry = CF3

26: Ry = CF3, R, = H, R3 = NO; 34: Ry =H, Ry =CF3, R3 = Byeo

19: Ry = OMe, Ry = H ! » 2 N 2 4:Rq=CF3 Ry =H
27: R, = OMe, R, = H, R3 = NO, 35: Ry = CF3, Ry = H, R3 = Beo

5:R;=0Me, R, =H
36: Ry = OMe, R; = H, R3 = Bpeo

Ry

Scheme 10: Reaction conditions; a) Cs,CO3;, 10, DMF, 12 h, 150 °C, 25 (82%), 26 (78%), 27 (86%); b) SnCl, -
2H,0, EtOH, reflux, 4 h, 28 (92%), 29 (93%), 30 (97)%; c) BF; - Et,0, tert-BuONO, DCM, Kl, I,, =10 °Cto rt, 12 h,
31 (82%), 32 (90%); d) PTSA, NaNO,, KI, MeCN, H,0, 10 °C, 2 h, 33 (83%); e) Turbo Grignard, B(OfPr)3, neopentyl
glycol, THF, =10 °C to rt, 12 h; f) SPhos Pd G2 (2 mol%), KsPO,, THF : H,0 (20:1), 60 °C, 12 h, 3 (95%), 4 (93%), 5
(97%) over 2 steps.

The remaining carbazole 19 was synthesized in analogy to a literature known procedure.”os]

Having all the required carbazoles in hand, assembly strategy of 2 was followed as close as
possible. Therefore, fluoroaryl 10 was coupled via SyAr reaction with the carbazoles 17 - 19,
yielding nitrophenylcarbazoles 25— 27 in good yields around 80%. The nitro groups were

%l which were directly subjected to modified

subsequently reduced to the amines 28—30,[
Sandmeyer reaction conditions.”® While the conditions were successfully applied for the
CFs-derivatives 28 and 29 providing iodoaryls 31 and 32 in good vyield, they failed in the case
of the methoxy-derivative 30. This observation is attributed to the methoxy group that most

likely will be attacked by the BFs;-etherate resulting in the liberation of the phenolic
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substituents. However, applying Sandmeyer conditions developed by Knochel and co-
workers, iodoaryl 33 was isolated in 83%. (1061 Unfortunately, the homo-coupling reaction
conditions developed for 2, provided 3 and 4 in poor yield and failed completely for 5. A
more successful approach was the transformation of the iodophenyl carbazoles 31 — 33 into
the corresponding boronic esters 34 - 36" that were exposed without purification to a
Suzuki—Miyaura cross-coupling reaction conditions together with equimolar amounts of
their iodoaryl precursors 31 —33. The desired CBP derivatives 3 — 5 were isolated in excellent
yields above 90% over two steps. All target CBP derivatives 1 —5 and their precursors were
fully characterized by *H and *C NMR spectroscopy, mass spectrometry (MS), and elemental
analysis (EA). The identity of the CBP derivatives 2 —4 was further corroborated by their
solid-state structures obtained by X-ray diffraction of suitable single crystals. Optical and

electronic properties of the target compounds will be discussed in the course of this thesis.
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Structural Properties

Solid-state structures of 2 — 4 that were obtained by X-ray analysis are shown in figure 9.

Figure 9: Solid-state structure of the CBP derivatives 2 — 4.
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Suitable crystals for X-ray diffraction analysis of were obtained by dissolving CBP derivatives
2, 3, and 4 in a solvent mixture of methylene chloride and hexane (1 : 1) followed by slow
evaporation in the dark. Of particular interest in these interlocked CBP derivatives were the
two inter-planar twist angles between the biphenyl and carbazole subunit (o between green
and orange plane, B between blue and grey plane, see Figure 10). For completeness the
inter-planar twist angle was calculated by density functional theory (DFT) for the compounds
1, 2, and 5 using B3LYP hybrid functional theory using a 6-31G™* basis set in Spartan 10. Being
aware of the comparability for the obtained twist angles, due to the fact that in the obtained
X-ray structures, effects of intermolecular packing are considered as well, the calculated
molecular structures provide good ideas about the spatial arrangement of their subunits.

The inter-planar twist angles of the CBP derivatives 1 — 5 are summarized in table 2.

Figure 10: Solid-state structure of 2. The inter-plane angle between the central carbazole ring (green) and the
connected biphenyl ring (orange) is a and the one between the biphenyl (grey) and the carbazole ring (blue) is

B.

As expected all CBP derivatives show an inter-plane torsion angle larger than the parent
compound CBP. This was attributed to the methyl groups attached to the carbazole subunit
or biphenyl backbone. For all derivatives inter-plane angles larger than 75° are found,
indicating a very limited interaction between the electron clouds of neighboring aromatic
subunits. In other words, the large angles break the m-electron conjugation along the
molecule’s axis. Compound 2, mounting the four methyl groups at the biphenyl subunit,
crystalizes in a non-standard monoclinic P21/n space group and thus, the inter-plane angles
of 85.05° (o) and 75.81° (B) differ from each other. Comparing the calculated values of

82.84° (o) and 80.12° (B) an inhomogeneity was observed but still in well agreement with
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the values obtained from the solid-state structure. Analyzing the calculated values of
compound 1, almost perpendicular inter-plane angles were obtained for both angles 89.96°
(o) and 89.93° (B), respectively. This may originates from the methyl groups attached at the
positions 1 and 8 of the carbazole subunits notably, having a stronger influence on the
twisting angle. A centro-symmetric orthorhombic space group Fddd was obtained for
compound 3 and thus the inter-plane angles a and 3 are the same, both being 88.96°. CBP
derivative 4 crystalizes in the triclinic space group P1, and its inter-plane twist angles of

79.67° (o) and 76.66° (B) are decreased compared to 3.

Table 2: Data obtained from X-ray diffraction analysis or using B3LYP hybrid functional theory using a 6-31G*
basis set in Spartan 10.

inter-plane lattice parameter
compound crystal system  space group twist angle . i 3
(o/B)° a(A) b (A) c (R)
cap!%® monoclinic P2,/c 49.5/49.5° 8.0120(4) 16.0080(7) 10.2428(5)
1 - - 90.0/89.9° - - -
b
2 monoclinic P2:/n 2;;;;3; 12.2971(7) 7.6414(5) 31.6860(19)
3 orthorhombic Fddd 89.0/89.0° 6.9076(3)  25.8233(11) 41.998(2)
4 triclinic P1 79.7/76.7° 8.6414(5) 9.2900(6) 23.1385(15)
5 - - 90.0/89.5° - - -

®Data obtained from geometry optimizations at the B3LYP/6-31G* level of theory. ®Data obtained from X-ray
crystal structure.

This effect was attributed to the attached CFs-groups, which are further away from the CBP
axis in the positions 3 and 6 compared to the positions 2 and 7. Intuitively one might thus
argue that they have a bigger lever to flatten the molecule during packing in the solid state.
The calculated inter-plane angles for 5 are almost perpendicular for both angles with 89.95°

(o) and 89.44° (B).
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Thermal Properties

To implement these structures in an OLED device, thermal stability, and in particular, glass
transition temperatures (Tg) are investigated in this section. CBP has a major drawback
exhibiting a T, value of only 62 °C.'""'% This low glass transition temperature leads to a
phase separation in the matrix layer and therefore decreasing the lifetime of such an OLED
device tremendously. Measurements were recorded on a Perkin Elmer DSC Advanced
Double-Furnace 8000 using scanning rates of 10°C- min~!, and the glass transition
temperature (Tg), crystallization temperature (T) and melting point (Tr,) were obtained from

the second scanning cycle (Figure 11).
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Figure 11: Second scanning cycle of all CBP derivatives
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The properties of the parent CBP were also recorded to calibrate the experimental set-up
and its recorded Ty, T, and T, values are in very good agreement with the literature.[*****%!
All recorded temperatures for compounds 1 -5 are summarized in table 3. Since the glass
transition temperatures were of particular interest in this series, these values will be
discussed first. For the investigated series, the highest T; value of 202 °C was observed for
compound 3. To the best of our knowledge, this is one of the highest literature reported T,

value for a CBP based compound.®>82109111,112]

®

Figure 12: Crystal structure of 3 viewed along the a axis showing short intermolecular C-H::-F-C contacts
indicated by cyan lines and C::-C contacts indicated in red.

This high Tg value is attributed to the spatial arrangement within the solid-state crystal
structure (Figure 12). The methyl groups at the biphenyl backbone induce an almost
perpendicular angle between the carbazole and the biphenyl unit. Furthermore, the phenyl
units themselves are not aligned in a uniform plane. Additionally, the electron withdrawing
CFs-substituents prevent a successful zm stacking, by reducing the intermolecular
interaction of both subunits. The scanning cycle of compound 2 revealed a T, value of 129 °C
already twice as high as for parent compound CBP. Unfortunately, no clear T; value could be

determined for compound 1, even after several attempts of different scanning cycles. By

28



attaching the CF3;-moiety at the positions 3 and 6 the obtained T, value dropped for
compound 4 compared to 3 still being satisfying 158 °C. Notably, the methoxy CBP derivative
5 provides also a high T, value of 184 °C. This increase of all T, values is attributed to the
methyl groups inducing an inter-plane twist and furthermore increase the capability of
remaining in the amorphous state at higher temperatures. No trend could be observed for
the functionalization of the carbazole subunit by attaching either electron-donating or
withdrawing groups. Nevertheless, all compounds 3 -5 performing higher T, values
compared to compound 2, a marginal influence can be concluded as well due to the spatial

demanding groups.

Table 3: Results of DSC measurements.

melting crystallization glass transition
compound pointb, T temperatu reb, T, temperatu reb, Tg
(c) () (c)
CBP 288° 196° 66°
1 351 246 -
2 293 236 129
3 348 289 202
4 314 199 158
5 299 196 184

CBP values are in good agreement with the literature. 2011 bMelting point, crystallization temperature and

glass transition temperature were obtained from the second heating/cooling scan using a scan rate of
. -1
10 °C min .

By analyzing the T,, values of the target compound 1 -5 similar values 351 °C and 348 °C
were observed for 1 and 3, respectively. Compound 4 also revealed a T, higher than 300 °C,
whereas compound 2 and 5 provided slightly decreased values of 293 °C and 299 °C,
respectively. The stability at high temperatures was confirmed by repetitive heating scans,
starting at 20 °C and ending at 400 °C. Due to no significant shift of the T, value for the
whole series, a high thermal stability can be attributed to all compounds 1-5. This

improved thermal stability is important for their potential application in OLED devices.
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Photophysical Properties

Investigations of optical properties by UV-vis absorption and fluorescence spectroscopy of
the CBP series 1 —5 are summarized in table 4. UV-vis absorption spectra were measured in
aerated methylene chloride solution at concentration of 10~ M. Recorded UV-vis and
emission spectra are shown in figure 13. To get a better understanding of the different
absorption bands and to which subunit they can be assigned to, the literature known CBP is
analyzed first. The longest wavelengths absorption bands at Amax=293nm and

Amax = 340 nm for CBP were assigned to the 7~ 7* transition carbazole subunit. 113114

250 300 350 400 450 500

Normalized Absorbance and Emission

250 300 350 400 450 500

Wavelength (nm)

Figure 13: UV-visible (black line) and emission spectra (orange lines) of CBP and CBP derivatives 1 -5 in
methylene chloride solution (10_5 M).
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The broad absorption range between A = 318 and 340 nm can be attributed to the charge
transfer between the biphenyl backbone and the carbazole subunit. In order to understand
how the methyl groups attached at the carbazole subunit or mounting at the biphenyl
backbone influences the inter-plane angle, and therefore the UV-vis absorption spectra
compounds 1 and 2 are explained first. For both compounds 1 and 2 absorption maxima at
Amax =293 nm and Anax = 340 nm was observed, according to the orbitals centered at the
carbazole subunit. As expected the methyl groups decrease z~conjugation throughout the
rod and therefore the intensity of the broad absorption band at A = 318 nm is decreased
as well compared to parent compound CBP. Thus, this signal can be considered as a
measurement of the conjugation between the orbitals centered at the biphenyl backbone
and the carbazole subunit.®>*****! The influence of the different substitution pattern was
investigated by attaching the electron withdrawing CFs-groups at the positions 3 and 6 (3) or
at the positions 2 and 7 (4). Compound 3 shows a similar absorption maxima localized at
Amax = 292 nm and Amax = 335 nm compared to 2. For compound 4 the absorption band at
Amax = 295 nm is comparable, however the second carbazole centered absorption band is
bathochromically shifted by 20 nm compared to 3. This difference in absorption might be
rationalized with the effect of an increased conjugation over both two CFs-groups in 4. A
similar effect has been shown by a pioneering work of Leclerc and co-workers, where they
compared an extended conjugation in poly-2,7-carbazole comprising a rigid poly-para-
phenylene backbone compared to the pon-3,6-carbazoIe.[116] Furthermore, the transition
(Amax=300—-320 nm) between the biphenyl- and carbazole subunit is weak for both
compounds 3 and 4, supporting the hypothesis of a frozen flexibility and a perpendicular
arrangement of both subunits at the carbazole-biphenyl junction. Exchanging the electron
withdrawing CF3-groups of 4 with electron donating methoxy groups 5 resulted as expected
in a blue shift of the absorption maxima of the carbazole centered orbitals (Amax =265 nm

and 320 nm).

In the fluorescence spectra, compound 1 revealed similar structureless emission with a
maximum at Amax =374 nm and 414 nm for CBP and 1, respectively. The red shift of the
emission maxima for 1 can be assigned to the methyl groups mounting at the carbazole
subunit. In contrast to the broad emission spectra of 1, a well resolved emission was

observed for compound 2. One can argue that the insertion of the methyl groups at the
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biphenyl backbone induces the large blue shift of the fluorescence (Amax = 343 nm). Notably,
due to a strong twist the zconjugation between the biphenyl and the carbazole center
decreased. Compound 3 pronounces a similar emission profile compared to 2, which is

however marginally blue shifted by 4 nm.

Table 4: Data of UV-vis, fluorescence, and quantum yield measurements.

. a
compound UV-vis® g Uil vis Egb emission® 1?;?:)”1
. -1 -1 onset F
Amax (hnMm) (L mol™-cm™) (hm) (eV)  Amax (Nm) (%)
242 75380
293 45120
CBP 318 32700 352 3.52 374 78.9
340 23780
242 102530
253 98460
1 291 35920 348 3.56 414 8.5
326 17540
339 18160
239 76690
259 64920 343
2 293 44660 347 3.57 359 36.9
326 11430
340 13880
240 111570
262 107390 339
3 297 35300 342 3.63 355 2.6
335 12010
243 170210
294 83235 361
4 339 17050 364 3.41 378 15.4
355 23830
239 107650
265 61700
5 307 32500 334 3.71 444 1
320 27240

°All data were collected in dilute dichloromethane solution at room temperature. bEg = 1240/ X gnset-
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Interestingly, the emission pattern of 4 remains similar but pronounces a fluorescence band
that is strongly red shifted by 22 nm compared to 3. This was attributed as well to the
stronger conjugation of both CF3-moietes at the 2,7-position. By analyzing the emission
spectra of 5 the fluorescence band appears at Amnax = 444 nm. This broad bathochromically
shifted band may point at excited state intramolecular charge transfer (ICT) with the
carbazole unit acting as donor and the biphenyl scaffold as acceptor.!**”!

Recorded fluorescence quantum vyield (@) of the carbazole series 1 -5 are summarized in
table 4. Measurements were performed in a diluted methylene chloride solution using a
Hamamadzu Quantaurus-QY integrated sphere fluorimeter. In summery, one can comment a
relative low quantum yield throughout the whole series compared to CBP, concluding an
enhanced triplet yield in these derivatives.

Phosphorescence spectra of the series 1—-5 were recorded in aerated and frozen 2-
methyltetrahydrofuran solutions at 77 K with a concentration of 10~ M using gated steady
state conditions. The corresponding spectra of CBP and 1-5 are displayed in figure 14. In
respect to potential matrix material in blue emitting phOLEDs triplet energies were

determined according to Er=1240/Aphes from the highest energy peak of the

phosphorescence spectra and are summarized in table 5.

Table 5: E; values obtained from gated steady state phosphorescence measurements.

q phosphorescence®  E;°

compoun }\‘phos (nm) (eV)
CBP 459 2.7

1 451 2.75

2 432 2.87

3 444 2.79

4 420 2.95

5 431 2.88

*Triplet energies of 1 — 5 were measured in 2-MeTHF glass matrix at 77 K. bET = 1240/Xphos-
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To our delight for all investigated CBP derivatives 1 —5 triplet state energies were observed.
Furthermore, Etvalues ranging from 2.75 eV to 2.95 eV are all higher comparing with parent
compound CBP (2.7 eV). Since the values do not differ tremendously two conclusions are

stated.
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Figure 14: Gated phosphorescence spectra of the carbazole derivatives 1 —5 in 2-MeTHF glass matrix at 77 K.
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As expected the carbazole and biphenyl subunit are efficiently decoupled, leading to higher
triplet state energies. Secondly, the hypothesis that the triplet state will mainly be located
on the fragment with the lowest triplet energy can be confirmed, since Er values are not
affected by varying the substitution pattern on the carbazole and is in well agreement with
the literature reported values of 3.1 eV for N-ethylcarbazole!™® and 2.9 eV for biphenyl.**?!
This blue shift of the phosphorescence makes these CBP derivatives 1 —5 with interlocked

carbazole-biphenyl junctions interesting host materials for blue phosphorescent emitters.

Electrochemical Properties

In order to obtain the HOMO and LUMO levels, electrochemical properties of the series 1 -5
were of particular interest. Therefore, in vacuo calculations of 2 using Spartan10 using a
density function method and a B3LYP 6-31G* basis set were performed (Figure 15). The
results revealed that the HOMO is mainly located on the carbazole moiety, whereas the
LUMO is almost exclusively localized on the biphenyl backbone. This clear localization of the

frontier orbitals raised the hope that their energy levels might be tuned independently.

HOMO LUMO

Figure 15: Calculated HOMO and LUMO of 2 using a density function method using a B3LYP 6-31G* basis set.

To characterize the electrochemical properties of the CBP derivative series 1-5, cyclic
voltammograms (CV) were performed with an AutoLab PGSTAT302 potentiostat-galvanostat
controlled by resident NOVA 9.1 software using a conventional single-compartment three-
electrode cell. A Pt disk (diameter of 2 mm) served as working electrode, a Pt wire was used

as auxiliary electrode, and the reference electrode was a saturated potassium chloride
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calomel electrode (SCE). The supporting electrolyte was 0.15 N BuysNPFg in methylene
chloride. All potentials are quoted relative to SCE with ferrocene—ferrocenium at +450 mV as
internal standard. In all the experiments the scan rate was 100 mV/s for cyclic voltammetry
and the pulse frequency was 15 Hz for differential pulse voltammetry (DPV). Solutions were
purged with argon to remove the oxygen and argon was passed over the solution during the
experiment. The oxidation potentials for the series 1-5 were determined by DPV
measurements (Figure 16). The obtained energy levels of the frontier orbitals are
summarized in table 6. Notably, for none of the compounds reduction potentials were
observed within the detectable window (recorded to —2.0 V/SCE). After the correction of the

vacuum energy level (5.1 eV)*?%

the HOMO energy levels of the compounds were estimated
by their oxidation potentials. Thus, the LUMO energy levels were obtained by adding the

optical energy band gap (Eg) to the HOMO level (E.ymo = Enomo + Eg).

Table 6: Energy levels of HOMO and LUMO.

s ST S
ol 0.87 ~5.97 ~2.45

1 0.8 ~5.90 ~2.34

2 0.92 ~6.02 ~2.45

3 1.37 ~6.47 ~2.85

4 1.36 ~6.46 -3.05

5 0.56 ~5.66 ~1.95

®Peak position of the first oxidation peaks and HOMO energy levels were calculated by their oxidation
potentials after correction of the vacuum energy level (5.1 eV)[nO]. *LUMO energy levels were obtained by

adding the optical energy gap (E.umo = Enomo + Eg)-

Analyzing the frontier orbitals of 1, the four methyl substituents mounting on both
carbazoles at the positions 1 and 8 induce a slight lifting of the HOMO level due to the
inductive electron donation (+| effect) compared to parent structure CBP. Interestingly the

LUMO level is lifted by the same value in spite of the successful decoupling of carbazole-
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biphenyl junction. As expected, when the methyl groups are attached at the biphenyl 2, the
energy levels for both the HOMO and the LUMO, are very comparable to the ones of CBP.

Exchanging the methyl groups with electron withdrawing CFs-substituents (I effect) in 3 and
4 the oxidation potentials are increased by 450 mV and 440 mV, respectively, compared to 2
and lower the energy level of the HOMO considerably. These results are somehow
invalidating the hypothesis of individually addressable energy levels of the frontier orbitals,
as the LUMO levels for both compound 3 and 4 are shifted towards lower energy. Increase
of the HOMO energy level was observed for the methoxy-substituted compound 5, due to
stronger +| effect lowering the oxidation potential by 360 mV compared to 2. Also here, the

other frontier orbital did not remain unaffected, according to the concomitant lifting of the

LUMO level.
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Figure 16: Energy diagram showing the position of the frontier orbital of the CBP derivatives (orange). The dark
grey line displays the position of the triplet energies.

As the positions 3 and 6 of the carbazole subunit are not substituted, the CBP derivatives 1,
2, 4, and 5 displayed an irreversible oxidation behavior in CVs. This observation is
exemplified for 2 in figure 17 (left). The observation of an oxidation peak at about 1.5 V/SCE
is assigned to the oxidation of the carbazole units. Lowering the potential in this cyclic

measurement revealed the expected reduction peaks between 1.2-1.3V, as well as an
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additional well defined peak in the range between 0.9 — 1.0 V. This peak can be assigned to
the generated radical cation localized at the 3,6-position of the carbazole after the oxidation.
The proximity of radical cations at the electrode surface conducts an intermolecular coupling
between the carbazole subunits resulting in an electrochemically irreversible oxidation.
Repeating the oxidation cycle, the oxidation scan displays a new oxidation peak in the region
between 1.05V and 1.15 V/SCE according to the oxidation of the dimerization product
accumulated at the Pt electrode. As expected, blocking of the reactive 3,6-position of the
carbazole units, revealed a fully reversible oxidation behavior of compound 3 (Figure 17,
right). This dimerization reaction has been reported for structurally related CBP

derivatives® and N-aryl carbazoles.!**!
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Figure 17: CV (three cycles, scan rate 100 mV/s, 10~ M in methylene chloride) of 2 (left) and 3 (right) recorded
against SCE.

The electrochemical studies led to the conclusion that the energy levels of these CBP

derivatives can be tuned to some extend by varying the substituents. Nevertheless, the
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substitution pattern seems to affect the HOMO and LUMO levels not considerably. This
capability of shifting the values of the frontier orbitals is particular appealing involving them
in multilayer OLED architectures. As radical ions are in involved in charge transport pathways
within the device, the functionalization of the carbazole subunit at the 3,6-position would
include certain advantages due to its stability against electrochemical oxidation forming

reactive radical anions.
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Conclusion and Future Perspectives

The successful synthesize of CBP derivatives 1 —5 with a twisted carbazole-biphenyl junction
was achieved. Attachment of bulky substituents on the carbazole subunit or at the biphenyl
backbone decreased 7conjugation throughout the rod. All compounds synthesized within
this project are fully characterized. The assembled carbazoles, which have been synthesized
in this course, where connected with the corresponding fluoro nitro compounds, afforded N-
para-nitrophenyl-carbazole precursors. The nitro moiety was transformed into the N-para-
iodophenyl derivatives and subsequently dimerized either by Turbo Grignard reaction or by
Suzuki—-Miyaura type couplings, requiring in addition the corresponding boronic ester
derivatives. The assembling of the N-para-nitrophenyl-carbazole precursors has been
spotted as the key step in this synthetic strategy using SyAr reaction conditions. The
perfectly activated para-nitrofluorobenzenes allowed overcoming issues in coupling spatial
demanding building blocks, providing a nitro moiety at the desired position readily available
for further transformations. Noteworthy is also the synthesis of the CFs-substituded
carbazole building blocks assembled by C—H activation using Pd-catalyzed environment. This
work enables the synthesis of any possible substitution pattern of carbazoles bearing
electronic withdrawing or donating substituents starting from the corresponding precursors.
The almost perpendicular inter-plane twist angle, revealed by solid-state structures of the
derivatives 2, 3, and 4 was corroborated by DFT calculations for 2 and 5. To our delight all
new CBP derivatives 1 -5 displayed stability towards thermal degradation. Moreover, the
long lasting amorphous state emphasizes the application potential of these CBP derivatives
as matrix material in blue emitting OLEDs. This was attributed to the twisted angle between
the carbazole and biphenyl subunit decreasing the capability of 7— 7 interactions between
these subunits. Additionally, the different substituents attached to the carbazole moiety
seem to further enhance the amorphous steady state due to spatial demanding orientation.

Derivatized CBPs with four methyl groups at the 3,3’,5,5’-positions of the biphenyl backbone
were pushed in the spotlight regarding the photophysical properties. Satisfyingly, the
electron withdrawing CFs-substituents occupying the positions 3 and 6 (3) or positions 2 and
7 (4) of the carbazole unit, displayed a shift towards lower energy of the HOMO and LUMO
level, whereas the electron donating methoxy-substituents stabilized the frontier orbital on

an increased energy level. These findings are strongly supporting the hypothesis of the
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capability of fine-tune the energy levels of the frontier orbitals by inductive effects. The
remaining requirement of a matrix material in blue emitting OLEDs, the high triplet state
energy, was fulfilled throughout the hole series showing all enhanced Et values compared to
parent compound CBP.

Having these N-para-iodophenyl 33 and N-para-boronic esters 34 and 35 derivatives in hand
it would be very interesting to synthesize the corresponding asymmetric CBP derivatives 46
and 47 bearing on one side carbazoles, functionalized with electron-donating groups on one
side, and on the other side electron-withdrawing groups, regarding photophysical
properties. These bipolar host materials would express intra- or intermolecular charge
transport properties in the excited state may affecting electronically properties in

fluorescence and phosphorescence experiments (Scheme 11).

NO,

MeO R MeO
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46: Ry = H, R, = CF3 34:Ry=H,Ry=CF; 33 R R
4T:R, = CF3, Ry = H 35: R, = CFs, Ry = H
17: Ry =H, R, = CF,

18: Ry = CF3, Ry = H
19: Ry = OMe, Ry = H

Scheme 11: Assembling strategy of asymmetric CBP derivatives 46 and 47. Therefore the previously
synthesized para-iodo precursor will be coupled in Suzuki—-Miyaura protocol with the corresponding boronic
esters 34 and 35, which leads to the donor—acceptor CBP derivatives 46 and 47, respectively.

Furthermore, having enabled the synthesis of substitute carbazole building blocks, the same
synthetic strategy could be considered for the synthesis of a carbazole subunit bearing
alternated substitution pattern (Scheme 12). For the syntheses of the carbazoles 56 — 58 the
coupling between commercial available boronic acids 48 and 49 and the corresponding
readily available chlorines 50 —52 via a Suzuki—Miyaura protocol is envisaged. The C-H
activation C-C bond formation using Pd-catalyzed reaction conditions leads to the acetyl-
protected carbazoles, which could be deprotected in acidic environment vyielding the

carbazoles 56 — 58 substituted with an alternated pattern. Following the same assembling
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strategy as developed for 3, a new series of CBP derivatives could be synthesized may

display interesting photophysical properties with high triplet state energies.

