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Abstract

Molecular electronics is an interdisciplinary field where chemists, physicists and biologists
come together to investigate electronic phenomena at the molecular level. From the chemists
point of view the design and synthesis of new model compounds which have a controllable
function is very much in the foreground. In this work we focus on the synthetic aspect
towards such new compounds especially on the incorporation of ferrocene into macrocycles
which can act as molecular wires. The fascinating property of ferrocene is its switchable
redox-state which has a direct influence on the molecular energy levels and thus the electronic

properties including conductivity.

Chapter 1 provides an introduction to the field of molecular electronics. First, the integration
techniques of single molecules into electric circuits are described. The structure-property
relationships of molecules are then discussed and illustrated with a few examples. Then, the
work which has been done with ferrocene and macrocycles is described followed by a
collection of synthetic strategies which are useful to assemble complex structures such as
ferrocene-macrocycles. Chapter 1 is then completed with a description of the individual

projects.

Chapter 2 describes the synthesis of halogen end-capped oligo-phenylene-ethynylenes to
study the interactions at the solid/liquid interface and in crystal structures. In addition the

possibility of contacting halogen-end groups with gold electrodes is discussed.

Chapter 3 describes the synthesis of a molecular switch where a ferrocene was incorporated
into an oligo-phenylene-vinylene structure. Electrochemical-, spectroelectrochemical- and

break junction-experiments are discussed.

Chapter 4 describes the synthesis of two macrocycles which incorporate a ferrocene unit.
The focus lies on the synthetic strategy to develop a route which allows control of the shape
of the macrocycle at a very late stage of the synthetic sequence by introducing different linker

molecules.
Chapter S describes the synthesis towards a macrocycle comprising two ferrocene units.
Chapter 6 summarizes the work and provides an outlook.

Chapter 7 provides the experimental details including the characterization of all compounds

described throughout the thesis.



Individual Projects

We have synthesized a series of halogen end-capped
oligo-phenylene-ethynylenes to study the interactions
at the solid/liquid interface and in crystal structures.
The range of halogen based interactions and the
diversity of intermolecular forces along different
crystal axes makes the investigation of such structures
particular interesting and challenging. Here we probe
the interplay of halide end-groups and the backbone of
an OPE to investigate the intermolecular interactions

by comparing solution depositions (2D) to x-ray

crystal structures (3D). The comparison of the STM
images and the crystal structures revealed a striking

complementarity in each case.

A 1,3-disubstituted ferrocene wire was successfully
synthesized in 14 steps. The cyclovoltammetry
experiments on our model compound revealed a fully
reversible redox system. The spectroelectrochemical
investigation showed that our system can be reversibly

switched between Fe™ and Fe™. The final break
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junction experiments showed a low plateau yield of
12 % which was too low for a proper statistical

analysis.
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Two macrocyclic structures comprising a ferrocene
unit have been synthesized in 18 steps. The synthesis
was developed to change the structural conformation
by changing the linker molecule at a very late stage of
the synthetic sequence. Such ferrocene structures are
envisaged to mimic transistor-like behavior when they
three terminal device

are integrated into a

(electrochemical gating).

The synthesis towards a ferroceneophane comprising
two ferrocene joints was envisaged to observe
distortion of a rigid macrocycle upon oxidation. The
final cyclization failed due to competitive homo-
coupling reactions. These finding lead to the synthesis
of a new model compound for future break junction

experiments.
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Introduction

1 Introduction

The technical development of mankind is based on two principles. The first principle is to
invent new machines which give access to new functionalities. The second principle is to
develop the already existing technology in terms of production costs, efficiency of the actual
function, life time and of course reducing the size of the device. A nice example of such a
development is the mobile phone. In the beginning, about 20 years ago, mobile phones were
very expensive, big and heavy, had an operation time of a few hours and on top of that were
only able to make and receive phone calls and text messages. Nowadays, the mobile phone
device still has the same purpose but much more additional functions such as internet access,
integrated digital cameras, colored touchscreens and many more. The phones are also smaller,
cheaper in their production costs and they have an operational time up to a week (depending

on the battery used).

vacuum tube transistor integrated circuit molecule
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Figure 1. Miniaturization from modular building blocks to molecular junctions. Reprinted from

Weibel et al.[!!

A large influence in such a development is the miniaturization of existing technologies
(figure 1). Computer chips have become much smaller and are therefore capable of processing
more tasks at the same time. Of course the size of a computer chip does not increase the speed
of the initial process (it usually relates to the clock rate which is determined by the frequency

of an oscillator crystal) but the fact that much more transistors can be placed in the same
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surface area results in an increase in the calculating capacity. This miniaturization trend could
especially be observed in the computer industry. The method to reduce the size of a computer
chip is called a top-down approach. This process involves techniques such as imaging,

deposition and etching which are usually achieved by photolithography.

The lithography technique itself is limited to the wavelength available, which on the other
hand limits the possible resolution on the silicon waver. As a result, the top-down
miniaturization has reached its limit since one cannot go much further down as 32 nm (i7 core

from Intel).

Since the scientific community has realized that the top-down approach is at its limit, a new
strategy was elaborated. The idea was to use smaller building blocks and assemble them to
larger functional machines which are still smaller in size compared to the ones fabricated by a
top-down approach. The idea of the so called bottom up approach was presented by Richard
Feynman during his famous talk at Caltec in 1959 saying: “There’s plenty of room at the
bottom.”™ Even though his ideas were very visionary at the time, the computer chips

produced today are actually based on the same approach (IC, CMOS, etc.).

The smallest building blocks which still have the structural variety to address functions are
molecules. However, the molecules still have to be arranged in the desired direction and their
overall functionality has to be explored. That is where the term of molecular electronics sets

in.

Physical Setup:

Readout of - MCBJ
Electronic Function -STM
- NP-array
A - etc.

Functional Molecule

Anchor Groups: - Thiol, - Amine
- Cyano, - etc.

Figure 2. Schematic illustration of a molecular junction.
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The basic research focuses on single molecule events, which can be divided into two main
research fields. The first research area looks at the actual function provided by a molecule
(illustrated in blue, figure 2). The individual properties are usually connected to the structure.
By changing the structure systematically one can investigate correlations in the resulting

properties such as conduction, rectification and switching.

The second topic usually focuses on the integration of such a molecule into an electrical
circuit. The integration can be divided into two individual topics. The first one addresses the
connection of a molecule to a larger setup and the second one addresses the measurement
technique itself. The anchor group (illustrated in red, figure 2) of an organic molecule is the
part which connects the functional molecule to electrodes or other molecules. The nature of
the anchor group has a large influence on the overall property of the molecular junction, thus,
the systematic investigation of such anchor groups is of great interest. The second one
addresses the actual physical setup. This includes the formation of a suitable junction, the
reading of the molecular signature and the manipulation of the molecular junction. There are
several techniques which provide reproducible results to investigate a small number of

molecules.

In the first section of the introduction the physical approach to contact and manipulate
molecules and the structure-property relationship of individual molecules is discussed. In the
second section, ferrocene compounds as potential functional building blocks are discussed.
Rigid Macrocycles with an integrated functionality are addressed in section three. At the end
of the introduction a collection of synthetic strategies to assemble phenyl-acetylene bonds is

presented.
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1.1 Molecular Electronics

1.1.1 Contacting the Molecule

To introduce the field of molecular electronics it is usually easier to discuss the integration of
a single molecule into a circuit. There are three main techniques which have seen great
improvement over the past years. Each technique has its advantages and disadvantages which

are discussed below.

1.1.1.1 Mechanically controllable break junctions

The mechanically controllable break junction (MCBJ) was developed in the early nineties.™”
This technique was applied to form molecular junctions.[4] The molecular junction is defined
by a molecule which lies between two atomic-scale electrodes. The MCBJ can be compared
to a drawbridge which can be opened and closed. An atomic wire with a constriction in the

middle is prepared on a flexible polyimide substrate using electron-beam lithography

(figure 3A).

A B Constriction Underetch

— Metal film Isolation
1pum N
o y © ©

Pushing ’4_@ Substrate
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electrodes 1
\ d

| —CF 0 === O .
= v I A\

e

Insulator =

Th

1

Figure 3. Principle of a MCBJ: A) Scanning electron microscope image of a microfabricated MCBJ
sample. B) The MCBJ sample is mounted onto a three-point bending mechanism. C) The substrate is

bent until it breaks. Reprinted from Lortscher et al./®

The substrate is then placed between a pushrod and two counter supports (figure 3B). The rod
slowly pushes upwards, thus bending the flexible substrate. During this process the wire

becomes stretched. Due to the elongation the diameter of the wire will further reduce until it
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finally breaks leaving two atomic-scale metallic contacts which form a tunnel junction
(figure 3C). The distance between the contacts is only a few Angstroms and can be adjusted
by moving the pushrod up and down."!

The junction distance can not only be adjusted it can also be closed again to form a new metal
wire. Since the lifetime of a molecular junction at room temperature is only a few minutes and
several measurements have to be performed to obtain a statistical data set, the junction is
always opened and closed to form several hundreds of molecular junctions each measured
individually. Since all measured conductance traces vary from each other, a statistical analysis
in order to quantify the conductance value of a particular molecular junction is needed. The
combined conductance traces are usually represented in logarithmic histograms (shown in
figure 6) to identify the molecular signals more easily. In atomic sized contacts the classical
Ohm’s law (G = I/V) is no longer applicable since we enter the quantum regime. In the
quantum regime the current flows as a transmission process and is described for a single
conductance channel by the Landauer formula (Go = 2¢*/h = 77.5uS). In this formula e is the
electron charge and 4 is Plank’s constant. The conductance of a single gold atom is therefore
limited and characterized as Gy = 1. As a result, the conductance of a small molecule is

always less than G.
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Figure 4. A and B) Three typical opening curves in pure solvent displaying the different event points
on the conductance trace which occur during the break of a metal junction. C) Schematic drawing of

the individual events. Reprinted from Wu et al./*
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In figure 4 a stepwise breaking of a gold wire in pure solvent is displayed. In the beginning
(figure 4A and 4C, step 1) the gold wire has a width of about 150 nm and its conductance
value G is much higher than Gy. In the second step the substrate is bent and the metal wire is
stretched resulting in a decrease of G(z). Just before the metal wire breaks the conductance G
equals Gy with a value of 1 (step 2). When the junction is further elongated the atomic wire
breaks and a sudden decrease of the conductance is observed (step 3). This sudden decay is
caused by a contraction and rearrangement of the gold atoms, reshaping the front of the two
electrodes. The conductance drop usually stops at G = 10™ Gy, when electrons start to tunnel

between the two electrodes (step 4). This tunneling current decays exponentially with the gap

distance d (figure 4C).

These events occur when only solvent molecules are present. If a conducting molecule,
functionalized with terminal anchor groups is present, the typical conductance traces change
evidently. Anchor groups such as thiols form stable covalent bonds with the gold atoms from
the electrodes. In the case of the thiol anchor group the resulting sulfur-gold bond is much
stronger than the gold-gold bond. As a consequence, the gold atoms migrate to the binding
side to form elongated tips when the electrodes are pulled apart (figure 5A, red arrows). The
bridging event (electrode | molecule | electrode) takes place between the previously described
steps 3 and 4 (Figure 4). During this bridging-event the electrodes are pulled further apart.
However, the expected conductance decay does not occur but a plateau-trace appears instead
(figure 5B, red arrow). This plateau represents the conductance G of the molecular junction.
Upon further elongation the molecule-gold contacts break again and the conductance signal

decreases to zero.

a & 10° | LY
107 ! : :
<= OO0 = 107§ - 4050 %
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Figure 5. The breaking process containing a solution of a dithiol-OPE after in situ deprotection. A)
Schematic illustration of the formation of a molecular junction. B) Three typical single logG(z) curves

showing clear plateaus at 1 x 107G,




Introduction

Since the conductance traces vary between each measurement and additional fluctuations can
be observed a statistical analysis has to be implemented. Usually several combined
conductance traces are represented in logarithmic histograms as displayed in figure 6. The

example shown represents the data for a dithiol-OPE with a conductance of 1 x 10™ G,.

I ' I ' I ' I
¥ i ] i

I Pure solvent
I 0.25 mM S-OPE-S/solvent
Tunneling background
in pure solvent
Tunneling background
in S-OPE-S/solvent

The big advantage of the MCBJ

technique is that the size of the

junction can be adjusted and that

several hundreds of molecular

NIOQG(IogG)

junctions can be formed providing

enough data for a statistical analysis.
The MCBJ technique is an excellent
instrument for the lab but it is not Log (G/Gy)
suited for large area productions and

the combination with a third gate Figure 6. Logarithmic histogram Nj,,(logG) showing a

electrode remains challenging. tunneling background in the case of pure solvent and a

solution containing OPE molecules. In contrast with the
pure solvent, a distinct peak appears for the dithiol-OPE,

indicating the signal of the molecular junction.

1.1.1.2 Scanning probe techniques

Soon after the first scanning probe techniques were developed in the 1980s!"* the first

B9 The scanning tunneling

organic molecules were investigated using such techniques.
microscopy (STM) is a similar method to the MCBJ technique described in the chapter above.
In general, an atomically flat gold surface, which was previously covered with organic
molecules, is prepared as one electrode and a sharpened atomically gold tip is used as the
second electrode. The tip is then repeatedly indented into the metallic substrate. After the
gold-gold contact is formed the tip is retracted again where in some cases a molecular
junction can be formed between the metallic substrate, the molecule and the STM tip. Once
the molecular junction is formed a plateau occurs in the conductance trace similar to the
above described MCBJ measurement. Upon further retraction of the gold tip the junction

[11

breaks and the current trace drops down.!'"! This process of indentation and retraction is then

repeated several times to collect enough data for a statistical analysis. However, the
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indentation of the STM tip into the gold surface often results in modification or even
destruction of the surface. Therefore, the technique has been further developed to pick up the
molecule without indentation of the tip. These techniques are called I(s) or I(t) methods and
were developed by the group of Richard J. Nichols.["! The stepwise formation of a molecular

junction is schematically displayed in figure 7.

. 4

B

104

Conductance (nS)

o
-
ol

Distance

Figure 7. Formation of a molecular junction using STM I(s) technique. Reprinted from

Nichols et al.["!

Due to its scanning possibilities, the STM technique can also be used to image molecules
which are deposited on the surface. The obtained picture represents the wave function of the
molecules which allows surface scientists to see how the molecules behave and interact with
each other on the surface.'*'¥ A perfect example of different assembly behavior was
demonstrated by Kampschulte et al. where different solvent systems led to different

arrangements (figure 8).l1%!
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(b)

Figure 8. STM surface image showing the assembly of 1,3,5-benzenetribenzoic acid on an HOPG
surface. a) shows the modification with the oblique unit cell as obtained in butanoic through heptanoic
acid, 1-octanol, 1-nonanol, and 1-decanol, and b) shows the hexagonal chicken-wire modification
obtained in nonanoic acid and 1-phenyloctane. For octanoic acid and dodecane both modifications

were observed. Reprinted from Kampschulte et al.!"*!

The big advantage of the scanning probe technique is that the gap size can also be adjusted as
in the MCBJ. In addition, the STM can image a functionalized surface which makes it a very
important tool for the field of surface material science. The drawback is again its limited

application to the lab.

1.1.1.3 Electromigration induced break junction

The electromigration induced break junction (EIBJ) is another method to produce nanometer
gaps within a metal wire. The breaking process itself can be attributed to the diffusion of
atoms due to large current density in a wire. This effect is actually a downside in all electronic
circuits since it leads to undesired defects. However, when the electromigration process can
be controlled it is possible to open a nanometer gap and therefore produce the junction
(figure 9).

In principle there are two ways to integrate a molecule into the junction. One approach is to
deposit the molecule on the metal wire prior to the formation of the junction. The junction is
then produced by applying a very large bias to induce the electromigration which, in some
cases, leads to a breaking underneath the deposited molecule. Another approach is to produce

the nanometer gap first and then deposit the molecules. This method avoids that molecules are

9
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exposed to high temperatures which arise during the electromigration process. Both

approaches lead to a very low numbers of molecular junctions.

nano-gap

Cryostat stage

! Vacuum vessel

Figure 9. A) Schematic illustration of a gated electromigration induced break junction. Reprinted

from Noguchi et al.l"! B) Device structure fabricated by e-beam techniques prior to breaking of the
small wire in the middle. The wire is 50 nm wide and has a thickness of 10 nm. Reprinted from Van

der Zant et al.l'”!