N NHAC R NHA R
1 C 2
RS —> KR = X KX
Ry cl (HO),B R4
R, Ry Rs R,
56: Ry = CF3, Ry = OMe, Ry = Ry = H 53: Ry = CF3, Ry = OMe, Ry = Ry = H 50: Ry = CF3, Ry = H
1 3 2 3 4 1 3 2 3 4 1 3 3 48: R2 - OMe, R4 =H
57: Ry =R, = H, Ry = OMe, Ry = CF 54: Ry =R, = H, Ry = OMe, Ry = CF3 51:Ry=H,Ry=OMe - ° "
58: R, = Ry = H, R, = OMe, R; = CF; 55: R, = Ry = H, R, = OMe, R; = CF; 52: R, = H, Rs = CF3 TTRm TS

Scheme 12: Synthetic strategy of the carbazole building blocks 56 — 58 bearing alternating substitution pattern.
The carbazole synthon will be synthesized in a Pd-catalyzed C—H activation C—N bond formation reaction. For

the diaryl compounds 53 — 55 Suzuki—Miyaura reaction between the corresponding chlorines 50 — 52 and the
commercially available boronic acids is considered.
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Experimental Section

General Remarks

All commercially available compounds were purchased and used as received unless explicitly
stated otherwise. CDCl; was purchased from Cambridge Isotope Laboratories, Inc. 'H NMR
was recorded on a Bruker DPX-NMR spectrometer operating at 400 MHz. *C NMR were
recorded on a Bruker DPX-NMR spectrometer operating at 101 MHz. The chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane or a residual solvent peak,
and the J values are given in Hz. GC-MS was performed on a Shimadzu GCMS-2020 SE
equipped with a Zebron 5 MS Inferno column which allowed to achieve temperatures up to
350 °C. High-resolution mass spectra (HRMS) were measured as HR-ESI-ToF-MS with a Maxis
4G instrument from Bruker with the addition of NaOAc. MALDI-TOF analyses were
performed on a Burker microflex system. For column chromatography, usually silica gel
Siliaflash® p60 (40 — 63 um) from Silicycle was used, and TLC was performed on silica gel 60
F254 glass plates with a thickness of 0.25 mm purchased from Merck.

UV-visible absorption spectra in DCM were recorded at room temperature on a Shimadzu
UV-1800 spectrometer. Emission spectra were recorded on a Horiba Jobin-Yvon FluoroMax 4
fluorimeter. Gated emission spectra were recorded in frozen 2-MeTHF solution at 77 K, with
a flash delay of 0.05 ms, a sample window of 60 ms and a time per flash of 70 ms. The flash
count was set to 20 to increase S/N. The electrochemical measurements were performed
with an AutoLab PGSTAT302 potentiostat-galvanostat controlled by resident NOVA 9.1
software using a conventional single-compartment three-electrode cell. A Pt disk of 2 mm ¢
served as working electrode, as auxiliary a Pt wire was used and the reference electrode was
a saturated potassium chloride calomel electrode (SCE). The supporting electrolyte was
0.15 N BusNPFg in DCM. All potentials are quoted relative to SCE with ferrocene/ferrocenium
at +450 mV as internal standard. In all the experiments the scan rate was 100 mV/s for cyclic

voltammetry and the pulse frequency was 15 Hz for differential pulse voltammetry (DPV).
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Synthetic Procedures

N-(2-chloro-4-(trifluoromethyl)phenyl)acetamide (20): 4-Amino-3-chlorobenzotrifluoride
FaC (1.00 g, 5.11 mmol, 1.0 eq.) was dissolved in 40 mL DCM (crown cap) in an
\@N'LO oven dried argon flushed schlenk flask. Triethylamine (0.8 mL, 5.6 mmaol,
cli A 1.1 eq.) was added at room temperature followed by dropwise addition of
AcCl (0.41 mL, 5.6 mmol, 1.1 eq.). The yellow solution was stirred for 2 hours at room
temperature. Adding water (100 mL) and DCM (100 mL) quenched the reaction. Product was
extracted with DCM (3 x 100 mL) and the combined organic layers were washed with brine.
Organic phase was dried over MgS0, and solvent was removed. Product was further purified
by CC (SiO,; c-hexane : ethyl acetate, 5:1 — 2:1 gradient) yielding 20 (1.13 g, 4.76 mmol, 93%)
as white solid. *H — NMR (400 MHz, CDCls, 25 °C): 5= 8.57 (d, J = 8.7 Hz, 1H), 7.74 (br s, 1H),
7.64 (d, J = 1.7 Hz, 1H), 7.54 — 7.51 (m, 1H), 2.28 (s, 3H) ppm. **C = NMR (101 MHz, CDCls, 25
°C): 5= 168.5, 137.8, 126.5 (q, J = 33.5 Hz, 1C), 126.3 (q, J = 4.1 Hz, 1C), 125.1 (q, J = 3.7 Hz,
1C), 123.4 (q, J = 272.0 Hz, 1C), 122.3, 121.2, 25.0 ppm. °F = NMR (377 MHz, CDCl3): & =
—62.4 ppm. MS (El, 70 eV): m/z (%) = 237 (10), 202 (27), 197 (33), 195 (100), 176 (19), 145
(24). HRMS (ESI): m/z calcd. for [CoH;CIFsNO+H]* 238.0241; found: 238.0238.

N-(3',5-bis(trifluoromethyl)-[1,1'-biphenyl]-2-yl)acetamide (21): 3-(Trifluoromethyl)-
FsC CF, Phenylboronic acid (4.00 g, 21.0 mmol, 2.0 eq.) was added to a solution
of N-(2-chloro-4- (trifluoromethyl)phenyl)acetamide (2.50 g, 10.5 mmol,
_«NH 1.0 eq.) in a mixture of 20 mL THF and water (20:1). To the clear

° solution K3PO4 (4.84 g, 21.0 mmol, 2.0 eq.) was added and degassed for

15 minutes. SPhos Pd G2 (151 mg, 0.21 mmol, 2 mol%) was added and the resulting green
suspension was stirred at 80 °C for 12 hours. Reaction was cooled to rt, tBME (50 mL) was
added and reaction mixture was filtered over a Celite pad. Product was extracted with ethyl
acetate (3 x 100 mL), washed with water (1 x 100 mL) and brine (1 x 100 mL). Organic layer
was dried over MgSQO, and solvent was removed under reduced pressure. Product was
further purified by column chromatography (SiO,; Ethyl acetate: c-hexane, 1 : 2 — 2 : 1
gradient) providing 21 (3.3 g, 9.5 mmol, 91%) as white solid. *"H — NMR (400 MHz, CDCls, 25
°C): 5= 8.45 (d, J = 8.6 Hz, 1H), 7.76 — 7.74 (m, 1H), 7.68 — 7.65 (m, 3H), 7.61 — 7.58 (m, 1H),
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7.50 — 7.49 (m, 1H), 7.06 (br s, 1H), 2.06 (s, 3H) ppm. **C — NMR (101 MHz, CDCls, 25 °C): 5=
168.5, 137.9, 137.8, 132.7, 132.1 (q, J = 32.8 Hz, 1C), 130.8, 130.2, 137.76, 127.2 (q, J = 3.8
Hz, 1C), 126.7 (g, J = 32.2 Hz, 1C), 126.4 (q, J = 3.7 Hz, 1C), 126.2 (q, J = 3.6 Hz, 1C), 125.7 (q, J
= 3.8 Hz, 1C), 124.0 (g, J = 271.7 Hz, 1C), 123.8 (g, J = 272.7 Hz, 1C), 122.1, 24.7 ppm.
19F — NMR (377 MHz, CDCls): 8= —62.2, —62.7 ppm. MS (El, 70 eV): m/z (%) = 347 (26), 306
(16), 305 (100), 284 (39), 235 (32), 216 (21). HRMS (ESI): m/z calcd. for [CigH11FeNO+H]"
348.0818; found: 348.0817.

3,6-bis(trifluoromethyl)-9-acetylcarbazol (22): N-(3',5-bis(trifluoromethyl)-[1,1'-biphenyl]-2-

FsC CF; Yl)-acetamide (1.00 g, 2.88 mmol, 1.0 eq.) was added to an oven dried
O schlenk flask, followed by finely powdered activated molecular sieve
N
A (3A) and Pd(OAc); (12.9 mg, 2 mol%). Flask was evacuated and dry
O

Cu(OAc); (106 mg, 20 mol%) was added and mixture was suspended in toluene (20 mL).
Argon atmosphere was changed into oxygen by applying vacuum and flashing by oxygen
using an oxygen filled balloon. This sequence was repeated three times and reaction mixture
was lowered in a oil bath and stirred at 120 °C. Every 6 hours Pd(OAc),(12.9 mg, 2 mol%)
was added until full conversion was observed by TLC. Afterwards reaction was cooled to
room temperature and filtered over a Celite pad and diluted with water (100 mL) and ethyl
acetate (100 mL). Product was extracted using ethyl acetate (2 x 100 mL), washed with brine
(1 x 100 mL) and combined organic layers were dried over MgS0O,. Solvent was removed and
column chromatography (SiO,; c-hexane : ethyl acetate, 5 : 1) afforded 22 (975 mg, 2.82
mmol, 98%) as white solid. 'H - NMR (400 MHz, CDCl3, 25 °C): 6= 8.36 (d, J = 8.9 Hz, 2H),
8.24 (d, J = 1.5 Hz, 2H), 7.81 (dd, J = 8.9, 1.5 Hz, 2H), 2.96 (s, 3H) ppm. >C = NMR (101 MHz,
CDCls, 25 °C): 6= 169.9, 140.9, 126.5 (q, J = 33.0 Hz, 2C), 125.4, 125.07 (q, / = 3.6 Hz, 2C),
124.2 (q, J = 272.0 Hz, 2C), 117.6 (g, J = 3.9 Hz, 2C), 116.7, 27.9 ppm. *°F —= NMR (377 MHz,
CDCls): §=-61.45 ppm. MS (El, 70 eV): m/z (%) = 345 (18), 304 (15), 303 (100), 284 (17). EA:
calcd. for C16HgFgNO: C 55.66, H 2.63, N 4.06; found: C 55.64, H 2.95, N 4.42.
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3,6-bis(trifluoromethyl)-9H-carbazole (17): A stock solution was prepared by adding 5 mL
F.C CFs methanol dropwise to a cooled solution of 1 mL concentrated sulfuric
acid. 3,6-bis(trifluoromethyl)-9-acetylcarbazol (50 mg, 0.145 mmol, 1.0
” eq.) was suspended in 3 mL stock solution in a one necked round
bottom flask. Resulting suspension was stirred under air at 60 °C for one hour. Sat. aqg.
Na,CO3z (20 mL) solution was added carefully and product was extracted with methylene
chloride (2 x 20 mL). Combined organic layers were washed with brine (1 x 10 mL), dried
over MgS0,and solvent was removed at reduced pressure. Further purification by column
chromatography (SiO,; c-hexane : ethyl acetate, 1 : 5) yielded 17 (43 mg, 0.14 mmol, 98%) as
white crystalline solid. 'H - NMR (400 MHz, CDCls, 25 °C): 6=8.42 (br s, 1H), 8.37 (d, /=1.9
Hz, 2H), 7.72 (dd, J = 8.5, 1.9 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H) ppm. *C — NMR (101 MHz,
CDCls, 25 °C): 6= 141.5, 125.07 (q, J = 271.4 Hz, 2C), 123.8 (q, J = 3.5 Hz, 2C), 1229 (q, J =
32.5 Hz, 2C), 122.7, 118.4 (q, J = 4.2 Hz, 2C) ppm. °F = NMR (377 MHz, CDCl3): § = —60.5
ppm. MS (El, 70 eV): m/z (%) = 304 (16), 303 (100), 302 (11), 284 (33), 253 (20), 234 (13).
HRMS (ESI): m/z calcd. for [C14H7FgN-H]™ 302.0410; found: 302.0412.

2-chloro-5-(trifluoromethyl)-N-(3-(trifluoromethyl)phenyl)aniline (24): Pd,(dba); - CHCl3
cl (0.23 g, 1 mol%) and BINAP (0.42 g, 3 mol%), were placed in a oven
F3C@H©CF3 dried argon flushed schlenk flask. Degassed toluene was added
under counter flow of argon and resulting solution was stirred for 15

minutes. 3-Bromobenzotrifluoride (3.1 mL, 22 mmol, 1.0 eq.), followed by NaOtBu (3.1 g, 31
mmol, 1.4 eq.) were added and stirring at room temperature was continued for 30 min.
Afterwards, 2-chloro-5-(trifluoromethyl)aniline (3.7 mL, 26 mmol, 1.2 eq.) was added drop
wise and schlenk flask was heated in a oil bath at 90 °C for 12 hours. Reaction was cooled to
room temperature, diluted with tBME (100 mL) and filtered over a Celite pad. tBME was
removed and crude product was taken up in petroleum ether (75 mL), dried over MgSQO,4 and
filtered over a silica pad affording 24 (6.9 g, 20.3 mmol, 92%) as yellow oil. *H — NMR (400
MHz, CDCls, 25 °C): 5= 7.51 — 7.45 (m, 3H), 7.40 — 7.39 (m, 1H), 7.37 — 7.34 (m, 2H), 7.12 -
7.39 (m, 1H), 6.31 (br s, 1H) ppm. BC - NMR (101 MHz, CDCls, 25 °C): 6= 141.3, 140.2, 132.5
(9, = 32.5 Hz, 1C), 130.6, 130.4, 130.4 (g, J = 34.7 Hz, 1C), 125.2 (g, J = 1.6 Hz, 1C), 123.9 (q,
J=272.5Hz, 1C), 123.8 (g, J = 272.4 Hz, 1C), 123.3 (q, J = 1.5 Hz, 1C), 120.2 (g, J = 3.8 Hz, 1C),
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117.7 (q, J = 3.9 Hz, 1C), 117.3 (q, J = 3.8 Hz, 1C), 112.1 (q, J = 3.9 Hz, 1C) ppm. *°F - NMR
(377 MHz, CDCls): & = —62.9, —63.0 ppm. MS (EI, 70 eV): m/z (%) = 341 (33), 340 (17), 339
(100), 320 (14), 304 (16), 303 (10), 285 (13), 284 (78), 236 (10), 235 (72), 75 (12), 69 (15).
HRMS (ESI): m/z calcd. for [CrqHsFgN-H]™ 338.0177; found: 338.0177.

2,7-bis(trifluoromethyl)-9H-carbazole  (18):  5-(trifluoromethyl)-N-(3-(trifluoromethyl)-
phenyl)aniline (1.0 g, 2.9 mmol, 1.0 eq.), Pd(OAc), (66 mg, 10 mol%),
3CCF3

H (tBu)sPH - BF4 (70 mg, 8 mol%) and NaOtBu (0.73 g, 7.4 mmol, 2.5
eq.) were placed in a oven dried argon flushed micro wave vial. Three
vacuum/argon cycles were performed before the compounds were suspended in degassed
toluene (20 mL). Microwave vial was sealed and heated in the microwave for 3 hours at
160 °C. After vial was cooled to room temperature hydrochloric acid (1 M, 20 mL) was added
and product was extracted with ethyl acetate (2 x 50 mL). Organic layer was dried over
MgSO,; and after the solvent was removed, crude product was purified by column
chromatography (SiO,; c-Hexane : toluene, 2 : 1) providing 18 (0.72 mg, 2.4 mmol, 81%) as
white crystalline solid. 'H - NMR (400 MHz, CDCls, 25 °C): 6= 8.38 (br s, 1H), 8.20 — 8.18 (m,
2H), 7.76 — 7.75 (m, 2H), 7.55 — 7.53 (m, 2H) ppm. *C — NMR (101 MHz, CDCls, 25 °C): 5=
139.5, 129.2 (q, J = 32.2 Hz, 2C), 125.1, 124.7 (g, J = 272.1 Hz, 2C), 121.5, 117.1 (q, J = 3.7 Hz,
2C), 108.5 (q, J = 4.3 Hz, 2C). *F = NMR (377 MHz, CDCl3): §=-61.3 ppm. MS (El, 70 eV): m/z
(%) = 304 (17), 303 (100), 284 (21), 234 (12). HRMS (ESI): m/z calcd. for [Ci4H7FgN -H]

302.0410; found: 302.0412.
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Representive procedure of aromatic nucleophilic substitution (11 and 12, 25 - 27):

1,8-dimethyl-9-(4-nitrophenyl)carbazole = (11): Under argon atmosphere 1,8-
O dimethylcarbazole (400 mg, 2.05 mmol, 1.0 eq.) was added to a two

|\|-<;>—No2 necked round bottom flask equipped with a reflux condenser. Addition
O of cesium carbonate (3.36 g, 10.3 mmol, 5.0 eq.) followed by DMF
(21 mL) resulted in a suspension, which was stirred for 30 minutes at room temperature.
Afterwards, 2-fluoro-1,3-dimethyl-5-nitrobenzene (694 mg, 4.09 mmol, 2.0 eq) was poured
in all in once and reaction mixture was stirred at 155 °C for 12 hours. The black mixture was
diluted with water and crude product was extracted with ethyl acetate (3 x 50 mL). Organic
phases were dried over MgSO,4 and solvent was removed. 11 (557 mg, 1.76 mmol, 86%) was
isolated as yellow solid after purification by column chromatography (SiO,; c-hexane : ethyl
acetate, 10 : 1). *H — NMR (400 MHz, CDCls, 25 °C): 5=8.33 (d, /= 8.8 Hz, 2H), 7.99 (d, /= 7.6
Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 7.19 (dd, J = 7.5 Hz, 7.5 Hz, 2H), 7.11 (d, J = 7.2 Hz, 2H), 1.89
(s, 6H). B¢ - NMR (101 MHz, CDCl3, 25 °C): o0 = 148.6, 147.8, 140.6, 132.3, 129.3, 124.5,
123.6, 121.2, 120.7, 118.3 ppm. MS (El, 70 eV): m/z (%) = 316 (100), 270 (30). EA: calcd. for
Cy0H16N20;: € 75.93, H 5.10, N 8.86; found: C 76.42, H 5.39, N 9.30.

9-(2,6-dimethyl-4-nitrophenyl)carbazole (12): Carbazole (138 mg, 0.79 mmol, 1.0 eq.)

O yielded 12 (217 mg, 0.69 mmol, 87%) after column chromatography
N@—NOZ (SiO; cyclohexane : ethyl acetate, 10 : 1). *H — NMR (400 MHz, CDCls, 25
O °C): 6=8.19 (d, J = 7.7 Hz, 2H), 8.17 (s, 2H), 7.41 (dd, J = 7.7 Hz, 7.7 Hz,

2H), 7.32 (dd, J = 7.8 Hz, 7.8 Hz, 2H), 6.89 (d, J = 8.1 Hz, 2H), 1.99 (s, 6H). **C — NMR (101
MHz, CDCls, 25 °C): & = 147.6, 140.8, 140.4, 139.5, 126.4, 123.6, 123.3, 120.7, 120.2, 109.1
ppm. MS (El, 70 eV): m/z (%) = 316 (100), 255 (38). EA: calcd. for CyoH16N,05: C 75.93, H 5.10,
N 8.86; found: C 75.82, H 5.28, N 9.23.
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3,6-bis(trifluoromethyl)-9-(2,6-dimethyl-4-nitrophenyl)carbazole (25): 3,6-bis(trifluoro-

FsC methyl)-9H-carbazole (418 mg, 1.4 mmol, 1.0 eq.) yielded product

N : \O after purification by column chromatography (SiO,; c-hexane : ethyl
2

@

FsC NMR (400 MHz, CDCls, 25 °C): 5= 8.52 (dt, J = 1.7, 0.8 Hz, 2H), 8.21

acetate, 10 : 1) 25 (512 mg, 1.13 mmol, 82%) as yellow solid. -

(t, J= 0.7 Hz, 2H), 7.72 (ddd, J = 8.6, 1.7, 0.7 Hz, 2H), 7.12 — 6.75 (dt, J = 8.6, 0.7 Hz, 2H), 1.98
(s, 6H) ppm. *C — NMR (101 MHz, CDCls, 25 °C): 5= 148.3, 141.8, 140.3, 139.2, 124.8 (q, J =
271.8 Hz, 2C), 124.5 (q, J = 3.5 Hz, 2C), 124.1, 123.8 (q, J = 32.3 Hz, 2C), 122.7,119.0 (q, J =
4.0 Hz, 2C), 109.9, 18.0 ppm. *°F — NMR (377 MHz, CDCl5): 5= -60.5 ppm. MS (El, 70 eV): m/z
(%) = 453 (24), 452 (100), 391 (25), 390 (16), 337 (22), 336 (25). EA: calcd. for CpH14FsN,0,: C
58.41, H3.12, N 6.19; found: C 58.08, H 3.74, N 6.64.

2,7-bis(trifluoromethyl)-9-(2,6-dimethyl-4-nitrophenyl)carbazole (26): 2,7-bis(trifluoro-
methyl)-9H-carbazole (418 mg, 1.4 mmol, 1.0 eq.) vyielded 2,7-

CF3
O bis(trifluoromethyl)-9-(2,6-dimethyl-4-nitrophenyl)carbazole (488 mg,
N NO, 1.08 mmol, 78%) as light yellow solid after column chromatography
O (SiO,; c-hexane : toluene, 1 : 1). *H — NMR (400 MHz, CDCls, 25 °C): & =

CFs3

8.36 — 8.34 (m, 2H), 8.25 — 8.24 (m, 2H), 7.66 — 7.63 (m, 2H), 7.21 — 7.20
(m, 2H), 2.00 (s, 6H) ppm. *C — NMR (101 MHz, CDCl;, 25 °C): 5= 148.4, 140.3, 140.0, 139.0,
129.9 (q, J = 32.4 Hz, 2C), 125.0, 124.5 (q, J = 272.5 Hz, 2C), 124.3, 122.1, 117.9 (q, J = 3.6 Hz,
2C), 106.8 (q, J = 4.3 Hz, 2C), 18.0 ppm. *°F = NMR (377 MHz, CDCl3): 6= —61.2 ppm. MS (El,
70 eV): m/z (%) = 453 (25), 452 (100), 391 (19), 390 (19), 337 (23), 336 (21). EA: calcd. for
Ca2H14F6N20,: € 58.41, H 3.12, N 6.19; found: C 58.04, H 3.67, N 6.41.
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2,7-dimethoxy-9-(2,6-dimethyl-4-nitrophenyl)carbazole (27): 2,7-dimethoxy-9H-carbazole
OMe (537 mg, 2.4 mmol, 1.0 eq.), yielding 27 (761 mg, 2.0 mmol, 86%) as

O yellow solid after purification by column chromatography (SiO;; c-
N NO
O hexane : ethyl acetate, 10 : 1). 'H - NMR (400 MHz, CDCl3, 25 °C): 0 =

OMe
6.28 (d, J = 2.2 Hz, 2H), 3.79 (s, 6H), 2.02 (s, 6H) ppm. *C — NMR (101 MHz, CDCls, 25 °C): 5=

8.19 — 8.16 (m, 2H), 7.93 (d, J = 8.5 Hz, 2H), 6.89 (dd, J = 8.5, 2.3 Hz, 2H),

158.9, 147.8, 141.1, 140.8, 140.5, 123.9, 120.7, 117.5, 108.4, 93.7, 77.2, 55.9, 18.1 ppm. MS
(El, 70 eV): m/z (%) = 377 (24), 376 (100), 361 (39), 315 (10), 121 (11). HRMS (ESI): m/z calcd.
for [CaoH20N,04+H]" 377.1496; found: 377.1490.

Representive procedure of reduction (13 and 14, 28 — 30):

4-(1,8-dimethylcarbazol)aniline (13): 1,8-dimethyl-9-(4- nitrophenyl)carbazole (0.6 g, 2.0

mmol, 1.0 eq.) and SnCl, - 2H,0 (1.7 g, 7.5 mmol, 3.8 eq.) were
N—@—NHz suspended in ethanol (10 mL) under argon atmosphere. The suspension
O was stirred at 80 °C for 4 hours. Ethanol was removed under reduced
pressure. Crude product was taken up in toluene (50 mL) and basified with aqg. sodium
hydroxide (5 M, 30 mL) solution. Organic phase was dried over MgS0O, and filtrate was
concentrated and purified by column chromatography (SiO;; c-hexane : toluene, 1 : 1)
affording 13 (0.52 g, 1.8 mmol, 91%) as slightly orange crystals. 'H — NMR (400 MHz, CDCls,
25°C): 5=7.98 (d, J = 7.4 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H), 7.13 (dd, J = 7.3 Hz, 7.3 Hz, 2H),
7.08 (d, J = 7.3 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 3.88 (s, 2H), 1.99 (s, 6H) ppm. *C— NMR (101
MHz, CDCls, 25 °C): 0= 146.9, 140.7, 132.3, 132.0, 128.8, 123.7, 121.8, 119.5, 118.0, 114.3,
19.6 ppm. MS (El, 70 eV): m/z (%) = 286.1 (100), 287.0 (22.2). HRMS (ESI): m/z calcd. for
[CoH1sNo+H]" 287.1543; found: 287.1541.
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4-carbazole-3,5-dimethylaniline (14): 9-(2,6-dimethyl-4-nitrophenyl)carbazole (0.26 g, 0.82
O mmol, 1.0 eq.) yielded 14 as slightly orange crystals (0.22 g, 0.8 mmol,

N@—NHZ 94%), after work up and was used without further purification. *H — NMR
O (400 MHz, CDCls, 25 °C): 6=8.16 (d, J = 7.9 Hz, 2H), 7.38 (dd, J = 7.7 Hz,
7.7 Hz 2H), 7.26 (dd, 7.6 Hz, 7.6 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 6.57 (s, 2H), 3.75 (s, 2H), 1.75
(s, 6H) ppm. >C = NMR (101 MHz, CDCl3, 25 °C): 5= 146.6, 141.0, 139.2, 126.0, 125.5, 122.9,
120.4, 119.3, 114.9, 109.7, 17.7 ppm. MS (El, 70 eV): m/z (%) = 286.1 (100), 287.1 (21.2
HRMS (ESI): m/z calcd. for [CaoH19N,+H]" 287.1543; found: 287.1543.

3,6-bis(trifluoromethyl)-9-(3,5-dimethylaniline)carbazol (28): 3,6-bis(trifluoromethyl)-9-
F3C (2,6-dimethyl-4-nitrophenyl)carbazole (530 mg, 1.17, 1.0 eq.) yielded
N@*NHz after purification by column chromatography (SiO,; c-hexane :

toluene, 1 : 1 + 5% TEA) 28 (454 mg, 1.07 mmol, 92%) as light
brownish solid. *H — NMR (400 MHz, CDCls, 25 °C): 6 = 8.48 — 8.47
(m, 2H), 7.69 — 7.66 (m, 2H), 7.13 — 7.10 (m, 2H), 6.59 (s, 2H), 3.86 (br s, 2H), 1.73 (s, 6H)
ppm. °C — NMR (101 MHz, CDCls, 25 °C): 5= 147.4, 143.2, 138.7, 125.2 (q, J = 272.5 Hz, 2C),
123.9, 123.9 (q, J = 3.8 Hz, 2C), 122.7 (q, J = 32.2 Hz, 2C), 122.2, 118.5 (q, J = 4.2 Hz, 2C),
115.0, 110.3, 17.6 ppm. °F — NMR (377 MHz, CDCl3): 8= —60.3 ppm. MS (El, 70 eV): m/z (%)
=422 (100), 423 (23), 421 (11). HRMS (ESI): m/z calcd. for [CyH16FsN2+H]™ 423.1290; found:
423.1294.

2,7-bis(trifluoromethyl)-9-(3,5-dimethylaniline)carbazole (29): 2,7-bis(trifluoromethyl)-9-
CF, (2,6-dimethyl-4-nitrophenyl)carbazole (230 mg, 0.51 mmol, 1.0 eq.)
O afforded 29 (199 mg, 0.47 mmol, 93%) after purification by column
N‘Q’NHZ chromatography (SiO,; c-hexane : toluene, 1 : 1) as light brownish oil,
O which solidified upon standing. *H — NMR (400 MHz, CDCls, 25 °C): & =
8.29 — 8.27 (m, 2H), 7.57 — 7.55 (m, 2H), 7.30 —7.29 (m, 2H), 6.61 — 6.60
(m, 2H), 3.85 (br s, 2H), 1.74 (s, 6H) ppm. *C — NMR (101 MHz, CDCl3, 25 °C): & = 147.4,
141.3,138.8, 129.3 (q, J = 32.1 Hz, 2C), 124.8 (q, / = 272.3 Hz, 2C), 124.5, 123.6, 121.6, 116.8
(g, J = 3.6 Hz, 2C), 115.1, 107.3 (g, J = 4.3 Hz, 2C), 17.6 ppm. *°F = NMR (377 MHz, CDCl3): 5=
—61.0 ppm. MS (El, 70 eV): m/z (%) = 423 (32), 422 (100), 421 (12), 353 (17), 211 (13), 120
(17). HRMS (ESI): m/z calcd. for [CoH16FN,+H]* 423.1490; found: 423.1293.
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2,7-dimethoxy-9-(3,5-dimethylaniline)carbazol  (30): 2,7-dimethoxy-9-(2,6-dimethyl-4-
OMe nitrophenyl)carbazole (482 mg, 1.28, 1.0 eq.) afforded 30 (429 mg, 1.24
O mmol, 97%) as light brownish solid after purification by column
NQNHZ chromatography (SiO,; c-hexane : toluene, 1 : 1 + 5% TEA). '*H — NMR

U Me (400 MHz, CDCls, 25 °C): 5= 7.90 (d, J = 8.5 Hz, 1H), 6.83 (dd, J = 8.5, 2.3
Hz, 1H), 6.57 (s, 1H), 6.40 (d, J = 2.3 Hz, 1H), 3.79 (s, 6H), 3.76 (br's, 2H), 1.78 (s, 6H) ppm. **C
— NMR (101 MHz, CDCls, 25 °C): 6 = 158.6, 146.6, 142.5, 139.1, 125.3, 120.2, 117.0, 115.0,
107.8, 93.8, 77.2, 55.8, 17.8 ppm. MS (El, 70 eV): m/z (%) = 347 (24), 346 (100), 332 (11), 331

(49), 173 (17). HRMS (ESI): m/z calcd. for [CoH2,N,0,+H]" 347.1754; found: 347.1755.

Sandmeyer reaction for 15 and 16 (Method A):

9-(4-iodophenyl)-1,8-dimethylcarbazole (15): Boron trifluoride etherate (0.93 mL, 7.33
mmol, 4.2 eq.) was placed into an argon flushed oven dried two-necked
—@—I round bottom flask at —30 °C. A solution of 4-(1,8-dimethylcarbazol)aniline
O (500 mg, 1.75 mmol, 1.0 eq.) in THF (5 mL) was added drop wise and stirred
for 20 minutes. Subsequently, a solution of tert-butyl nitrite (736 mg, 6.43 mmol, 3.7 eq.) in
THF (5 mL) was added drop wise and the resulting mixture was allowed to warm to 0 °C. At
-5 °C diethyl ether (10 mL) was added, whereas the diazonium salt participated out, filtered
off and washed with cold diethyl ether. In a second flask, KI (412 mg, 2.48 mmol, 1.4 eq.) and
iodine (311 mg, 1.22 mmol, 0.7 eq.) were dissolved in acetonitrile (7.5 mL). The diazonium
salt was added in one portion at 0 °C, the reaction mixture was warmed to room
temperature and stirred for 30 minutes. Afterwards, the black reaction mixture was
guenched with sat. ag. Na,S,0s3 solution. The product was extracted with ethyl acetate, dried
over MgSQ,, and concentrated under reduced pressure. After purification by column
chromatography (SiO,; c-hexane : DCM, 4 : 1) 15 was obtained as white solid (521 mg, 1.31
mmol, 75%). 'H — NMR (400 MHz, CDCls, 25 °C): 5= 7.98 (d, J = 7.3 Hz, 2H), 7.79 (d, J = 8.4
Hz, 2H), 7.24 (dd, J = 7.4 Hz, 7,4 Hz, 2H), 7.09 (d, J = 7.5 Hz, 2H), 1.93 (s, 6H) ppm. *C — NMR
(101 MHz, CDCls, 25 °C): 6 = 141.9, 140.4, 137.5, 133.2, 129.0, 124.1, 121.4, 120.1, 118.1,
94.2, 19.8 ppm. MS (El, 70 eV): m/z (%) = 397 (100), 398 (22), 254 (17). EA: calcd. for
Ca0H16IN: €60.47, H 4.06, N 3.53; found: C 60.56, H 4.26, N 3.86
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9-(4-iodo-2,6-dimethylphenyl)carbazole (16): 4-carbazole-3,5-dimethylaniline (200 mg, 0.70

O mmol, 1.0 eq.) yielded 9-(4-iodo-2,6-dimethylphenyl)carbazole (219 mg,

N@—| 0.55mmol, 79%) as white solid after purification by column
O chromatography (SiO,; cyclohexane : DCM, 4:1). 'H — NMR (400 MHz,
CDCls, 25 °C): 6=8.16 (d, J = 7.8 Hz, 2H), 7.64 (s, 2H), 7.39 (dd, J = 8.3 Hz, 7.2 Hz, 2H), 7.28
(dd, J = 8.1 Hz, 7.3 Hz, 2H), 6.93 (d, J = 8.1 Hz, 2H), 1.81 (s, 6H) ppm. *C — NMR (101 MHz,
CDCls;, 25 °C): 6 = 140.5, 140.0, 137.7, 134.6, 126.1, 123.0, 120.5, 119.7, 109.3, 94.7, 17.2

ppm. MS (EI, 70 eV): m/z (%) = 397 (100), 268 (34), 255 (68), 254 (60), 127(24). EA: calcd. for
CaoH16IN: C 60.47, H 4.06, N 3.53; found: C 61.01, H 4.31, N 3.78.

Sandmeyer reaction for 31 and 32 (Method A):

3,6-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethylphenyl)carbazole (31): BFs; diethyletherate

FsC (76.0 pl, 0.62 mmol, 2.0 eq.) was placed into an argon flushed oven

N >>3 I dried two-necke round bottom flask at —10 °C. 3,6-bis(trifluoromethyl)-

FsC

9-(3,5-dimethylaniline)carbazol (130 mg, 0.31 mmol, 1.0 eq.) was
dissolved in dichloromethane (5 mL) and added drop wise to the cooled
flask. Subsequently, tert-butyl nitrite (61.6 ul, 0.462 mmol, 1.5 eq.) dissolved in 1 mL
dichloromethane was added carefully via syringe to the beige suspension. Resulting mixture
was stirred at 0 °C for 1 hour, followed by the addition of potassium iodide (72.3 mg, 0.431
mmol, 1.4 eq.) and idodine (54.8 mg, 0.216 mmol, 0.7 eq.) in one portion. Reaction was
warmed to room temperature over 4 hours and was diluted with water (20 mL) and
dichloromethane (30 mL). Extraction with dichloromethane (2 x 30 mL), drying over MgSO,
and concentration afforded brown product. Further purification by column chromatography
(SiO,; c-hexane : DCM, 10 : 1) yielded 31 (148 mg, 0.278 mmol, 90%) as white solid. *H —
NMR (400 MHz, CDCls, 25 °C): &= 8.51 — 8.49 (m, 2H), 7.72 — 7.70 (m, 4H), 7.08 — 7.06 (m,
2H) 1.82 (s, 6H) ppm. *C — NMR (101 MHz, CDCl3, 25 °C): & = 142.3, 140.1, 138.2, 133.3,
125.1 (q, J = 271.5 Hz), 124.2 (q, J = 3.6 Hz), 123.1 (q, J = 32.4 Hz) 122.4, 118.7 (g, J = 4.1 Hz),
110.1, 95.9, 17.2 ppm. °F = NMR (377 MHz, CDCl;): 8= —60.4 ppm. MS (El, 70 eV): m/z (%) =
534 (21), 533 (100), 391 (12), 337 (15) 336 (18). EA: calcd. for Cy;H1aF¢IN: C 49.55, H 2.65, N
2.63; found: C49.92, H 3.01, N 2.94.
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2,7-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethylphenyl)carbazole  (32): 2,7-bis(trifluoro-
CF4 methyl)-9-(3,5-dimethylaniline)carbazol (223 mg, 0.53 mmol, 1.0 eq.)
O afforded after purification by column chromatography (SiO,, c-hexane :
N@" DCM, 10 : 1) 32 (230 mg, 0.431 mmol, 82%) as white solid. *H — NMR (400
O MHz, CDCls, 25 °C): 5= 8.31 — 8.29 (m, 2H), 8.71 (m, 2H), 7.61 — 7.59 (m,
2H), 7.23 — 7.22 (m, 2H), 1.81 (s, 6H) ppm. **C — NMR (101 MHz, CDCls, 25
°C): 6= 140.4, 140.1, 138.4, 133.1, 129.6 (q, J = 32.2 Hz, 2C), 124.7, 124.6 (q, J = 272.4 Hz,
2C), 121.8, 117.4 (q, J = 3.8 Hz, 2C), 107.0 (g, J = 4.3 Hz, 2C), 96.0, 17.2 ppm. *°F — NMR (377
MHz, CDCl3): 6=-61.1 ppm. MS (El, 70 eV): m/z (%) = 534 (23), 533 (100), 391 (13), 390 (17),
337 (26), 336 (27), 77 (11). EA: calcd. for CyoH14F6IN: C 49.55, H 2.65, N 2.63; found: C 49.83,
H 3.20, N 3.12.

Sandmeyer reaction for 33 (Method C):

2,7-dimethoxy-9-(4-iodo-2,6-dimethylphenyl)carbazole (33): 2,7-dimethoxy-9-(3,5-
OMe dimethyl-aniline)carbazol (214 mg, 0.62 mmol, 1.0 eq.) was added to a
O solution of p-TsOH - H,0 (356 mg, 1.85 mmol, 3.0 eq.) in MeCN (2.5 mL).
N‘%D" The resulting suspension was kept at 10 °C, while a solution of NaNO, (87.0
O mg, 1.85 mmol, 2.0 eq.) and potassium iodide (259 mg, 1.54 mmol, 2.5 eq.)
in water (0.5 mL) was added drop wise. The reaction mixture was stirred for
10 minutes at this temperature and the allowed to warm up and stirred for another 2 hours.
Reaction was diluted with water (10 mL), ag. NaHCO3 (1 M, until pH = 10) and extracted with
ethyl acetate (3 x 20 mL). Combined organic layers were washed extensively with aq. sat.
Na,S,03 solution dried over MgS0O,4 and removed at reduced pressure. Crude product was
purified by column chromatography (SiO,; c-hexane : toluene, 2 : 1) yielding 33 (234 mg, 512
mmol, 83%) as white solid. 'H — NMR (400 MHz, CDCls, 25 °C): 5= 7.91 (d, J = 8.5 Hz, 2H),
7.64 (s, 2H), 6.86 (dd, J = 8.5, 2.3 Hz, 2H), 6.33 (d, J = 2.3 Hz, 2H), 3.80 (s, 6H), 1.85 (s, 6H)
ppm. 3C = NMR (101 MHz, CDCls, 25 °C): 5= 158.7, 141.6, 140.7, 137.9, 134.6, 120.5, 117.2,
108.2, 94.9, 93.7, 55.9, 17.4 ppm. MS (El, 70 eV): m/z (%) = 458 (25), 457 (100), 442 (36), 330
(13), 272 (10), 228 (11), 121 (11). HRMS (ESI): m/z calcd. for [CyoHaoINO,+H]* 458.0611;
found: 458.0602.
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Borylation reaction for 34 — 36:

3,6-bis(trifluoromethyl)-9-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2,6-dimethylphenyl)-
FsC carbazole (34): 3,6-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethyl-
NQBW phenyl)carbazole (50.0 mg, 93.4 umol, 1.0 eq.) was placed in a oven
O dried argon flushed schlenk flask and dissolved in THF (1 mL) and
FsC cooled to —10 °C. Turbo Grignard (78.7 pl, 0.102 mmol, 1.1 eq.) was
added drop wise and conversion was followed by GC/MS. After full conversion, the addition
of triisopropyl borate (25.8 ul, 0.11 mmol, 1.2 eq.) yielded in a milky solution, which was
stirred for 2 hours at room temperature. Neopentyl glycol (12.7 mg, 0.12 mmol, 1.3 eq.) was
added in one shot, solution turned slowly clear and was stirred for 12 hours at room
temperature. Reaction was quenched with aq. sat. NH4Cl (5 mL), diluted with water (5 mL),
and extracted with ethyl acetate. Combined organic layers were dried over MgSQy,, filtered
over a small silica pad and concentrated, yielding crude 34, which was used for the following
coupling without further purification. 'H - NMR (400 MHz, CDCls, 25 °C): 6=8.49 — 8.48 (m,
2H), 7.74 - 7.73 (m, 2H), 7.69 — 7.66 (m, 2H), 7.05 — 7.03 (m, 2H), 3.84 (s, 4H), 1.84 (s, 6H),
1.09 (s, 6H) ppm.

2,7-bis(trifluoromethyl)-9-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2,6-dimethylphenyl)-

CFs carbazole (35):  3,6-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethyl-

O phenyl)carbazole (87.0 mg, 0.163 mmol, 1.0 eq.) yielded crude 35. *H —
N‘@’Bneo NMR (400 MHz, CDCls, 25 °C): 6= 8.31 —8.29 (m, 2H), 7.76 (m, 2H), 7.58

O —7.56 (m, 2H), 7.22 — 7.21 (m, 2H), 3.85 (s, 4H), 1.84 (s, 6H), 1.09 (s, 6H)

CFs3
ppm.

2,7-dimethoxy-9(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2,6-dimethylphenyl)carbazole
OMe (36): 2,7-dimethoxy-9-(4-iodo-2,6-dimethylphenyl)carbazole (75.0 mg,

O 164 pmol, 1.0 eq.) yielded crude 36. *H — NMR (400 MHz, CDCls, 25 °C): &
NQBMO =7.91 (d, J = 8.5 Hz, 2H), 7.70 (s, 2H), 6.84 (dd, J = 8.5, 2.3 Hz, 2H), 6.32

OMe

(d, J=2.3 Hz, 2H), 3.84 (s, 4H), 3.76 (s, 6H), 1.89 (s, 6H), 1.08 (s, 6H) ppm.
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Homo-coupling reaction for 1 and 2:

4,4’-di(1,8-dimethylcarbazole)1,1’-biphenyl (1): 9-(4-iodophenyl)-1,8-dimethylcarbazole

O (155 mg, 0.39 mmol, 1.0 eq.) and THF (3 mL) was added into a
NN dry schlenk flask under argon atmosphere. The solution was
O O cooled to —10 °C and Turbo Grignard (0.33 mL (1.3 M), 0.47

mmol, 1.1 eq.) was added. After 1 hour, the ice bath was removed and TEMPO (124 mg, 0.78
mmol, 2.0 eq.) was added. The mixture was stirred 1 hour at room temperature while a
white solid participated. The reaction was quenched with sat. aq. NH4Cl solution. THF was
distilled under reduced pressure and the residue was extracted with dichloromethane. The
combined organic phases were dried over MgSQy,, filtered and concentrated under reduced
pressure. The crude product was purified by column chromatography (SiO;; c-hexane : DCM,
5 :1) providing 1 as a white solid (101 mg, 0.187 mmol, 96%). 'H - NMR (400 MHz, CDCl3, 25
°C): 6=8.05 (d, J = 7.7 Hz, 4H), 7.85 (d, J = 8.3 Hz, 4H), 7.67 (d, J = 8.3 Hz, 4H), 7.21 (dd, J =
7.4 Hz, 7.4 Hz, 4H), 7.16 (d, J = 6.7 Hz, 4H), 2.04 (s, 12H) ppm. *C = NMR (101 MHz, CDCls, 25
°C): 0=141.7, 140.6, 140.4, 131.9, 128.9, 126.8, 124.0, 121.6, 119.9, 118.1, 19.8. MS (Maldi-
TOF): m/z (%) = 540.4 (100), 331.3(8), 310.3 (17). EA: calcd. for C4oH3,N,: C 88.85, H 5.97, N
5.18; found: C 88.54, H 6.23, N 5.51.

4,4’-dicarbazole-3,3’-5,5’tetramethyl-biphenyl (2): 9-(4-iodo-2,6-dimethylphenyl)carbazole
O O (151 mg, 0.38 mmol, 1.0 eq.) afforded 2 (100 mg, 0.18 mmol,

NN 96%) as a white solid after purification by column
O O chromatography (SiO,; c-hexane : DCM, 5 : 1). 'H — NMR (400
MHz, CDCls, 25 °C): 5= 8.24 (d, J = 7.9 Hz, 4H), 7.62 (s, 4H), 7.46 (dd, J = 8.2 Hz, 7.1 Hz, 4H),
7.34 (dd, J = 8.0 Hz, 7.1 Hz, 4H), 7.07 (d, J = 8.1 Hz, 4H), 2.00 (s, 12H) ppm. *C — NMR (101
MHz, CDCls, 25 °C): 6 = 140.9, 140.3, 138.6, 134.1, 127.5, 126.0, 123.0, 120.5, 119.5, 109.5,

17.8 ppm. MS (Maldi-TOF): m/z (%) = 540 (100), 310 (7), 268 (20). EA: calcd. for CsoH3,N;: C
88.85, H5.97, N 5.18; found: C 88.49, H 6.28, N 5.32.
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Suzuki—Miyaura reaction for 3 - 5:

bis(3,6-bis(trifluoromethyl)-9,9'-(3,3',5,5'-tetramethyl-[1,1'-biphenyl]-4,4'-diyl)-carbazole)
FsC cry, (3) 3,6-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethyl-

O O phenyl)carbazole (45 mg, 84 umol, 0.9 eq.), potassium
NN

O O phosphate (40 mg, 0.2 mmol, 2.0 eq.) and 3,6-
FsC CF3  bis(trifluoromethyl)-9-(4-(5,5-dimethyl-1,3,2-dioxa-
borinan-2-yl)-2,6-dimethylphenyl)-carbazole (approximately 48 mg, 93 umol, 1.0 eq) were
suspended in 1 mL (THF : water; 20 : 1) and the suspension was degassed for 20 minutes.
Subsequently, SPhos Pd G2 (1.4 mg, 2 mol%) was added and reaction mixture was stirred at
70 °C for 12 hours. After cooling, reaction was diluted with water (5 mL) and ethyl acetate (5
mL). Crude product was extracted with ethyl acetate (2 x 5 mL), combined organic layer
were washed with brine and dried over MgSQ,. After solvent was evaporated, crude product
was purified by column chromatography (SiO,; c-hexane : DCM, 10 : 1) affording 3 (70 mg,
86.1 umol, 93% over two steps) as white solid. 'H - NMR (400 MHz, CDCls, 25 °C): 6= 8.54 —
8.53 (m, 4H), 7.75 — 7.72 (m, 4H), 7.62 (s, 4H), 7.17 — 7.15 (m, 4H), 1.97 (s, 12H) ppm. *C —
NMR (101 MHz, CDCls, 25 °C): o= 142.6, 141.7, 138.5, 133.1, 128.1, 125.1 (q, J = 271.5 Hz),
124.1 (g, J = 3.3 Hz), 123.1 (g, J = 32.3 Hz), 122.5, 118.7 (g, J = 3.9 Hz), 110.3, 17.8 ppm. *°F -
NMR (377 MHz, CDCl3): 6 = —60.3 ppm. MS (Maldi-TOF): m/z (%) = 813 (30), 445 (100). EA:
calcd. for Ca4HysF12N,: € 65.03, H 3.47, N 3.45; found: C 64.46, H 3.93, N 3.73.
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bis(2,7-bis(trifluoromethyl)-9,9'-(3,3',5,5'-tetramethyl-[1,1'-biphenyl]-4,4'-diyl)carbazole
CE E.C (4): 2,7-bis(trifluoromethyl)-9-(4-iodo-2,6-dimethylphenyl)-

3 3
O carbazole (78 mg, 0.15 mmol, 0.9 eq) afforded 4 (130 mg, 0.15

NN mmol, 95% over two steps) as white solid after column

chromatography (SiO; c-hexane : DCM, 10 : 1). *H — NMR (400

CFs P MHz, cpals, 25 °C): 6= 8.35 (d, J = 8.2 Hz, 4H), 7.67 (s, 4H), 7.62
(dd, J = 8.2, 1.6 Hz, 4H), 7.34 (d, J = 1.6 Hz, 4H), 1.98 (s, 12H) ppm. *C — NMR (101 MHz,
CDCls, 25 °C): 5= 141.8, 140.7, 138.4, 132.8, 129.6 (q, J = 32.3 Hz), 128.4, 124.8, 124.7 (q, J =
272.3 Hz), 121.8, 117.2 (q, J = 3.5 Hz), 107.3 (q, J = 4.4 Hz), 17.9 ppm. °F — NMR (377 MHz,
CDCl): 6 = —61.1 ppm. MS (Maldi-TOF): m/z (%) = 812 (24), 444 (100). EA: calcd. for

CaaHasF12N,: € 65.03, H 3.47, N 3.45; found: C63.23, H 3.81, N 3.54.

bis(2,7-dimethoxy-9,9'-(3,3',5,5'-tetramethyl-[1,1'-biphenyl]-4,4'-diyl)carbazole) (5): 2,7-
OMe MeO dimethoxy-9-(4-iodo-2,6-dimethylphenyl)carbazole (66 mg, 0.14
O Q mmol, 0.9 eq) yielded 5 (0.1 g, 0.2 mmol, 97% over two steps) as
NN white solid after purification by column chromatography (SiO»;
O O c-hexane : ethyl acetate, 1 : 10). 'H - NMR (400 MHz, CDCl3, 25
OMe MeO
°C): 6= 7.95 (d, J = 8.5 Hz, 1H), 7.61 (s, 1H), 6.89 (dd, J = 8.5, 2.3
Hz, 1H), 6.44 (d, J = 2.3 Hz, 1H), 3.82 (s, 6H), 2.01 (6H) ppm. 3C = NMR (101 MHz, CDCls, 25
°C): 0= 58.7, 141.9, 141.0, 138.7, 134.1, 127.7, 120.5, 117.3, 107.9, 94.0, 77.2, 55.9, 18.0
ppm. HRMS (ESI): m/z calcd. for [CasHaoN,04+H]" 661.3061; found: 661.3055.
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Chapter 2

Development of Novel Ethynyl Protecting Group for
SAM Formation
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Introduction

Self-Assembled Monolayer

The most common technique to prevent corrosion is covering a metal substrate with
polymeric films. For example home appliances are made of steel covered by a polymeric
layer. This self-assembled monolayer (SAM) has witnessed tremendous growth in various
fields of research. The origin of SAMs is given by interactions between monomers,
constructing systems without any guidance from external sources except the environment.
In proteins self-assembly results in supramolecular organizations of multiple components
conducting very complex structures. The formation of an monolayer of surfactant molecules
on a solid surface is just one example of the general phenomena of self-assembly.[m] The
surfactant molecules typically consist of a head and a tail group. Owing to intermolecular
interactions of the head group with the surface, two-dimensional molecular structures—
usually with a thickness of 1 —3 nm—are arranged on the surface in a well-defined manner
(Figure 18). These well defined and organized SAMs are formed within seconds to hours by

the immersion of a substrate in a dilute solution (ca. 1 mM) of the surfactant.'?¥!

Organic Interface:

— Determines surface properties
- Presents chemical functional groups

Terminal
Functional .
Group Organic Interphase (1-3 nm):
— Provides well-defined thickness
Spacer — Acts as a physical barrier
(Alkane Chain) — Alters electronic conductivity
Ligand and local optical properties
or Head Group Metal-Sulfur Interface:
Metal - Stabillilzes surface atoms
Substrate — Modifies electronic states

Figure 18: Anatomy and characteristics of an alkanthiolate SAM formed on a gold substrate. SAMs are formed
within seconds to hours by dipping a substrate into a diluted solution of the surfactant. Reprinted from
Whitesides and co-workers."*

Due to formation of ultrathin films with controlled thicknesses,[125’126] this elegant, efficient,
and low cost tool of SAM formation allows the study of fundamental phenomena such as
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[127] [128]

distance dependent electron transfer and mechanism of single electron transistor.

The density of packing and stability of SAMs are tuned by the length of the hydrocarbon unit

that influences van der Walls (VdW) and 7— 7 interactions. This dense monolayer enables

[129,130]

applications including chemical sensing, control of surface properties such as

31 and corrosion protection.[m] Since chemistry has been moving

wettability and friction,!
away from traditional disciplines into interdisciplinary areas, the demand for miniaturized
biosensors—particularly for diagnostic applications—research activity in SAMs is rapidly
growing.[m] The simple experimental handling of SAM formation enables immobilization of
highly selective biomolecules (e.g., antibodies, enzymes, nucleic acids) or biological systems
(e.g., receptors, cells) on a electrochemical, optical, or piezoelectric transducer.™* The
guality of SAMs can be evaluated by electrochemical techniques, such as cyclic voltammetry

138]

(CV)[135'137] and impedance measurements™® or non-electrochemical techniques, such as

[139]

ellipsometry, X-ray photoelectron spectroscopy (XPS),!**%*Y infrared spectroscopy

) [143] ) [144]

(IR),™*? scanning tunneling spectroscopy (STM atomic force microscopy (AFM
fluorescence spectroscopy, and surface plasmon resonance.

Besides the successful formation of monolayers using organosilicon derivatives, other

[145-149] [150,151] [152,153] [154]

substrates including silicon oxide, aluminum oxide, quartz, and glass
have been used. However its quality of SAMs often suffers from handling difficulties while
production. More commonly, thiol molecules (R-SH) are used in SAM formation on gold

surfaces creating complex structures by the so-called bottom-up approach.

Thiolate SAMs on Gold Surface

The most studied and most understood SAMs are alkanthiolates on a Au(111) surface,
because thin films as well as colloids made of fold are easy to produce. Furthermore, gold
does not have a stable surface oxide, which makes it possible to handle and manipulate gold
surfaces under atmospheric conditions rather than under ultra-high vacuum environment.
Due to the high affinity of thiols to gold, they can readily displace adventitious materials
from the surface. The alkanthiol surfactant has three parts: (i) the sulfur headgroup that
forms a strong covalent bond with the substrate, (ii) the hydrocarbon chain (of variable
length) that stabilizes the SAM through VdW interactions with neighboring chains, and (iii)

the terminal group that can have different functionalities.
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alkanethiol disulfide sulfide thiophene thiophenol carbamate

Scheme 13: Surfactants based on sulfur compounds possibly forming SAMs on gold substrates.

[139,155-160]

Molecular structures of investigated thiols, including alkanthiols, di-n-alkyl

[130,161,162] [164,165] [166]

sulfides, di-n-alkyl disulfides,[163] thiophenols, thiophenes, and

[167] 3re shown in scheme 13. Different studies showed that the different

thiocarbamate
individual steps involved in the formation of the monolayer vary tremendously between
short and long alkylthiolates. Whereas 2 to 12 hours are sufficient to form a well-ordered
SAM in the case of long chain alkanthiols, at least 24 hours are required for short-chain
alkanthiols or alkanthiols bearing other tail groups than methyl to form well-ordered
SAMs.'8 Using the dithiol version even shorter deposition times were observed in

solution.!*®”

ol T T S,

—_——— |

\ / \ il = & v

|

Figure 19: lllustration of the different steps forming a densely packed, crystalline 2D monolayer on a gold
substrate; (i) physisorption, (ii) lying down phase formation, (iii) standing up phase and (iv) completed SAM
formation. Reprinted from Salvarezza and co-workers.*®®

The most simple description of SAM growth relies on an initial physisorption step, on which
duration strongly depends on the surfactant’s concentration,[17°] followed by subsequent
chemisorption of the molecule, and finally formation of ordered domains with crystals in a
closed-packed configuration (Figure 19).[155'171_173] The physisorption process was followed at
5 K for methanethiol and dialkyl dimethyl molecules by using STM techniques.[m] The most

accepted hypothesis for the chemisorption of free thiols is that hydrogen atoms at the thiol
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moiety are released as H, molecule.'”>7 |n strong contrast to long-chain alkyl-thiols,
methyl thiolate SAMs are only formed using methyldisulfide, because direct reaction of
methanethiol only leads to physisorption, since the S—H bond can not be cleaved.”® This

discrepancy may is explained by the energy gain of the covalent RS—Au bond formation. The

strong affinity of sulfur to gold (with bond strength of approximately 40 kcal - mol™)*%*!

leads to an energy gain of ca. -5 kcal - mol™ for the covalent RS—Au bond."””®! In contrast, the
adsorption energy for alkyldithiol is ca. —12 kcal - mol™, which is twice as high and therefore
more favorable. This measurement is supporting the faster replacement rate for alkanethiols
compared to dialkyl disulfides."®® The possible mechanism of the SAM formation from
dithiol is an oxidative addition of the dithiol."??! Formation process of the closed-packed
layer is considerably slower affording a maximum density of molecules and minimum
defects of the SAM. This is strongly dependent on experimental factors including solvent,
temperature, concentration of surfactant, purity of surfactant, concentration of oxygen in

solution, cleanliness of the substrate,!*** but also structural effects of the compound itself,

) [170]

e.g., gauche defects, chain—chain interaction (VdW, dipole—dipole or surface mobility of

[122

the chains.™? Chain—chain interactions contribute to the stability of the SAM, as well as the

distance between the alkane chains. The reduced distance between the chains results in a
tilted angle of 26°—37° in order to optimize VdW forces."8! Since the CH, stretching
vibrations are sensitive to packing density and the presence of gauche defects, IR-

spectroscopy is the choice of analyzing technique.[183] The surface mobility of the molecules

[ [185,186]

. 184 . .. . .
allows self healing processes.®” However, issues containing thermal instability,

[187] [184] ar

limited electrochemical potential window, and oxidation of metal sulfate bonds e

making this approach questionable for sensing applications.