The biggest advantage of this technique is the large area fabrication and the introduction of a
gate electrode. The gate electrode can be used to manipulate the molecular energy levels
which gives control over the function of the device. The gating mechanism will be further

discussed in the next section.

The drawbacks of this technique are that the gaps produced can only be adjusted once in the
beginning compared to STM and MCBJ techniques where the gap size can be changed during
the experiment and that the molecules are exposed to local heating during the breaking

process.

1.1.1.4 Three terminal devices

The previously discussed two terminal devices are well suited to measure and investigate
single molecules. However, the gate electrode in three terminal devices allows manipulation
of the energy levels of the molecules relative to the Fermi levels. This makes it particularly
interesting to study different transport mechanisms especially in intermediate and weak
coupling regimes.!'"™'”) The gate electrode can increase or decrease the molecular energy

levels to bring them into or out of resonance with the Fermi-energy levels of the electrodes
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[20,21] [22]

allowing access to different charge states such as vibrational states, electronic states

and spin transitions.[****

Currently the EIBJ is still the easiest way to produce a three terminal device since the gate
electrode can be placed very close to the actual junction (figure 10A).>2% However, the
drawback of not being able to adjust the gap size of the junction during the experiment led to
the development of other three terminal devices. For example the evaporation-deposition of
gold electrodes, on top of a gate electrode, using a shadow-mask technique. This technique
includes all the advantages of the EIBJ, plus the gap size can be better controlled according to

the authors (figure 10B).1*7**]

A B Gold deposition

angle

Mask

Molecule

SOURCE \ DRAIN

Al Gate

C

Gold

electrodes

Al,O,
Molecule Gold

Countersupport
PP l electrodes Gold

particle Molecule

P

Sio,
Doped Si Pushing rod

Doped Si Gate

Figure 10. Contact techniques including a gate electrode. Reprinted from Osorio et al.!"®

Recently a gate electrode was installed in a MCBJ (figure 10C).”*”]

However, the gate
coupling was rather low. Thus, electrochemical gating became much more interesting which
provides the same advantages as “regular” gating. In the electrochemical gating (or electrolyte
gating) the potential drop of the individual working electrodes (contact electrodes) and the
additionally installed reference electrode can be used to modulate the tunneling current
between the source electrode and the drain electrode.”*!! Another method for three terminal
device gating was demonstrated by Dadosh et al.”* The investigated molecule was trapped

between two nano particles forming a dumbbell structure. This particle was electrostatically

trapped between two gold electrodes deposited on top of a gate electrode (figure 10D).
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1.1.2 Structure-Property Relationship

In the previous section the integration techniques and the possibility of manipulation were

discussed. In this chapter we look at the electrical properties coming from the molecule itself.

1.1.2.1 Anchor groups

First, we have a look at the anchoring groups. At first glance one would probably say: “The

stronger the binding to the electrodes the better the outcome of the experiment.” However,

when we have a closer look on the electronic coupling between a molecule and the electrodes

and what the actual experiment wants to show the details are a bit different.

When the electronic coupling between the
electrons in the electrodes and those in the
molecule is weak, it is possible to probe
absolute values of the molecular energy levels
in a solid state device by applying a gate
voltage (figure 11, bottom).'” Thus, it is
possible to measure the addition energy (Uaqq)
of an electron to the molecule. The addition
energy is usually determined by electro-
chemistry or absorption spectroscopy. A good
approximation is Uagq = 2Ec + A, where E¢ is
the electrostatic charging energy and A is the
quantum mechanical level spacing of the
system. However, this approximation is not

always valid in molecular junctions.

If the coupling between the electrodes and the
molecule is strong the energy levels in the
molecule become significantly broader
(illustrated on the top, figure 11). This

broadening defines the coupling parameter I'

Strong coupling
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Figure 11. Schematic illustration of a strong
(top) and weak (bottom) electronic coupling
between the electrons of the electrodes and the

electrons of the integrated molecule.

the value of which is much higher in the strong coupling regime (I"' >> Uaq4q) and much lower

in the weak coupling regime (I' << Uaqq).
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In the intermediate coupling regime phenomena such as the Kondo effect or co-tunneling can
be observed. It is also possible to observe or make an asymmetric coupling (strong and weak)

between the electrodes and the molecule. This effect often occurs in STM-experiments.

The coupling parameter I' is usually defined by Ey and ¢. Ey is the strength of the bond
between the electrode and the molecule. This bond strength varies from the strong covalent
bond (Ey, = 0.1-5 eV) which is typical for thiol-gold bonds to the weak van-der-Waals forces
(0.001-0.1 eV).**** However, when a strong covalent bond is formed it does not necessarily
mean that the electronic coupling between the electrodes and the molecule is strong. If for
example, the sulfur atom is connected via a methylene bridge to the rest of the molecule the
overall electronic coupling I is still low."*”) Another significant aspect is the contact geometry
which also has a large influence on the electron transport.!*®! These differences in the contact
geometry lead to the broad distribution of conductance values which were obtained
experimentally over the past years. Thus, it is of great importance to systematically
investigate new anchor groups and study their electronic coupling with the molecule of
interest.

37,38] [40]

amines and phosphines,” pyridines,
[46] [47]

So far, many anchoring groups such as thiols,!

[44] 48]

selenium,[4l'43] fullerenes, isocyanides,“ﬂ nitriles, - carbamates,"" - and carboxylic acids!
have been investigated and used to form electronic devices.[*” The most well-known and
commonly used anchoring groups are thiols and amines as they have a strong binding affinity
to gold and provide efficient electronic coupling to the electrodes. In order to gain more
insights into the transport mechanism, investigations towards new, stable and efficient

anchoring groups are required.

1.1.2.1 Length dependence

Previously we discussed how to contact a single molecule and how the molecule is connected
to the electrodes. The possibility to integrate a single molecule opens the door to investigate
the correlation between the structure of the molecule and the observed properties. The

conductance G of a single molecule can be defined by the Landauer formula;
G=Ae™

where A characterizes the contact conductance and f represents the details of the tunneling

through the molecule with a distance d.
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The most investigated molecules are alkane-dithiols which were suitable candidates to
investigate the length dependence on the conductance of a molecule. It was shown that the
conductance decays exponentially with increasing length of the molecular backbone.”” As
illustrated in figure 12 the obtained conductance values are shown for dithiol-alkanes (red),

oligopeptides (black), oligothiophene (greene) and caotenoids (blue).

10
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£ 10° "
§ Carotenoid \'\
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Figure 12. Length dependence on the conductance value of different molecular backbones. Reprinted

from Chen et al.”"

Similar trends were found for fully m-conjugated molecular wires such as oligo-phenylene-
vinylenes (OPVs) and oligo-phenylene-ethynylenes (OPEs).”'”*! This unique family of
molecular wires usually have rigid rod-like structure and small HOMO-LUMO gaps of about
3 eV. The properties of such wires can easily be tuned by changing the substituents on the

wire affecting the molecular energy levels.

The general rule of the length dependencies is that the increase of the molecular length or an
increase of the HOMO-LUMO gap results in a decrease of the conductance (figure 13).
Wandlowski and co-workers systematically investigated the conductance of a series of OPE-
type structures by varying their length and by changing their HOMO-LUMO gap keeping the

length constant. They also compared their findings to cross-conjugated (or disrupted) systems

of similar length.>
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Figure 13. The structural correlation of OPE type structures was systematically investigated by

Kaliginedi et al.”

1.1.2.2 Influence of the conjugation

As discussed above the length of a molecular wire has a large influence on the conductance of
the molecule. However, if a molecule consists of a conjugated system such as an OPE the
topological connection (ortho, meta or para) and the torsion angle (see next section) between
those units is also important. It is known that the conjugation through a benzene unit via para-
or ortho-connection unit is much better than through a meta-connection which has been
demonstrated electrochemically[53] and theoretically.[54] This useful property has been
successfully applied to a molecular wire with the intention to decouple the molecule from the
gold electrodes by changing the connection of the sulfur anchor group from the para-position
(figure 14, molecule 1) to the meta-position (molecule 2).°>! It was shown that conductance
through the para-substituted benzene in 1 was ten times higher than through the meta-
substituted benzene in 2. The reduced current through the meta-functionalized rod 2 allowed

for formation of more stable molecular junctions which was underlined by measurements at

30 K.
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Figure 14. Left: Schematic illustration of molecular junctions of 1 and 2. Right-top: a) I/U. b) dl/dU
for 1. Right-bottom: ¢) I/U. d) dl/dU for 2 at room temperature. e) I/U. ) dl/dU at 30 K. Reprinted

from Mayor et al.**!

1.1.2.3 Torsion angle dependence

Conjugated molecules have been investigated extensively over the past years. Usually,
conjugated molecules consist of a rigid structure which makes it easier to predict which actual
conformation is being investigated."®! However, the conjugation itself depends on the overlap
of the m-orbitals which can directly be correlated with the torsion angle @ between the
individual n-systems. The first correlation between the conjugation and the conductance was
demonstrated by Venkataraman et al.””! The compounds investigated were limited in their
rotation around the biphenyl sigma bond which led to the observation of a trend (figure 15A).
When the torsion angle @ was about 90° low conductance was observed and when the torsion
angle @ was about 0° high conductance was observed (figure 15B). The observed
conductance correlated linearly to the cos’ of the torsion angle @ between the two phenyl
rings (figure 15C) which was interpreted as an increased decoupling of the individual =-
systems of both phenyl rings with increasing torsion angle @ in the molecule. The cos*(®)
relationship arises from the m-orbital overlap integral Agrs which is proportional to the
resonance integral Brs (R and S are decoupled chromophores). The interaction between the
two orbitals across the sigma bond is defined by the resonance energy Ers which is known to

correlate approximately with cos ()5
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Figure 15. a) Investigated molecules with restricted rotation. b) Measured conductance with STM. c¢)

Correlation between the torsion angle and the conductance. Reprinted from Venkataraman et al.”””

The experimental approach to investigate this correlation was later improved by Vonlanthen
et al.l® They synthesized a series of biphenyl derivatives which were restricted in their

rotation around the central sigma bond by bridging alkanes (figure 16).
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Figure 16. A) Schematic illustration of a torsion angle adjusted biphenyl. B) Synthesized biphenyl
series with terminal protected sulfur anchor groups. C) Correlation between the torsion angle @ and

the conductance G,. Reprinted from Vonlanthen et al.lo”

The discussed influence of the torsion angle on the conductance is not only applicable to

(61,62

small biphenyl systems but also to larger structures like OPE type wires. It is known that

the planarization of conjugated m-system leads to a reduction of the HOMO-LUMO gap

[63

which can easily be observed by a red-shift in the absorption spectrum.'®” The correlation

between the torsion angle and the conductance has motivated many research groups to design
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and synthesize a molecular switch where a single benzene unit could be triggered to rotate in-

and out- of plane.[***"!

The effect of low conjugation through a twisted biphenyl was used to decouple an electron
rich from an electron poor system generating a so called donor-bridge-acceptor (D-c-A)
molecule.[®® If such asymmetric molecules can be integrated into an electric circuit they are
more conducting in one direction compared to the other.[*”’" This effect is called rectification
which mimics a diode device. However, the proposed rectifier 1’ contained an electron poor
fluorinated benzene unit (left), an electron rich benzene unit (right) and a central biphenyl
with two additional methyl substituents forcing the two phenyl rings out of plane (figure
17A). When the bias voltage was continuously increased, the energy levels of both units
shifted relative to each other. Whenever an unoccupied level passed by an occupied one, an
additional transport channel opened up and the current increased (figure 17B). This is an
excellent example of the influence of the torsion angle @ on the conjugation. The twist
between the biphenyl rings was already sufficient enough to decouple the donor from the

acceptor part to create a rectifier.

Figure 17. A) Molecular diode (1’). The donor and acceptor are separated by a biphenyl which is
hindered to rotate freely and thus decouples the two systems. B) Sweeping of the bias voltage results

in an increase of the current.

In chapter 1.1.2 the structure-property relationship was discussed for:

e Anchor groups
e Length of the molecular wire

e (Conjugation (topological, torsion angle)

All these factors have to be considered in the design of new functional molecules.

18



Introduction

1.2 Ferrocene compounds

In the sections above we discussed how to integrate a functional molecule into an electric
circuit and how the observed properties correlate with the structure of the investigated
molecule. Now we look at ferrocene compounds and their interesting features. But first we
have to look at ferrocene itself.

Ferrocene was first discovered by Peter L. Pauson and Thomas J. Kealy in 1951 during their

"] However, at the time the proposed structure of the

attempt to synthesize fulvalene.
bis(cyclopentadienyl) iron was wrong. One year later the sandwich-type structure was
discovered by Geoffrey Wilkinson and R. B. Woodward and independently by Otto
Fischer.”? These findings initiated a “renaissance of inorganic chemistry” resulting in the
synthesis of many metallocene complexes for which Otto Fischer and Geoffrey Wilkinson

received the Nobel Prize in 1973.

Today we know that ferrocene is a metalorganic complex with the chemical formula
Fe(CsHs), where an iron (+2) atom is sandwiched by two cyclopentadienyl (Cp) rings which
are each negatively charged. The twelve m-electrons of the two Cp-rings are shared with the
iron atom (6 d-electrons) via haptic covalent bonding resulting in an 18 electron
configuration. The two Cp-rings can freely rotate around the central axis which can be

observed by NMR and STM.["*!

1.2.1 Electrochemistry

A great feature of ferrocene is the fully reversible redox system. The iron atom can be
oxidized from iron (+2) to iron (+3) resulting in a ferrocenium with the charge of (+1). The
ferrocenium can be reduced again to ferrocene. This one electron redox process is fully
reversible which makes ferrocene especially interesting as an internal reference for
electrochemical investigations. However, the oxidation potential can be determined by cyclic
voltammetry and usually depends on the solvent and on the electrolyte concentration.”* If the
ferrocene bears any substituents the oxidation potential changes in correlation with the
electronic nature of the substituent. If for example a Cp-ring has an electron withdrawing
substituent the oxidation potential shifts to a higher potential. The reason for this shift can be

I which makes it more difficult to

attributed to the increased positive charge on the Fe™
remove a further electron. Therefore, cyclic voltammetry is an excellent tool to characterize

ferrocene compounds.
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The voltammogram determines the oxidation potential of a compound and if its redox process
is reversible or not. In addition the number of electrons involved can be calculated. As shown
in figure 18 the half-wave potential can be calculated by dividing the sum of the oxidation and
reduction potential by two. However, this is only applicable when the following criteria are
met: The difference between Ep, and E,, is about 59 mV, the ratio between I, and I,,c is 1 and

the root of the scan rate should be proportional to i,.
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Figure 18. Typical cyclic voltammogram with a potential sweep from 0 V to 0.6 V and back to 0 V.

1.2.2 Ferrocene in functional molecules

In the late nineties Yamamoto and Morikita synthesized polymers which incorporated
ferrocene units (figure 19).">"®! Their electrochemical investigations revealed a strong
influence of the substituents (on the ferrocene) on the oxidation potential of the ferrocene. The
shift to a higher oxidation potential was attributed to the electron withdrawing effect coming
from the acetylenes. They also suggested an electron transfer between the ferrocene units

within the polymer.
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Figure 19. Ferrocene polymers synthesized in 1997.%!

Ferrocene was also used to investigate the electron transfer rate through an OPE wire which
was immobilized on a gold electrode in an electrochemical setup (figure 20).77°11 The OPE
had a thiol anchor group on one side and a ferrocene on the other. The OPE was incorporated
into a non-conductive SAM. The groups of John Smalley and Marshall Newton used an
indirect laser-induced temperature jump technique (ILIT) to measure the transfer rate through
the OPE. They could show that the large conformational dispersion of an OPE (due to free

rotation of the benzene units) has an enormous influence on the electron transfer rate.
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Figure 20. The electron transfer rate through OPEs of different length was investigated by

Smalley et al.[°"

Lawrence Sita and coworkers proposed a molecular wire 3 containing a central ferrocene with
a conductance of 0.7 Gy (figure 21).”® The authors sugguested the presence of a low-lying,
high-transmission molecular energy level in the ferrocene-wire which matches the Fermi
levels of the electrodes. The molecule was integrated into a gold junction produced by
electromigration. The observed conductance seems to be unusually high for an organic
molecule!” raising two big question marks during the study of this paper. The first one
concerns the electromigration technique. Even though the technique is suitable to include a
gating electrode, but the formation of the nano gap could not be well controlled at the time
this work was published. In addition local coulomb heating as well as the creation of artifacts

due to the junction formation cannot be ignored.
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Figure 21. Left) Molecular wire 3 containing a central ferrocene with an observed conductance G, of

0.7. Right) Possible conformation of 3’ stabilized by n-n interactions.

The second concern is about the structure itself. The two OPE arms can freely rotate around
the ferrocene joint forming a double wire 3° which can be stabilized by m-m interactions
(figure 21, right). One cannot rule out the presence of such a double wire 3’ during the EIBJ
experiment. The actual measurement of two OPE rods could explain the observed
conductance of 0.7 G,.

The group of Lawrence Sita and the group of Holger Butenschon synthesized other flexible

(8081 However, they have not been able

molecular wires which contained two ferrocene joints.
to integrate these wires into any junction which can probably be attributed to the strong

flexibility and therefore to the formation of multiple possible conformations (figure 22).
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Figure 22. Synthesized molecular wires. The top two have been synthesized by Engtrakul et al.*” The

lower three have been synthesized by Ma et al./*"
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The group of Nongjian Tao reported the electrochemical gating of a ferrocene compound
incorporated in a STM break junction.®™ They measured two model compounds (figure 23A)
and observed an increase in conduction upon electrochemical oxidation of the ferrocene (B).
Although, the constructed conductance histograms showed broad rather than distinct peaks
(D) the trend to an increase in conductance could nicely be demonstrated (B). The fluctuations
in the conductance were attributed to the possibility that the oxidized ferrocene could again be

reduced which they believed is possible at low gate voltage.
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Figure 23. A) Model compound for electrochemical gating. B) The increase in conductance is shown
upon oxidation of the ferrocene unit. C) Conductance traces of the top molecule in its reduced state.

D) Conductance traces of molecule 4 at a gate voltage of 0.7 V.

The conductance increase associated with the oxidation of the ferrocene was 8-10 times
higher compared to its reduced form. This work demonstrated for the first time the

electrochemical gating of an integrated ferrocene compound.
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Another concept of an electrochemical gated ferrocene switch was introduced by Davis et
al.®®! They embedded an OPV type structure 5 terminated with a ferrocene into a SAM of
dodecanthiol (figure 24). The dodecanthiols were chosen because they have the similar length
compared to the OPV molecule 5. Event though, the molecules have the same length, the
ferrocene compound appears to be 4.5 + 0.8 A higher than the dodecanthiols. The observed
height-change can directly be correlated with the difference in conductance. They observed
that the tunneling current sensitively dependent on the underlying substrate potential. The
relative conductance (on/off state) was topographically estimated. They calculated a

conductance ratio of about three orders of magnitude.
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Figure 24. Top) Ferrocene-wire S apparent electrochemical STM (EC-STM) height modulation
(black squares with a Gaussian best fit) at varying substrate potential, obtained in 10 mM phosphate
buffer, pH 7.0; current set-point 0.2 nA, tip-substrate bias 0.2 V. Normalized molecular conductance is
tuned by applied potential, reaching a maximum near the half-wave potential. Bottom) 3D
representation of the conductance gating of a single molecule of 5. The tunneling current increases to a
maximum close to the electrochemical midpoint potential (E;,,), falling off at potentials either side of
this. These contrast changes can be used to calculate the relative conductance (G) of states compared
to the “off-resonance” height observed at potentials far from E;,. In defining the latter as G,, G/G,
then corresponds to the magnitude of conductance switching (values here generated by averaging over

37 single molecules).
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This was a nice demonstration to gate a ferrocene molecule electrochemically. However, the
previously discussed ferrocene wires 4 and S were the only ferrocene compounds which have
ever been successfully gated between two electrodes and their molecular backbones were
rather low conducting. All these facts motivated our group to synthesize a molecular switch
which consisted of a redox active ferrocene integrated into a highly conductive OPV
structure. Sergio Grunder synthesized in his PhD work a ferrocene compound which was

)B4 Compound 6 was

connected to two sulfur terminated styrene units (figure 25, left
measured by Songmei Wu within her PhD work at the University of Basel.[” They built a
MCBJ in a liquid cell containing a reference electrode and a counter electrode. In this setup
the source and drain electrodes become the working electrode (also called working electrode 1
and 2). The potential drop between the working electrode and the reference electrode can be

used to gate the electrochemical cell (or electrolyte). The gating is controlled by a potentiostat

(Figure 25, right).
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Figure 25. Left) Proposed molecular switch 6. Synthesized by Sergio Grunder. Schematic drawing of

MCBIJ combined with an electrochemical cell. Reprinted from Sergio Grnder.™!

The conductance was first measured with the reduced form of molecule 6 (figure 27, left).
The conductance was about one order of magnitude lower compared to an OPV of similar
length.*®! A reasonable explanation was that the current needed to pass through the ferrocene
itself, thus resulting in a lower conductance. On the other hand Seferos et al. demonstrated
with their cyclophane OPV 8 (figure 26) that the conductance through space (due to m-m

interactions) can be just as good as a fully conjugated OPV 7.1
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Figure 26. Similar conductivities have been observed either through the fully conjugated OPV 7 (left)

or through space as in molecule 8 (right).
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Figure 27. Left) Conductance histogram of compound 6 showing a conductance peak at 3.72 - 10” G,.
Right) Electrochemical gating of OPV 6. The conductance increased upon oxidation to 1.29 - 10™ G,.

Figure 27 shows the conductance histogram of compound 6 measured in MCBJ using an
electrochemical cell.[) The conductance peak of the neutral molecule occurred at 3.7 - 10™ G,
with 250 consecutive curves. The potential was then slowly swept to a positive potential
(+0.6 V). During this oxidation the conductance increased up to 1.29 - 10* Gy almost one
order of magnitude higher compared to the neutral state. This experiment showed that the
concept of electrochemical gating works on a redox active molecule which is electronically
rather strongly coupled to the electrodes. All the molecules investigated in previous studies

had a weak electronic coupling which should have made gating much easier.!"”!

As seen in the discussed examples above, ferrocene is a very interesting molecular building
block. In this thesis we wanted to explore new synthetic strategies to incorporate the redox
active ferrocene into conducting molecular wires. The individual concepts are discussed

below.
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1.3 Functional Macrocycles

So far functions of small molecules integrated between two metal junctions have been
discussed. Such small functional molecules are ideal candidates to investigate the structure-
property relationship, however, when we think about applications these molecules are already
too small. When larger molecules are considered as functional components the syntheses
become more and more challenging. Currently when electrical functions are mimicked it is
usually done by an interplay between different molecules also known as supramolecular
architectures. Excellent examples for such structures are rotaxanes and catenanes.®™**" For
example, rotaxanes are mechanically interlocked systems and consist of a molecular rod
threaded through a macrocycle. The rod usually bears large stoppers to prevent the
macrocycle from leaving the system (figure 28, left). Catenanes are mechanically interlocked
macrocycles consisting of at least two macrocycles (right). In these supramolecular structures
the macrocycles (and the molecular rods) are often equipped with functional groups which
can be externally triggered to change their property. This often leads to a translation in case of

rotaxanes or a rotation in the case of catenanes. The systems are usually bistable which

enables switching from one state to the other. Many functional groups have been integrated in
[88-90

such systems to trigger the motions chemically, electrochemically or by light. !'In figure

28 (left) the principle of a translational movement is illustrated schematically.

AO_ J 3 Komng,e-blueo_ ol D
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Figure 28. Left) [llustration of a rotaxane where the macrocycle shuttles from one state to the other.
Right) Illustration of a catenane where the macrocycle itself can be triggered to rotate around another

macrocycle.

Initially the macrocycle sits on the preferred station (A, orange). The blue station then reacts

thus changing its affinity towards the macrocycle (B, blue — green). The macrocycle then
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shuttles to the now-preferred station (C, green). If the reverse reaction on the green station
(green — blue) occurs the macrocycle shuttles back to its original position. The same
principle can be applied to catenanes where the macrocycle can be addressed directly as
illustrated in figure 28 (right). All these systems profit from intermolecular interactions and
that the functional groups are covalently integrated into the macrocycles or into the threads.

The synthesis towards such functional macrocycles remains challenging especially when

[91.92.90] oo

more rigid systems are envisaged which give a direction to the functionality.
examples of such rigid macrocycles are shown in figure 29. Macrocycle 9 has two integrated
azo-joints which isomerize upon irradiation of UV-light and therefore change the
conformation of the macrocycle. The shape of the macrocycle can be switched several times
between the E- and Z- conformation.”” Macrocycle 10 consists of an OPE-wire and an

electronically passive bridge. The nitrogroup on the revolving central benzene ring can

interact with the hydrogen from the opposite benzene ring. These interactions could be

controlled electrochemically which would allow the ring to lie in plane with the other benzene
.94

rings (more conductive) or be rotated out of plane (less conductive

N O OCqzHa2s
(O
OC12Hazs
(o
[¢] O OCqoHos

Figure 29. Two rigid macrocycles which have an integrated functionality.

Both macrocyclic structures required a well-planned multi step synthesis. Since one goal of
this work was the development of a synthetic route towards an electrochemically switchable
macrocycle, we summarized all synthetic concepts and strategies of phenyl-acetylene
scaffolding and published the results as a micro-review in the European Journal of Organic
Chemistry.” This collection is presented in the next chapter and has been written together

with Tom Eaton and Marcel Mayor.
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1.4 Phenyl-Acetylene Bond Formation

Structure-property relationships are at the heart of a scientists’ interaction with nature. From
peptides to molecules, the spatial arrangement of functional groups in a substance plays a
dominant role on its properties and function.”® Defining the structural architecture of a
molecule in order to systematically investigate the effect this has on its physical properties
requires the synthesis of complex organic molecules from much smaller, simpler building

blocks. Palladium-catalysed coupling chemistry has provided a fast and efficient method for

97,98

the formation of new C—C bonds"”"**! and has revolutionized the synthesis of macromolecular

structures. The importance of cross-couplings to synthetic organic chemistry has finally been

recognised at the highest levels, the topic being awarded the 2010 Nobel Prize in

98,99]

Chemistry.! To our surprise, sp'—sp” cross-couplings were not mentioned by the

Committee in their announcement, despite the importance of this coupling reaction.

The acetylene functional group in particular provides its own advantages over other C—-C

[100

bonds providing both enhanced rigidity and conjugation.!'””! Sonogashira couplings are a

[101,102

facile way to introduce acetylenes, I classically involving the coupling of an acetylene to

an aryl halogen centre!'®®! allowing for conjugated m-systems to be formed from suitable
building blocks. This micro-review describes synthetic strategies for the formation of suitable
building blocks geared towards the assembly of larger molecular architectures. The structural

motif of phenyl-acetylene bonds finds use in applications as diverse as; molecular

[104] [105] [106] 107,108]

electronics, Nnano-sensors, liquid  crystals, natural  products,!

[109] [110,111] [112]

optoelectronics, organic-inorganic hybrid structures , surface functionalisation

[113]

and cell imaging amongst many others. In many instances acetylene couplings are

114] [115

preferred over Suzukil''*! or Stille!'"® direct sp’—sp” couplings as they can be essential to

achieve coplanarity, increasing the m-conjugation length and decreasing the HOMO-LUMO
gap. This has been shown for various chromophores including NDIs,!'®
oligophenylethynylenes (OPEs),!"''"81 BODIPYs!"'"” and substituted porphyrins[lzo] which

show a marked bathochromic shift in absorption.

Phenyl-acetylene scaffolds became very popular through the 90’s as a facile method to

assemble large organic molecular architectures focusing on the synthetic challenge, function

[

being a secondary consideration. ['°“'*!! Since then the function of molecules has displaced

structure as an objective, as has been demonstrated with bottom-up approaches towards

121" Acetylenes in shape-persistent macrocycles!'” have been

[

functional graphene sheets.!

shown to display liquid crystalline behaviour'°” and self-organisation on a surface.!'*! These
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properties require precise control over functional group orientation within the building blocks

prior to macrocyclisation. With the correct spatial orientation m-m aggregation can also be
125,126]

induced.!

=
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Figure 30. Examples of phenyl-acetylene structures.

In figure 30 four typical examples from different areas of synthetic chemistry illustrate the
breadth of systems in which phenyl-acetylene bonds are found. Three dimensional (3D)
structures in particular represent another level of complexity in structure-property
relationships. Protein folding and DNA helices are naturally occurring examples of the
bearing structure can have on function at the molecular level. Chemical approaches to mimic
the controlled assembly of such massive biological systems are very difficult to replicate. As
synthetic organic chemists we can try to imitate this complexity, using a bottom up approach
[127]

by combining suitable building blocks. Pioneering work by Jeffery Moore and co-workers

on 3D cages required precise control over the substitution patterns of their building blocks in
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order to achieve 3D architectures such as compound 11. The context of this micro-review is to

cover the relevant synthetic toolkit required to imitate such syntheses.

In the field of molecular electronics, structure-property relationships of single molecules can

be investigated using phenyl-acetylenes. Structure 12 was designed around the macrocyclic

turnstile from Jeffery Moore!'**

[129

in order to study switching behaviour by molecular
rotation.'*”! The synthesis of such a complex structure with the substitution pattern found in
12 is a challenge, requiring a well-planned strategy involving the correct choice of
disconnections and suitable protecting groups in order to overcome issues of reactivity and
stability.["*"! The successful synthesis of 12 made extensive use of the strategies discussed in

this micro-review.

In natural product synthesis phenyl-acetylenes are found both in synthetic intermediates and
in target compounds, often introduced by Sonogashira reactions."'””! A phenyl-acetylene bond

)[131]

was introduced to a precursor en route to (—)-Heliannuol E (13 a natural product found in

sunflowers.

In materials chemistry dendrimer-like structures such as 14 have shown very large
intramolecular charge transfer interactions, and therefore a very high uptake of electrons. This
allows for the possibility of making a molecular battery. Francois Diederich and co-
workers!'** required the formation of an electron rich acetylene moiety in order to facilitate a
[2+2] cycloaddition reaction to form molecule 14. This demonstrates the tunability of
acetylene reactivity possible by changing the local electronic environment. The enhanced
reactivity of acetylenes has recently been popularised with the advent of “click”
chemistry."**! The scope of this micro-review is limited to the most important tools and
strategies required for the assembly of acetylene-phenyl building blocks, with a view towards
the formation of larger nanoscale architectures, as acetylene scaffolds and the formation of

substituted 1,4-butadienes is well reviewed elsewhere.[190-134]

1.4.1 Synthetic Strategy: where to make the disconnection

The first step in any synthesis is to settle upon a target structure, this will depend upon the
required mechanical, optical, or binding properties of the compound in question. Once a target

has been decided upon, retrosynthetic analysis, as reviewed by Elias Corey!'*”

represents a
powerful tool in the design of a successful synthesis. When making a retrosynthetic analysis

of sp' and sp® hybridised carbon systems, with the intention of performing palladium
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catalysed cross-coupling reactions, there are a few important generalisations to bear in mind
(figure 31). The principle consideration is which phenyl group contains the halogen (acceptor)

component and which contains the acetylene (donor) component.

J NS — /7 \
% X

— R@ @R or R@ o)

It Il 1l Il

X=1,Br,Cl,OTf,N;* Y= =—H

R1 RZ RZ

Figure 31. Retrosynthesis of the phenyl-acetylene bond.

This seemingly arbitrary decision about where to place a disconnection and which side should
be al (acceptor) and which d1 (donor), can make the difference between success and failure
in the elucidation of the target compound. Most syntheses can be classified as either following

[136] where the building blocks are assembled

the principles of convergence or divergence,
together before attachment to a central unit (convergent) or building blocks are assembled
directly onto a core substituent (divergent). Narita et al.'*”) have employed the use of just
such a change in disconnection in their convergent synthesis of star-shaped oligothiophenes
(scheme 1). Under the same coupling conditions of Pd(PPhs)s, Cul and NEt; but by changing
which building block was the acceptor and which was the donor, they were able to obtain
their target stars. Method A involves the coupling of iodo-polythiophene 15 (acting as al) to
acetylene functionalised benzene rings 17, 20 and 23 (acting as d1). Method B exchanges the
position of the acetylene onto the acetylene-functionalised polythiophene 16 (acting as dl)
and the halogen benzenes 18, 21 and 24 (acting as al). For the tri-functionalised star 19
method B afforded a higher yield. For 22 both approaches are comparable and for 25 only
method A formed the product. This could be due to the switch to hexabromobenzene (24) in
place of hexaiodobenzene for method B, possibly required due to the very low solubility of

hexaiodobenzene. This example illustrates the bearing which the choice of disconnection can

have on the outcome of a synthetic strategy.
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Scheme 1. The effect of changing the acetylene disconnection.