SAMs on Carbon-Based Surfaces

[188,189]

The unique properties of graphene such as large surface area, excellent thermal

[190] 189,191,192] h [193]

conductivity, electric conductivity,[ and strong mechanical strengt attracted

the scientific field in recent years. Furthermore, graphene can be produced in large

194-197] |[198]

guantities from chemical' or therma reduction of graphene oxide. This is of
important relevance since carbon is one of the most widely used material in electroanalysis
and shows excellent performance in biosensors.'? 2% These superior properties allowed
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the production of thin film layers on flexible surfaces for lightweight conductive and
transparent devices.”® Most of carbon based surfaces have been functionalized through
oxidation'?®®*" |eading to superficial carboxylic, quinoic, ketonic, or hydroxylic groups,
which were then further reacted the appropriate surfactant. This approach of
functionalization is difficult to control and often leads to undesirable corrosion of the carbon

[208,209]

surface. Another surface modification was successfully implemented by

electrochemical reduction of diazonium salts. This technique is superior among others

including clean and nondestructive chemical functionalization of different substrate

210] 211] [212]

materials like carbon,[ metal,[ and semiconductors, as well as selective

electrochemical modification of individual objects.[m]

Electrografting of Aryl Diazonium Salts

Diazonium functionalities are typically prepared in a one-step reaction from aromatic
amines, which are readily available. Tetrafluoroborates are particularly useful as counter
ions as they are stable in aprotic and acidic environment (even stable in air for hours), but

not stable in aqueous solutions above pH =2 — 3.

‘LV

Q e
@ —
o o .
e~ N AN 2 R R R R
LA\ . X B X B
& ) ) ) 02
[
Substrate: Substrate:
carbon, semi conductor, metal carbon, semi conductor, metal

Figure 20: Functionalization of different surfaces, including carbon, semiconductor, and metal by diazonium
salt. The aryl unit can be functionalized by a suitable group (R).

As various groups can be attached to the aryl unit, it is possible to obtain surfaces bearing a

broad range of functionalization, e.g., alkyl, halogen alkyl, carboxylic, ester, cyanide, halides,

66



nitro, alcohols, thiols, and triple bonds (Figure 20). This modularity is very attractive for
practical applications in boisensing. The method used for the electrografting process is
rather simple, using typical electrochemical reaction conditions. The diazonium salt is
dissolved in an aprotic media (c=1-10mM) with a supporting electrolyte (0.1 M
tetrabutylammonium tetrafluoroborate in acetonitrile) and subsequently reduced using the
surface to be modified as a cathode. The potential is set by a potentiostat at the potential of
the voltammetric peak of the diazonium for a variable period of time (seconds to minutes).
This simple method enables the functionalization of a large amount of substrates, including
carbon (glassy carbon and carbon fibers, pyrolized photoresist, pyrolized Teflon, carbon
nanotubes),[205'210'213'219] semiconductors (Si, GaAs),[212’220’221] and noble metals (Au, Pt).[m]
Since this method is based on reductive reaction conditions, it enables the modification of
easily oxidizable industrial materials such as Fe,?*Y zn, Ni, Co'?*?, cu,'**** and Pd.”?*” The
low reduction potential, not rigorous exclusion of dioxygen, functional group tolerance, and
different substrate capability make this method extremely appealing for research and

industrial applications.

Mechanism of Grafting
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Figure 21: Cyclic voltammograms (first and fifth cycles) in 2 mM solution of AEBD diazonium salt in acetonitrile

(+0.1 M NBu,4BF,) using (a) gold electrode and (b) glassy carbon electrode. Reprinted from Chaussé and co-
[224]

workers.

Cyclic voltammetry of (4-aminoethyl)benzenediazonium (AEBD) was performed using gold

and glassy carbon electrodes (Figure 21).
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In case of both electrodes the voltammogram exhibits a broad irreversible wave in the first
cycle at £, =—0.35 V/SCE and —0.51 V/SCE with gold and glassy carbon, respectively.[224] The
fact that the voltammetric wave is irreversible indicates that the diazonium gets reduced to
dinitrogen via electron transfer. As the dinitrogen is in the gaseous state at room
temperature, it leaves the system and the reduction is therefore irreversible. During the fifth
scan the wave completely disappears, which is indicative of covering the surface by the
organic compound. The relatively low reduction potential (ca. —0.5 V/SCE) is consistent with
the characteristics of diazonium salts.”*”) However, this reduction potential can be modified
depending on the functionality attached at the p-position on the aryl unit, ranging from
—0.5V/SCE (electron-donating substituents) to —0.2V/SCE (electron-withdrawing

substituents).!?**!

+ +
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—-0.50 V/SCE —-0.25 V/SCE -0.22 V/SCE —-0.20 V/SCE

Scheme 14: Study of the electronic effects of the substituents at the p-position ranging from electron-donating

(left, —0.5 V/SCE) to electron-withdrawing (right, —0.2 V/SCE) groups. Data obtained from Pilan and co-
[213]

workers.

Because the mechanism of grafting by diazonium salts bases on an electron uptake, a
comparison with the well-known aryl halogen reduction mechanism is reliable. Depending
on the stability of the radical formed from aryl halides, the radical is formed closer (shorter
lifetime) or farther (longer lifetime) away from the electrode due to diffusion processes after
radical anion formation at the electrode. Therefore, if the radical is formed in a stepwise
fashion (Scheme 15), it will react faster with a proton, abstracted from the solvent, or
recombine with other radicals, because it is far away from the electrode. This stepwise
radical formation, including cleavage of the intermediate radical anion (Scheme 15, 2. step),

. . . . 22
is more commonly observed in electrochemical cleavage experlments.[ 2
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Scheme 15: Possible pathways of the aryl radical formation. In the stepwise pathway the aryl halogen gets first
reduced and forms in a second step the reactive aryl radical. If the radical is formed following a concerted
pathway, the radical is formed on the surface of the electrode.

However, if the electron transfer is concerted (radical is formed in one step) with the
cleavage of the halogen, the radical will be formed on the surface of the electrode (Scheme
15, concerted).[m] Nevertheless, the radical anion is a lot faster reduced than the parent aryl
halide, leading to subsequent reduction into the aryl anion rather than allow the covalent
binding with the surface.””! Since the diazonium salt is cleaved under milder reduction
conditions (-0.16 V/SCE for benzene-diazonium),'**® this functionality allows the grafting
process with various substrates. 2102297231 Thjs unique behavior of electrode grafting can be
attributed to two specific features. (i) The very strong electron-withdrawing character of the
positively charged diazonium group. (ii) The generation of the aryl radical is a concerted
process that involves the electron transfer and the cleavage of dinitrogen before the
formation of the covalent bond.”??® The radical formation after dinitrogen cleavage is most

likely contributing to the surface modification, since no grafting was observed for aryl

[225] [232]

halogens and anthracene, which preferably form radical anions and anionic species,

respectively.

Characterization of the Grafted Organic Layer

The organic groups bonded to the surface can be characterized by electro-chemistry as long
as they are electroactive. Therefore, nitro groups are often used, since they are reversibly
reduced in aprotic medium by one electron to its stable radical anion (E, =-1.20 V/SCE)

(Figure 22a).[211]

A perfect example represents the electrografting of 4-nitrobenzene
diazonium tetrafluoroborate salt (PNBD), which provides a surface modified with 4-

nitrophenyl groups. Thereafter the electrode is thoroughly rinsed with acetone in an
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ultrasonic bath for 5 min in the absence of oxygen and transferred to a new solution
containing only the solvent and the supporting electrolyte (acetonitrile and 0.1 M
tetrabutylammonium tetrafluoroborate). Under these conditions, a very broad reversible
wave was observed around E, =—-1.17 V/SCE (Figure 22b).[211] This observation reveals not
only the presence of the reducible nitro groups showing a potential close to that of
nitrobenzene itself, but also that their bonding to the surface is strong enough to resist
rinsing in ultrasonic bath. Since the cathodic and anodic peaks are not shifting, the redox
active species are bonded to the surface rather than diffuse away or towards the electrode.

The same observation was reported for carbon-based substrates using almost identical

experimental conditions.?'°!
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Figure 22: Cyclic voltammetry of nitrobenzene in acetonitrile (c=2mM) and 0.1 M tetrabutylammonium
tetrafluoroborate using (a) an iron electrode and (b) an iron electrode electrografted with 4-nitrophenyl
groups. Reprinted from Podvorica and co-workers.**"!

The irreversible reduction process into the corresponding hydroxylamine or amine group has
revealed the fact that these nitro groups remain intact in acidic aqueous media. This
reduction was completed, indicated by the missing electrochemical signal of the nitro-phenyl
group.[215’233]

Another valuable technique to characterize the grafted electrode is the Fourier transform
infra red (FTIR) spectroscopy. This analyzing technique takes advantage of the specific
symmetric (1542 cm™) and asymmetric (1358 cm™) stretching bands of nitro moiety in
[222]

PNBD. Both stretching vibrations were clearly observed by analyzing the grafted surface.

Furthermore, the difference (vasymmetric — v symmetric = 173 — 174 cm ™) for the modified
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surface was equal to what could be expected for a solid (159 -177 cm™).2% FTIR is a
suitable method since it reveals also information about the orientation of the grafted
molecules. The in-plane CH-vibration of the aromatic ring (ca. 1044 cm™)®** appears as
strong band in the spectra of PNBD. However, this band appears much weaker in the surface
modified by PNBD, supporting the fact that the phenyl unit is oriented perpendicular to the
surface. The missing stretching band of the diazonium in the region between 2300 -

216,222 L ather the

2130 cm™?, indicates that PNBD is not merely absorbed on the surface,
radical cleavage of the diazonium salt on the electrode took place.

X-ray photoelectron spectroscopy (XPS) is a common technique to characterize a modified
surface, and is therefore also a valuable the method to investigate the grafted electrodes.
Again, the PNBD is a widely used compound for grafting due to its characteristic binding
energies of the electrons in the corresponding orbitals of C (1s), O (1s), and N (1s) appearing
at ca. 285 eV, 530 eV, and 400 eV, respectively (Figure 23).2°72192% | the case of metals

and semiconductors, the attenuation of the signal is related to the atoms of the surface,

which allows an estimation of the thickness of the organic layer.
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Figure 23: X-ray photoelectron survey spectrum for a 4-nitrophenyl modified glassy carbon electrode measured
from grafting in a solution of PNDB (5 mM) in acetonitrile using tetrabutylammonium tetrafluoroborate (0.1 M)
as supporting electrolyte. Reprinted from Bélanger and co-workers. %

137,218,233] )[221]

Atomic force microscopy (AFM)[ and scanning tunneling microscopy (STM allow
the observation of the modified surface by the "naked eye". The formation of a layer of
variable height was observed by estimating the thickness of the organic layers following a
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AFM scratch procedure.[m] The term AFM scratching is used when the tip is scanned under
strong loading forces to remove the organic layer on a relatively hard substrate. Using this
technique the organic material is removed from the surface in a well-defined manner,
leaving deep trenches with the characteristic shape of the used tip (Figure 24a). In the
presented example for AFM imaging, a pyrolyzed photoresist film (PPF) was used, due to its
relatively similar behavior towards electro-reduction of the diazonium ion compared to
glassy carbon electrodes and their surface flatness (PPF roughness was estimated to be
around 0.7 nm by AFM experiments). After grafting of triisopropylsilyl-protected p-
ethynylbenzene diazonium and subsequent deprotection of triisopropylsilyl (TIPS) using
tetrabutylammonium fluoride (TBAF) a very thin layer thickness (ca. 0.65 nm) was measured
using AFM scratching method (Figure 24b). This measured height corresponds to the length
of the ethynylbenzene molecule, supporting the fact of the formation of a single monolayer
(Figure 24c). The TIPS protecting group for the p-ethynylbenzene diazonium moiety enabled

the control of the deposition process by self-inhibition.**”!
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Figure 24: 2 x 2 um topographic picture of PPF substrate modified with p-ethynylbenzene diazonium, showing a
0.4 x 2 um scratch. b) Line profile (black) and adjustment curve (red) of the AFM picture presented in a). c)
ethynylbenzene and its average length calculated with Chem 3D. Reprinted from Leroux and co-workers.*”!

Having an ethynyl moiety SAM on a surface is very appealing for post functionalization by
click chemistry.[237] Due to its very mild reaction conditions and high selectivity it enables the

attachment of any azide-derivatized electrochemical active biosensor.
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Stability of Organic Layer

The bond strength between the surface and the organic layer was demonstrated by different
experiments. First indication of a strong binding is represented in the resist of ultrasonic
cleaning in a variety of solvents, including acetonitrile, N,N’-dimethylformamide, dimethyl
sulfoxide, benzene benzonitrile, acetone, methanol, ethanol, methylene chloride, and

chloroform[?07:211.238]

representing almost all commonly organic solvents wused in
electrochemical experiments.

To examine long term stability of a glassy carbon electrode, PNBD electrografted electrode
remained intact after six months when left on a laboratory bench.?%”!

Stability towards acidic or basic environment was demonstrated by 4-bromophenyl layers
grafted on silica electrode, which resisted strong acidic conditions like 40% HF for 2 minutes
and NH4F (10 M) for one minute.?*?*2Y When the same organic compound was grafted on a
GaAs electrode, resistance towards concentrated hydrochloric acid and ammonium
hydroxide for 5 minutes was observed.!?*®!

Thermal stability was investigated using a 4-nitrophenyl modified carbon samples, which
revealed excellent thermal stability when heated up to 700 K in ultra high vacuum.!?*®
Depending on the substituent at the aryl unit, a broad electrochemical resistance window
was detected ranging from 2.6 to 5.6 V/SCE for 4-diethylamino- and 4-bromobenzene,
respectively.[239]

As mentioned above the organic layer can only be removed by AFM scratching methods.
The resistance towards aggressive reagents, organic solvents, and high temperatures clearly
excludes the involvement of non-covalent bonds, such as dipole—dipole, hydrogen bonding,

or VdW interactions.

Sensing Based on Diazonium Grafting

A sensing device can be divided into two parts: (i) the active surface layer and (ii) the
connection between the recognition-transduction component (transducer) and the surface.
The ability of the active surface to specifically and selectively recognize the target species
defines the performance of the sensor device. Other important features, such as long-term

stability and reusability, require covalent attachment of the transducer. As mentioned above
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diazonium salts represent an attractive covalent surface modification since they tolerate a
broad range of functional groups. The preparation of an active surface can be conducted via
two main approaches: (i) direct functionalization of the surface using diazonium salt
reduction followed by immobilization of the desired bio-macromolecule and (ii)
derivatization of the biomolecule by a diazonium functionality and subsequent grafting of
the modified biomolecule to the surface.

Following the first approach, a gold electrode was electrochemically modified by 4-
carboxyphenyl diazonium. Post-modification of the electrode with Gly-Gly-His using
standard peptide-coupling conditions, a sensor for the selective detection of Cu®*, Pb** and
Cd** was prepared.’**”!

A grafted monolayer of histidine-tagged proteins showed a controlled molecular orientation.
It was shown that the bioactivity remained intact after the covalently binding of metal
complexes. This versatile, fast, and simple method enabled the electrocatalytic detection of

a neutravidin—horseradish peroxidase conjugate.**"**?
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Figure 25: lllustration of a glassy carbon electrode grafted with a mixed monolayer of 4-carboxy OPE-rod and a
PEG-functionalized benzene component. Reprinted from Gooding and co-workers.”*?
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A very elegant design for the attachment of glucose oxidase, was the modification of a
carbon electrode by a mixed monolayer of a 4-carboxy OPE-rod and a PEG-functionalized
benzene molecule, assembled from the respective aryl diazonium salts. The PEG facilitate

efficient electron transfer from the grafted protein to the underlying electrode, since the
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PEG moiety could penetrate into the redox active centers being buried deep within the

glycoprotein and therefore reduce the tunneling distance (Figure 25).[243]
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Scheme 16: Modification of an electrode array by diazonium-functionalized antibody. Reprinted from Blum and
[244]
co-workers.

Following the second approach 4-carboxymethylaniline was attached to IgG antibodies and
subsequent diazotization afforded to the respective diazonium salt at the modified antibody.
The drawback of this strategy relies on the reaction conditions used for the diazotization
step. The conversion of the attached aryl amine into a diazonium requires 20 mM HCl and
20 mM NaNO,. These rather harsh reaction conditions may not be compatible with other
proteins. The modified antibodies where attached to different elements of a screen-printed
graphite electrode micro-array simply by control of the potentials on each electrode in the
array (Scheme 16). The antibody arrays were then used for detecting rheumatoid factor and
other 1gG antibodies via chemical luminescence with detection limits down to 50 fiv. 2442451
Another interesting example of environmental relevance was shown by grafting poly(acryl
acid) (PAA) on a surface. This active layer was successfully investigated for a switchable
functionality used for the uptake and electro induced removal of copper ions. This simple
strategy provides an efficient absorption of copper ions, which could be completely removed
by acidification of the polymer film leading to a proton copper exchange. This approach was
extended to capture and electrochemically release metal ions in real industrial waste

solutions.?%®!
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Electrochemically Sensitive Protecting Groups

Electrochemically removable protecting groups have attracted the scientific field for decades

due to mild reaction conditions under which the deprotection occurs.**”’ Nowadays,

[248,249] [250] [251] [252]

functional groups like alcohols, ketones, aldehydes, carboxylic acids,

[253,254] [255]

amines, and phosphoric acids can be revealed by electrochemical deprotection.

[207] [256]

This leads to a tremendous variety of surface immobilization and functionalization.
The work published by Kim and co-workers is particularly interesting.”” They were able to
immobilize dithiol A on a gold surface forming a SAM. Furthermore, they showed the release
of a free carboxylic acid by electrochemical deprotection. The carboxylic acids pointing away

from the surface where then covalently bound to amino-derivatized oligodeoxynucleotides

(Figure 26).
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Figure 26: SAM formation of dithiol A on gold surface followed by oxidative cleavage of the carboxylic
protecting group triggered by an electrochemical potential. Free carboxylic functionalities were post-
functionalized with amino-derivatized oligodeoxynucleotides by peptide chemistry using 1-ethyl-3-[3-
(dimethylamino)-propyl]carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS).[ZSZJ

Because of the above mentioned disadvantages of a SAM formed on a gold surface, a
stronger bond between the surface and the surfactant is required. As click chemistry allow
very mild reactions, which allow further surface modification, the functional group of choice

would be an ethynyl group. It was shown that the ethynyl group remains intact after surface
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modification using diazonium electrografting methods as well as post-functionalization by
click chemistry.[137'242'257'258] In order to minimize the number of chemical steps in the
formation of the surface-active layer it is important to find a strategy that releases the
ethynyl moiety by using exclusively electrochemical reaction conditions. Since the controlled
attachment of a monolayer requires an ethynyl protecting group[137] this electrochemically
cleavable group needs to be developed. As the ethynyl moiety is also used as a building
block in various fields in organic chemistry, a tremendous amount of protecting groups have
been developed so far.*% This fact makes the development of a reductive method for
ethynyl release even more attractive, due to its orthogonality to other deprotecting reagents
and very mild reaction conditions, such as low temperature and non-basic or acidic

environment.

77



Aim of the Work

The use of benzene-diazonium salts for SAM formation enables the covalent attachment of
various functional moieties on different substrate materials including, carbon, metals, and
semi-conductors. Corgier and co-workers modified a carbon-based surface by using an
antibody bearing the diazonium functionality. The drawback of this biosensing approach is
that the protein has to survive the conditions of the diazonium formation.?*” To overcome
this issue, Leroux and co-workers developed another method, where the post-modification
was successfully carried out under mild click-chemistry conditions. Nevertheless, the release
of the acetylene moiety required treatment with tetrabutylammonium fluoride in order to
cleave the TIPS protecting group.[m] Therefore a protecting group that can be cleaved by
applying a reductive potential could save one step, since any surface can be grafted by
applying a small negative potential using diazonium salts. Vasella and co-workers reported
an inspiring approach for a new acetylene protecting group. They where able to release the
free acetylene by deprotonating the alcohol B followed by a nucleophilic attack on the silyl
moiety C, forming a 5-membered oxo-silyl ring D, and final release of the free acetylene E

(Scheme 17).[260]
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Scheme 17: Proposed mechanism of releasing the free acetylene E, upon the formation a 5-membered oxo-silyl
. [260]
ring D.

Another interesting work was reported by Carpino and co-workers. 21! They were able to
reduce different quinones F under mild reaction conditions using sodium dithionite
(NayS,04) as a reducing reagent. The reduced quinone moiety underwent spontaneous

cyclisation to the corresponding lactones G releasing leaving group (X) (Scheme 18).
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Scheme 18: Lactone formation G after reduction of F with sodium dithionite releasing the leaving group (X)
within minutes.””*

The aim of this work was to develop a novel acetylene protecting group that can be cleaved
under reductive reaction conditions using either sodium dithionite or electro-chemistry. By
combining the strategies of Vasella and Carpino the synthesis of a new acetylene protecting
group that is attached to an ethynyl benzene moiety (60) was envisaged. This new protecting
group comprises a quinone as an electrochemically reducible subunit attached to the silyl-
acetylene moiety. By applying electrochemical reduction conditions the quinone should
form the radical anion 67, which may undergoes a nucleophilic attack on the silyl moiety
forming a 6-membered oxo-silyl ring 70 releasing the free acetylene 71 (Scheme 19). These
reaction conditions are not only mild, but also orthogonal to the alkyne deprotection

procedures known in literature.?6272¢")
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Scheme 19: Possible mechanism of new electrochemically cleavable acetylene protecting group. The reduced
radical anion 67 performs a nucleophilic attack on the silane center, releasing the acetylene 71 upon formation
of the 6-membered oxa-silyl ring 70. As this mechanism includes a bond-forming as well as a bond-breaking
process, the cleavage of the acetylene 71 becomes irreversible.

The future objective of this project will be the formation of SAM on various surfaces (e.g.,
carbon, ITO). In order to enable the SAM formation of ethynylbenzene, the
electrochemically cleavable protecting group is attached acetylene moiety. Moreover,

functionalization of the benzene group in para-position with a surface-binding group will
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lead to a strong bond between the protected ethynylbenzene compound and the surface
(Figure 27, left). The diazonium salt derivatized compound 73a is perfectly suited for
electrografting approaches as it possesses all of the required features of a free acetylene
SAM formation using exclusively electrochemistry. By using a negative potential (ca.
E° =—0.4 V/SCE) the protected acetylene moiety will be grafted on a surface forming a SAM.
Subsequently, the acetylene protecting group will be cleaved at a more negative potential
(Figure 27) following the proposed mechanism in scheme 19. For the post-functionalization
of this free acetylene SAM click chemistry is considered. This approach would represent the
first grafting of free acetylene fully provided by electrochemistry. A similar approach will be
followed for the ethylenediaminetetraacetic acid (EDTA) derivatized compound 73b by
dipping an ITO substrate into a solution of this compound, which leads as well to a SAM.
Subsequently electrochemically cleavage of the protecting group will lead to a SAM of

ethynylbenzene on an ITO substrate.
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Figure 27: Future objective of this project: SAM formation of protected ethynylbenzene on a surface (carbon or
ITO). Upon applying a negative potential, the quinone will get reduced and release the free acetylene, which
can be post-modified by click chemistry.
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Molecular Design

The approach towards a reductively cleavable acetylene protecting group was to spatially
separate the actual connection to the acetylene from the redox active moiety. This leads to
increased stability of the acetylene, while allowing a synthetic fine-tuning of the redox
potential such that an efficient and mild cleavage can be realized. The release of the
acetylene is therefore a two-step process: (i) the redox sensitive moiety is activated and (ii)
interacts with the center next to the alkyne, which causes the liberation of the acetylene. If
the alkyne is liberated not only by a bond-breaking, but also bond-forming step, it becomes
irreversible. The quinone was quickly identified as an ideally suited redox moiety (Figure 28).
Quinones are not readily modified and possess well-documented electrochemical
properties[268] but also form—upon reduction—the radical anion that is predominately

located on the two oxygen atoms.
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Figure 28: Molecular design of a novel acetylene protecting group, which can be cleaved electrochemically. The
red arrows are indicating the bindings sites blocked by a phenyl unit or a methyl moiety. The blue line is
pointing out the 6-membered oxo-silyl ring, which will be formed. The green dotted line is showing the
acetylene of choice due to its well distinguishable optical properties, compared to the quinone subunit.
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When considering suitable quinone moieties one quickly realizes that while the low redox

potential of p-benzoquinone (E° =-0.45 V/SCE in acetonitrile)[269] was in an ideal range, it

[270] [271]

also enables spontaneous dimerization, Diels—Alder cyclization, and Micheal addition.
It was therefore crucial to modify the quinone such that side reactions can be prevented
while retaining the low redox potential. Figure 28 (red arrows) indicates the required
changes to the quinone backbone. It was found that the commercially available menadione
was an excellent candidate. Not only are all three reaction sites blocked except where the
installation of the alkyl spacer was envisaged, the additional aromatic ring possibly lowers
the required potential to form the radical anion (E°=-0.71 V/SCE in acetonitrile for
menadione).mg]

In order to enable the efficient attack of the silyl moiety by the formed anion, it was
important to separate the two mentioned reactive centers in an appropriate distance from
each other. The insertion of an alkyl spacer (Figure 28, blue) that will be attached to the
remaining free center of the quinone, completely breaks the electrical communication
between the acetylene and the quinone backbone. Its length was chosen such that the
resulting attack leads to the spontaneous formation of an energetically favored six-
membered ring.[ml

To complete the test system, the commercially available 4-tert-butylphenylacetylene (Figure
28, green) was chosen since the optical properties (Amax =245 nm in 1,2 dichIoroethane)[m]
are readily distinguishable from the quinone 77* transition of menadione (Amax = 263
nm).[m] The liberated acetylene can, due to its molecular weight (158.24 g - mol™) also be

detected by gas chromatography—mass spectrometry (GC—MS) giving a second indicator for

the success of the reaction.
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Synthetic Strategy

To realize the synthesis of a novel acetylene protecting group, which can be cleaved upon
reductive reaction conditions, the following synthetic strategy was envisaged (Scheme 20).
As the quinone moiety represents an instable and readily reactive functionality, this subunit
will be installed at the very last step of the synthetic pathway to prevent undesired side
reactions during the synthesis. In order to attach the desired acetylene moiety, silyl-chloride
will be readily exchanged by commercially available 4-tert-butylphenylacetylene using Sy2-
reaction conditions. The probably most challenging step within this strategy will be the
synthesis of silane chloride 62. For the installation of the silane moiety, hydrosilylation of
Wittig product 63 is considered. As the silane chloride is sensitive to air and moisture a very
clean and efficient reaction is required in order to facilitate purification. Furthermore,
purification methods other than column chromatography have to be considered for the
isolation of silane chloride 62 in large quantities under exclusion of moisture and air. The
synthesis of the desired aldehyde 64 required for the Wittig olefination reaction is already

reported in literature starting from the commercially available menadione (66).[274]
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Scheme 20: Synthetic strategy of target compound 60. As the quinone moiety is prone for degradation, this
functionality will be installed in the very latest reaction step via oxidation of the dimethoxy precursor 61. For
the synthesis of 61, the commercially available 4-tert-butylphenylacetylene (71) is attached using Sy2-reaction
conditions. The key step of this strategy is the synthesis of silyl-chloride 62 via hydrosilylation. Wittig-
olefination of aldehyde 64 leads to the precursor 63. For the synthesis of 64 Rieche-formylation of the
dimethoxy-protected menadione 65 is considered.
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Results and Discussion

Synthesis
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Scheme 21: Reagent and reaction conditions: a) SnCl,, HCI, MeOH, 1 h, rt; then K,CO;, Me,S0O,, acetone, 4 h,
reflux, 68% over two steps; b) TiCl,, dichloro(methoxy)methane, CH,Cl,, 3 h, 0 °C, 90%; c) MeP(Ph;)Br, n-Buli,
THF, 0 °C to rt, 3h, 90%; d) Karstedt’s catalyst, dimethylchlorosilane, 34 °C, 3 h, 75%.