After proposing which disconnections should be made, and which mode of assembly, either
convergent or divergent, shall be employed one can then turn to the formation of these
proposed building blocks. In section 1.4.2 on chemoselectivity we will discuss the tuning of
the acceptor (halogen, triflate, N,") and how the insertion of more than one of these
components allows for selective couplings providing a great deal of control over building
block assembly. When it becomes difficult to obtain this precise control one can employ the
technique of masking which we discuss in section 1.4.3. Masking deals with the
transformation of one functional group into another, presenting the best in reaction control. It
differs from a protecting group (PG) in that direct cleavage of the masking group is not
possible. A functional group interconversion (FGI) is first required before the site would
become active to the reaction conditions. This allows for greater functional group tolerances
to be achieved with the same building block. Differing electronic properties and subsequent
reactivity can also be achieved through masking, for example in the conversion from a nitro to

an amine and finally into an iodine.

Addition of an acetylene moiety to any building block usually requires a PG unless one uses
molecular acetylene. The range of available PGs is discussed in section 1.4.4 where the
relative advantages of processability, solubility, ease of deprotection and the matching of

different PGs to achieve orthogonality are explained. Then we turn to the special case of
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statistical coupling and deprotection reactions which allow for the introduction of asymmetry
to an otherwise symmetric (for example containing the ideal symmetry elements C, or Gy)
building block. By this, we mean performing a ‘statistical reaction’ on only one reactive site
where two identical ones are present, thereby introducing ‘asymmetry’ to the molecule. This
asymmetry can be introduced either by manipulation of functional groups prior to application
of cross-coupling reactions, an idea expanded upon in section 1.4.2, or by performing a
statistical cross-coupling as discussed in section 1.4.5 + 1.4.6 below. A third option is to
perform a statistical deprotection of protected acetylenes bearing the same protecting groups.

[138139] .o o

Oligomer and macrocyclic syntheses often contain examples of these strategies
library of functionalized compounds are desired and it can be easier to use the same building
blocks which can be statistically functionalised to introduce diversification in the number of

target structures.

When side-products, including diacetylenes or polymerisations in a macrocycle forming
reaction are an issue, in situ deprotection of the acetylene moiety in the presence of the
Sonogashira coupling agents can lead to improved yields or even elicit an otherwise
unattainable compound. These in situ reaction strategies are discussed in section 1.4.7
followed by examples in section 1.4.8 bringing all the concepts we have mentioned together,

but first we turn to the role of palladium and copper in Sonogashira cross-couplings.

Mechanism of the Sonogashira Reaction

Below we briefly summarise the currently accepted mechanism of the Sonogashira reaction,
with a focus on gaining a better understanding of the problems which can occur and how to

avoid the formation of side-products, such as di-acetylene homocoupled product or

140 [101,103

conjugated enynes.'*”) The generally accepted catalytic cycle I for the copper co-
catalyzed cross-coupling reaction is believed to take place through two independent catalytic
cycles (scheme 2). The palladium catalysed reaction (cycle A) starts with a fast oxidative
addition of the al acceptor (Ar-X; where X =1, Br, Cl, OTf, N2+) to the active catalyst

generated from the initial palladium complex.

It is known that electron donors such as phosphanes, amines and ethers, used as ligands and

[141

solvents can reduce palladium(Il) species, to the palladium(0) complex.!"*"! The electronic

nature of the substrate which adds to the palladium(0) is very important. Electron
withdrawing groups on the substrate reduce the electronic density of the Ar-X bond and

therefore facilitate the oxidative addition.!'*>!43
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Scheme 2. Catalytic cycle of the palladium/copper co-catalysed Sonogashira cross-coupling reaction.

The second step is a transmetallation with a copper acetylide generated in cycle B (scheme 2).
This is usually the rate determining step. After a cis/frans isomerization and a reductive
elimination the cross-coupled product is formed and the catalyst is regenerated. The copper
cycle (cycle B) is still poorly understood. It is believed that the base abstracts the acetylenic
proton of the terminal alkyne, thus forming a copper acetylide in the presence of the copper(I)
salt, but the amines used are usually not basic enough to deprotonate the alkyne to make the
anionic nucleophile that should form the copper acetylide. Therefore, a m-alkyne-Cu complex
could be formed. The coordination of the copper would make the proton much more acidic
and therefore easier to abstract by a weaker base. These copper acetylides could also be

involved in the formation of the active Pd’L, complex (scheme 3.1l

Cu*X
Base ]

H-C=C-R
HX—Base\/
\\, H-C=C-R

Cu-C=C-R
Cu*x R
=
PhsP\Pd”,CI / PhsP\Pd“,C
Ph Ph

Pl PdOL,
P Q%\R i

R-C=C-C=C-R

Scheme 3. Possible formation step of the active catalytic species.

Some questions still remain about the nature of the real active catalyst. Some results indicate
that an anionic palladium complex would be the active species if anions or halides are

present."* The mechanism of the copper free Sonogashira cross-coupling reaction is also not
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very well understood (scheme 4). It should be noted that the absence of trace copper in
otherwise ‘pure’ metals such as palladium is an area of contention. Traces of copper below
current detection limits may still be present which could influence the reaction mechanism. In
any case the first step must be the same oxidative addition of an Ar-X to a Pd"L, complex as
in the copper co-catalyzed cycle discussed previously (scheme 2). It is commonly accepted
that the alkyne coordinates via a ligand exchange process to the palladium(Il) complex. This
complexation increases the acidic nature of the proton which is then abstracted from the base
to form the new complex ArPd(C=CR)L,, which affords the coupling product by reductive

elimination.

Ar———R PdOL, Ar—X
b b
Ar-Pd—=—R Ar-Pd-X
L L
H——R

RyNH* X L .
RN + L ArfPide
H——R

Scheme 4. Proposed mechanism of a copper-free Sonogashira cross-coupling reaction.

Terminal acetylenes can also play an important role in the palladium cycle. It is possible that
the terminal alkynes coordinate the palladium(0) complex prior to the oxidative addition step,
thereby producing a decelerating effect by formation of unreactive or slow-reacting (-
RC=CH)Pd’L, complexes.!'*! The stationary regime of a catalytic cycle is more easily
reached if the reaction rates of all the elemental steps are as close as possible to each other.
This can be achieved by accelerating the rate-determining step or decelerating the fast

(1461 If the oxidative addition step is faster than the

reactions by stabilizing high-energy species.
transmetallation step, the decelerating effect of the alkynes provides a better efficiency for the
catalytic cycle, bringing the rates of the two steps closer together. This can be enhanced by
increasing the reaction temperature. However, if the oxidative addition step is slower than the
transmetallation step, as is the case for arylbromides or arylchlorides, it becomes even slower
in the presence of the nucleophilic alkynes and the catalytic reaction would become less

efficient.

To improve the yield of a Sonogashira cross-coupling reaction one should screen a few

standard palladium catalysts such as; Pd(PPhs)s, PdCly(PPhs),, Pd(OAc), and Pd(dba),
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combined with different bases at different temperatures. If the yields are still not satisfactory
the design of new ligands for the palladium complex should be considered or a change in the
retro synthetic strategy is required. In this review we want to focus on the strategic approach
and not on the optimization of the palladium catalyst as this has already been extensively

covered in other reviews. 141:147:148]

1.4.2 Reactivity and Chemoselectivity of Phenyls

While symmetric systems are more easily assembled than asymmetric ones there are many
applications where an inherent asymmetry is required, such as push-pull systems and
molecules for use in the field of molecular electronics."**'**!**) Building blocks for
Sonogashira cross-coupling reactions require the presence of acceptor groups to undergo
oxidative addition. The order of reactivity of halobenzenes towards oxidative addition to
Pd(PPh3); was found by Fitton et al. '**'* to be Ar-I > Ar-Br > Ar-Cl with large enough a
difference in reaction rates to allow for high chemoselectivity. Over the past decades, many
research groups have developed catalytic systems which promote the oxidative addition of

arylbromides!”""** and arylchlorides.'”>"*" Besides arylhalides, aryltriflates!> and
aryldiazo-compounds!**"*” have drawn a lot of attention over the past few years. The use of

these functional groups as acceptors will be discussed later.

The order of reactivity of the arylhalides can be used to sequentially introduce acetylenes
bearing orthogonal protecting groups onto a multi-functionalized building block. This method
stands in contrast to a statistical approach, which works well as long as the central parts of the

desired building blocks are symmetrict'>*!*"]

and as long as chemical waste is not an issue.
However, if the building block is asymmetric a statistical approach leads to more side
products and the purification can become difficult and time consuming. On the other hand,
designing an asymmetric iodo-bromo-benzene compound which has an extra functionality in

(1) demonstrated a nice approach to

a preferred position can also be difficult. Sigurd Hoger
control the chemoselectivity to form such an asymmetric iodo-bromo-benzene building block

(scheme 5).
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Scheme 5. Chemoselective introduction of halides using substituent control.

He reported two strategies for the synthesis of monoalkylated hydroquinones 26 and 27
containing a bromine and an iodine in the 2- and 5-positions (schemes 5 and 6). The
difference in reactivity of the halogens in 26 and 27 towards palladium(0) species allows for
selective transformations to orthogonally protected acetylenes. This allows these positions, as
well as the phenolic groups present, to be further functionalized.!"®"! The different ortho-
directing-powers'' (ODP) of the substituents on the benzene ring were used to selectively

introduce an electrophile such as 1odine or bromine.
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Scheme 6. Chemoselective introduction of halides using substituent control.

The fastest route to an asymmetric molecule can often be to start with a symmetric compound,

and introduce the asymmetry by controlling the equivalents of reagent added. Manipulation of

[163]

functional groups, such as halogen exchange or —OH protection are good examples.

Statistical couplings and deprotections are further expanded upon in sections 5 and 6.

38



Introduction

R R R
1) nBuLi, -80°C Pd(PPha),Cl.

Br g )mBuLl80°C I PAPPhe)Cl, | g — TMs
2) ICH,-CHal Cul, Et,;NH

R R =—TMS R
86-88%
93-96%
28 29 30

R = Isopentoxy or CgHq3

Scheme 7. Halide exchange to allow selective introduction of TMS-acetylene.

In order to avoid a statistical coupling to make 30, Adelheid Godt and co-workers!'®!! found
conditions for a selective halogen exchange in their synthesis of monodispersed OPEs
(scheme 7). Using nBuLi at —80°C was necessary in order for a clean transformation from 28
to 29 after quenching the lithium salt with I-CH,-CH,-1. Chemoselective palladium catalysed
coupling of TMS-acetylene with the iodine of 29 afforded the asymmetric building block 30.

This was then used in a successful coupling sequence, eventually forming an octomeric OPE.

The use of alternative acceptor groups for performing the oxidative addition in palladium
catalysed reactions are becoming more prevalent. A triflate (—OTf) leaving group is not as
reactive as iodine but has a similar reactivity to that of bromine. The biggest advantage of a
triflate-strategy is the possibility to have a hydroxy group present on a building block which
can be transformed into a triflate at any time. The hydroxy group can be protected if other
reaction sequences do not tolerate the presence of a free alcohol. Many

11651 and a suitable strategy

protection/deprotection protocols for hydroxy groups are known
can be chosen for a longer reaction sequence. A selective alkynylation of bromo-aryl-triflate
31 (scheme 8) was reported by Tamio Hayashi and co-workers!'® They showed that aromatic
compounds bearing both bromine and triflate can undergo a selective replacement of either
bromine or triflate by an acetylene group. It was found that the triflate group was selectively
replaced by the acetylene group to give 34 in 96% yield when PdCl,(alaphos) and
phenylethynylmagnesium bromide (32) were used. On the other hand, under standard

Sonogashira conditions, preferential substitution of bromine to give 35 was observed,

although the selectivity was lower, with a purified yield of 73%.
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Scheme 8. Control of acceptor group substitution by changing the donor and active catalyst species.

To compare the order of reactivity towards the PdCl,(alaphos) catalyst an iodoaryl triflate
derivative 36 was used instead of the bromoaryl triflate 31 to make 37 (scheme 9). It was
shown that the order of reactivity of the leaving groups on an aromatic ring is iodine > triflate

> bromine in the Grignard cross-coupling reaction catalyzed by PdCl,(alaphos).

I@OTf
36
Br@ = MgBr Br O — O oTf
= PdCl,(alaphos)

LiBr 37
91%

Scheme 9. Grignard cross-coupling reaction.

Aryldiazonium salts, such as 38, represent an attractive alternative to aryl-halides or triflates
because of their higher reactivity,.””! their formation under milder conditions, their
availability from inexpensive anilines, and because additional base is not required in several
applications (scheme 10). The reaction of 33 and 38 occurs under mild conditions in the
presence of nBuyNI and proceeds through a domino iododediazoniation/Sonogashira cross-
coupling sequence to give 39. Good to excellent yields are usually obtained. A variety of
alkyl, aryl, and heteroaryl substituents on the alkyne substrate can be used and many useful
functionalities including bromo-, chloro-, keto-, ester-, ether-, cyano-, and nitro-substituents
on the aryldiazonium salt are tolerated. The entire aryldiazonium  salt
synthesis/iododediazoniation/cross-coupling sequence can also be performed as a one-pot

domino process, omitting the isolation of the arenediazonium salt./">”
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Scheme 10. Diazonium salt as acceptor in a Sonogashira cross-coupling reaction.

While the use of different acceptor groups to enable selective couplings to a building block
may be more aesthetically pleasing, in some instances a statistical approach incorporating
orthogonal protecting groups can afford target structures in fewer transformations. It is often
possible to obtain a higher yield of product from a single step statistical reaction than the
overall yield from a series of non-statistical reactions. These possibilities of breaking the
symmetry of a building block are discussed in section 5 and we hope that by using a

combination of these approaches a best fit to any synthetic route can be made.

1.4.3 Masking: using functional group interconversions to control reactivity

With increasing demand for enhanced functionalities of macromolecules, the design and the
retrosynthetic strategies have become more and more challenging. Multiple aromatic
substitutions of arylhalides do not always work with a statistical approach. Reasons for this
can be ecological (additional waste), economical (increased costs) or simply isolation
problems in the lab. Therefore a more selective and efficient strategy must be chosen. As
described above, the different reactivity of aryl halides towards oxidative addition to the
palladium(0) species could be a useful tool. This strategy is limited to building blocks, which
can survive harsher coupling conditions such as high temperatures or long reaction times

(1421531 If the nature of the

owing to the reduced reactivity of arylbromides and arylchlorides.
building block does not allow for these harsher conditions, one is limited to the more reactive
aryliodides. This again raises the issue of the selectivity when more than one iodine coupling

site is required.

To avoid a statistical coupling approach, masking of the halide should be considered. The
ideal masking group should be readily available, stable to a variety of chemical conversions
and conveniently transformed under mild conditions in a high yield to the desired aryl halide.
A useful masking group for an iodine is an amine, which has additional advantages and
disadvantages for further functionalization on the benzene core by means of activation or

[130

deactivation'"*"!. The reactivity of the aromatic system can be tuned by the introduction of a
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nitro group as a precursor to the amine, switching from an electron rich to an electron poor
system. The transformation from an amine to an iodine is well known and was first reported

41" However a free amine can also act as a d1 coupling

by Traugott Sandmeyer in 188
partner, known as a Hartwig-Buchwald reaction,!'®®'®? leading to side products. As a
consequence the amine may need to be protected in order to increase its stability towards the
reaction conditions and yet it should still be labile enough to be deprotected and subsequently
transformed into an iodine. Jorge Barrio has reported on the conversion of 1-aryl-3,3-

0701 or sodium iodate.['”!)

dialkyltriazene 40 to aryl iodides using either trimethylsilyl iodide
This protocol was later improved by Moore et al.l'” using methyl iodide as the iodine source

to make 41 (scheme 11).

R
N=N CHjsl
@—N R 100-120°C, @I
sealed tube
40 95% M
R = CyHs

Scheme 11. Functional group interconversion of triazine into iodine.

The triazene 40 can easily be made from the amine derivative!' ") (see scheme 13) and the
reaction can be performed with equal success using various N,N-dialkyl substituents. In fact,
it was found that pyrrolidine triazenes have a greater tendency to form crystalline solids than
the corresponding N,N-dialkyl derivatives. Thus, the pyrrolidine triazenes can easily be

purified by recrystallization.

A very nice example was shown by Jeffrey Moore and co workers.!'” They used a divergent-
convergent approach to synthesize an oligo-phenylene-ethynyne (OPE) structure 44
(scheme 12).
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= X =

Mel
O 110°C O
Scheme 12. The final convergent step in the divergent-convergent OPE synthesis.

The diethyltriazenyl/trimethylsilyl functionalised structures 42 and 43 are the parent
compounds. Desilylation and exchange of the triazenyl substituent for an iodo substituent are

the two divergent steps, followed by the alkynyl—aryl coupling, the convergent step.

Another interesting strategy is masking the acetylene itself. This requires having a functional
group in place which can later be transformed into an acetylene. There are several methods
described in the literature of how to convert a carbonyl into an acetylene (Corey-Fuchs'’™,
Seyferth-Gilbert'™). The problem with such an approach is the reactivity of the carbonyl
towards a nucleophile. An extra protection/deprotection step would be necessary. A very nice

[176] They used an acetyl group

alternative was reported from Ei-ichi Negishi and James Tour.
to mask the acetylene (scheme 13). First an enolate was formed using LDA, which was then
trapped with diethyl chlorophosphate to afford an enol intermediate. After elimination to form
an acetylene, a further equivalent of LDA formed an acetylide anion. This was then quenched
with trimethylsilyl chloride to afford the TMS-protected acetylene 45. Tour et al.l'’”]
(scheme 13) nicely showed the synthetic power of these two masking strategies to synthesize

46 using an iterative approach.
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1.LDA
2 1.HCI, NaNO, AR _2.0PO(OEY, _ FNTN
HoN T E——— N —SiMe;
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4. Me;SiCl 45
94%

R
Mel |©%SiMe3
/ 92-99%
R
Et2N34®%SiM63
R

K,CO;4 .
MeOH EtoNs =H

96-98%

57%

Pd(dba),, Cul, R
PPh,
i EtoN; =1 SiMe;
iPr;NHITHF
2

78-90%
46

R = CH,CHj or 3-ethylheptyl or C4,Hos

Scheme 13. Masking of both the donor and acceptor.

Another Masking group was used by Are Liitzen and co-workers.'®!"! They introduced a
dimethylpyrrole moiety to protect the amine in 47. This masking group is suitable for cross-
coupling reactions followed by a diazo formation and iodine substitution to form 48

(scheme 14).

<:> ( > _Pd(PPha), . . _NaNO, . . |
CsF THF, sto4
A, 15h

83 94% 54- 91% 48

R = OMe, CI, CN, NO,, NMe,, Br

Scheme 14. Functional group interconversion of dimethylpyrrole into an iodine.

This method is an alternative to the triazene strategy introduced above. The advantage of the
pyrrole masking group is its fast transformation into an iodine at room temperature. It

typically leads to fewer side products during a coupling reaction compared to a free amine.

1.4.4 Acetylene Protecting Groups (PGs)

During the design of a successful synthetic route disconnections must be made which
correspond to viable building blocks. Consideration should be given to which moiety should
act as the acceptor and which as the donor, as was discussed in section 1.4.1. At the same time

suitable PGs should also be considered. In order to aid this process below is a selection of
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known acetylene PGs. Each is discussed in turn, listing the relative advantages, disadvantages
and the conditions under which the acetylene-H will be revealed and therefore made active to

coupling conditions.

Protecting groups currently play a vital role in organic synthesis allowing very complex
structures to be assembled by careful choice of the PG and the order of assembly.!"* In most
syntheses PGs are required due to a lack of reaction selectivity. In acetylene based molecular
structures PGs are used to enable the introduction of acetylene units. The use of acetylene gas

t,'%) leaving aside the obvious difficulty of

would simply give rise to the di-coupled produc
using such a reagent. In this section we will focus on the most common acetylene protecting
groups representing the donor moiety of the cross-coupling cycle. See section 1.4.2 for a

discussion of the acceptor moiety.

The choice of acetylene PG should consider its functional group tolerance and ease of
removal, however these are not the only considerations. The PG may also engender other
favourable properties to a synthesis including, orthogonality (expanded upon below),
increased polarity to aid in purification on silica gel, increased solubility, stability, and the

possibility of statistical or in situ deprotection.
Acetylene Protecting Groups

Silyl based protecting groups have been particularly popular due to their early adoption and
ease of removal, either under mild basic conditions or using fluoride ions (F") in protic
solvents. Increasing bulk around the silicon centre engenders increased stability which can be

U1 This range of

used for selective removal of less bulky silyls faster than bulkier ones.
stabilities to basic conditions can be employed, culminating in the use of an F~ source, which
will cleave all silyl PGs. Thus when multiple silyl protecting groups are present, sequential
lability can be employed to deprotect specific acetylenes and after further coupling build up
larger structures with a specified substitution pattern. They are most often formed by the
reaction of a chlorine substituted silicon centre with ethynlmagnesiumbromide. There are
many possible acetylene PGs!'®! however we shall only summarise the most popular ones

here as, in practise, most researches stick to the following easily accessible acetylenes

(figure 30).
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Figure 30. Commonly used acetylene protecting groups.

Trimethylsilyl acetylene 49 (TMS) is one of the most common acetylene protecting groups.
It was employed by Kenkichi Sonogashira in the early days of cross-coupling synthesis,*!
and was also used as a PG in Cadiot-Chodkiewicz cross-coupling reactions."*"! The TMS PG
is best used when all that is required is insertion of an acetylene, and where no other
properties are sought from the PG itself. Easy removal of TMS is made by application of mild
basic conditions; usually K,COj; in the presence of a protic solvent. TMS will also be cleaved
readily in the presence of an F~ source such as KF with 18-crown-6 as a chelator or TBAF
(see TIPS for details). The addition of silver salts (Ag") can also be used to deprotect

[183]

TMS,!"* and is usually preferable to the in situ use of alkali metal hydroxides, owing to

its greater functional group tolerance.

(3-Cyanopropyl)dimethylsilyl acetylene 50 (CPDMS) was introduced by Sigurd Hoger to
develop a polar analogue of the popular TMS PG using a CN alkyl chain bonded to the silicon
centre."*" The CPDMS adds polarity to the acetylene moiety making purification on silica
gel much easier, but is still as easily removed as TMS under the same mild alkali conditions

in the presence of a protic solvent. It will also be removed by an F~ source.

Triisopropylsilyl acetylene 51 (TIPS) is another very popular PG used for its increased
stability to acidic and basic conditions owing to the steric bulk of the three isopropyl groups
around the silyl centre. It is easily removed in the presence of an F~ source making it a very
tolerant PG to most other functional groups, while still maintaining a facile
deprotection.!'®'® It has been reported that the yield of the deprotection can be increased in
the presence of small quantities of water, moderating the reactivity of the fluoride anion.!"*”
Commercial TBAF is sold as a 1M solution in THF containing wt.-5% water, which is usually
sufficient. Deprotection using AgF offers an alternative to TBAF, and in the presence of a
bromine source it can be used to insert a halogen en route towards the formation of 1,4-

butadyenes.['*"!
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(3-Cyanopropyl)diisopropylsilyl acetylene 52 (CPDIPS) was also introduced by the group
of Sigurd Hoger!'™! as a more stable version of the CPDMS PG which behaves as a polar
analogue of the popular TIPS PG requiring an F~ source for deprotection but still engendering
the increased polarity of the CPDMS, but also added stability to temperature, acidic and basic
conditions.

[181,185

Trimethylgermanium 53 (TMG) is a relatively old PG I which has not seen wide

adoption. It can be cleaved with catalytic CuBr in MeOH and has been used as an orthogonal

protecting group to TMS in the synthesis of acetylene interlinked oligosaccharides (scheme

15).1190)

SiMes SiMes H
KF, 18-crown-6
THF, MeOH THF, H,0

H 90% GeMes 88% GeMes

10 mol-% CuBr

7/ \
7/ \
7/ \

Scheme 15. Orthogonal deprotection of TMS and TMG groups.

The acetylene-GeMes; is made by reacting ClGeMe; with ethynylmagnesiumbromide.
Recently TMG has been employed in an in situ deprotection and subsequent azide click
reaction by washing a functionalised surface with Cu(l) to act as both the deprotecting agent

and as catalyst of the click reaction.!'”"

Dimethyl[1,1-dimethyl-3-(tetrahydro-2H-pyran-2-yloxy)propylsilylalkyne)] 54 (DOPS).
Chengzhi Cai and Andrea Vasellal'! introduced a new application of silyl protecting groups
to acetylene chemistry with their use of DOPS. This group is orthogonal to TMS and
sequentially labile to other silyl PGs. The deprotection of the THP PG under acidic conditions
reveals a free alcohol. Then treatment of the compound with a suitable base (eg LiDBB
lithium 4',4'-ditert-butylbiphenylide) in a dry aprotic solvent deprotonates this alcohol and
leads to intramolecular attack of the silicon centre, thereby revealing the free acetylide. These

conditions would leave a TMS protected acetylene intact.

Hydroxymethyl acetylene 55 (HOM) as a PG was introduced by Bumagin et al.!"*”! and has
the advantage of affording polarity and orthogonality to the silyl PGs. It is cleaved within 20
minutes after treatment with MnO, and KOH to afford the free acetylene upon workup and
has been used in the successful synthesis of long-chain oligomers, where the effectiveness of

the HOM as a polar tag steadily decreased with increasing chain length.!'>”!
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2-Hydroxypropyl acetylene 56 (HOP) This polar PG is most useful when the purification of
reaction products will be a problem. This can be especially useful when more than one HOP
group is statistically added or removed on a building block and requires isolation. It can be

removed by heating with alkali metal hydroxides or hydrides, usually in refluxing toluene!'*¥

[195

via a retro-Favorskii reaction.!"” This treatment does mean that this PG may be incompatible

with base sensitive functional groups, but as long as dry toluene is used it can be removed

selectively in the presence of silyl PGs including TMS.!*®!

Trihexylsilyl acetylene 57 (THS) adds long alkyl chains allowing for increased solubility of
the unit to which it is attached. This can allow for easier processability of a building block
prior to its removal and subsequent coupling to another, hopefully soluble, partner. It was

successfully used by Reeve et al.l''’]

in the synthesis of a series of push-pull porphyrin
molecules, which without the increased solubility of the alkyl chains, would be too difficult to
purify. Using a statistical deprotection of the THS with TBAF they were able to introduce the

push-pull units after Sonogashira coupling from their initial symmetric diprotected prophyrin.
Orthogonality of PGs

Orthogonality is a desirable trait in PG strategies where one PG can be selectively removed in
the presence of another PG in any order (figure 31). The conditions for cleaving one PG must

be tolerated by the other, and vice versa. (X off, Y stays, or Y off and X stays).

orthogonality

T e I

lc
|
l

sequential lability

= f=x e o= f=x e = wm =
o= =

Figure 31. Concept of orthogonal and sequentially labile acetylene protecting groups.

True orthogonality is very difficult to achieve using a combination of silyl PGs as addition of
an F~ source will cleave all, with the rate determined by the degree of steric bulk around the

silyl centre. This can be seen in the case of the DOPS PG. So only sequential removal is
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practical (X off, then X’), but the order of deprotection is limited as the ‘least stable’ group
must be removed first. (e.g. the TMS in a TIPS/TMS combination). Sequential removal of
silyl groups is therefore possible, but this places severe limitations on the sequence in which

reactions can be performed.

Adelheid Godt and co-workers!"*” were able to use a combination of the HOM and TIPS PGs
in their synthesis of OPE rods (see scheme 16) where removal of TIPS from 58 using TBAF
gave 59 in 96% yield without affecting the HOM group and removal of HOM from 58 to
afford 60 was possible in 89% yield.

Hex —‘ ( Hex —‘ ( Hex —‘
OH OH
Bu,NF MnO,, KOH

H——=1{{ = e mps—=1 N= 2 mps—=1¢ N—=1n

— THF, r.t. — Et,0, r.t. —

Hex 96% Hex 89% Hex
4 4 4

59 58 60

Scheme 16. Orthogonal deprotection of HOM and TIPS groups.

18]

This work has recently been expanded upon by Sahoo et a using the same orthogonal

PGs and also incorporating ether linkers as polar tags on their OPE rods.

1.4.5 Breaking the Symmetry — I: statistical coupling

So far we have discussed how to use the selectivity of different Ar-X to introduce acetylenes
bearing different protecting groups. This approach is especially helpful if an asymmetric
building block is required. Whenever the al coupling component is symmetrically arranged
with respect to any other R-groups (usually containing a C, or o, ideal symmetry element) in
a building block, statistical reactions can be employed. A statistical reaction usually leads to a
mixture of starting material, mono-substituted product and di-substituted product. These
mixtures are not always easy to separate, especially when apolar protecting groups such as
TIPS or TMS are used, or if the molecules are already very large. To overcome this problem

158]

one should introduce more polar protecting groups such as the HOM/HOP! or the

CPDMS!"™ and CPDIPS,!"™ developed by Sigurd Hoger for this purpose. These building
blocks can now be used to build up larger asymmetric molecules or can be used in a divergent

[159

synthesis towards a macro molecular structure."> Yields of the mono-functionalized species

can be increased by using an excess of the acceptor component 61 relative to the equivalents
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of acetylene used. Yields as high as 80% have been achieved this way.!"””! It is possible to

[198]

introduce orthogonal protecting groups in a one-pot reaction"” or stepwise!'*” (scheme 17).

Even though the stepwise approach includes an extra purification step, it usually provides

higher overall yields.
OH OH
1) Pd(PPh;3),Cl, ‘ ‘ | |
| Cul oH I OH

:—%
2)=—TMS

I 39%

S S—
Pd(PPh3)Cl,
Cuyl,, NEt,

78% I

=—TMS

Pd(PPhg)Cl,
Cusl,, NEt3
quant. ||

61 61
HO

Scheme 17. Statistical coupling: one-pot versus a step-wise introduction of acetylene.

1.4.6 Breaking the Symmetry — II: statistical deprotection

When two or more identically protected acetylenes are present in a molecule, then a statistical
deprotection procedure may be employed (scheme 18). The HOP PG is particularly well
suited to this approach as the polarity it engenders to a compound allows for easy purification
on silica gel of the fully-protected, mono-deprotected and fully-deprotected derivatives. By
varying the strength of the base, temperature and reaction time used for the deprotection one
can reliably optimize the formation of the required component. However it is often difficult to

determine which of these variables is predominant for each particular deprotection.

H
N o

C12H250 Ci2H250.

NaOH (excess)
benzene, 70°C

C12H250\(j\
=
OC12Ha5 2%h

\ 69% Il 81% Il

NaOH (excess)
— >

toluene, 100°C

OC12Has 24h OCi2Hzs

HO' HO
62 63

Scheme 18. Statistical and complete deprotection depending upon the conditions applied.

2001 showed that an excess of NaOH in benzene at

Abderrahim Khatyr and Raymond Ziessel!
70°C for 22 h gave 62 in 69% yield. However, at 100°C in toluene for the same time 63 was

obtained in 81% yield. The Raymond Ziessel group performed the same transformation under
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similar conditions (NaOH in benzene at 70°C) for 14 h. They only obtained a 45% yield with
the majority of starting material re-isolated®®") indicating the relative difficulty in reproducing
this statistical deprotection. Luo et al.***** have recently shown that by monitoring the
deprotection more closely by TLC the monodeprotected product can be obtained within 20
min. By dissolving 64 in toluene in the presence of 4.4 equiv. of K,COj; and then adding 0.9
equiv. of KOH at 70°C and monitoring the reaction by TLC every 5 min for the observation
of fully deprotected 66, and after about 20 min, on the first appearance of 66 the reaction was

worked up yielding 65 in 66-69% yield after column chromatography on silica gel.

CgH130 =z OH CgH130 z OH
KeCOs, KOH + 56 18%
CgHq30 T toluene, 70°C  C¢H,,0 T
H
64 65 66%

KOH, toluene, reflux CeH1s0

84% CeHi30

/  \

Scheme 19. Statistical and complete deprotection depending upon the conditions applied.