The straightforward synthesis of the quinone 60 started from the commercially available
menadione (66), which was in a first step reduced by tin chloride under acidic conditions in
methanol. The crude dihydroxy product was directly methylated using dimethyl sulfate in
acetone at reflux temperature providing the dimethoxy product 65 in good yield of 68% over
two steps.ms] Subsequently, the dimethoxy 65 was transformed in 90% into the aldehyde 64
using classical Rieche-formylation reaction conditions.”?”%! Formylated product 64 was
subjected to a Wittig olefination reaction with methyltriphenylphosphonium bromide as
olefination reagent affording 63 in 90%. The key step of this synthetic strategy was
conducted via hydrosilylation reaction conditions, providing silyl-chloride 62 in 75% using
Karstedt’s catalyst as Pt(0) source. Since the silyl-chloride 62 is sensitive to air and moisture
the crude reaction mixture was subjected to Kugelrohr distillation after completed
conversion. This purification technique allowed not only the isolation of the product 62 in
large quantities but also working constantly under an inert atmosphere. Direct oxidation of
the silyl-chloride 62 is very challenging as most oxidizing reagent require water as solvent
due to the diminished solubility of the oxidant in organic solvents (e.g. Fremy’s salt,
FeCl3).27%?”71 \Moreover, water often provides the oxygen moiety (e.g., (diacetoxyiodo)-

[278-281]
3)

benzene, cer(IV)-ammoniumnitrat (CAN), AgO, CoF and throughout the whole

oxidizing pathway nor negatively charged oxygen or a free alcohol (e.g., BBrs;, N-

bromosuccinimide)[282’283]

are allowed due to the fast formation of the 6-membered oxo-silyl

ring. To overcome the solubility issue of the oxidant, the oxidizing reagent was immobilized
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on silica. Therefore, CAN was dissolved in water, added to silica and stirred for a few
minutes. The silyl-chloride 62 was dissolved in methylene chloride and added to the
immobilized CAN.4 Analysis of the 'H NMR indicated the presence quinone, but the GC—
MS trace showed a mass way too high for the desired product (67) but fitting perfectly with
the oxo-bridged dimer 68. This observation was attributed to chloro-oxygen exchange,
which originates from the remaining water encapsulated in the silica. Delightfully, a fast and
simple two-step method including the attachment of 4-tert-butylphenylacetylene provided
61, followed by subsequent oxidation, using CAN as oxidizing agent in a mixture of water
and acetonitrile (1 : 2) yielded the bench stable quinone 60 in 77% over two steps (Scheme

22).

R T St R - o8

67 68 60

Scheme 22: Reagent and reaction conditions: a) 4-tert-Butylphenylacetylene, n-BulLi, THF, =78 °C, 1 h; b) CAN,
MeCN : water (2 : 1), rt, 1 h, 77% over two steps; c) CAN (immobilized on silica), DCM, rt, 1 h, 72% (68).

Chemical Reduction

Having the quinone 60 in hand, the deprotection step was investigated first by pure
chemical reduction using sodium dithionite (redox potential ranging from E°=-0.65 to
-0.75 V/NHE).[285] Therefore, screenings of different organic aprotic solvents that are prone
for Sn2-reaction and well mixable with water were investigated. The use of water is
essential, because it enables the dissociation of Na,S,0, into the reactive species
2Na*2(S0. 7). The organic solvents of choice were acetone, N,N-dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO). In the experiment the quinone 60 was dissolved in a mixture
of organic solvent and water (20 :1). The resulting yellow mixture was degassed for 10

minutes followed by the addition of 20 equivalents of the reduction reagent. Instant
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decolourization was observed, indicating the end of the reaction. A small reaction sample
was taken out and injected into the GC—MS (Figure 29). To our delight, the GC-MS trace
showed no starting material present after one minute for all investigated solvents.
Moreover, the two expected products were observed (Figure 29, red line). Even more
delightfully, not only the mass of the free acetylene 71 but also the mass of the 6-membered
oxo-sily ring 70 was detected. Isolation of the formed products provided the free acetylene
71 in quantitative yield. Unfortunately, the isolation the 6-membered oxo-silyl product 70

has not been achieved yet.

AN

O
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Figure 29: Stacked GC—MS trace of quinone 60 exemplified for reaction performed in DMSO (black line) and of
the reaction mixture 1 min after the addition of Na,S,0,(red line). The mass peaks of the red line matched
perfectly to the corresponding free acetylene 71 and the 6-membered oxa-sily ring 70, respectively.

86



Electrochemical Reduction

Next, the electrochemical cleavage of the acetylene protecting group was investigated by
spectroelectrochemistry techniques. To observe the acetylene release in a spectro-
electrochemical cell, absorption spectra of the acetylene 71 (red) and quinone 60 (black) in
acetonitrile using a concentration of 10 M was recorded first. The recorded spectra are

shown in figure 30 and the absorption bands are listed in table 7.
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Figure 30: Normalized absorption spectra of acetylene 71 (red) and quinone 60 (black) in acetonitrile (10_5 M).

The acetylene 71 (red) displays two absorption bands at Amayx = 240 nm and at Amax = 250 nm,
which were assigned to the 7#7f transition bands.!’%%¢ Based on the structural design it
was anticipated that the quinone subunit would not interact electronically with the
phenylacetylene unit, due to the insulating alkyl spacer. The intense band at Amax =252 nm
was thus assigned to the benzene-type 77 transition band, whereas the other intense peak
at Amax = 263 was attributed to the quinone type transition band. The absorption band of
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relatively low intensity at Amax=333 nm was also assigned to the benzene-type
excitation.”?”?!

To characterize the electrochemical properties, CV of the quinone 60 were recorded with an
Autolab PGSTAT302 potentiostat-galvanostat controlled by resident NOVA 9.1 software
using a conventional single-compartment three-electrode cell. A glassy carbon disk
(diameter of 2 mm) served as the working electrode, and a Pt wire was used as auxiliary
electrode. The reference electrode was a saturated potassium chloride calomel electrode
(SCE). The supporting electrolyte was 0.1 M Et;NBF, in acetonitrile. All potentials are quoted
relative to SCE using a scan rate of 100 mV/s for cyclic voltammetry. Solutions were purged
with argon to remove the oxygen and argon was passed over the solution during the

experiment. The concentration of the quinone 60 was 1 mM. The recorded values of

reduction potentials are summarized in table 7.

Table 7: Measured UV-vis data of acetylene 71 and quinone 60.

UV-vis® e Ereq VS. SCE” Ereqz VS. SCEP
Compound Amax (NmM) (L mol*-cm?) (V) (V)
- 240 75380 ~ ~
250 73120
252 (P-Band) 102530
60 263 (Q-Band) 98460 ~0.84 ~1.17
333 (N-Band) 3590

dUV-vis spectra were measured in acetonitrile at a concentration of 10 M. "Recorded reduction values
measured in acetonitrile with a concentration of 1 mM with a supporting electrolyte tetraethylammonium
tetrafluoroborate in a concentration of 0.1 M.
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Figure 31: CV spectra of quinone 60 in acetonitrile with a concentration of 1 mM using tetraethylammonium
tetrafluoroborate as supporting electrolyte in a concentration of 0.1 M.

Quinone 60 showed two one-electron reduction peaks in acetonitrile corresponding to one
two-electron reduction process for a quinone. The first reduction peak at E°=-0.84 V/SCE
arises from the radical anion, and notably the second one at E°=-1.17 V/SCE from the
dianion species (Figure 31). The two redox potentials are in well agreement with reported
values for different quinone derivatives.?®”!

The spectroelectrochemical experiments were all recorded with a sample concentration of
10~ M, using a conventional single-compartment three-electrode cell. A Pt mesh with a size
of 0.25 cm? served as working electrode, and a Pt wire was used as auxiliary electrode. The
reference electrode was a saturated potassium chloride calomel electrode (SCE). The UV-vis
spectra were recorded on a Cary 5000 UV/Vis/NIR spectrometer from Varian.

To determine the stability of the free acetylene towards degradation at the applied
potential, spectroelectrochemical investigation of acetylene 71 was performed first.
Observed UV-vis absorption spectra of acetylene 71 were recorded at potential of
E° = 0 V/SCE as shown in figure 32 (black line). Subsequently, UV-vis spectra were recorded

repetitively when the negative potential was applied and held just below the value needed

for the first reduction step (E° = —0.9 V/SCE) (Figure 32, blue to red lines).
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Figure 32: Absorption spectra of acetylene 71 dissolved in acetonitrile with a concentration of 10°M in a
spectroelectrochemical cell containing 0.1 M tetraethylammonium tetrafluoroborate as electrolyte. After a
potential of E° = —0.9 V/SCE was applied, absorption spectra were performed continuously going from the blue
to the red line.

UV-vis absorption spectra of acetylene 71 remains constant after applying a constant
potential of E° =—-0.9 V/SCE confirming the stability of 71 at this potential. This experiment is
crucial, since the absorption band at Amax = 240 nm can be assigned exclusively to the release
of the free acetylene 71. Furthermore, no dimerization of the acetylene was observed in the
course of the measurement, due to no new intense absorption bands arising in the range of
300 - 330 nm."”? |n the spectroelectrochemical analysis of the quinone 60, the focus was
set on the absorption bands at Ama =240 nm exclusively attributed to the free acetylene

and at Amax = 263 nm exhibiting purely by the quinone subunit.”?”?!

90



Yield (%) 100{ o
o o]
80 o °
(o]
60
o]
404
o (o]
[o]
'S} J O
% 20 o
£ o] o °
O T T T T T T T
8 0 10 20 30 40 50 60
< Time (s)

3(')0
Wavelength (nm)

T T
240 270

Figure 33: Absorption spectra of quinone 60 dissolved in acetonitrile with a concentration of 10°M in a
spectroelectrochemical cell containing 0.1 M tetraethylammonium tetrafluoroborate as electrolyte. After a
potential of E° = —0.9V/SCE was applied, absorption spectra were performed continuously going from the black
to the red line. Trends of the corresponding absorption bands are indicated by black arrow. The inset displays
the progression of the reaction every 10 seconds. The yield corresponds to relative intensities at peak maxima
Amax = 263 nm (quinone, black circles) and A, = 240 nm (acetylene, red circles).

As expected the absorption band at Amax =263 nm decreases continuously and remains
constant, after completed one electron reduction of the quinone 60. At the same time the
absorption band at Amax =240 nm starts to increase until all quinone 60 was reduced. No
new band above 300 nm was observed which allowed ruling out dimerization of the
liberated alkyne (Figure 33). Pleasingly the reaction runs to completion within 60 seconds as
shown in figure 33 (inset). Generally, the absorption spectrum is dominated by the free
acetylene moiety after 60 seconds and the crossing event of the reaction progress after 20
seconds, both observations are strongly hinting at a very efficient nucleophilic attack ones

reduction of the quinone occurs.
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Scheme 23: Proposed mechanism of reductive cleavage of the acetylene protecting group. One electron
reduction (RDS), followed by fast intramolecular 6-membered oxo-silyl ring formation 68, and final release of
the free acetylene 69. Hydrolysis of 70 leads to the dihydroxy compound 72.

Because no hydroquinone with the acetylene still attached (67) was measured by GC-MS
and the crossing event observed by spectroelectrochemical investigations, the reduction of
qguinone 60 forming 67 was quoted as the rate-determining step (RDS) of the cleavage
mechanism. Upon the nucleophilic attack of the oxygen on the silyl moiety, the intermediate
68 is formed resulting in a release of the acetylene 69. Subsequent protonation of the
released acetylene 69 leads to 71, which was isolated in quantitative yield using chemical
reductive conditions. Electron uptake followed by in situ protonation yields the oxa-silyl 70.
As the isolation of the 6-membered oxa-silyl ring 70 has not yet been achieved, hydrolysis
during aqueous work up or column chromatography is most likely. This fact is supported due

to the successful isolation of compound 72.
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Conclusion and Future Perspectives

The successful synthesis of the model compound 60 bearing a chemically and
electrochemically reducible protecting group was achieved. By spatially separating the redox
active center with an insulating alkyl spacer from the acetylene and substituting the quinone
moiety accordingly achieved a fine-tuned redox potential and structural integrity. Following
the synthetic strategy, aldehyde 64 was synthesized in analogy to a literature known
procedure, starting from the commercially available meandione (66). Subsequent Wittig-
olefination provided compound 63 in high yield and gram quantities. The introduction of the
silyl-chloride moiety was provided by hydrosilylation reaction conditions afforded 62 in 75%.
The oxidation of the silyl-chloride 62 has not yet been successful, yielding exclusively the
oxo-bridged dimer 68. To overcome this issue, absolute water-free oxidation reaction
conditions have to be envisaged. This is still a very challenging issue, since most of the
oxidation agents are only soluble in water, or water is released at some point in the course
of the reaction. Delightfully, the synthesis of the target compound 60 was achieved in 77%
over two steps after insertion of the acetylene moiety, followed by oxidation using CAN. By
applying chemical reaction conditions using sodium dithionite as a reducing reagent, the
guantitative and exclusive formation of two products, the free acetylene 71 and the 6-
membered oxo-silyl 70, was observed by GC-MS analysis. Furthermore, the
electrochemically-triggered release of acetylene using spectroelectrochemical techniques
was investigated. The quinone 60 was reduced electrochemically, as shown by the decrease
of the absorption band at Amax = 263 nm while the acetylene 71 is released as indicated by
an increase of the absorption band at A, = 240 nm, after applying a constant potential at
E°=-0.9 V/SCE. These results are strongly supporting the proposed mechanism of the
reduction—release process. This work shows the first example of releasing the acetylene

induced by an electrochemical potential.
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As the future goal of this project is the electrografting of a protected ethynylbenzene the
synthetic strategy of compound 73 is envisaged (Scheme 24). The advantage of this
compound upon other free acetylene grafted molecules would be that the immobilization of
73 on a surface and subsequent release of the acetylene protecting group is provided

exclusively by applying a negative electrochemical potential.
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Scheme 24: To enable the synthesis of the compounds 73a and 73b, the amine 74 is required. In analogy to the
previously developed synthetic strategy of quinone 60, the oxidation of the dimethoxy 18, leads to the quinone
74. For the synthesis of dimethoxy 75, a Sy2-reaction between the acetylene 76 and the previously synthesized
silyl-chloride 62 are considered.

In this synthetic strategy for both, the diazotized compound 73a as well as the EDTA
derivatized compound 73b the quinone 74 is required. In analogy to the previously
developed synthetic strategy of quinone 60 a late step oxidation of dimethoxy 75 is
envisaged. The synthesis of the dimethoxy 75 is considered in a Sy2-reaction between the
acetylene building block!?® and the previously synthesized silyl-chloride 62. Another
advantage of this synthetic strategy is the attachment of a variable surface linker (e.g., EDTA
derivatives) as the synthesis of the active aryl-amine 74 is envisaged.

A low negative electrochemical potential (ca. E°=-0.4 V/SCE) will lead to grafting of the
molecule 73a on the surface of the electrode (Figure 34, A). In the case of the EDTA
derivatized compound 73b, the ITO substrate will be dipped into a solution of the compound
73b, which will lead to a SAM on the ITO. By applying a negative potential (ca.
E° =-0.9 V/SCE), the quinone-derived SAM will be reduced and releases the free acetylene,
which could be post-functionalized by click-chemistry with any azide-derivatized compound

(e.g., DNA, antibody, dye, etc.). As the cleavage of the acetylene protecting group relies on a
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negative electrochemical potential, specific areas of a grafted SAM could be addressed
individually (Figure 34, B). The now free acetylenes are prone for post-functionalization by
click-chemistry forming a functionalized surface (Figure 34, C). Is this process repeated a

multifunctional surface could be achieved (Figure 34, D).

A B
of! 0o JO th addressable 0 JO o O
_\Si ° _\S _‘Si Lo release Lo OO‘_ L
5 I I I :> 5

c

repeating
cycle

Figure 34: Concept of multi-functionalized SAMs. In the first step the diazotized compound 73 will be grafted
on surface forming a SAM. As the cleaving of the protecting group occurs when a negative potential is applied,
this SAM formation of p-ethynylbenzene could be achieved exclusively by electrochemistry at individual
addressable areas. The now accessible free acetylene could be involved in a click-chemistry reaction forming a
functionalized surface. When this process is repeated a multifunctional surface could be realized
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Experimental Section

General Remarks

All commercially available compounds were purchased and used as received unless explicitly
stated otherwise. CDCl; was purchased from Cambridge Isotope Laboratories, Inc. 'H NMR
was recorded on a Bruker DPX-NMR spectrometer operating at 400 MHz. *C NMR were
recorded on a Bruker DPX-NMR spectrometer operating at 101 MHz. The chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane or a residual solvent peak,
and the J values are given in Hz. GC-MS was performed on a Shimadzu GCMS-2020 SE
equipped with a Zebron 5 MS Inferno column which allowed to achieve temperatures up to
350 °C. High-resolution mass spectra (HRMS) were measured as HR-ESI-ToF-MS with a Maxis
4G instrument from Bruker with the addition of NaOAc. MALDI-TOF analyses were
performed on a Burker microflex system. For column chromatography, usually silica gel
Siliaflash® p60 (40-63 um) from Silicycle was used, and TLC was performed on silica gel 60
F254 glass plates with a thickness of 0.25 mm purchased from Merck.

UV-Visible absorption spectra in acetylene were recorded at room temperature on a
Shimadzu UV-1800 spectrometer. The electrochemical measurements were performed with
an Autolab PGSTAT302 potentiostat-galvanostat controlled by resident NOVA 9.1 software
using a conventional single-compartment three-electrode cell. A glassy carbon disk of
2 mm ¢ served as working electrode, as auxiliary a Pt wire was used and the reference
electrode was a saturated potassium chloride calomel electrode (SCE). The supporting
electrolyte was 0.1 N tetraethylammonium tetrafluoroborate in acetonitrile. Solutions were
purged with argon to remove the oxygen and argon was passed over the solution during the
experiment. All potentials are quoted relative to SCE with ferrocene/ferrocenium at
+450 mV as internal standard. In all the experiments the scan rate was 100 mV/s for cyclic
voltammetry. All spectroelectrochemical experiments were recorded with a sample
concentration of 10 M, using a conventional single-compartment three-electrode cell. A Pt
mesh 1 cm? served as working electrode, as auxiliary a Pt wire was used and the reference
electrode was a saturated potassium chloride calomel electrode (SCE). The UV-Vis spectra

were recorded on a Cary 5000 UV/Vis/NIR spectrometer from Varian.
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Synthetic Procedures

1,4-Dimethoxy-2-methylnaphthalene (65): Menadione (4.99 g, 29.0 mmol, 1.0 eq.) was

OMe suspended in methanol (80 mL) in a 50 mL round bottom flask. A solution of
OO tin(ll) chloride (22.0 g, 116 mmol, 4.0 eq.) in conc. HCl (19 mL) was added drop

OMe wise over 30 min. The reaction mixture was stirred at room temperature for 30
minutes. Before the methanol was evaporated under reduced pressure and the residue was
poured into water (33 mL). The precipitation was filtered and diluted in acetone (66 mL), and
dried over MgS0;,. K,CO3 (30.1 g, 218 mmol, 7.5 eq.) and dimethyl sulfate (20.3 g, 160 mmol,
5.5 eq.) was added to the solution and suspension was refluxed for 4 hours. The unsolved
components were filtered and the filtrate was concentrated under reduced pressure. The
residue was diluted in diethyl ether (20 mL) and ag. NaOH (20 %, 20 mL). The organic layer
was washed with brine, dried over MgSQ,, filtered, and concentrated under reduced
pressure. The crude product was purified by column chromatography (SiO,, toluene). 1,4-
Dimethoxy-2-methylnaphthalene (3.97 g, 19.6 mmol, 68 %) was obtained as white crystals.
'H — NMR (400 MHz, CDCls, 25 °C): 5= 8.19 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.51
(dd, J = 8.4, 6.8 Hz, 1H), 7.42 (dd, J = 8.4, 6.8 Hz, 1H), 6.61 (s, 1H), 3.97 (s, 3H), 3.87 (s, 3H),
2.45 (s, 3H). ppm. *C = NMR (101 MHz, CDCls, 25 °C): § = 151.5, 147.0, 128.6, 126.5, 125.6,
125.2,124.6,122.2, 121.5, 106.8, 61.2, 55.6, 16.3 ppm. MS (El, 70 eV): m/z (%) = 202.0 (57),
188.0 (13), 187.0 (100), 159.1 (31), 144.1 (16), 128.0 (13), 116.1 (12), 115.1 (22). HRMS (ESI):
m/z calcd. for [C13H140,+H]" 203.1067; found: 203.1067.

1,4-Dimethoxy-3-methyl-2-naphthaldehyde (64): 1,4-Dimethoxy-2-methyl-naphthalene
OMe (3.90 g, 13.3 mmol, 1eq.) was dissolved in dry dichloromethane (28 mL) under
OO _o argon atmosphere. A solution of TiCl; (1 M in DCM, 21.6 mL, 21.6 mmol, 1.1
OMe eg.) was added dropwise at 0 °C followed by 1,1-dichloromehtyl methyl ether
(2.93 mL, 21.6 mmol, 1.1 eq.). The reaction mixture was stirred for 3 hours at 0 °C, poured
into ice and extracted with ethyl acetate. The combined organic layers were washed with
brine, dried over MgSQ,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, ethyl acetate : cyclohexane 1 : 10).
1,4-Dimethoxy-3-methyl-2-naphthaldehyde (4.01 g, 17.43 mmol, 90%) was obtained as
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white crystals. *H — NMR (400 MHz, CDCl, 25 °C): 5= 10.73 (s, 1H), 8.20 (d, J = 8.4 Hz, OH),
8.11 (d, J = 8.4 Hz, 1H), 7.66 (dd, J = 8.4, 6.8 Hz, 1H), 7.55 (dd, J = 8.4, 6.8 Hz, 1H), 4.07 (s,
3H), 3.87 (s, 3H), 2.65 (s, 3H) ppm. *C = NMR (101 MHz, CDCls, 25 °C): & = 192.4, 160.2,
150.6, 131.9, 129.4, 127.0, 126.3, 126.1, 125.0, 123.2, 122.6, 65.5, 61.4, 13.0 ppm. MS (El, 70
eV): m/z (%) = 231.1 (15), 230.1 (100), 216.0 (12), 215.0 (83), 200.0 (48), 187.0 (15), 172.0
(33), 144.1 (25), 129.1 (14), 128.1 (26), 127.1 (22), 116.1 (23), 115.1 (51), 77.1 (12), 76.0 (10).
HRMS (ESI): m/z calcd. for [C14H1405+H]" 231.1016; found: 231.1016.

1,4-dimethoxy-2-methyl-3-vinylnaphthalene (63): Methyltriphenylphosphonium bromide

OMe (698 mg, 1.91 mmol, 1.1 eq.) was suspended in dry THF (8 mL) under argon

atmosphere. The suspension was cooled to 0 °C and n-Buli (1.2 mL, 1.6 M in
o

OMe hexane, 1.91 mmol, 1.1 eq.) was added dropwise. The solution was stirred for
1 h at 0 °C. A solution of 1,4-dimethoxy-3-methyl-2-naphthaldehyde (401 mg, 1.74 mmol, 1.0
eq.) in dry THF (4 mL) was added and the cooling bath was removed. After stirring 3 h at
room temperature, adding of 2 M aq. HCI solution quenched the reaction and the reaction
mixture was extracted with ethyl acetate. The combined organic layers were dried over
MgSQ,, filtered and concentrated under reduced pressure. The crude product was purified
by column chromatography (SiO,, Toluene). 1,4-Dimethoxy-2-methyl-3-vinylnaphthalene
(359 mg, 1.57 mmol, 90 %) was obtained as white solid. 'H-NMR (400 MHz, CDCl3, 25 °C): o
=8.13 -8.02 (m, 2H), 7.52 — 7.44 (m, 2H), 6.88 (dd, J = 17.9, 11.7 Hz, 1H), 5.79 (dd, J = 17.9,
2.1 Hz, 1H), 5.65 (dd, J = 11.7, 2.1 Hz, 1H), 3.87 (s, 2H), 3.84 (s, 3H), 2.44 (s, 3H), 1.56 (s, 1H)
ppm. *C = NMR (101 MHz, CDCls, 25 °C): 5= 150.2, 150.0, 131.4, 128.1, 128.0, 127.5, 126.1,
125.7, 125.5, 122.6, 122.0, 120.5, 61.3, 60.9, 13.6 ppm. MS (El, 70 eV): m/z (%) = 229.1 (16),
228.1 (100), 214.1 (11), 213.1 (68), 198.0 (51), 185.1 (18), 183.1 (16), 182.1 (33), 181.0 (29),
155.1 (13), 153.1 (17), 152.1 (18), 142.1 (13), 141.1 (29), 115.1 (26), 77.1 (11), 76.0 (19).
HRMS (ESI): m/z calcd. for [CisH160,+H]" 229.1223; found: 229.1223.
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Chloro(2-(1,4-dimethoxy-3-methylnaphthalen-2-yl)ethyl)dimethylsilane (62): 1,4-

OMe Dimethoxy-2-methyl-3-vinylnaphthalene (890 mg, 3.90 mmol, 1.0 eq.)
s" was placed in a 5 mL flask under argon atmosphere. Chlorodimethylsilane

OMe i Cl (651 pL, 5.85 mmol, 1.5 eq.) was added followed by the carefully addition
of the Karstedt's catalyst (780 uL, 0.1 mol/L in xylene, 78.0 umol, 0.02 eq.). The reaction
mixture was stirred at 34 °C for 3 hours. After cooling to room temperature, the mixture was
dissolved in dry DCM and filtered directly over a Celite® plug into a bulb to bulb distillation
flask under argon atmosphere. DCM and xylene was distilled off. The crude product was
purified by bulb to bulb distillation at 190 °C (5 - 107 mbar). Chloro(2-(1,4-dimethoxy-3-
methylnaphthalen-2-yl)ethyl)dimethylsilane (943 mg, 2.92 mmol, 75%) was obtained as a
colorless oil. *H — NMR (400 MHz, CDCls, 25 °C): 5= 8.10 — 7.98 (m, 2H), 7.52 — 7.42 (m, 2H),
3.92 (s, 3H), 3.87 (s, 3H), 2.95 — 2.87 (m, 2H), 2.42 (s, 3H), 1.18 — 1.08 (m, 2H), 0.51 (s, 6H)
ppm. *C = NMR (101 MHz, CDCls, 25 °C): 5= 150.4, 149.5, 133.3, 127.6, 127.4, 126.1, 125.6,
125.5, 122.3, 120.5, 62.4, 61.5, 20.7, 20.1, 12.3, 1.4 ppm. MS (El, 70 eV): m/z (%) = 324.0
(38), 323.0 (24), 322.0 (100), 309.0 (25), 308.0 (15), 307.0 (65), 294.0 (20), 293.0 (12), 292.0
(52), 277.0 (15), 276.0 (11), 257.0 (25), 256.0 (10), 241.0 (11), 215.0 (11), 184.0 (10), 183.0
(19), 165.0 (12), 155.1 (31), 153.1 (12), 141.1 (14), 128.0 (19), 115.0 (16), 95.0 (23), 93.0 (64).
Due to the sensitive nature of silane-chlorides towards air and moisture, the expected mass
of the hydrolyzed product was detected by ESI. HRMS (ESI): m/z calcd. for [C17H24ClO3Si+Na]*
327.1387; found: 327.1393.