Using only KOH, 66 was obtained in 84% yield after 2 h (scheme 19).**

Statistical deprotection of the TIPS PG can be achieved in a similar manner. Slow addition of
TBAF as an F source followed by close monitoring by TLC can afford the mono-deprotected
product in good yield. This method is exemplified by Sigurd Hoger and co-workers!'*” in
their seminal work on CPDIPS where the polar TIPS analogue is proven to be efficiently
deprotected with TBAF in the presence of 5 vol.-% water as shown in the reaction of 67 to 68
in a yield of 55% after stirring for six hours (scheme 20). Owing to the polarity endowed by

the CN group a large difference in Ry allows facile separation on silica.

55%

NC R CN R CN
ST w S
— — — — I
/K ) )\ THF, 5 vol.-% H,0 ) )\
68

67
R =-0OCgH13

Scheme 20. Statistical deprotection of CPDIPS-acetylene.
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This approach is not limited to the TIPS or CPDIPS group. Under acidic conditions of 1.5
equiv. acetic acid in wet THF, a thiophenyl substituted benzene with two TBDMS protected

acetylenes was mono-deprotected using TBAF to afford the monosilylated product in a yield

of 48%.[138]

1.4.7 In Situ Generation of Free Acetylene

After talking about the order of reactivity of arylhalides towards oxidative addition to
palladium(0) complexes we should also mention the oxidative addition of acetylenes to
palladium(0) complexes. If the oxidative addition of the acetylene is much faster than the
oxidative addition of the arylhalide then formation of the homo-coupled product can be
favoured. This process can also be promoted in the presence of trace quantities of oxygen,
facilitating a Hay-type coupling. The exact origin of 1,4-butadiyene side-products is often
ambiguous, as the precise oxygen content is usually not investigated. To prevent the
formation of the homo-coupled product one could accelerate the oxidative addition step of the
arylhalide. It often helps to change the ligands of the palladium(0) complex.!"*"! Bulkier and
more electron-donating ligands usually accelerate the oxidative addition of the arylhalide
which leads to the intended cross-coupled product. An alternative would be to slow down the
oxidative addition of the acetylene by reducing the amount of free acetylene in the reaction.
To do so, one could slowly add the free acetylene to the reaction mixture or one could slowly
generate the free acetylene in the reaction. The second approach is called in situ generation or
in situ deprotection.

A useful method is the deprotection of TMS-acetylene with small amounts of hydroxide ions.

Haley et al.**¥

used this method for the synthesis of benzannelated dehydroannulene 71
(Scheme 21). By reducing the amount of free acetylene coming from 69 in the first step they
favoured the cross-coupled product over the homo-coupled product. The small amount of
hydroxide ions slowly deprotected the TMS-acetylene but not the TIPS-acetylene. Once the

TMS acetylene was deprotected it reacted with the excess aryliodide.
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Scheme 21. Demonstration of in situ deprotection coupling reactions.

Applying the same strategy for the second step an intramolecular ring closing reaction was
favoured over the intermolecular polymerization reaction. In this case, a large excess of
TBAF was used to deprotect the TIPS-acetylene 70 and a highly diluted reaction mixture

helped to favour the intramolecular homo-coupling reaction to form 71.

Another example using in situ deprotection was reported by Mio et al.** They demonstrated
a divergent approach to generate symmetric and asymmetric tolanes 72 in a one-pot reaction
(scheme 22). In addition, a convergent strategy was applied to synthesize triarylethynylene

and tetraarylethynylene 74 from 73 (scheme 23).

@I Pd(PPh3),Cl,, Cul N\ — /N
R— DBU, H,0, benzene ~ R\= —7"R
=-TMs
80-95%

72

Scheme 22. Formation of symmetric tolanes using an in situ deprotection.

I Pd(PPhs),Cl,, Cul
AT Nslatly, 20
NEts, benzene
Br =-TMs
r.t, 18h

=—TMS
80°C, 18h

26%
overall yield

Scheme 23. Four sequential Sonogashira reactions in one pot controlled by in situ deprotection.

These examples show nice methodologies for in situ deprotection of TMS acetylenes and

TIPS acetylenes. If very high reaction temperatures and reaction times are necessary, control
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over the in situ removal of TMS is not very effective. Chow et al.** reported in 2001 on
another modified Sonogashira cross-coupling reaction. HOP was used as the protection group

and it was in situ deprotected using sodium hydroxide in a water/toluene mixture.

1.4.8 Concepts Applied to Representative Syntheses

Below is a collection of examples which brings together all of the strategic tools we have
described in this review. By using the right combination of retrosynthesis, catalyst, masking
and protecting groups it should be possible to elicit any plausible phenyl-acetylene structure.

Paul Baxter?"”

in his synthesis of a hexagonal macrocycle used a selective halogen exchange
followed by a chemoselective cross-coupling of an acetylene (see section 2). Initially
statistical introduction of TMS-acetylene from 75 to 76 yielded a mixture of mono, di and tri
substituted aryls which could not be easily separated. But the stepwise introduction of an
iodine gave control over assembly of the asymmetric building block 77 in high yields

(scheme 24).

™S ™S
N | I I
1) nBuLi 1) nBuLi
Et,0, -78°C Pd(PPh),Cl, Et,0, -78°C
Br g  2DRELO g g Cul, TMSA Br Br  2)ICH,CH,l Br |
4% EtsN, 20°C Et,0
93% 95%
75 76
Pd(PPhs),Cl, Pd(PPhs),Cl,
Cul, TIPSA | 97% Cul, TIPSA | 99%
EtsN, 20°C EtsN, 20°C
TIPS TIPS TIPS TIPS
1) nBuLi 1) nBuLi
Il Et,0, -78°C f Pd(PPhs),Cl, f Et,0, -78°C I
2) I, Et,0 Cul, TMSA 2) ICH,CHjl
‘ = 71% Et3N, 20°C Et,0
= o 95%
Br Br Br ! 72% Br A ° SN
TMS T™MS

77

Scheme 24. Use of chemoselective control in the formation of phenyl-acetylene building blocks.

207]

Paul Baxter! also illustrates an example of a selective assembly using the tools of

chemoselectivity (see section 1.4.2) and masking (see section 1.4.3) (scheme 25). Initially a

bromine in 78 was replaced with an aldehyde using nbutyl-lithium and DMF to form 79.

[174]

Aldehyde 79 was transformed into acetylene derivative 80 via a Croey-Fuchs reaction' " and
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then protected with TMS to afford 81. Using this strategic approach they could selectively
introduce the acetylene and the tin functional group in 82. The yields of the Stille coupling to
form 83 were further improved by changing the disconnection for the last cross-coupling
reaction by exchanging the acceptor and donor moieties (see section 1.4.1). This reaction
sequence demonstrates that the tools discussed in this review are not restricted to Sonogashira
couplings, but can be applied more generally to other reaction types in the assembly of larger

structures from their constituent parts.

Br Br Br Br Br Sn(nBu)s
1) nBuLi 1) PPhg 1) nBuLi 1) nBuLi
NI Xy Et,0,-78°C N7, EN, DCM NI X NaOMe N| X Et,0,-78°C NI X THF,-78°C N‘ X
it b/ = _tave Rl et Ml L
_ 2) DMF P 2) CBr, 5 MeOH = 2) CISiMeg =~ 2)CISn(nBu)s =
Br 80% «_ bcm, -70°C g 20°C.48n 88% 68%
o) 93% 85% l I Il
78 79 Br
Br ™S ™S
80 81 82
X Pd(PPh
82 » L'Cl(t I .
ICI, toluene
Br™ 'N" "Br 120°C, 24h
59%
X Pd(PPhs)s

8 - ‘ = LiCl, tol
iCl, toluene
(nBu)3Sn~ "N” “Sn(nBu)s 120°C, 24h

35%

X Pd(PPh3),
8 - ‘ = LiCl, toluene
Me3Sn”™ “N” “SnMej 120°C. 24h

53%

Scheme 25. Functional group interconversions and change of disconnection to form a terpyridine.

The synthesis of star shaped or branched molecules present their own particular challenge. It
is usually possible to form the desired product as part of a reaction mixture but purification of
the target can be very troublesome. As a consequence this can mean that a synthetic route
becomes unviable. The synthesis of such compounds are usually described as following the
principles of convergence, where an OPE is coupled to the central motif forming the star in
the final step, or divergence, where the star is built up by iterative couplings using
protection/deprotection procedures (see section 1).

McDonagh et al.?%!

attempted a convergent route towards organic/inorganic hybrid star 86
(scheme 26) starting from OPE 84 coupling with tritodobenzene (85) but were unable to
separate it from the diacetylene linear rod 87, even after rigorous de-oxygenation of the

reaction mixture in an attempt to hinder its formation.
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Scheme 26. Difficulty of a convergent approach to star synthesis due to the formation of 1.4-

butadiynes.

Instead they decided to use a divergent synthetic route building up the star from
triethynylbenzene (88) and sequential coupling of 89 (scheme 27). After insertion of
Ruthenium and a final divergent coupling they were able to obtain 86 avoiding any

inseparable reaction mixtures.
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PACl,(PPhs),
Z X " Cul, NEt,

88

Scheme 27. Divergent approach to star synthesis.

However the presence of substituents at the 2- and 5-positions appears to allow for a
successful convergent approach as shown in the coupling of 95 to 85 as the side chains appear
to shift the balance in the formation of diacetylene side products. James Tour and co-

209]

workers?® comment specifically on this effect, further expanded upon in their work towards

the synthesis of Cg terminated star OPEs*!" (scheme 28).

C10H210 C10H210 C10H210
PdCI,(PPhs),, Cul — PACI,(PPhs),, Cul =
| | _PACL(PPhg) Cul —\ )—=-Tms 2(PPha): TIPS—== )—="Tus
NEts, TMS-acetylene NEt;, TIPS-acetylene
OC1oH21 58% OCqoH21 96% OC1gHa1
90 91 92
C1oH210 C1oH210 CioH210 K,COj3, MeOH,
= = PdCl,(PPhs),, — THF 86%
TIPS—=—4 = )= TMs TPS—=— )—="H -—
Cul, NEts, 91
OC1oH21 OC1oH21 89% OC1qHa4
9 93

Scheme 28. Asymmetric OPE synthesis using orthogonal protecting groups.

They formed the asymmetric OPE 94 via a statistical coupling procedure (see section 5) in
order to introduce two sequentially labile PGs (see section 4). Statistical coupling of TMS
acetylene to 90 broke the inversion centre present in this molecule. This was followed by
subsequent coupling with TIPS-acetylene, to afford the asymmetric building block 92
containing the sequentially labile PGs TMS and TIPS. Selective removal of TMS using
standard conditions afforded 93 which could be extended with a further cross-coupling with
91. After removal of TMS they were able to couple OPE 95 to tri-iodobenzene 85 constituting

a successful convergent synthesis of star 96 (scheme 29). The authors describe an easier
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purification of this product from its reaction mixture than expected as there was less

diacetylene homocoupled product than they had observed in other OPE syntheses. They

attribute this to the steric hinderance of the —OC,oH;; chains on the aryl monomers.?'”

TIPS OCyoH OC1oHay TIPS
[ 101121 102/}

C1oH210, C10H210, | PdCly(PPhg)y, ‘ |
i S io o WIS .
- - - 7% o OC1oHa1
OC10Ha4 OC1gH24 ! ! ‘
o5 85 C1oH210 H
| o OC10H21
=
CyoH210

Scheme 29. Convergent approach to the synthesis of a branched OPE.

The strategies described in this micro-review are also applicable to natural product

107]

synthesis.| (55,15S)-dihydroxy-6,13-trans-8,11-cis-eicosatetraenoic acid (102) was

synthesized starting from a Sonogashira coupling of 97 with mono-protected bis-acetylene 98

"I This structural geometry would be very difficult to

as a masked Z-alkene (see section 3).!
form via other methods. Deprotection of the TMS protecting group on 99 followed by a
second Sonogashira coupling with 100 allows for the formation of the asymmetric compound
101. After further functional group interconvertions the final target 102 was obtained

(scheme 30).
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Scheme 30. Part of a natural product synthesis where Sonogashira cross-coupling reactions were

applied.

We have chosen this particular example to show that the Sonogashira reactions are not
limited to arylhalides as the al moiety. Vinylhalides such as 97 or heteroaromatic halides can

also be successfully coupled with acetylenes.!'*”!

Summary

In this chapter, synthetic tools including retrosynthetic analysis, chemoselectivity, masking,
choice of protecting group and statistical approaches towards the formation of phenyl-
acetylene building blocks were discussed. Gaining control of the substitution pattern of
smaller building blocks was shown to be a method for guiding the interlinking of phenyl-
acetylenes to build larger architectures. Taking into account the relative advantages and
disadvantages of each synthetic technique may reduce the time spent synthesizing molecules
so that one may focus on applications, discovering what role structure plays in function. The
emerging inter-disciplinary fields including; molecular electronics, photovoltaics, energy
storage, and medicinal chemistry among many others strongly depend on the bottom-up

assembly of molecular building blocks and therefore on classical organic chemistry.

We hope that using this collection of synthetic tools young researches will find it easier to
synthesize even larger macromolecular structures expanding the art of synthesis by design. It
is hard to predict what new application may be found for molecular systems, but what is
certain is that being able to control the spatial arrangement of functional groups will always

be important.
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2 Oligo-Phenylene-Ethynylene Structures with Halide End-Groups

2.1 Concept

103: X =1
104: X =Br
105: X=ClI

comparison of
intermolecular arrangement

Y
gy,
|

1 |
solid state structure: lateral self-assembly:
3D network 2D network

Figure 32. The model compounds were assembled at the solid/liquid interface and crystallized in
order to compare the lateral arrangement of the molecules at the surface with planar sheets in the solid

state structure.

In the field of material science, the functionalization of metal and graphite surfaces with
organic molecules is of increasing interest. Being able to control the electrochemical and
physical properties of surfaces such as conductivity, resistance and hydrophilic/hydrophobic
properties has made many new applications possible.?'*?'*! To alter the properties of an entire
surface homogenously the molecules must be arranged in a periodic manner. The easiest way
to achieve this is by solution deposition with molecules able to control their orientations with
respect to their neighbors. This so called self-assembly process depends on intermolecular

[214]

interactions including hydrogen bonding, hydrogen-halogen or halogen-halogen

interactions, [215] Van-der-Waals interactions'®

and dipole-dipole (molecule/substrate)
interactions.”'” The self-assembly of organic molecules at the solid/liquid interface leads to
large organized molecular patterns on surfaces. These laterally controlled supramolecular

architectures can provide surface properties which can be used in new strategies for bottom-
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up approaches to assemble macromolecular structures.') Of particular interest are self-
assembled systems yielding porous networks, providing a well-defined two-dimensional
pattern as templates for functional guests.*’®**) Mu et al. reported on the self-assembly of

(2241 and branched fluorinated stars'?*!

fluorinated rods where the fluorine/hydrogen- as well as
molecule/substrate-interactions dictated the assembly of a lateral network. Inspired by these
large area self-assembled patterns we became interested in the organizing power of
halide/hydrogen interactions. To explore the influence of various halides for lateral self-
assembly on a flat substrate and for three dimensional arrangement in single crystals, we
designed the molecular rods 103-105 (figure 32). These rods consist of flat and rigid oligo-
phenylene-ethynylene (OPE) backbones favoring their molecule/substrate interactions.?***%!
Terminal halides (-Cl, -Br, -I) are expected to direct the lateral assembly by a wide variety of
intermolecular interactions®>**"*** such as C-X-H, C-X-+-X-C and C-X--m-orbital. The
differences in electrostatic potentials and sizes of the halides are expected to vary the strength
of the intermolecular interactions and might thus be reflected in the resulting self-assembled
structures. As halides have both, positive and negative electrostatic potentials, they can be
attracted by both negative halides (or m-orbitals) or electro positive hydrogens.?'>**"?*! Two
hexyl substituents at the central phenyl units of the OPE rods are required to provide
processability of the molecular building blocks. These alkyl substituents are expected to
reduce the molecular density of the rod on the substrate but should be small enough to still
allow a tight packing directed by the terminal halogens. The spontaneous formation of
laterally ordered flat sheets of densely packed molecules is of particular interest as a potential
motif for a tightly packed 3D molecular assembly. The stacking of such sheets might result in
a crystal like 3D order providing a perfect interface between a flat substrate material and the
molecules crystalline state.