((4-(tert-butyl)phenyl)ethynyl)(2-(1,4-dimethoxy-3-methylnaphthalen-2-yl)ethyl)di-
methylsilane (61): 4-tert-Butylphenylacetylene (0.57 mL, 3.05

mmol, 1.05 eq.) was dissolved in THF (9 mL), cooled to —78 °C
Si?

OMe | \Q and n-Buli (2.08 mL, 1.6 M in hexane, 3.33 mmol, 1.15 eq.) was
tgy added dropwise. After stirring for 1 hour at —78 °C the reaction

solution was added drop wise to a solution of chloro(2-(1,4-dimethoxy-3-methylnaphthalen-
2-yl)ethyl)di-methylsilane (936 mg, 2.90 mmol, 1.0 eq.) in THF (14 mL) at room temperature
and stirred for 30 minutes. The reaction was quenched with sat. aq. NH4Cl solution and
extracted with tBME. The combined organic layers were dried over MgSQO,, filtered and

concentrated under reduced pressure. The crude product was purified by column
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chromatography (SiO,, c-hexane : ethyl acetate, 20 : 1). ((4-(tert-butyl)phenyl)ethynyl)(2-
(1,4-dimethoxy-3-methylnaphthalen-2-yl)ethyl)dimethyl-silane (1.10 g, 2.90 mmol, 86%) was
obtained as a colorless oil. 'H — NMR (400 MHz, CDCls, 25 °C): 5= 8.07 — 7.02 (m, 2H), 7.47 —
7.42 (m, 4H), 7.35 — 7.33 (m, 2H), 3.94 (s, 3H), 3.88 (s, 3H), 2.98 — 2.94 (m, 2H), 2.46 (s, 3H),
1.32 (s, 9H), 1.02 — 0.97 (m, 2H), 0.34 (s, 6H) ppm. 3C — NMR (101 MHz, CDCls, 25 °C): 5 =
152.0, 150.3, 149.4, 134.4, 131.9, 127.5, 127.4, 126.3, 125.4, 125.3, 122.4, 122.3, 120.2,
106.4,91.2, 62.4, 61.4, 35.0, 31.3, 21.6, 17.6, 12.3, 1.7 ppm. MS (El, 70 eV): m/z (%) = 445.1
(25), 444.1 (57), 414.0 (12), 399.0 (12), 272.1 (29), 271.1 (100), 257.0 (13), 256.0 (14), 215.0
(27), 207.0 (11), 200.1 (17), 199.0 (10), 185.1 (19), 89.1 (18), 57.1 (34). HRMS (ESI): m/z
calcd. for [CooH360,Si+K]" 483.2116; found: 483.2116.

2-(2-(((4-(tert-butyl)phenyl)ethynyl)dimethylsilyl)ethyl)-3-methylnaphthalene-1,4-dione
(60): ((4-(tert-butyl)phenyl)ethynyl)(2-(1,4-dimethoxy-3-

methylnaphthalen-2-yl)ethyl)di- methylsilane (80.5 mg, 0.181
Si

z A mmol, 1.0 eq.) was dissolved in acetonitrile (3 mL) and water
\©t (1.5 mL). To the solution ammonium cerium(IV) nitrate (257

mg, 0.46 mmol, 2.55 eq.) was added. The mixture was stirred for 1 h at room temperature
followed by the extraction with DCM. The combined organic layers were washed with brine,
dried over MgS0,, filtered and concentrated under reduced pressure. The crude product
was purified by column chromatography (SiO, c-hexane : ethyl acetate, 20:1). 2-(2-(((4-
(tert-butyl)phenyl)-ethynyl)dimethylsilyl)ethyl)-3-methylnaphthalene-1,4-dione (67.3 mg,
0.181 mmol, 90%) was obtained as a slightly yellow oil. '"H — NMR (400 MHz, CDCls, 25 °C): &
= 8.10 — 8.03 (m, 2H), 7.70 — 7.64 (m, 2H), 7.37 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.3 Hz, 2H),
2.82 — 2.70 (m, 2H), 2.23 (s, 3H), 1.30 (s, 9H), 0.92 — 0.82 (m, 2H), 0.31 (s, 5H). ppm. °C —
NMR (101 MHz, CDCls, 25 °C): 6 = 185.5, 184.6, 151.9, 149.5, 142.1, 133.3, 133.2, 132.2,
131.7, 126.2, 126.1, 125.2, 119.9, 106.5, 91.6, 34.8, 31.1, 21.3, 15.8, 12.4, -1.9 ppm. MS (El,
70 eV): m/z (%) = 414.1 (12), 400.1 (31), 399.1 (100), 387.2 (22), 386.1 (66), 385.2 (21), 371.1
(23), 299.1 (11), 257.1 (11), 256.1 (37), 255.0 (14), 241.0 (30), 215.1 (30), 213.0 (10), 200.0
(19), 199.1 (16), 185.1 (20), 158.1 (10), 143.1 (36), 128.1 (14), 115.1 (18), 57.1 (21). HRMS
(ESI): m/z calcd. for [Cy7H300,Si+Na]* 437.1907; found: 437.1910.
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Chapter 3

Progress Towards the Synthesis of Thiospherophane
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Introduction

Fullerene

[289] [290,291]

Molecules with highly symmetric shapes like cycles,'”®? cubes, or balls®? have
attracted the attention of scientists for a long time. Within the family of poly-aromatic
hydrocarbons, a very prominent group of such symmetric structures is the allotrope family
of fullerenes. Especially the first description of the structural nature and chemical reactivity
of Ceo opened up a new area of chemistry which is still ongoing today."”*? After the first
synthetic preparation in macroscopic quantitieslm] the carbon allotrope Cgo received more
attention than hardly any other of the family.[294'295] The buckminsterfullerene C¢o—named
after the American architect Buckminster Fuller—is composed of 32 faces, of which 12 are
pentagons and 20 are hexagons (Figure 35).[296] The pentagons are the structural reason for
the football-shaped fullerene. The 60 equivalent carbon atoms lie on the surface of a sphere
distributed with the symmetry of a truncated icosahedron.”! This highly symmetric
allotrope exhibits enhanced stability as it can accept up to 6 additional electrons without

degradation at surprisingly low redox potentials.[298]

Fullerene

Figure 35: Different drawings of the fullerene-molecule (77).
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Fullerenes are not only interesting because of their electronic properties. The 30 7~bonds
react in pericyclic-type reactions more likely as electron-deficient arenes or alkenes, which
makes them an interesting platform for Diels—Alder cycloaddition reactions for preparing

[296,299]

functionalized fullerenes. Functionalized fullerene species are found in various

application fields, such as drug delivery, reactive oxygen species quenching, dye-sensitized

solar cells, and SAM formation. 2903%]

Heterofullerenes

Compounds where one or more carbon atoms of the hollow fullerene is replaced by
heteroatoms, such as nitrogen (N), boron (B), or sulfur (S) are very interesting compounds as
their chemical reactivity, photophysical properties, and solid-state characteristics can be
enhanced compared to the parent fullerene. Most theoretical and experimental work has
been devoted for N- and B-doped heterfullerenes.*%3% Quickly after the first bulk
synthesis of Cgo-fullerene a synthesis in bulk materials of aza[60]fullerene (CsoN) and its
dimer ([Cs9N],) was accomplished.[3°9'31°] This development quickly made azafullerenes the
most studied heterofullerenes by far.

The charge transfer between the N and carbon (C) atom results in an unbalanced charge
distribution making the N—C [6,6]-bond preferential for electrophilic and nucleophilic
attacks.®™ This peripheral attachments leads to an exceptional ensemble of functionalized
azafullerenes, which show enhanced chemical properties, exhibit variable electronic
properties and represent potential low cost candidates in hydrogen fuel cells, 130831173141 |y
strong contrast to that, studies of sulfur-containing heterofullerenes are very rare for
theoretical as well as experimental work.[?73153 Theoretical calculations predict that the
spherical structure of Cg can be distorted by doping the fullerene with sulfur atoms,
although the electronegativity of C and S are similar. This will ultimately lead to different
electronic properties of Cs9S compared to those of CsoN.12%7] Unfortunately, no syntheses
confirming this structural behavior has been reported so far. Arc discharge-vaporization of
graphite in the presence of a sulfur source was investigated for the syntheses of S-doped
fullerenes. However, only a mixture of compounds with substantial sulfur enrichment was
isolated by column chromatography. Evidences for the existence of molecular structures

such as CsgS, Cs6Sy, Cs2S4, Cs0Ss, and CzS1> were detected by mass spectroscopy.mn These
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results as well as theoretical observations revealed that the doping of fullerene with a single
sulfur atom is the most unstable sulfur doped fullerene.??73%l Interestingly, the more
reactive C;o fullerene was successfully doped by one sulfur atom by chemical synthesis
forming a open-cage CeoS thiafullerene.®!

A very promising strategy for the synthesis of a sulfur doped fullerene-type structure was
presented by West and co-workers.?*®! The molecular bowl structure consists of benzene
subunits, which are connected via sulfur atoms, was achieved in two steps using exclusively

nucleophilic aromatic substation (SyAr) reactions (Scheme 25). Analysis of solid-state

structure revealed a conformation of a large molecular bowl 79.

1) 1,3,5-trifluorobenzene,
HS . : .SH NaN(SiMe3),
>
SH 2) 1,3-dimercaptobenzene, Q (;(
NaN(SiMe3)2
. s

79

Scheme 25: Synthesis and X-ray structure of a molecular bowl structure (79), presenting a promising candidate
for host—guest interactions.”**

These observations inspired the synthesis of a highly symmetric heterospherophane
structure based on benzene subunits, which are connected via heteroatoms (e.g., oxygen,
nitrogen, or sulfur). However, the synthesis of an open-shell structure comprising a sulfur-
doped fullerene was not realized so far by controlled chemical syntheses or laser-ablation

techniques.
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Aim of the Work

The development of fullerene Cg in bulk material allowed the preparation of functionalized
fullerenes, which are established nowadays in various fields (e.g., solar cells, SAM
formation). Doping of the fullerene with heteroatoms such as nitrogen, boron, or oxygen
showed enhanced chemical and physical properties. However, doping fullerene with sulfur
was only discussed in theory so far. Synthetic approaches of doping were only successful for
the more reactive Cyq fullerene.

The aim of this work was to design and synthesize a symmetric, ball-shaped structure
containing 48 carbon atoms and 12 sulfur atoms (C45S1>); the thiospherophane 80 (Figure 36,
left). This ball shaped molecule consists of eight identical subunits. The benzene subunits are
interconnected via sulfur atoms. The insertion of these sulfur heteroatoms would transform
the fullerene closed-shell structure into a hollow open-shell structure, allowing host—guest
interaction. This can be shown by comparison the 2D-molecular structures of
thiospherophane 80 and fullerene 77 (Figure 36, middle and right). The thiospherophane 80
clearly exhibits less atom-atom connections compared to fullerene, strongly hinting on an
open-shell structure. Furthermore, it would be very interesting to investigate its stability
towards electrochemical degradation as well as photo-physical properties. Although this
hollow molecular cage has never been synthesized in a controlled fashion or using laser-
ablation techniques Ross and co-workers have investigated this structure in a theoretical
work.B®* Moreover, this supramolecular host structure was classified as cuboctahedron

according to the topology of the shell 132!

Hollow Shell Fullerene

80 80 77

Figure 36: Thiospherophane 80 presented as 3D (left) and 2D structure (middle). To compare the structural
relation between target structure 80 and fullerene 77, 2D structure of fullerene is shown as well (right).
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Synthetic Strategies

Wrap Approach Bowl Approach

Figure 37: Three different synthetic assembly strategies of 80 (C,3S,,) were followed simultaneously. In the
wrap approach |, two symmetric half-sphere monomer will be connected forming 80. In the wrap approach II,
the two asymmetric monomers will be connected first in a synthetically controlled fashion followed by the
assembling of 80. Following the bowl approach, two half-spheres will be connected and subsequently
assembled to 80.

The synthetic strategy of the highly symmetric thiospherophane 80 is separated into two
main approaches; the wrap approach and the bowl| approach. The wrap approaches are
further divided into wrap approach | (Figure 37,left) and wrap approach Il (Figure 37,
middle). Bond forming connections, which have to be made, are indicated by the dotted or
colored area within the circles.
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Following wrap approach | six bonds have to be formed in the last step. The advantage of
this approach will be the synthesis of the required symmetric monomer in large quantities,
which can be achieved within three steps. However, as the monomer is bearing six reaction
sides, undesired reaction outcome—like higher oligomer formation—would be difficult to
control.

In wrap approach Il the asymmetric monomer allows dimer formation in a controlled fashion
as it bears only two active reaction sites. To assemble target structure 80 only four bonds
have to be formed. For a visual guideline of the connections that are required for the
assembly of 80, the areas of the circle are indicated in the corresponding colors. The biggest
drawback of this approach would be that the assembly of 80 requires thirteen steps, not
including the syntheses of the four different building blocks.

Following the strategy of the bowl approach, thiospherophane 80 would be synthesized
within five steps. The biggest advantage of this strategy will be the pre-organized structure
of the dimer. Both required connections for the last step are already perfectly oriented
towards each other, minimizing undesired side reactions. Similarly to the wrap approach Ii,

the dimer formation in a controlled manner from the asymmetric monomer is considered.

Wrap Approach |

S

o
& W

81 80

Scheme 26: In the synthetic strategy of the wrap approach | six bonds have to be formed in the last step for the
assembly of 80.

As the molecule of interest is symmetric, the assembly strategy is based on the symmetric
monomers 81 (Scheme 26). In the wrap approach | six bonds have to be made in the last
step. As earlier studies revealed difficulties in the assembly of 80 using nucleophilic aromatic
substitution (SnyAr) reaction conditions, palladium catalyzed reaction conditions are now

envisaged. The advantages of this reaction would be lower reaction temperature less
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sensitivity towards moisture and therefore better control of side reactions. To avoid the
formation of oligomers high dilution conditions are considered. Furthermore it is expected
that after formation of the first connection the intramolecular reaction is faster than the

intermolecular reaction.

XS(?BF s s ACS@/l
ACSQSAC . &Sk @’ ©’ *|< s©s©/|

SAc I Br\©3 Br | @ s SAc
SAc

84 85 S

81
83

Scheme 27: Synthetic strategy of monomer 81. The building block 85 will be attached three times on the core
building block 84 using Pd-catalyzed C—S bond forming reaction conditions. Subsequently, halogen exchange of
bromide 83 into the iodine followed by transprotection of the tert-butyl protecting group into the acetyl-
protected sulfur will lead to the symmetric monomer 81.

The required acetyl-protected thiol 81 could be provided by transprotection of the

213221 |n order to reduce the reaction

corresponding tert-butyl protecting group.
temperature the bromine precursor 83 will be transformed into the more reactive iodine.
Profiting of the symmetrical structure of monomer 81 only two building blocks are required.
The tert-butylsulfanyl group should be a feasible protecting group to assemble building block
83, accessible through a palladium catalyzed reaction of 1,3,5 (tri-S-acetyl)-benzene (84) and

(3-bromo-5-iodophenyl)(tert-butyl)sulfane (85) (Scheme 27).
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Wrap Approach Il

me~g KA, “S@SQSQF
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80

Scheme 28: In the assembly strategy of the wrap approach Il the asymmetric monomer 91 will from a dimer in
a stepwise fashion as it is bearing two individual addressable reaction sites. After cleaving the tert-butyl
moieties, the dimer 90 will provide the precursor of the final assembly step. In this last reaction step, four
bonds have to be connected in the correct manner using SyAr reaction conditions in order to form the target
structure 80.

The assembly strategy of wrap approach Il would profit from two advantages: (i) the last
step includes the formation of only four bonds via SyAr reaction conditions and (ii) since the
bond formation of the intramolecular reaction will be faster compared to intermolecular
reaction, the probability of oligomer formation could be further reduced. Therefore the
synthesis of the precursor 90 is envisaged, bearing already all the atoms required for the
target structure 80. As the free thiols are hard to handle this dimer will be assembled with
protected sulfur moieties, which can be cleaved in quantitative yield. Following this strategy
the asymmetric monomer 91 bearing individually addressable reaction sites enables the
connection of two monomers in a stepwise fashion according to the full control of the
reactions sides. The efficient and clean transformation of the bromide moiety of the
monomer 91 into the corresponding iodine is imperative as the separation of these
compounds would be rather difficult in this case. Additionally, the two sulfur-protecting
groups of choice have to survive these halogen exchange reaction conditions. As cleavage of
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these sulfur-protecting groups must occur in a selective manner, the individual addressable
release is imperative for this stepwise assembling. As the ethyl-trimethylsilyl (ethyl-TMS)
protecting group is sensitive to F -sources, whereas the tert-butyl protecting group remains
unaffected under such conditions, these will be the two orthogonal protecting groups of

choice (Scheme 28).

Bowl Approach

Following the strategy of the bowl approach, only two bonds have to be made in the last
reaction step. This would significantly reduce undesired side reactions, such as higher
oligomer formation, in a very effective manner since the Pd-catalyzed S—C bond formation
reaction could be performed in very high dilution. Moreover, the pre-organized structure of
the dimer 92 preferably leads to the target structure 80. For the stepwise dimerization

reaction of 93 Pd-catalyzed thioether formation reaction conditions are considered.

TMS _~g

TMS‘/\S SQS

Br 92
1l 80

Scheme 29: In the bowl approach the dimer 92 will be formed in analogy to 90 starting from the monomer 93.
As this dimer 92 already exhibits a pre-organized structure, Pd-catalyzed C=S bond forming reaction conditions
may lead to the desired thiospherophane 92.
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Results and Discussion

Bowl Approach

@\ o d) son g Kk 9 K
—»

Qi — 7007 T Lo

94 95: R =H o) W:R=Br 85 86
99:R =1
96:R = Br |
| S/\/TMS
100

Scheme 30: Synthesis of building blocks 86 and 100. Reaction conditions: a) NH,SCN, Oxone®, MeOH, rt, 3 h,
90%; b) NBS, CHCl;, 0 °C, 4 h, 87%; c) Ag,SO,, |,, EtOH, rt, 12 h, 91%; d) BF; - Et,0, tert-butylONO, THF, —10 °C,
1 h, FeSO, - 7H,0, DMF, rt, 0.5 h, 98 (97%), 99 (92%); e) LAH, THF, rt, 2 h, vinyl-TMS, AIBN, di-tert-butyl-
peroxide, 105 °C, 12 h, 92%; f) LAH, THF, rt, 2 h, 2-chloro-2-methylpropane, AICl;, rt, 0.5 h, 93%; g) Pd(dba),,
dppf, KSAc, K3PO,, MePh, 75 °C, 12 h, 92%.

Syntheses of both building blocks 86 and 100 started from commercially available 2-
iodoaniline (94). The thiocyanide moiety was installed using oxidative conditions providing
95 in good yield. Since the amine group is a strong directing group, bromination of 95 with
N-bromosuccinimide (NBS) in chloroform occurred exclusively in ortho-position affording
aniline 96 in 87% yield.[323] Deamination was originally performed in a mixture of boiling
toluene and ethanol using sodium nitrite in a diazotization reaction.®”! However, this
reaction procedure requires large quantities of solvent, and resulted in a mixture of
products, which were difficult to separate. A much more convenient method was the
diazotization using tert-butylnitrite and BFs-etherate. The diazonium salt was cleaved using
iron sulfate as single electron transfer (SET) source followed by the proton abstraction from
N,N’-dimethylformamide (DMF) providing iodine 98 in excellent yieId.[m] Subsequently,
thiocyanide was reduced by lithium aluminum hydride (LAH).BZS] The crude free thiol
product was subjected to a reaction mixture using 2-chloro-2-methylpropane as solvent and
a catalytic amount of Lewis acid aluminum trichloride affording precursor 85 in 93% over
two steps.m” The S-acetyl moiety was installed via Pd-catalyzed reaction conditions using
potassium thioacetate as sulfur source, affording the first building block 86 in excellent yield
after screening of reaction conditions (Table 8). It was crucial to degas and distill the solvent

prior to use. Since tripotassium phosphate (K3PO,) is a highly hygroscopic base, sufficient
113



guantities were dried at 200 °C in a Kugelrohr apparatus. The first entry represents the
reaction conditions developed by Park and co-worker yielding a 1:1 mixture of thioether
101 and desired product 86.%* The thioether formation occurs between the already formed
compound 86, which starts to react with the remaining starting material 85 before reaction
runs to completion. Therefore an excess of potassium thioacetate was used in the second
entry to prevent undesired thioether formation (entry 2). However, only slight improve was
confirmed by GC—MS analysis. Increasing the temperature inverted the ratio probably due to
the faster thioether formation compared to the attachment of the acetylated sulfur moiety
(entry 3). Unfortunately, a higher catalyst loading did not improve the outcome of the
reaction (entry 4). However, using pure toluene (MePh) as solvent prevented thioether
formation very efficiently affording exclusively desired compound 86 (entry 5). Only using
toluene allows lowering the amount of potassium thioacetate (KSAc) to 1.1 equivalents

(entry 6).

Table 8: Optimization of C-S bond forming reaction conditions between potassium thioacetate and aryl iodide
85 providing 86.

)(S reaction conditions )(S )(S SJ<
> +
Br/©\| Br/©\8'£0 BI'/©\SJij\Br
86 101

85

entry Pd(dba), dppf KSAc MePh : acetone temptoarature 86: 1301
(mol %) (mol %) (eq.) (mL) (°C) (%)
1 5 7 1 7:3 75 50:50
2 5 7 5 7:3 75 65:35
3 5 7 5 7:3 90 30:70
4 10 14 5 7:3 75 40:60
5 5 7 5 10:0 75 100:0
6 5 7 11 10:0 75 100:0

®A small reaction sample was injected into GC/MS after 5 hours. Yields were determined by GC/MS analysis.

The synthesis of building block 100 started from the previously synthesized iodine 95, which

was iodinated with high regioselectivity using a mixture of iodine and silver sulfate in
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ethanolic solution providing diiodo compound 97 in 93%. Following a synthetic procedure in
analogy to 98, compound 99 was isolated in excellent yield. Subsequently, ethyl-TMS sulfur
protecting group was installed after reduction of the thiocyanide group by LAH via radical

reaction of free thiol and vinyl-TMS affording building block 100 in 92%.

SJ< TMS ~g

J:j\ TMS
AcS Br J/ /@\
S S

TMS\LS /.(j_\t s©,
l/©\l ) I: 102: R = Bu S\L

103: R =Ac

Scheme 31: Synthesis of molecular bowl structure 93. Reaction conditions: a) Pd(dba),, dppf, K3;PO,,
MePh : acetone (7 : 3), 75 °C, 12 h, 84%; b) BBr3, AcCl, DCM, 0 °C —rt, 0.5 h, 72%; c) Pd(dba),, dppf, 100, K;PO,,
MePh : acetone (7 : 3), 75 °C, 12 h, 58%.

The two building blocks 86 and 100 were connected via Pd-catalyzed S—C bond forming
reaction conditions, providing trimer 102 in 84%. Delightfully, the successful transprotection
of the tert-butyl protecting groups into the corresponding acetylated sulfur moieties was
achieved in 72%, while retaining the ethyl-TMS protecting group. Therefore the starting
material 102 was dissolved in a degassed mixture of acetyl chloride and methylene chloride.
Subsequently, equimolar amounts of BBr; were added dropwise at 0 °C. As every acetyl
group attachment is accompanied with increased polarity, the progression of the reaction is
followed by thin layer chromatography (TLC). On average, the reaction was stopped after 30
minutes to prevent over transprotection since mono acetylate sulfur can be efficiently
separated form the desired product 103 by column chromatography. The key step of this
synthetic strategy is the formation of the molecular bowl 93. The major challenge was to
prevent undesired oligomer formation as both building blocks exhibit two active reaction
sites. In order to favor intramolecular bond formation after the first C—S connection pseudo
high-diluted reaction condition were applied. Therefore, both starting materials 100 and 103
were dissolved in a mixture of toluene and acetone (7 : 3). This solution was added over 4

hours using a syringe pump into a reaction flask containing bis(dibenzylideneacetone)-
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palladium(0) [Pd(dba),], 1,1’-bis(diphenylphosphino)ferrocene (dppf), and KsPO, suspended
in a mixture of toluene and acetone (7 : 3) pre-heated at 75 °C. Delightfully, the monomer 93
was isolated in excellent 58% via Pd-catalyzed reaction conditions. This yield is remarkable
since both precursors 100 and 103 provide a flat, flexible structure bearing two active
reaction sites, whereas the desired product 93 comprises high molecular strain forming a

bowl-shaped structure.

TMS
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Scheme 32: To enable the stepwise assembly of dimerization in the bowl approach the sulfur protecting group
was transformed into the corresponding acetylated protecting group providing 104 in 74%. However, the
halogen exchange from the bromine into the corresponding iodine 105 using aromatic Finkelstein reaction
conditions has not yet been successful even after screening of various reaction conditions.

The assembly strategy of 92 required the two building blocks 104 and 105. Transprotection
from ethyl-TMS protected sulfur 93 into the corresponding acetylated sulfur 104 was
conducted by deprotection with tetrabutylammonium fluoride (TBAF) followed by
reprotection with acetyl chloride.?”! However, the aromatic Finkelstein reaction was not
successful in this case.??®! None of the variation of the reaction conditions such as addition
of equimolar amounts of copper(l) iodide (Cul), large excess of sodium iodide (Nal), longer
reaction time, or higher temperatures did lead to the desired transformation. Interestingly,
the molecular backbone remains intact as mainly dehalogenated as well as mono iodinated
products were observed. Apparently, the low reactivity towards halogen exchange originates

from the molecular strain making the halogens not accessible for the copper ligand system.
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Scheme 33: Synthesis of dimer 107. Reaction conditions: a) Cul, Nal, N,N’-dimethylethylene-diamine, dioxane,
110 °C, 24 h, 91%; b) Pd(dba),, dppf, KsPO4, MePh : acetone (7 : 3), 75 °C, 12 h, 12%.

To proof the capability of this approach in an indirect fashion, the dibromide 102 was
converted into the corresponding diiodine 106 in 91%. This observation strongly supports
the hypothesis that this Finkelstein reaction proceeds smoothly if the flexibility of the
investigated compound remains intact. Furthermore, coupling the precursor 106 with the
previously synthesized monomer 104 afforded 107 in 12% by applying similar reaction
condition employed for 93. Certainly, this reaction requires further investigations for
improvement. However, this observation allows two conclusions. (i) Even though the
possible reaction sites were reduced to a number as low as two, the formation of the
macromolecule 80 is very challenging. (ii) The Pd-catalyzed C-S bond formation reaction is

powerful enough to form such macromolecular structures.
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Scheme 34: Synthesis of symmetric monomer 81. Reaction conditions: a) Pd(dba),, dppf, K;PQO,,
MePh : acetone (7 : 3), 75 °C, 3 d, 92%; b) Cul, Nal, N,N’-dimethylethylenediamine, dioxane, 110 °C, 24 h, 98%;
¢) BBrs, AcCl, DCM, rt, 1 h, 81%.