In the field of crystal engineering various intermolecular interactions have been studied

2% In particular strong and directional hydrogen bonds (e.g. O-H:+O or N-H--O)

extensively.!
were investigated in detail.””>"! Particularly interesting are halogen bonds because of the
twofold role of the halogen atom. On one hand the halide substituent can interact with a lone-
pair provided by a heteroatom in proximity and thus act as the hydrogen does in a H-bond.[**!
On the other hand the halide can also provide lone-pairs for electron deficient atoms of
neighboring molecules. Thus various interactions (e.g. C-X---X-C and C-X:--Y-C) can be

(233235 This diversity of possible interactions increases the

observed with halogen substituents.
complexity in controlling the crystal growth by the molecules design. In a crystal engineering

approach the strength of intermolecular interactions is tuned by controlling the spatial
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arrangement of various substituents by the molecules backbone structure.***” A major
design challenge in engineering crystals comprising exclusively organic molecules, is that
molecules with functional groups pointing in all three dimensions are required./*** Variation
of modular functionalities along one axis and maintaining equally weak intermolecular
interactions in all three directions in the crystal at the same time is a very difficult task.
Alternative organic building blocks are aromatic structures./*****”) Two-dimensional structural
control is easily achieved in the planes of the aromatic rings, while the packing of the
obtained sheets in the third dimension is less controlled. The aromatic rings impart some
interactions of their own (n---wt, C-H---O) which may contribute to ordered staples. However,
such crystals differ considerably in the strength of the interactions between the molecules
within and between the sheets. The combination of the diversities of halogen based
interactions and of the intermolecular forces along different crystal axis makes crystal

engineering with such structures particular interesting and challenging.

Following these considerations we systematically investigated halide based interactions by
comparing the self-assembly of terminally halogen substituted OPE-rods 103-105 at the
solid/liquid interface (2D) and in a single crystal (3D). A particular focus is set on the extent

of similarity of the patterns obtained by intermolecular interactions.

2.2 Synthetic Strategy

The OPE target structures consist of a m-conjugated backbone and either chlorine, bromine or
1odine end groups. The target structures were synthesized by either a convergent or divergent
approach.” Any attempts to build up these structures directly failed (scheme 31) due to
polymerization, homo-coupling and poor solubility of the target structures. In case of the
diiodo-OPE XY a masking strategy was proposed. To overcome the problem of side reactions
an inert functional group can be introduced and converted into the desired functional group at
a later stage. Hexyl-chains were introduced to the central unit of the OPE structure to increase

both, solubility and processability of the target structures.
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Scheme 31. A direct approach to terminally halogen functionalized OPE-rods is not possible due to

selectivity problems. To avoid such problems a FGI was proposed.

2.3 Synthesis

The assembly of the dichloro-OPE 105 and of the dibromo-OPE 104 is displayed in scheme
32. Both rods were assembled using a pseudo high-dilution strategy profiting from the
considerably increased reactivity of aryl-iodides compared with other aryl-halides in
Sonogashira coupling chemistry.ml] First 1,4-diiodo-2,5-dihexylbenzene (106) was
synthesized following literature precedent.”*” Having building block 106 and the
commercially available compounds (4-chlorophenylethynyl)trimethylsilane (107) and (4-
bromophenylethynyl)trimethylsilane (108) in hand, the final assembly of target structures 105
and 104 were achieved by Sonogashira cross coupling reactions (scheme 32). An in situ

241 .. . .
I was chosen to minimize the amount of free acetylene in the reaction

deprotection method!
to prevent homo-coupling. Therefore, DBU as a non nucleophilic base and small traces of
water were used to slowly deprotect the TMS-acetylenes 107 and 108. The low concentration
of free acetylene favored its reaction with the Pd-activated aryl-iodide and provided the
desired rods 105 and 104 in reasonable yields. The dichloro-OPE 105 and the dibromo-OPE

104 were isolated in 65% and 73% yield respectively.
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|
Pd(PPh3),Cl.
5 . (HaC)Si—= < > X (PPh3),Cly
| Cul, DBU, H,0O
5 NEt3, benzene

rt., 36h

106 107 = (X=Cl) 105 = (X=Cl), 65%
108 = (X=Br) 104 = (X=Br), 73%

Scheme 32. Synthesis of dichloro-OPE 105 and dibromo-OPE 104.

For the assembly of the diiodo-OPE derivative 103 various different synthetic strategies have
been explored. The synthetic strategy described for 105 and 104 was based on the increased

[243,244] and its

reactivity of iodine as a leaving group in Sonogashira cross coupling reactions
application for the assembly of 103 gave polymeric products instead of the desired rod. The
same problem occurred when the disconnection was changed and the acetylenes were on the
central core as in 113 (scheme 35). Even if a large excess of 1,4-diiodobenzene was used the
formation of polymeric products was still observed. Thus, we had to change the strategy to a
functional group interconversion (FGI).

Having the dibromo-OPE 104 already in hand, a halide exchange reaction was the first

synthetic choice (scheme 33).12%2

Treatment of 104 with butyl-lithium and 1,2-
diiodoethane lead to a mixture of products. The isolation of the desired diiodo-OPE 103
turned out to be challenging due to very comparable polarities of the dibromo-OPE 104 and
the iodo-bromo-OPE. However, the target structure 103 was isolated in a low yield of 22% as

an off-white solid by column chromatography.

IC;Hyl, -90°C
5 22%

(5
S - gﬂ_\ G W T
i;)

104 103

Scheme 33. Halide exchange reaction to introduce the iodine end group.

Alternatively masking strategies were considered in order to improve the yield and purity of
the target structure. An ideal masking group would be readily available, stable to a variety of
chemical conversions, and conveniently transformed under mild conditions and in a high

yield to form the desired aryl-iodide.!””!
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An amine is suitable for such a functional group interconversion (FGI), therefore a diamino-
OPE 110 was synthesized to subsequently convert it into the diiodo-OPE 103 (scheme 34).¢”]
The idea was to profit from the polarity differences between the starting material 110 and

product 103. This FGI was first reported by Sandmeyer!**”

and was improved over the course
of the last century.””***! The diamino-OPE 110 was synthesized with a Sonogashira coupling
reaction in a yield of 90% using building blocks 109 and 106.2**°! OPE 110 was then
converted into a diazonium salt using sulfuric acid and sodium nitrite in acetonitrile at 0°C.
After 24h the reaction was quenched with sodium iodide to afford the diiodo-OPE 103 in an
improved yield of 50%.**! However, during the reaction, considerable amounts of partially

dehalogenated OPEs were formed which again made the isolation of 103 challenging.

NH,
[
Pd(PPhj),Cly,
L e (o % — O
Cul, Et;N
I 5 THF, rt.

90%

109 106 110

2) Nal, H,0,

1) H,S0,, H,0,
NaNO,, MeCN
50%
MeCN

Scheme 34. Synthesis of compound 103 via Sandmeyer type reaction.

Dimethylpyrroles were suggested as base-stable masking groups which can be transformed to
iodines under Sandmeyer-type conditions (scheme 35).2°'**] The required building block
112 for the OPE synthesis was obtained according to literature precedent starting from 4-
iodoaniline (111).%°% The second diacetylene building block 113 was obtained in 90% yield

(2531 To assemble the masked OPE 114 a divergent

with standard cross-coupling conditions.!
approach gave an overall yield of 58%. The final Sandmeyer-type reaction using a
water/acetonitrile mixture as a solvent gave the desired diiodo-OPE 103 in a yield of 72%. A
simple filtration over a short silica plug, using a hexane:tert-butylmethylether mixture (40:1)
as solvent was performed to isolate the pure product 103 in an overall yield of 41% as a white
crystalline solid. Interestingly, side products with comparable polarities were not observed.

The increased solubility of the dimethylpyrrole-OPE 114 in the water/acetonitrile mixture
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may have improved the formation of the diazonium-salt during the Sandmeyer reaction. As in
the case of the diamino-OPE 110 (scheme 34) the slow formation of the diazonium salt in the

heterogenous dispersion is assumed to be responsible for the large quantity of side products.

PSS N 5 (CHghsiocr s
Pd(PPh3),Cly,
-z v tms—=— = 1ms | I
TsOH*H,0, — Cul, (iPr)2NH
i toluene, reflux ( ) THF, r.t. ( )5
96% | 5 90%
111 112 113 106
Pd(PPh;3),Cl,
Cul, NEt;, DBU

benzene, H,O 67%

r.t., 100h

( >5 1) H,S04, H,0
N\ — 7N\ @N = NaNO, MeCN
~ _ _ J Nz 2) Nal, H,0
MeCN, 0°C

72%

Scheme 35. Synthesis of compound 103 using dimethylpyrroles as masking groups.

Finally, alkylated triazenes were explored as masking groups for iodines (scheme 36).2°**>!
They can be directly substituted with iodine using methyl iodide in a sealed tube at 120°C.
Alkylated triazenes are stable towards strong bases and high temperatures. Pyrrolidine-
triazenes are known for favorable crystallization properties and we hoped for improved
isolation features of these intermediates. The required triazene building block 115 was
synthesized following a procedure reported by Godt.”® The ditriazene-OPE 116 was
synthesized with a cross-coupling reaction in very poor yields of 7%. Even changing the
disconnection and putting the acetylenes on the central unit did not improve the yield. Instead
the diamino-OPE 110 was transformed into the ditriazene-OPE 116, which was isolated by
crystallization in a yield of 80%. OPE 116 was subsequently transformed into the diiodo-OPE
103 in a yield of 75%. A simple filtration over silica using cyclohexane as solvent afforded
the pure product. The overall yield for the triazene strategy was with 54% slightly increased
over the pyrrole strategy (41%). However, the considerably increased temperature required
during the triazine strategy might be a drawback when additional functional groups are

present.
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Scheme 36. Synthesis of compound 103 using a triazene-masking strategy.

2.4 Solid-state Investigations

The crystals for x-ray analysis were either grown by slow cooling of a saturated cyclohexane
solution to 4°C or by slow evaporation of cyclohexane at room temperature. All three
compounds crystallize in the centro-symmetric space group P-1. While the unit cell of OPE
105 and OPE 104 contains one molecule each, the unit cell of OPE 103 contains two
molecules and a cyclohexane molecule. In all three structures, the molecules are located on an
inversion center of the space group P-1. Thus, in the case of OPE 105 and OPE 104 the
molecules are arranged parallel to each other. In the case of OPE 103 the two molecules and
the solvent molecule are located on different inversion centers of the space group P-1
permitting formation of a fishbone like arrangement with the direction iodine---iodine of the

two different orientations forming an angle of about 90°.

All the STM measurements were conducted using a Nanoscope Illa Scanning tunneling
microscope (STM), and the STM tip was prepared by mechanically cutting Pt/Ir wire (90:10).
The molecules were dissolved in 1-phenyloctane (purchased from Sigma with the purity of
98.0%) to make saturated solutions. The solution was subsequently dropped on a freshly
cleaved highly oriented pyrolytic graphite (HOPG) surface. The HOPG/1-phenyloctane
interface was investigated by STM. All STM images were performed in constant current

mode.
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2.4.1 Dichloro-OPE and dibromo-OPE:

The crystal structures of both OPEs 105 and 104 show a parallel arrangement of the rods
(figure 33A and 34A) forming several layers which are slightly shifted by 5.2 A and 5.7 A
respectively. By looking at a planar cut through the crystal structures similar
chlorine:--chlorine (figure 33B, 5.0 A and 4.8 A) and bromine:--bromine (figure 34B, 4.8 A
and 5.1 A) distances could be observed. Chlorine:--hydrogen as well as bromine--hydrogen
interactions could be observed where the terminal halogen interacted with two hydrogens
coming from two different rods. The area of the unit cell (in a plane) comprising a single OPE
molecule is about 1.84 nm” for the dichloro-OPE 105 and about 1.93 nm? for the dibromo-
OPE 104 (see chapter 7).

Figures 33C and 34C show the STM images of a monolayer of OPE 105 and OPE 104 on a
HOPG surface. A lamellar structure where the rods lie parallel to each other was observed in
each case. The unit cell for the dichloro-OPE 105 was determined with a=2.0+0.1nm,
b=1.0+£0.1nm and a= 76+2° whereas the unit cell for the dibromo-OPE 104 was determined
with a=2.0+0.1 nm, b=1.0+0.1 nm and o=75+4°. The unit cells which contain one molecule
have a surface area of about 1.94 nm* (OPE 105) and 1.93 nm® (OPE 104) (see additional

information in the experimental part).

By comparing the individual molecular arrangements of a planar cut through the crystal
structure (figure 33B and 34B) with the molecular arrangements at the solid liquid interface
(figures 33C and 34C) an exact match of the parallel crystal arrangement was observed. The
same zig-zag arrangement of the chlorines and the bromines was found. Halogen- - -hydrogen
interactions as well as alkyl-chain interdigitations could be observed on the surface. Eight
halogen---hydrogen interactions per molecule were observed (figure 33B and 34B, indicated

in green) in the crystal structure and at the solid liquid interface.
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b) ©)

Figure 33. a) The crystal structure (hexyl chains and hydrogens were removed for clarity) of the
dichloro-OPE 105 reveals a parallel arrangement of the rods. b) Planar cut through the crystal structure
of 105. The slightly larger distance of 5.0 A is shown in blue and the slightly shorter distance of 4.8 A
is shown in black. The chlorine---hydrogen interactions (3.4 A) are shown in green. ¢c) STM image of

a dichloro-OPE 105 covered HOPG surface.
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b)

Figure 34. a) The crystal structure (hexyl chains and hydrogens were removed for clarity) of the
dibromo-OPE 104 reveals a parallel arrangement of the rods. b) Crystal structure of the dibromo-OPE
104 showing the parallel ordering. The larger distance of 5.1 A is shown in blue and the shorter
distance of 4.8 A is shown in black. The bromine---hydrogen interactions (3.3 A) are shown in green.

¢) STM image of a dibromo-OPE 104 covered HOPG surface.

2.4.2 Diiodo-OPE:

The packing order of the crystal structure reveals several layers of molecules (figure 35A).
Looking at the unit cell three planar sheets can be observed having a total height of 7.3 A.
When looking at a planar cut through the crystal (figure 35B) a perpendicular arrangement of
the rods can be observed. This arrangement leads to the formation of two cavities. The

distance between the iodines within these cavities is 14.2 A and 8.3 A respectively. The

71



Discussion

angles of the perpendicular rods are between 92.3° and 93.7°.The central benzene units of the
rods are placed in the corners of the unit cell and they have a distance of 15.0 A and 15.3 A to
one another. The area of the unit cell (in a plane) comprising two OPE molecules and a

cyclohexane is about 4.54 nm? (see additional information in the experimental part).

The terminal iodine has a strong positive electrostatic potential along the molecular axis and a
negative electrostatic potential off the axis forming a “belt” around the iodine.*' Therefore,
it can interact with electron donors such as other halogens and m-orbitals as well as electron
acceptors including hydrogens.””?” The perpendicular arrangement of the rods comes from a
strong iodine'--m-orbital interaction where the electro positive potential of the iodine interacts
with an electro negative m-orbital of a second rod (figure 4a). The central benzene unit is able
to undergo n-m stacking with another OPE-rod which is alternated perpendicular. This crystal
structure reveals that the functional groups (-1, -H, C=C) within the molecule clearly dictate
the two dimensional arrangement. The three dimensional arrangement was controlled by the

central benzene unit.

Figure 35C shows the STM image of a monolayer of the diodo-OPE 103 at the solid/liquid
interface. The molecules form a highly ordered network with large and small pores. The unit
cell was determined with a=2.1£0.1 nm, b=2.0+0.1 nm and a=90+4°. The unit cell contains
two OPE 103 molecules with a surface area of about 4.2 nm”. By looking at the molecular
arrangement on the surface it can be observed that the rods lie perpendicular to each other

thus forming large and small cavities.