Acetyl protected 1,3,5-trimercaptobenzene (84) was coupled with the previously synthesized
precursor 85 in a Pd-catalyzed reaction providing monomer 83 in excellent yield of 92%
(three bonds).[326] Performing this reaction at temperatures not higher than 75 °C allowed to
prevent side reactions with the bromine. Therefore, both building blocks 84 and 85 were
dissolved in a mixture of toluene and acetone (7 : 3), followed by the addition of the base
and the catalytic system. Subsequently, an aromatic Finkelstein reaction quantitatively
exchanged the bromides into the corresponding iodides 82.13%8 Reaction is utilizing a catalyst
system comprising Cul and a 1,2-diamine ligand using sodium iodide as iodine source. For
the assembly of thiospherophane 80, acetyl protected thiol monomer 81 was required. The
synthesis of monomer 81 was successfully achieved in 81% by using the well known
transprotection reaction conditions including Lewis acid BBrs; cleaving the tert-butly moiety,

and acetyl chloride as free thiol scavenger.m“
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Scheme 35: Attempted six C—S bond formation in one step using Pd-catalyzed reaction conditions has not yet
been successful. In all cases of investigated reaction conditions, insoluble solids were obtained. It is most likely
that the symmetric monomer 81 underwent oligomer formation.
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Having monomer 81 in hand, several reaction conditions have been investigated for the
assembly of thiospherophane 80. However none of them led to the formation of target
structure 80, as none of the analysis techniques (e.g., 'H NMR, direct analysis in real time
(DART) mass spectrometry, matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry, TLC) allowed the observation of the desired product 80
even in traces. This screening of reaction conditions included the slow addition of the
starting material over 12 hours into the catalytic reaction mixture using a syringe pump, high
dilution (10 M), and addition of equimolar amounts of the catalyst and ligand. In all cases
insoluble solids were obtained that did not show any specific mass signal or UV-vis activities.
It is most likely that the monomer 81, bearing six active reaction sites, underwent higher
oligomer formation. Since the Pd-catalyzed thioether formation seems to be a very powerful

assembly method, the further optimized wrap approach Il was investigated.

Wrap Approach Il
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Scheme 36: Synthesis of building blocks 87, 88, and 89. Reaction conditions: a) NaH, 2-(trimethylsilyl)ethane-1-
thiol , DMF, 0 °C, 12 h, 81%; b) NaH, tert-butylSH, DMF, 0 °C, 5 h, 83%; c) Cul, Nal, N,N’-dimethylethylene-
diamine, dioxane, 110 °C, 24 h, 87 (97%), 111 (98%); d) Pd(dba),, dppf, KSAc, K3PO,, MePh, 75 °C, 12 h, 92%; e)
LAH, THF, rt, 2 h, vinyl-TMS, AIBN, di-tert-butyl-peroxide, 105 °C, 12 h, 93%.

To apply the assembly strategy of the wrap approach Il three additional building blocks
87 -89 are required. Syntheses of both building blocks 87 and 88 started from the
commercially available 1-bromo-3,5-difluorobenzene (108). The ethyl-TMS protected thiol
moiety was introduced via SyAr reaction using sodium hydride as a base and the freshly
distilled 2-(trimethylsilyl)ethane-1-thiol dissolved in DMF. The reaction was performed at

0°C affording 109 in 81%. In a similar reaction using 2-methyl-2-propanethiol, the
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corresponding precursor 110 was isolated in 83%. Aromatic Finkelstein reaction provided
the first building block 87 as well as the iodoaryl 111 in high yield of 97% and 98%,
respectively. The S-acetyl moiety was successfully installed using already developed Pd-
catalyzed reaction conditions, providing second building block 88 in 92%. The third building
block 89 was synthesized in analogy to 100 from the previously synthesized iodobenzene 98.
Also in this case, the free thiol was protected with ethyl-TMS via radical conditions providing
89 in 96%.1°%"

Having all four building blocks 86 —89 in hand the synthetic strategy of monomer 91 was
followed (Scheme 37). Formation of thioether 112 was achieved in excellent yield as 88
reacts exclusively with the iodine moiety of 89.5%) Aromatic Finkelstein reaction provided
113 in quantitative yield.??® Building block 86 was then attached to iodo-aryl 113 via Pd-
catalyzed reaction affording 114 in 91%. Subsequently, transprotection from the ethyl-TMS
protected into the corresponding acetyl-protected thiol 115 was conducted with TBAF in ice
cold THF leaving the tert-butyl moieties unaffected. The free thiol was in situ re-protected
with a large excess of acetyl chloride providing 115 in good yield.[327] In order to prevent
dithiol formation it was crucial to degas the solvent using a constant argon stream prior to

use.
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Scheme 37: Synthesis of asymmetric monomer 91. Reaction conditions: a) Pd(dba),, dppf, K;PQO,,
MePh : acetone (7:3), 75 °C, 12 h, 94%; b) Cul, Nal, N,N’-dimethylethylene-diamine, dioxane, 110 °C, 24 h,
100%; c) Pd(dba),, dppf, 88, KsPO,, MePh : acetone (7 : 3), 75 °C, 12 h, 91%; d) TBAF, AcCl, THF, 0 °C —rt, 3 h,
81%,; e) Pd(dba),, dppf, 87, K3PO,, MePh : acetone (7 : 3), 75 °C, 12 h, 93%.

Occasionally formed dithiol could readily be transformed into 115 using reductive conditions
such as zinc and acetyl chloride with a catalytic amount of AlCl; suspended in acetonitrile at
40 °C.3% The remaining building block 87 was attached via Pd-catalyzed reaction as above
mentioned in 93%. Monomer 91, bearing two individual addressable moieties, namely the

bromide and the S-ethyl-TMS, allows the stepwise dimerization of the corresponding
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monomers 116 and 117, respectively (Scheme 38). Using reaction conditions in analogy to
115, S-acetyl protected monomer 116 was isolated in good yield. The aromatic Finkelstein
reaction provided the other required monomer 117 in 94%. The two monomers 116 and 117
were connected via Pd-catalyzed C-S bond formation affording exclusively the desired dimer
118 in 89%. Profiting from the fact that the iodine moiety of monomer 117 is enabled to
react with the S-acetyl protected group of monomer 116 at temperature lower than 80 °C,
prevent undesired side reactions with the bromide. Reducing the reaction sites to a number
as low as one of each monomer, higher oligomer formation can be excluded. This
observation was strongly supported by mass analysis using DART as well as by NMR

techniques strongly pointing at the exclusive formation of dimer 118.
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Scheme 38: Synthesis of precursor 90. Reaction conditions: a) TBAF, AcCl, THF, 0 °C —rt, 3 h, 73%; b) Cul, Nal,
N,N’-dimethylethylene-diamine, dioxane, 110 °C, 24 h, 94%; c) Pd(dba),, dppf, KsPO,, MePh : acetone (7 : 3),
75 °C, 12 h, 89%; d) TBAF, AcCl, THF, 0 °C —rt, 3 h, 71%; e) Pd(dba),, dppf, KsPO,, MePh : acetone (7 : 3), 110 °C,
12 h, 82%; f) BBr;, AcCl, DCM, rt, 1 h, 67%; g) aq. NH,OH (25%), THF, rt, 0.5 h, then HCI (3 M), quant.
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Transprotection of the remaining ethyl-TMS moiety provided corresponding S-acetyl
protected dimer 119 in good yield. The second bond formation was conducted via Pd-
catalyzed reaction conditions affording symmetric dimer 120 in 82%. Also in this case the
formation of higher oligomer was prevented as the reaction was performed in high dilution
(10 M). In contrast to previously mentioned thioether formation higher temperature of
110 °C were required, as the bromide was involved in this case. The symmetric structure of
120 is strongly supported by the observation using *H NMR analysis (Figure 38). Compound
90 comprising for free thiol moieties is very challenging to purify by column
chromatography. Therefore a clean and efficient deprotection is required without the need
for column chromatography. Pleasingly, the acetyl protecting group is cleanly cleaved under

basic conditions (ammonium hydroxide) and was ideally suited.”3"
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Figure 38: 'H NMR of symmetric compound 120 measured in deuterated methylene chloride.
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Hence the tert-butyl protected dimer 120 needs to be transprotected into the acetyl-
protected precursor 121. Dimer 120 was therefore dissolved in a thoroughly degassed
mixture of dichloromethane and a large excess of acetyl chloride. To this solution an
equimolar amount of BBr; is added dropwise at 0 °C. The cooling bath was removed and
reaction conversion was followed by thin layer chromatography, affording acetyl protected
compound 121 in acceptable yield (67%). The acetylated precursor 121 was successfully
converted into the free thiol 90. Reaction was conducted in a mixture of tetrahydrofuran
(THF) and a ten-fold excess of ag. NH4OH. After stirring this reaction mixture for 0.5 hours at
room temperature, thiolate was protonated by dropwise addition of aq. HCl (3 M). The
product 90 was extracted with methylene chloride and isolated after evaporation of solvent

in quantitative yield.

20 80

Scheme 39: In the strategy of the wrap approach Il four connections are required for the assembly of target
molecule 80. This was investigated using various nucleophilic aromatic substitution reaction conditions.
Unfortunately, none of the investigated reactions has yet been successful.

Despite great effort the assembly of the thiospherophane 80 from its precursor 90 using
nucleophilic aromatic substitution reaction conditions has not yet been successful (Scheme

39). The reaction conditions, which were investigated, are summarized in table 9.
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Table 9: Investigated reaction conditions for the assembly of thiospherophene 80.

entry base solvent temp:erature prodt:ct
(°C) (%)
1 NaN(SiMes), DMA 90 -
2 NaN(SiMes), DMI 90 -
3 K,CO4 DMSO 90 -
4 NaH DMI 90 -

°Reaction was stopped after three days. Investigated analyzing methods (TLC, ‘H NMR, DART) showed no
evidence for the formation of thiospherophane 80.

In a first attempt reaction conditions were applied in analogy to the reported synthesis of a
sulfur containing molecular bowl structure.*® Therefore, precursor 90 was dissolved in
freshly distilled demthylacetamide (DMA) under very high dilution (10_5 M). A slight excess
of the base sodium bis(trimethylsilyl)Jamide (NaN(SiMes),) was dissolved in DMA (2 M) and
was added dropwise over 6 hours at 90 °C. No product formation has been observed by
DART or MALDI-TOF mass spectroscopy after stirring the reaction mixture for 3 days.
Switching the solvent to 1,3-dimethyl-2-imidazolidinone (DMI), which is prone to conduct
nucleophilic aromatic substitution reactions, was also not successful by following the same
reaction procedure (entry 2). Using either a mixture of potassium carbonate and
dimethylsulfoxide (DMSO) or sodium hydride and DMI (entries 3 and 4) did not lead to any
formation of target structure 80. However, this is the first synthesis of a precursor bearing all

the required atoms for the formation of thiospherophane 80.
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Conclusion and Future Perspectives

The advantages of the bowl approach are the reduced number of C-S bond formations in
each step, as well as using very powerful Pd-catalyzed reaction conditions. In this approach
the formation of the molecular bowl 92 is very challenging as its synthesis starts from
building blocks that are flat and very flexible. As the desired product comprises strong
molecular strain forming a molecular bowl, oligomer formation would be very reliable. To
prevent oligomer formation in this key step, pseudo high diluted Pd-catalyzed reaction
conditions were applied. The assembly of the dimer 92 follows a stepwise dimerization
strategy. In order to realize this stepwise assembly, monomer 93 was transformed into the
corresponding building blocks 104 and 105, respectively. When monomer 93 was exposed to
TBAF, which cleaved the ethyl-TMS protecting group, was successfully reprotected with
acetyl chloride providing acetylated building block 104 in good yield. Unfortunately, the
aromatic Finkelstein reaction did not lead to the second building block 105 even after
intensive screening of reaction conditions. This issue was attributed to the structural
conformation of the monomer 93, probably shielding the bromine moiety from the catalytic
copper-ligand system. To overcome this issue other approaches, such as masking of the
halide should be considered. A possible strategy would be the dialkyltriazine, which can be
converted into the corresponding aryl iodide using methly iodide as iodine source.

In the following assembly strategy, all the gathered knowledge is combined. Similarly to the
proposed synthesis of the dimer 92, the dimer formation of 122 is considered in a stepwise
fashion using Pd-catalyzed reaction conditions connecting the monomer 123 with 124. As
the aromatic Finkelstein reaction turned out to be the challenging step, the iodine moiety
will be introduced masked as a dialkylated triazine. This functional group can be converted
into the corresponding iodine 124 by methyl iodide. However, to realize the synthesis of the
monomer 125 an additional building block 126 is required, whereas the diiodo building block
100 is already available from previously developed approaches. Since this dialkylated triazine
moiety is synthesized from the free amine, the synthetic strategy starts from the commercial
available 4-fluoro-2-nitroaniline (132). The amine group acts in this case as directing group,
ensuring the regioselectivity of the iodination, which leads to precursor 131. Subsequent
deamination may provide 130 and installation of the tert-butyl protected sulfur moiety leads

to intermediate 129. Reduction of the nitro-group by tin chloride is expected to form the
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desired free amine 128. By quenching the formed diazonium salt with the appropriate dialkyl
amine under basic conditions leads to 127. As described above, the acetylated sulfur
functionality will be introduced via Pd-catalyzed reaction using potassium thioacetate as the
protected sulfur source. With the building blocks 100 and 126 the synthetic strategy of the
monomer 126 follows the approach to the molecular bowl structure 93 as close as possible.
This approach is possibly superior as it allows the assembly of thiospherophane 80 in a
stepwise fashion using powerful Pd-catalyzed reaction conditions. As the number of reactive
sites is reduced to two, the probability of side reaction is significantly minimized.
Furthermore, the pre-organized structural conformation is expected to facilitate the

synthesis of thiospherophane 80.
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Scheme 40: Assembly strategy of thiospherophane 80 including an iodine-masked monomer to enable a
stepwise dimerization. Additionally a synthetic strategy of the iodine-masked building block is presented.

In the wrap approach | the synthesis of thiospherophane 80 was investigated from the
symmetric monomer 81. The synthesis of the symmetric monomer was achieved in high
yields and large quantities starting from the readily available building blocks 84 and 85.
However, the synthesis of target structure 80 was not successful yet were six bonds have to

be made in one step using Pd-catalyzed reaction conditions.

126



In the wrap approach Il the synthesis of the asymmetric monomer 91 was achieved in
excellent yield. Subsequently, the ethyl-TMS sulfur protecting group was transferred into the
corresponding acetylated sulfur compound 116. Using aromatic Finkelstein conditions the
bromide was exchanged with an iodine providing 117. The connection of the two monomers
was provided by the Pd-catalyzed reaction as each monomer bears only one reactive side.
Transprotection and second C-S bond formation allowed the isolation of the symmetric
dimer 120. To enable the nucleophilic aromatic substitution reaction the tert-butyl moieties
were removed in a two step reaction affording the free thiols in quantitative yield. Even
though the number of C-S-bonds which have to be formed is reduced to four, the assembly
of thiospherophane 80 was not successful using various SyAr reaction conditions. On a
positive note, this approach represents the first synthesis of a molecular structure

comprising all atoms required for the target structure 80.
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Experimental Section

General Remarks

All commercially available compounds were purchased and used as received unless explicitly
stated otherwise. CDCl; and CD,Cl, was purchased from Cambridge Isotope Laboratories,
Inc. 'H NMR was recorded on a Bruker DPX-NMR spectrometer operating at 400 MHz. *C
NMR were recorded on a Bruker DPX-NMR spectrometer operating at 101 MHz. The
chemical shifts are reported in parts per million (ppm) relative to tetramethylsilane or a
residual solvent peak, and the J values are given in Hz. GC-MS was performed on a Shimadzu
GCMS-2020 SE equipped with a Zebron 5 MS Inferno column which allowed to achieve
temperatures up to 350 °C. DART analyses were performed on a Shimadzu LC—MS 2020
system. For column chromatography, usually silica gel Siliaflash® p60 (40-63 um) from
Silicycle was used, and TLC was performed on silica gel 60 F254 glass plates with a thickness

of 0.25 mm purchased from Merck.
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Synthetic Procedures

2-(trimethylsilyl)ethane-1-thiol:**? Vinyltrimethylsilane (29.1 mL, 194 mmol, 1.0 eq.) was
added to an argon flushed oven dried one-necked round bottom flask equipped with a reflux
condenser. Using amn argon counter flow, freshly distilled thiolacetic acid (12.7 mL, 175
mmol, 0.9 eq.) and AIBN (325 mg, 1.94 mmol, 1 mol%) was added and flask was lowered into
a preheated oil bath and reaction mixture was stirred at 60 °C for 3.5 hours. Reaction
conversion was followed by GC/MS. After full conversion, reaction was cooled to room
temperature and reflux condenser was replaced with a short distillation bridge. S-(2-
(trimethylsilyl)ethyl) ethanethioate (24.2 g, 137 mmol, 84%) was obtained after distillation
(82 °C, 20 mbar) as transparent liquid and transferred to an 1L 2-necked round bottom flask
charged with K,CO3 (21.4 g, 153 mmol, 1.1 eq.) dissolved in MeOH (150 mL) and water (75
mL). Suspension was degassed for 30 minutes followed by the addition of Et,0 (75 mL).
Reaction was stirred for 4 hours under argon atmosphere and was carefully quenched by the
addition citric acid (29.8 g, 153 mmol, 1.1 eq.) in small portions. Et,0 (200 mL) was added
and reaction mixture transferred to a separating funnel. Separated organic layer was washed
with aq. 1% citric acid solution (2 x 100 mL). Organic layer was dried over MgSO, and filtered
in a one necked round bottom flask and distilled off. 2-(trimethylsilyl)ethane-1-thiol (17.4 g,
129 mmol, 94%) was obtained after fractional distillation (55 °C, 33 mbar) as transparent
liquid. *H — NMR (400 MHz, CDCls, 25 °C): 8= 2.65 — 2.55 (m, 2H), 1.50 (t, J = 6.7 Hz, 1H), 0.99
—0.92 (m, 2H), 0.02 (s, 9H) ppm.

3-bromo-5-(tert-butylthio)-acetylthio-phenyl (86): Pd(dba), (627 mg, 1.1 mmol, 5 mol%),

)(S dppf (838 mg, 1.5 mmol, 7 mol%) were place in a oven dried argon flushed

/@\ 100 mL schlenck flask equipped with a robber septum. To remove
Br S0 remaining oxygen three vacuum/argon flush cycles were performed.
Afterwards, K3PO4 (5.6 g, 25.9 mmol, 1.2 eq.) and potassium thioacetate (2.7 g, 23.8 mmol,
1.1 eq.) were added with an argon counter flow. KsPO4 was dried for 4 hours in a Kugelrohr
apparatus at 200°C before use. Previously degassed toluene (50 mL) and 3-bromo-5-
iodophenyl-(tert-butyl)sulfane (8.0 g, 21.6 mmol, 1.0 eq.) were added and the resulting
reaction mixture was degassed for another 30 minutes. Subsequently, schlenck flask was

lowered in an oil bath preheated at 75 °C and reaction was stirred for 12 hours at this
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temperature. After completed conversion, cooled reaction mixture was filtered over a short
Celite plug to remove the palladium residues. Crude product was extracted with ethyl
acetate (1 x 100 mL) and washed with aq. sat. NH4Cl (2 x 50 mL). Organic layer was washed
with brine (1 x 50 mL), dried over MgSO, and removed at reduced pressure. Crude product
was further purified by column chromatography (SiO,; c-hexane : MePh, 5:1 — 1:1)
providing 3-bromo-5-(tert-butylthio)-acetylthio-phenyl (6.6 g, 20.7 mmol, 96%) as yellowish
solid. *H — NMR (400 MHz, CDCls, 25 °C): 5= 7.71 (t, J = 1.6 Hz, 1H), 7.56 (t, J = 1.6 Hz, 1H),
7.51 (t, J = 1.6 Hz, 1H), 2.44 (s, 3H), 1.31 (s, 9H) ppm. >C = NMR (101 MHz, CDCls, 25 °C): 5=
192.6, 141.6, 140.6, 137.0, 135.9, 129.8, 122.1, 47.2, 31.1, 30.5 ppm. MS (El, 70 eV): m/z (%)
= 320.1 (9), 318.0 (9), 264.0 (56), 262.0 (54), 221.9 (53), 220.0 (52), 141.0 (11), 140.0 (18),
139.0 (10), 96.0 (10), 95.0 (21), 63.1 (13), 58.0 (72), 57.1 (100), 55.1 (10). EA: calcd. for
Ci12H15BrOS,: C45.14, H 4.74, N 0.00; found: C 45.98, H 4.12, N 0.00.

3-fluoro-5-iodophenyl-thio-ethyltrimethylsilane (87): 3-bromo-5-fluorophenyl-thio-
ethyltrimethylsilane (5.0 g, 16.3 mmol, 1.0 eq.), Cul (156 mg, 0.8 mmol,

@\ 5 mol%) and Nal (4.9 g, 32.6 mmol, 2.0 eq.) were placed in a oven dried

MS s I argon flushed micro wave vial equipped with a rubber septum.
Afterwards, vacuum was applied for 30 minutes followed by the addition of dioxane (7 mL)
and N-N’-dimethylethylenediamine (0.2 mL, 1.6 mmol, 0.1 eq.). The resulting blue
suspension was stirred at 110 °C for 12 hours. Subsequently, the cooled reaction was poured
into aqg. sat. NH4Cl (100 mL) and product was extracted with methylene chloride (100 mL).
The separated organic layer was washed with brine (100 mL), dried over MgSQ,4 and
removed at reduced pressure. Crude product was further purified by Kugelrohr distillation
(1.5- 10" mbar, 155°C) affording 3-fluoro-5-iodophenyl-thio-ethyltrimethylsilane (5.6 g,
15.8 mmol, 97%) as transparent oil. 'H — NMR (400 MHz, CDCls, 25 °C): § = 7.35 (m, 1H),
7.21—7.18 (m, 1H), 6.93 — 6.90 (m, 1H), 2.96 — 2.92 (m, 2H), 0.95 — 0.91 (m, 2H), 0.07 (s, 9H)
ppm. C = NMR (101 MHz, CDCls, 25 °C): 8= 162.3 (d, J = 253.2 Hz, 1C), 142.3 (d, J = 8.0 Hz,
1C), 132.0 (d, J = 3.0 Hz, 1C), 121.7 (d, J = 23.9 Hz, 1C), 114.2 (d, J = 23.1 Hz, 1C), 93.7 (d, J =
8.8 Hz, 1C), 29.1, 16.5, 1.6 ppm. *°F = NMR (377 MHz, CDCl3): §= —110.6 ppm. MS (El, 70
eV): m/z (%) = 354.1 (2), 326.1 (5), 311.1 (3), 184.1 (6), 169.1 (4), 127.1 (3), 126.1 (13), 109.1
(3), 107.1 (2), 102.2 (5), 101.2 (47), 94.1 (4), 83.1 (2), 82.1 (3), 81.1 (3), 77.1 (4), 75.1 (16),
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74.0 (62), 73.1 (100), 72.1 (4), 69.0 (5), 63.1 (5), 59.1 (11), 58.1 (15), 57.1 (4), 55.1 (3). EA:
calcd. for C11H46FISSi: C 37.29, H 4.55, N 0.00; found: C 37.35, H 4.53, N 0.00.

3-(tert-butylthio)-5-fluoro-acetylthio-phenyl (88): Pd(dba), (935 mg, 1.6 mmol, 5 mol%),
F dppf (1.3 g, 2.3 mmol, 7 mol%) were place in a oven dried argon flushed
Q J< 200 mL schlenck flask equipped with a robber septum. To remove
remaining oxygen three vacuum/argon flush cycles were performed.
Afterwards, KsPO4 (8.4 g, 38.6 mmol, 1.2 eq.) and potassium thioacetate (4.1 g, 35.4 mmlL,
1.1 eq.) were added with an argon counter flow. K3PO,4 was dried for 4 hours in a Kugelrohr
apparatus at 200 °C before use. Previously degassed toluene (50 mL) and 3-iodo-5-
fluorophenyl-(tert-butyl)sulfane (10.0 g, 32.2 mmol, 1.0 eq.) was added and the resulting
reaction mixture was degassed for another 30 minutes. Subsequently, schlenck flask was
lowered in an oil bath preheated at 75 °C and reaction was stirred for 12 hours at this
temperature. After completed conversion, cooled reaction mixture was filtered over a short
Celite plug to remove the palladium residues. Crude product was extracted with ethyl
acetate (1 x 100 mL) and washed with aq. sat. NH4Cl (2 x 50 mL). Organic layer was washed
with brine (1 x 50 mL), dried over MgS0O, and removed at reduced pressure. Crude product
was further purified by column chromatography (SiO,; c-hexane : MePh, 5:1 — 1:1)
providing 3-(tert-butylthio)-5-fluoro-acetylthio-phenyl (7.7 g, 29.8 mmol, 92%) as
transparent oil. *H— NMR (400 MHz, CDCls, 25 °C): 8= 7.37 (m, 1H), 7.31 = 7.27 (m, 1H), 7.19
—7.15 (m, 1H), 2.44 (s, 3H), 1.32 (s, 9H) ppm. °C — NMR (101 MHz, CDCls, 25 °C): 5= = 192.6,
161.9 (d, J = 251.9 Hz, 1C), 138.6 (d, J = 3.1 Hz, 1C), 135.8 (d, J = 7.6 Hz, 1C), 129.6 (d, /= 9.0
Hz, 1C), 125.0 (d, J = 20.7 Hz, 1C), 121.6 (d, J = 22.6 Hz, 1C), 47.1, 31.1, 30.4 ppm. °F = NMR
(377 MHz, CDCl3): 6 = =111.8 ppm. MS (El, 70 eV): m/z (%) = 258.2 (21), 204.1 (11), 203.1
(13), 202.1 (100), 160.1 (98), 126.1 (13), 115.1 (11), 114.1 (16), 58.0 (85), 57.1 (97), 55.1 (12).
EA: calcd. for C;,H;5FOS;: € 55.79, H 5.85, N 0.00; found: C 55.41, H 5.93, N 0.00.
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3-bromo-5-iodophenyl-thio-ethyltrimethylsilane (89): 1-bromo-3-iodo-5- thiocyanato-
benzene (10.0 g, 29.4 mmol, 1.0 eq.) was placed in a oven dried argon flushed

T™S
\L 500 mL round bottom flask and dissolved in dry THF (230 mL). To the clear

/é\ solution LAH (1 M in THF, 30.9 mL, 30.9 mmol, 1.1 eq.) was added dropwise.
Br I After 2 hours stirring at RT to the solution was added carefully a mixture of ice
and THF followed by pure water. The product was extracted with methylene chiroide (100
mL) and washed with aq. HCI (1 M, 50 mL). Organic layer was dried over MgSO,4 and solvent
was removed at vacuum. The crude thiol was placed in a oven dried argon flushed micro
wave vial equipped with a septum. Subsequently, vinyl-TMS (17.6 mL, 118 mmol, 4.0 eq.),
AIBN (49.3 mg, 0.3 mmol, 1 mol%) and di-t-butyl-peroxide (0.5 mL, 2.9 mmol, 0.1 eq.) were
added with a argon counter flow. Afterwards, MW-vial was sealed and reaction mixture was
stirred at 105 °C over night. The cooled reaction mixture was directly purified by column
chromatography (SiO,; c-hexane : MePh, 10:1) providing 3-bromo-5-iodophenyl-thio-
ethyltrimethylsilane (11.4 g, 27.5 mmol, 93%) as a slightly yellow oil, which solidified upon
standing. . "H — NMR (400 MHz, CDCls, 25 °C): 8= 7.61 (t, J = 1.6 Hz, 1H), 7.49 (t, J = 1.6 Hz,
1H), 7.33 (t, J = 1.6 Hz, 1H), 2.97 — 2.90 (m, 2H), 0.95 — 0.89 (m, 2H), 0.07 (s, 9H) ppm. *C —
NMR (101 MHz, CDCls, 25 °C): 0 = 142.2, 136.4, 134.9, 129.8, 123.1, 94.6, 29.2, 16.6, -1.6
ppm. MS (El, 70 eV): m/z (%) =416.1 (0.1), 414.1 (0.1), 388.1 (0.4), 386.1 (0.3), 373.0 (0.2),
371.0 (0.1), 281.2 (0.1), 246.1 (0.2), 244.1 (0.2), 209.2 (0.1), 208.2 (0.2), 207.1 (1.0), 188.0
(0.2), 186.1 (0.2), 139.0 (0.1), 137.1 (0.2), 135.2 (0.2), 134.1 (0.2), 133.1 (0.2), 127.0 (0.2),
121.1 (0.1), 115.0 (0.1), 109.0 (0.2), 108.1 (0.3), 107.1 (1.6), 106.1 (0.2), 105.1 (0.1), 103.2
(0.3), 102.2 (0.6), 101.2 (5.5), 96.1 (0.3), 91.1 (0.3), 90.1 (0.4), 89.1 (0.3), 86.1 (0.2), 85.1
(0.2), 83.0 (0.2), 82.0 (0.4), 81.1 (0.3), 78.1 (0.1), 77.1 (0.3), 76.1 (0.5), 75.1 (6.3), 74.1 (9.2),
73.1(100.0), 72.1 (1.2), 71.1 (0.5), 70.1 (0.4), 69.1 (0.7), 67.1 (0.1), 65.1 (0.1), 64.1 (0.4), 63.1
(7.3), 62.1 (1.2), 61.1 (0.6), 60.1 (0.6), 59.1 (4.4), 58.1 (5.6), 57.1 (1.2), 56.1 (0.2), 55.1 (1.2),
54.1(0.1), 53.1 (0.5), 51.1 (0.2), 50.1 (0.4). EA: calcd. for C11H16BrISSi: C 31.82, H 3.88, N 0.00;
found: C 30.02, H 3.39, N 0.00.
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3-bromo-5-fluorophenyl-thio-ethyltrimethylsilane (109): NaH (2.1 g, 51.8 mmol, 2.0 eq.)
F was added to a 250 mL 3-necked round bottom flask and suspended in
TMS o~ g o dry DMF (50 mL). TMS-ethanthiol (3.9 mL, 24.6 mmol, 0.9 eq.) was
carefully added at 0 °C to this suspension and resulting reaction
mixture was stirred for 1 hour at this temperature. Subsequently, 1-bromo-3,5-
difluorobenzene (5.0 g, 25.9 mmol, 1.0 eq.) was added and reaction mixture was stirred for
12 hours at 0 °C. Water was added to quench the reaction and product was extracted with
Et,0 (3 x 100mL). Combined organic layers were washed with brine (2 x 100mL), dried over
MgSO, and removed at reduced pressure. Purfication by Kugelrohr distillation (7.4 - 107
mbar, 96 °C) provided 3-bromo-5-fluorophenyl-thio-ethyltrimethylsilane (6.1 g, 19.8 mmol,
81%) as transparent oil. 'H — NMR (400 MHz, CDCls, 25 °C): 8= 7.16 — 7.15 (m, 1H), 7.03 —
7.00 (m, 1H), 6.91 — 6.87 (m, 1H), 2.97 — 2.93 (m, 2H), 0.95 — 0.91 (m, 2H), 0.07 (s, 9H) ppm.
13C — NMR (101 MHz, CDCls, 25 °C): 8= 162.7 (d, J = 252.0 Hz, 1C), 142.3 (d, J = 8.5 Hz, 1C),
126.0 (d, J = 3.1 Hz, 1C), 122.8 (d, J = 10.4 Hz, 1C), 116.0 (d, J = 24.7 Hz, 1C), 113.4 (d, J = 23.2
Hz, 1C), 29.0, 16.5, -1.62 ppm. °F — NMR (377 MHz, CDCls): § = -110.6 ppm. MS (El, 70 eV):
m/z (%) = 308.1 (1), 306.1 (1), 280.1 (1), 278.1 (1), 265.0 (2), 263.0 (2), 184.1 (2), 183.1 (1),
169.1 (1), 139.1 (1), 137.1 (1), 132.6 (1), 127.1 (1), 126.1 (5), 109.1 (1), 107.1 (1), 103.2 (1),
102.2 (1), 101.2 (13), 94.1 (1), 83.0 (1), 82.0 (1), 81.1 (1), 77.1 (2), 75.1 (5), 74.1 (9), 73.1
(100), 72.1 (1), 69.0 (1), 63.1 (1), 59.1 (4), 58.1 (4). EA: calcd. for C11H;6BrFSSi: C 42.99, H
5.25, N 0.00; found: C 43.16, H 5.14, N 0.00.

3-bromo-5-fluorophenyl-(tert-butyl)sulfane (110): 1-bromo-3,5-difluorobenzene (8.0 g, 41.5
F mmol, 1.0 eq.) was dissolved in 90 mL DMF (crown cap) in a oven dried
/@\ J< argon flushed 250 mL 3-necked round bottom flask. The clear solution was

Br S cooled to 0 °C and sodium 2-methyl-2-methyl-2-propanethiol (4.9 g, 39.4
mmol, 0.9 eq.) was added. The transparent mixture was stirred for 5 hours at 0 °C. The
reaction was quenched with water (50 mL) and extracted with tBME (100 mL). The organic
layer was washed with HCI (1 M, 50 mL) and water (2 x 50 mL). The organic layer was dried
over MgS0O, and solvent was removed at reduced pressure. Crude product was purified by
column chromatography (SiO,; c-hexane : MePh, 10 : 1) providing 3-bromo-5-fluorophenyl-
(tert-butyl)sulfane (8.2 g, 31.2 mmol, 83%) as transparent oil. *H — NMR (400 MHz, CDCls, 25
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°C): 8= 7.48 — 7.47 (m, 1H), 7.27 — 7.24 (m, 1H), 7.21 — 7.18 (m, 1H), 1.31 (s, 9H) ppm. *C -
NMR (101 MHz, CDCls, 25 °C): 5= 162.0 (d, J = 253.3 Hz, 1C), 136.7 (d, J = 8.0 Hz, 1C), 135.7
(d, J = 3.3 Hz, 1C), 122.9 (d, J = 20.6 Hz, 1C), 122.0 (d, J = 10.0 Hz, 1C), 119.6 (d, J = 24.3 Hz,
1C), 47.2, 31.1 ppm. *°F — NMR (377 MHz, CDCl3): 5=-110.8 ppm. MS (El, 70 eV): m/z (%) =
264.1 (1), 262.2 (1), 208.1 (4), 207.1 (1), 206.1 (3), 205.1 (1), 128.1 (1), 127.1 (4), 126.1 (10),
106.1 (1), 100.1 (1), 94.1 (1), 93.1 (1), 87.1 (1), 83.1 (2), 82.1 (2), 81.1 (3), 74.1 (1), 73.1 (1),
69.1 (4), 68.1 (1), 63.1 (3), 62.1 (1), 61.1 (1), 59.1 (2), 58.2 (5), 57.2 (100), 56.2 (3), 55.1 (4),
53.1 (1), 51.1 (1), 50.1 (2). EA: calcd. for C10H1,BrFS: C 45.64, H 4.60, N 0.00; found: C 45.65,
H 4.63, N 0.00.

3-iodo-5-fluorophenyl-(tert-butyl)sulfane (111): 3-bromo-5-fluorophenyl-(tert-butyl)sulfane
F (5.7 g, 21.7 mmol, 1.0 eq.), Cul (209 mg, 1.1 mmol, 5 mol%) and Nal (6.5 g,
@\ J< 43.4 mmol, 2.0 eq.) were placed in a oven dried argon flushed micro wave vial
S equipped with a rubber septum. Afterwards, vacuum was applied for 30
minutes followed by the addition of dioxane (9 mL) and N-N’-dimethylethylenediamine (0.3
mL, 2.2 mmol, 0.1 eq.). The resulting blue suspension was stirred at 110 °C for 12 hours.
Subsequently, the cooled reaction was poured into aq. sat. NH4Cl (100 mL) and product was
extracted with methylene chloride (100 mL). The separated organic layer was washed with
brine (100 mL), dried over MgSO4 and removed at reduced pressure. Crude product was
further purified by column chromatography (SiO;; c-hexane : MePh, 10 : 1) providing 3-iodo-
5-fluorophenyl-(tert-butyl)sulfane (6.6 g, 21.3 mmol, 98%) as transparent oil. *H — NMR (400
MHz, CDCls, 25 °C): 5= 7.69 — 7.68 (m, 1H), 7.46 — 7.43 (m, 1H), 7.24 — 7.21 (m, 1H), 1.31 (s,
9H) ppm. **C — NMR (101 MHz, CDCls, 25 °C): §= 161.6 (d, J = 254.4 Hz, 1C), 141.5 (d, J = 3.2
Hz, 1C), 136.8 (d, J = 7.6 Hz, 1C), 125.3 (d, J = 23.5 Hz, 1C), 123.6 (d, J = 20.6 Hz, 1C), 92.9 (d, J
= 8.5 Hz, 1C), 47.1, 31.1 ppm. *°F — NMR (377 MHz, CDCl;): 5 =—110.9 ppm. MS (El, 70 eV):
m/z (%) = 309.9 (22), 253.8 (90), 127.0 (24), 126.0 (35), 83.0 (10), 58.0 (16), 57.1 (100). EA:
calcd. for Cy9H1,FIS: C38.72, H 3.90, N 0.00; found: C 38.69, H 3.99, N 0.00.

134



2-iodo-4-thiocyanatoaniline (95): 2-lodoaniline (20.0 g, 89.5 mmol, 1.0 eq.) was suspended
SCN in methanol (750 mL, Baker quality) in a 2 L round bottom flask. Subsequently,
ammonium thiocyanate (10.2 g, 134 mmol, 1.5 eq.) and Oxone® monopersulfate

NH2I (41.2 g, 134 mmol, 1.5 eq.) were added and the resulting suspension was stirred for

3 hours at room temperature. To quench the completed reaction water (400 mL) and
methylene chloride (500 mL) were added. The organic phase was separated and dried over
MgS0O, and solvent was removed under reduced pressure. Crude product was recrystallized
from methanol providing 2-iodo-4-thiocyanatoaniline (22.3 g, 80.7 mmol, 90%) as white
solid. "H — NMR (400 MHz, CDCls, 25 °C): &= 7.85 (d, J = 2.2 Hz, 1H), 7.36 (dd, J = 8.5, 2.2 Hz,
1H), 6.73 (d, J = 8.5 Hz, 1H), 4.43 (br s, 2H). ppm. *C — NMR (101 MHz, CDCls, 25 °C): 8 =
149.2, 143.2, 134.3, 115.1, 111.9, 110.7, 83.6 ppm. MS (El, 70 eV): m/z (%) = 276.0 (51),
150.2 (11), 149.2 (99), 127.0 (45), 123.1 (19), 122.1 (49), 121.1 (12), 105.2 (83), 96.0 (28),
95.1 (24), 91.1 (32), 90.1 (12), 78.1 (20), 74.2 (11), 70.1 (18), 69.0 (53), 65.1 (18), 64.1 (34),
63.1 (81), 62.1 (33), 61.1 (22), 58.0 (22), 53.1 (19), 52.1 (100), 51.1 (17), 50.1 (14). EA: calcd.

for C;HsIN,S: € 30.45, H 1.83, N 10.15; found: C 30.50, H 1.83, N 9.96.

2-bromo-6-iodo-4-thiocyanatoaniline (96): 2-iodo-4-thiocyanatoaniline (13.2 g, 47.8 mmaol,
scN 1.0 eq.) was dissolved in chloroform (135 mL, Baker quality) in a 500 mL round
bottom flask and was cooled to 0 °C. To this solution NBS (9.0 g, 50 mmol, 1.1

o NHZI eq.) was added in portions. Reaction conversion was followed by GC/MS
revealing completion after 4 hours. Water (100 mL) was added to quench the reaction and
product was extracted with methylene chloride (2 x 100 mL). The combined organic layers
were washed with aqg. sat. Na,5,03 and were dried over MgS0O,. Organic layer was filtered
over a small silica plug and solvent was removed. Crude product was recrystallized by
petroleum ether affording 2-bromo-6-iodo-4-thiocyanatoaniline (14.7 g, 41.4 mmol, 87%) as
beige solid. *H — NMR (400 MHz, CDCls, 25 °C): §=7.82 (d, J = 2.1 Hz, 1H), 7.66 (d, J = 2.1 Hz,
1H), 4.95 (br s, 2H) ppm. 3C = NMR (101 MHz, CDCls, 25 °C): 5= 146.5, 142.2, 136.9, 111.4,
111.2, 107.0, 82.4 ppm. MS (El, 70 eV): m/z (%) =356.0 (25), 354.0 (25), 275.1 (24), 229.1
(19), 227.1 (18), 148.2 (46), 147.2 (11), 127.0 (58), 122.2 (18), 121.1 (22), 120.1 (20), 95.1
(20), 94.1 (17), 93.1 (25), 90.1 (32), 89.1 (24), 88.1 (14), 78.1 (28), 76.1 (13), 74.1 (14), 73.1
(12), 70.1 (19), 69.0 (54), 67.9 (10), 65.1 (13), 64.1 (12), 63.1 (56), 62.1 (61), 61.1 (43), 60.1
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(12), 59.0 (11), 58.1 (26), 53.1 (18), 52.1 (100), 51.1 (27), 50.1 (16). EA: calcd. for C;H4BrIN,S:
C 23.68, H 1.14, N 7.89; found: C 24.05, H 1.21, N 7.43.

2,6-diiodo-4-thiocyanatoaniline (97): Ag,SO, (4.7 g, 14.8 mmol, 1.0 eq.) and iodine (3.9 g,
SCN  15.5 mmol, 1.1 eq.) were placed in a oven dried argon flushed 250 mL 2-necked
round bottom flask. Reactants were dissolved in 65 mL ethanol, followed by the
! NHzI addition of 2-iodo-4-thiocyanatoaniline (4.1 g, 14.8 mmol, 1.0 eq.). Resulting
reaction mixture was stirred for 12 hours at room temperature. Afterwards, reaction
mixture was filtered over Celite to remove precipitated Agl. Water (100 mL) was added to
the filtrate and crude product was extracted with ethyl acetate (2 x 100 mL). Combined
organic layers were washed with ag. sat. Na,S,03 soltuion (100 mL) and brine (100 mL),
dried over MgSQ;, filtrated and concentrated. Crude product was further purified by column
chromatography (SiO,; c-hexane : ethyl acetate, 5:1) providing 2,6-diiodo-4-
thiocyanatoaniline (5.4 g, 13.4 mmol, 91%) as beige solid. 'H - NMR (400 MHz, CDCl3, 25 °C):
5=7.85 (s, 2H), 4.98 (br s, 2H) ppm. °C — NMR (101 MHz, CDCls, 25 °C): 5 = 148.5, 143.3,
111.9, 111.2, 80.7 ppm. MS (EI, 70 eV): m/z (%) =401.8 (100), 275.9 (11), 274.9 (83), 231.0
(11), 149.0 (12), 148.0 (66), 122.0 (14), 121.0 (33), 120.0 (12), 95.0 (12), 94.0 (12), 93.0 (11),
90.0 (24), 89.1 (19), 78.1 (12), 74.1 (14), 69.0 (16), 63.0 (30), 62.0 (26), 61.0 (17), 52.1 (24).
EA: calcd. for C;H4l3N,S: € 20.92, H 1.00, N 6.97; found: C 21.14, H 0.95, N 6.93.

1-bromo-3-iodo-5-thiocyanatobenzene (98): BF; - Et,0 (13.9 mL, 110 mmol, 1.5 eq.) was
scN added to 3-necked oven dried argon flushed round bottom flask equipped with
/@\ a thermometer at —10 °C. To this solution 2-bromo-6-iodo-4-thiocyanatoaniline

o (26.0 g, 73.2 mmol, 1.0 eq.) dissolved in THF (50 mL) was added dropwise
keeping the temperature below 0 °C. Subsequently, tert-butyl nitrite (11.7 mL, 87.8 mmol,
1.2 eq.) was dissolved in THF (50 mL) and added dropwise to the mixture of 2-bromo-6-iodo-
4-thiocyanatoaniline in BFs - Et,0. The resulting suspension was stirred at =10 °C for 1 hour.
For further precipitation pentane (40 mL) was added and solid BF,- diazonium salt was
filtered off. Meanwhile, FeSO, - 7H,0 (12.3 g, 80.5 mmol, 1.1 eq.) was dissolved in DMF (200

mL, Baker quality). The diazonium salt was added in small portions (N, evolution!) to this
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black reaction mixture. After completed addition the black reaction was poured into ice
water. Crude product was extracted with methylene chloride (2 x 100 mL) and combined
organic layers were washed with aq. HCI (1 M, 2 x 100 mL). Organic layer was dried over
MgSO, and solvent was removed under reduced pressure affording 1-bromo-3-iodo-5-
thiocyanatobenzene (24.1 g, 70.9 mmol, 97%) as white solid after recrystallization from
petroleum ether. 'H — NMR (400 MHz, CDCls, 25 °C): §=7.90 (t, J = 1.6 Hz, 1H), 7.78 (t, J =
1.6 Hz, 1H), 7.64 (t, J = 1.6 Hz, 1H) ppm. *C = NMR (101 MHz, CDCl3, 25 °C): 5= 150.0, 136.3,
131.4,127.9, 124.3, 108.9, 95.3 ppm. MS (El, 70 eV): m/z (%) = 341.0 (30), 339.0 (32), 214.0
(31), 212.0 (30), 133.1 (100), 127.0 (17), 107.0 (20), 106.0 (15), 75.1 (74), 74.1 (64), 73.1 (12),
69.0 (19), 63.1 (52), 62.1 (22), 61.0 (12). EA: calcd. for C;H3BrINS: C 24.73, H 0.89, N 4.12;
found: C 24.85, H 1.02, N 4.09.

1,3-diiodo-5-thiocyanatobenzene (99): BFs - Et,0 (2.4 mL, 18.6 mmol, 1.5 eq.) was added to
SCN 3-necked oven dried argon flushed round bottom flask equipped with a

@\ thermometer at —10 °C. To this solution 2,6-iodo-4-thiocyanatoaniline (5.0 g, 12.4
I I mmol, 1.0 eq.) dissolved in THF (10 mL) was added dropwise keeping the
temperature below 0 °C. Subsequently, tert-butyl nitrite (2.0 mL, 14.9 mmol, 1.2 eq.) was
dissolved in THF (10 mL) and added dropwise to the mixture of 2,6-iodo-4-thiocyanatoaniline
in BF; - Et,0. The resulting suspension was stirred at —10 °C for 1 hour. For further
precipitation pentane (10 mL) was added and solid BF;-diazonium salt was filtered off.
Meanwhile, FeSO4 - 7H,0 (2.1 g, 13.6 mmol, 1.1 eq.) was dissolved in DMF (40 mL, Baker
quality). The diazonium salt was added in small portions (N, evolution!) to this black reaction
mixture. After completed addition the black reaction was poured into ice water. Crude
product was extracted with methylene chloride (2 x 100 mL) and combined organic layers
were washed with ag. HCl (1 M, 2 x 100 mL). Organic layer was dried over MgSO, and
solvent was removed under reduced pressure affording 1,3-diiodo-5-thiocyanatobenzene
(4.4 g, 11.4 mmol, 92%) as white solid after recrystallization from petroleum ether. *H —
NMR (400 MHz, CDCls, 25 °C): 5= 8.08 (t, J = 1.4 Hz, 1H), 7.80 (d, J = 1.4 Hz, 2H) ppm. *C -
NMR (101 MHz, CDCls, 25 °C): 6= 146.3, 136.9, 127.7, 108.9, 95.6 ppm. MS (El, 70 eV): m/z
(%) = 386.7 (100), 259.8 (54), 133.0 (72), 75.0 (39), 74.0 (30), 63.0 (23). EA: calcd. for
C7H4l3N,S: € 21.73,H0.78, N 3.62; found: C 21.69, H 0.72, N 3.65.
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3-bromo-5-iodophenyl-(tert-butyl)sulfane (85): 1-bromo-3-iodo-5-thiocyanatobenzene

)(S (10.0 g, 29.4 mmol, 1.0 eq.) was placed in a oven dried argon flushed 500 mL

/@\ round bottom flask and dissolved in dry THF (230 mL). To the clear solution LAH
Br I (1 M in THF, 30.9 mL, 30.9 mmol, 1.05 eq.) was added dropwise. After 2 hours
stirring at RT to the solution was added carefully a mixture of ice and THF followed by pure
water. The product was extracted with methylene chiroide (100 mL) and washed with aq.
HCI (1 M, 50 mL). Organic layer was dried over MgSO,4 and solvent was removed at vacuum.
The crude thiol was placed in a 2-necked oven dried argon flushed 100 mL round bottom
flask equipped with a washing flask containing ag. sat NaOH solution. 2-Chloro-2-
methylpropane (25.2 mL, 229 mmol, 7.8 eq.) was added followed by AICI; (198 mg, 1.47
mmol, 5 mol%). After gas evolution has stopped methylene chloride (100 mL) was added and
reaction mixture was quenched with aqg. sat NaHCO3; (50 mL). Crude product was extracted
with methylene chloride (2 x 100 mL) and washed with brine (1 x 100 mL). Combined organic
layers were dried over MgS0O, and solvent was removed at reduced pressure. Residue was
purified by column chromatography (SiO,, c-hexane : MePh, 10:1) yielding 3-bromo-5-
iodophenyl-(tert-butyl)sulfane (10.1 g, 27.2 mmol, 93%) as beige solid. *H — NMR (400 MHz,
CDCls, 25 °C): 5= 7.85 (t, J = 1.6 Hz, 1H), 7.82 (t, J = 1.6 Hz, 1H), 7.64 (t, J = 1.6 Hz, 1H), 1.30
(s, 9H) ppm. 13C — NMR (101 MHz, CDCl3, 25 °C): 6= 144.2, 139.9, 139.1, 136.9, 122.5, 93.9,
47.2, 31.1 ppm. MS (El, 70 eV): m/z (%) = 371.9 (41), 369.9 (39), 316.8 (12), 315.9 (100),
314.9 (16), 313.9 (100), 188.9 (18), 187.9 (25), 186.9 (18), 185.9 (23), 108.0 (42), 107.0 (52),
75.0 (15), 74.0 (12), 69.0 (12), 63.0 (85), 62.0 (18), 57.9 (100), 57.0 (100), 55.1 (15). EA: calcd.
for C1oH12BrIS: € 32.37, H 3.26, N 0.00; found: C 31.45, H 3.19, N 0.00.
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(2-((3,5-diiodophenyl)thio)ethyl)trimethylsilane  (100): 3-diiodo-5-thiocyanatobenzene
T™ms (2.0g, 5.1 mmol, 1.0 eq.) was placed in a oven dried argon flushed 100 mL
S round bottom flask and dissolved in dry THF (50 mL). To the clear solution LAH
@\ (1 M in THF, 5.4 mL, 5.4 mmol, 1.05 eq.) was added dropwise. After 2 hours
! ! stirring at room temperature to the solution was added carefully a mixture of
ice and THF followed by pure water. The product was extracted with methylene chlroide
(100 mL) and washed with ag. HCI (1 M, 50 mL). Organic layer was dried over MgS0O,4 and
solvent was removed at vacuum. The crude thiol was placed in a oven dried argon flushed
micro wave vial equipped with a septum. Subsequently, vinyl-TMS (3.1 mL, 20.7 mmol, 4.0
eq.), AIBN (8.5 mg, 0.1 mmol, 1 mol%) and di-tert-butyl-peroxide (0.1 mL, 0.8 mmol, 0.1 eq.)
were added with an argon counter flow. Afterwards, MW-vial was sealed and reaction
mixture was stirred at 105 °C over night. The cooled reaction mixture was directly purified by
column chromatography (SiO,; c-hexane : MePh, 10 : 1) providing 3-bromo-5-iodophenyl-
thio-ethyltrimethylsilane (2.2 g, 4.76 mmol, 92%) as a slightly yellow oil. *H— NMR (400 MHz,
CDCls, 25 °C): 6=7.80 (t, J = 1.5 Hz, 1H), 7.52 (d, J = 1.5 Hz, 2H), 2.94 — 2.90 (m, 2H), 0.94 —
0.89 (m, 2H), 0.07 (s, 9H) ppm. *C — NMR (101 MHz, CDCls, 25 °C): 5= 142.2, 141.9, 135.6,
95.0, 29.2, 16.6, —1.6 ppm. MS (El, 70 eV): m/z (%) = 461.7 (2.57), 433.8 (10.21), 418.7 (3.5),
291.9 (5.67), 107.0 (4.12), 101.1 (19.96), 75.0 (6.59), 74.1 (10.13), 73.1 (100), 63.0 (5.67),
58.9 (2.72), 58.0 (3.15). EA: calcd. for C11H16l2SSi: C 28.59, H 3.49, N 0.00; found: C 27.69, H
3.01, N 0.00.
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Appendix

Abbreviations

2D 2-Dimensional space

3D 3-Dimensional space

A Angstrom

A Ampere

Ac Acetyl

AIBN Azobisisobutyronitrile

ALD atomic layer deposition

Algs Tris(8-hydroxyquinolinato)aluminium
AEBD (4-aminoethyl)benzenediazonium
AFM Atomic force microscopy

ag. Aqueous

BCP 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
br broad (NMR)

‘Bu-TAZ 3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole
cald. Calculated

°C Celsius

CAN Ceric ammonium nitrate

CBP 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl
cd Candela

cv Cyclic voltammetry

o Delta; chemical shift inf ppm (NMR)
d doublet (NMR)

DCM Dichloromethane

DART Direct analysis in real time

DFT Density functional theory

DMA N,N-Dimethylacetamide

DMI 1,3-Dimethyl-2-imidazolidinone

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dppf 1,1'-Bis(diphenylphosphino)ferrocene
DPV Differential Pulse Voltammetry

DSC Differential scanning calorimetry

€ molar extinction coefficient

e Electron

Eg Optical energy band gap

E° Electrochemical potential

157



Er
EDTA
EML
ESI

ETL

eV

OF

.
Flrpic
FRET
FTIR
GC
GPC
HCl
HOMO
HTL
ICT
Ir(pig)2(acac)
Ir(ppy)s

Ir(ppy)2(acac)
ISC

ITO

K

Kk
kcal
LAH
LED
LUMO

MALDI
mol
MS

v

m/z
n-BulLi
NHE
NMR
NPB
OLED
PAA
Pd(dba);

Triplet energy

Ethylenediaminetetraacetic acid

Emission layer

Electrospray ionization

Electron transport layer

Electron volts

Fluorescence quantum yield

Fluoride
Bis[2-(4,6-difluorophenyl)pyridinato-C?, N](picolinato)iridium(Il)
Forster resonance energy transfer

Fourier transform infrared spectroscopy
Gas chromatography

Gel oermeation chromatography
Hydrochloric acid

Highest occupied molecular orbital

Hole transport layer

Intramolecular charge transfer
Bis(1-phenylisoquinoline)(acetylacetonate)iridium(lll)
Tris[2-phenylpyridinato-C% N]iridium(lll)
Bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(lll)]
Intersystem crossing

Indium tin oxide

Kelvin

Proton abstraction rate

Kilocalorie

Lithium aluminium hydride

Light emitting diode

Lowest unoccupied molecular orbital
mol/L

Multiplet (NMR)

Matrix-assisted laser desorption/ionization
Mole

Mass spectrometry

Stretching vibrations

mass to charge ratio (MS)

n-Buthyllithium

Standard hydrogen electrode

Nuclear magnetic resonance
N,N’-Di(1-naphthyl)-N,N’"-diphenyl-(1,1'-biphenyl)-4,4’-diamine
Organic light emitting diode

poly(acryl acid)
Bis(dibenzylideneacetone)palladium(0)
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phOLED
PNBD
PO15
POLED
PPF
ppm
RDS

rt

So, S1

SAM
SCE
SET
SnAr
Sn2
STM

TPD
Ty
Tc

Tm
TAPC
TBAF
TCTA
TEA
TEMPO
THF
TIPS
™S
TLC
TOF
TPBI
uv

Vdw
Vis
WOLED
XPS

Phosphorescence organic light emitting diode
4-nitrobenzene diazonium tetrafluoroborate salt
dibenzo[b,d]thiophene-2,8-diylbis(diphenylphosphine oxide)
Polymer organic light-emitting diode

pyrolyzed photoresist film

parts per million

Rate determining step

Room temperature

ground and first singlet state

Singlet (NMR)

Self assembled monolayer

Saturated calomel electrode

Single electron transfer

Nucleophilic aromatic substitution

Bimolecular nucleophilic substitution

scanning tunneling spectroscopy

tert-Butyl
N,N’-Bis(3-methylphenyl)-N,N'-diphenylbenzidine
First triplet state

Crystallization temperature

Glass transition temperature

Melting temperature

4,4'-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]

Tetrabutylammonium fluoride
Tris(4-carbazoyl-9-ylphenyl)amine
Triethylamine
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Tertrahydrofuran

Triisopropylsilyl

Trimethylsilyl

Thin layer chromatography

Time of flight
1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene
Ultraviolet

Bias voltage

Van der Waals force

Visible

White organic light emitting diode
X-ray photoelectron spectroscopy
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