By comparing the molecular arrangement in a planar cut through the crystal (figure 35B) with
the arrangement at the solid/liquid interface (figure 35C) an almost perfect match was
observed. The area of two molecules in the crystal structure is about 4.5 nm” which is
comparable to the surface coverage at the solid/liquid interface (4.2 nm?). The same
interactions where one terminal iodine interacts with one m-orbital and two hydrogens could
be identified. These observed interactions clearly dictate the two-dimesional assembly in

both, the crystal structure and at the solid-liquid interface. Alkylchain interdigitations!***

play
a smaller part. This could be due to the eight iodine---hydrogen and four iodine---m-orbital

interactions per molecule.
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X

Figure 35. a) The crystal structure (solvent, hexyl chains and hydrogens were removed for clarity) of
the diiodo-OPE 103 reveals a perpendicular arrangement of the rods forming large and small cavities.
b) Planar cut of the diiodo-OPE crystal showing the squared cavities. The larger iodine-iodine distance
of 14.2 A is shown in blue and the shorter iodine-iodine distance of 8.3 A is shown in black. The
iodine---hydrogen (3.2 A and 3.3 A) and the iodine - -n-orbital (4.1 A) interactions are shown in green.
¢) STM image of a diiodo-OPE 103 covered HOPG surface.

We have compared a plane through the crystal structures with the assembly at the solid/liquid
interface and found a remarkable similarity for each OPE 103-105. However, when we
compare the OPEs to each other we find considerable variations of their arrangement induced

by the terminal halide.

Similar arrangements were found for the dichloro-OPE 105 and the dibromo-OPE 104. The

halides show a zig-zag line coming from halide---hydrogen interactions and alkylchain
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interdigitations (figure 33 and 34). It seems that these are the only interactions which control
the arrangement. We were able to measure that the dichloro-OPE rods 105 are not
commensurable with the graphite sheet and therefore we can assume that the assembly was
mainly controlled by intermolecular interactions. The dibromo-OPE 104 monolayers and the
diiodo-OPE 103 monolayers were not stable enough to determine their comensurability. This

also indicates that intermolecular interactions dominate the assembly.

For the diiodo-OPE 103 a quite different arrangement was observed compared to the OPEs
104 and 105. The halides do not only interact with electro positive hydrogens from
neighboring rods but also with an electronegative m-orbital. These interactions lead to a
perpendicular arrangement (figure 35). Presumably the larger size of the iodine together with
the larger electropositive potential is responsible for this alteration in molecular packing. In
particular the latter is assumed to form an interaction with the acetylene n-system resulting in

the perpendicular arrangement of the molecular rods.

The comparison of the three molecular packings suggests X---H bonds as the dominating
intermolecular interaction which becomes weaker with increasing size and decreasing
electronegativity of the halogen atom (Cl > Br > D). In the case of 103 the I--H bonds are

weak enough that the [---n-system interaction begins to compete.

2.5 Conclusions of the Solid State Investigations

A series of halide end-functionalized OPEs 103-105 were synthesized in order to investigate
their packing properties in single crystals as well as on atomically flat graphite substrates. In
spite of their structural simplicity and similarity the synthesis of the target structures 103-105
was more challenging than expected. OPE 105 and 104 were synthesized in good yields using
an in situ deprotection method to prevent the formation of side products. Various synthetic
strategies to OPE 103 were investigated and functional group interconversion (FGI) turned
out to be superior in yield and isolation properties of the target structure. Efficient syntheses
of OPE 103 with respect to yield, purity and reaction steps were found. While the triazene-
masking strategy gave the highest overall yield and a very pure product, the dimethylpyrrole
masking group worked considerably better than the free amine FGI and requires lower

reaction temperatures.

A comparison of STM images and crystal structures for OPEs 105, 104 and 103 revealed a

structural similarity for each rod. In their crystal structures a planar slice with an arrangement
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of the molecules resembling their two dimensional packing on the flat surface was found for
each case. These results support the hypothesis of a slice by slice crystal growth and suggest
flat surfaces as ideal interfaces to promote crystal growth. Of particular interest was the
arrangement of the diiodo-OPE 103. The STM image as well as the crystal structure revealed
a porous network of alternating pore sizes. The assembly can be rationalized by
iodine---hydrogen and iodine---m-orbital interactions. This perpendicular arrangement might

pave the way to porous crystals grown on flat substrates.

In summary the large influence of halides on the packing of OPE rods was shown. This is
rationalized by their differences in electrostatic potentials. The comprehension of these
interactions will enable controlled surface functionalization and opens the door to controlled

crystal growth on flat substrates.

2.6 Break Junction Experiments

The investigation of structure-property relationships!?>***"]

in complex molecules has been
facilitated by break junction techniques, such as mechanically controlled break junctions
(MCBI)?%2%U and scanning tunneling microscopy (STM),?”*** allowing for the rational
design of functional molecules. To measure and investigate electron transport through a single
molecule one must not only synthesize molecules which mimic traditional electrical
components, but also design efficient molecule-electrode contacts, so called anchoring
groups. These anchoring groups should bind to the electrodes and provide efficient electronic

263,264

coupling between the molecule and the electrode.! ' In principle, there are mainly two

ways to contact molecules to electrodes. The first one is achieved by a strong covalent

37,38 . 39
37381 or amines.**! The second one

0]

binding between the metal electrode and for example thiols

or isocyanides'*”! coordinate
4.37.19]

can be achieved by coordination where for example pyridines*

to the metal electrode. Those contact events have been extensively studied and reviewe

Another, yet less explored, possibility to contact a molecule with an electrode can be achieved
by Van-der-Waals interactions. So far, there are only a few reported studies which use Van-
der-Waals interaction to contact molecules with metal or carbon electrodes. Bjornholm and

265,2
coworkers!26>26¢]

used Cgp as anchor groups where they profited from a strong hybridization
between the fullerene and the gold atoms resulting in an excellent charge injection from the
electrode onto the fullerene. Polyaromatic hydrocarbons (PAH) were successfully used by

Grunder et al. to contact the molecule with carbon nanotubes (CNT).!*"]
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These studies showed that Van-der-Waals interactions can be used to form a contact between
electrodes and organic molecules. Therefore we envisaged our own model compounds 117
and 103 (figure 37), which are terminally functionalized with halides, to be ideal candidates to
form electrode-molecule-electrode contacts. As discussed above, terminal halides have an
extended electron cloud and thus provide an ideal surface area to interact via Van-der-Waals
forces with gold electrodes. The weaker but still efficient electronic coupling between the
electrodes and the molecule could lead to deeper insights into the coupling mechanism since

the broadening of the energy levels is reduced.!'”!

[L\ Conductivity
I
| 7 )

»)

Figure 36. Schematic illustration of a contacted diiodo-OPE between two gold electrodes.

We proposed that halides can act as anchoring groups due to their large size and diffuse
electron distribution. The dibromo-OPE 117 without any hexylchains and the diiodo-OPE 103
were investigated by the group of Christian Schonenberger and Michel Calame at the

University of Basel (figure 36).

117 103

Figure 37. Halide end-capped OPE’s investigated by MCBJ-experiments.
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The measurements were performed with a bias voltage of 0.1 V and a pushrod speed of
31.2 um/s. The first molecule 117 which was investigated consisted of an OPE backbone and
two bromide-end groups. Two different concentrations in different solvents were investigated
(1 mM in ethyl benzoate and 0.25 mM in THF/mesitylene). As displayed in the histograms in

figure 38 no conductance peak could be observed.
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Figure 38. Logarithmic histograms of molecule 117. The left histogram contains the sum of 530

opening curves and the right histogram contains the sum of 682 opening curves.

This result was attributed to the very low solubility and therefore very low concentration of
compound 117 in the investigated solution. In the next experiment the diiodo-OPE 103
bearing two alkyl chains was investigated. The additional alkyl chains increased the solubility

enormously in a mixture of THF and mesitylene (1:4).
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Figure 39. Logarithmic histograms of diiodo-OPE 103. The left histogram contains the sum of 151

opening curves and the right histogram contains the sum of 86 opening curves.

On the left histogram the sum of all curves is shown (figure 39). One can see two small peaks
at 107 and 10~ Gy. On the right histogram only curves showing a plateau are summarized.
The peaks appear clearer but are still very small. It is rather difficult to compare and
rationalize these findings with known literature data.”*®! For example OPE molecules bearing
sulfur as anchoring groups show conductance values of 10 Gy which is lower of about two
orders of magnitude. It is known that a weaker electronic coupling between the anchor group
(molecule) and the gold electrodes results in higher conductivity due to a lower injection (or
tunneling) barrier for an electron.***** Therefore we conclude that the iodine anchor groups
did not bind well to the gold electrodes to form a stable molecular junction. This weak
coupling could lead to the “observed” high conductance values. However, the number of

bridging events is not good enough to have convincing statistical data.
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3 Ferrocene Oligo-Phenylene-Vinylene Structures

3.1 Concept

It has been reported that ferrocene compounds are excellent candidates for highly conductive
molecules.”® The group of Lawrence Sita reported a conductance of 0.7 Gy which is
extremely high for an organic molecule (e.g. sulfur terminated OPEs have a conductance
around 1 - 10 -107 Go).*™ They integrated an OPE-wire 3 (scheme 21) comprising a central
ferrocene unit, which connected the two arms in the 1,1’-position, into an electromigration
induced break junction. The conductance of single molecules is usually much smaller
(<<2¢’/h) because the HOMO and LUMO are typically not aligned with the Fermi energy
level of the electrodes. However, the issue of the possible free rotation around the central

ferrocene axis resulting in a possible double wire is addressed below in chapter 4.

Another interesting feature of such ferrocene compounds is their reversible oxidation state.
The iron of the ferrocene complex can be reversibly oxidized between Fe™ and Fe™™. This
property makes such ferrocene derivatives particular interesting for investigations towards
three terminal devices. Three terminal devices usually consist of source- and drain-electrodes
and an additional gate electrode (or a reference electrode for electrochemical gating). If the
electrode is placed close enough the gate electrode can reduce or oxidize a molecule between
two electrodes."™™ Until now, only a few examples have been reported where gating

269-271] [272]

controlled the conductivity upon reduction' or oxidation.

A reference electrode B molecular
— level
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Figure 40. A) Schematic illustration of an integrated ferrocene wire in an electrochemically gated
STM setup. B) The influence of the gating effect on the molecular levels is shown. The energy levels
can be lowered (upon reduction) or increased (upon oxidation) to match the Fermi energy level.

Reprinted from Chen et al.’"
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The electrochemical gate shifts the energy levels of the molecule up and down relative to the
Fermi energy levels of the electrodes (Figure 40, B). If for example, the LUMO is lowered

upon reduction to the Fermi energy level of the electrode, resonant tunneling can occur.

In the case of a ferrocene molecule the HOMO can be raised to the Fermi energy level upon
oxidation. As a result of the alignment resonant tunneling occurs and the conductance is
increased.??#*?2 " A similar behavior was observed for the ferrocene derivative 6
synthesized by Sergio Grunder.™ Compound 6 was integrated in a MCBJ setup with a
reference electrode (gate electrode) to oxidize and reduce the molecule. The first experiments
showed an increase in conductance upon oxidation which supports the proposed

mechanism.?”*

! The molecule itself was substituted in the 1,1’-position which means that the
two arms can rotate freely around the central axis. The x-ray structure showed that the
molecule indeed forms a stacked structure in the solid state (figure 41, right). The actual
structure which is measured in the junction remains unclear since the ferrocene itself can also

act an as anchor group.*’!

js/@\@\/\@sﬁi\ is/@\? \/USZF \‘I/ %’9_”_—<:\"
6

118

Figure 41. Left: 1,3-disubstituted ferrocene 118. Right: 1,1'-disubstituted ferrocene 6 synthesized by

Sergio Grunder including the obtained crystal structure.'*"

Here we propose a molecular switch 118 by introducing an electrochemically addressable
ferrocene into a conducting organic molecule. The proposed molecule consists of a central
ferrocene unit which is substituted by two styrene side-units in the 1,3-position. The benzene
units bear sulfur groups to form stable contacts to gold electrodes (figure 41).2°**"! The sulfur
anchor groups are protected with an acetyl-protecting group which can be removed in situ
prior to the experiment.”””! The 1,3-substitution pattern provides a rigid conjugated backbone
compared to the previously discussed compound 6. This molecule should be contacted by two
gold electrodes as illustrated in figure 42. Once the bridge is formed the ferrocene 118 can be

oxidized by applying a positive voltage on the gate electrode (reference electrode).
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The MCBJ-technique is a very suitable method for such an investigation since it is possible to
install counter and reference electrodes and to perform the experiment in an electrolyte

solution.

Of particular interest is the difference in conductivity between a 1,1’-disubstitued ferrocene 6
and a 1,3-disubsituted ferrocene 118. Since the 1,3-disubstituted ferrocene has a more rigid
structure and the conjugation is not disrupted by a metal complex we expect to observe a
different conductivity in the neutral state. We envisage that the conductivity can be tuned by
the electrochemical gate and that the switching process is reversible. The reversibility of the

switch can further be supported by spectro-electrochemical (SEC) investigations.

——|| Changein |
Conductivity

Oxidation/Reduction
Fe' <> Fe*!l

Figure 42. Schematic illustration of a contacted molecule which can change its conductivity upon

oxidation or reduction of the ferrocene unit.

3.2 Synthetic Strategy

The first disconnection was made at the two double bonds on the target structure 118
(scheme 37). To form a double bond a Horner-Wadsworth-Emmons (HWE) reaction seems to
be an excellent choice.?’® The conditions are relatively mild and the reaction of aldehydes
with stabilized ylides leads to olefins with excellent E-selectivity. Even though the reaction
conditions are quite mild an acetyl protected sulfur group does not survive the basic
conditions used to deprotonate the benzylic protons of phosphonate 122. Therefore, a more

stable protecting group such as the tert-butyl-PG as in molecule 119 was envisaged. Once the
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molecule 119 is assembled a deprotection-protection sequence gives the desired

compound 118.

AcS /®/\\/§\/\©\ SAc

118

ﬂ transprotection @

\/©\/\©\ HWE-reaction 120 121
Bus Fe SBu ————
L=
4 steps
o O =2 O
“PS o

Eto OEt

122 123

Scheme 37. Synthetic approach for compound 118.

The 1,3-ferrocenedicarbaldehyde (120) can be synthesized within 8 steps starting from
ferrocene 121.27727°1 This procedure ensures a 1,3-substitution pattern as shown in scheme
38. Another approach could also be used to synthesize a 1,3-disubstituted ferrocene using a

%1 However, the starting materials and the reagents used are so expensive

chiral auxiliary.!
that the initially mentioned approach was favored. The phosphonate 122 can be synthesized

within four steps from 4-fluorobenzaldehyde (123).%*%%

3.3 Synthesis

3.3.1 Synthesis of 1,3-ferrocenedicarbaldehyde

The acetylferrocene (124) was synthesized by a classical Friedel-Crafts acetylation.
Therefore, ferrocene (121) was added to a solution of methylene chloride (DCM) containing
acetyl chloride and aluminium chloride. The problem of this reaction was over substitution. It
is almost impossible to introduce only one acetyl group to the molecule. Sub-stoichiometric
amounts of the acetyl chloride or inverse addition did not improve the yield. Once the
acetylferrocene (124) was formed it became much more reactive by stabilizing the transition
state of a second and third substitution. Nevertheless, purification by column chromatography

led to the pure acetylferrocene (124) in a yield of 50 % (scheme 38).
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Scheme 38. Reaction sequence for the formation of 1,3-ferrocenedicarbaldehyde (120).

The next reaction step was necessary to control the 1,3-substituion pattern. A direct second
acetylation of acetylferrocene (124) at the third position seems to be the first choice.
However, it is not possible to substitute at the third position when an acetyl group is already
present in the molecule which slightly deactivates the cyclopentadienyl (Cp) ring. Therefore
the acetyl group had to be reduced to an ethyl group to activate the system. The ethyl group
directed the second acetylation to the 3-position. To make the ethylferrocene (125) the
acetylferrocene (124) had to be reduced using lithium aluminium hydride and aluminium
chloride in diethylether. The crude product was purified by column chromatography to afford
the desired ethylferrocene (125) in a yield of 88 %. 1-Acetyl-3-ethylferrocene (126) was then
synthesized by another Friedel-Crafts reaction. Therefore, a solution of acetyl chloride and
aluminium chloride in DCM was added to a solution of ethylferrocene (125) in DCM at room
temperature. After quenching the reaction with water and extraction, the crude product was
purified twice by column chromatography to afford the desired compound 126 (30 %) as a red
oil. The purity of compound 126 was essential for the next reaction step since it had to be re-
isolated and used again. The ethyl substituent in molecule 126 had to be oxidized to an acetyl
group. This could be achieved by adding activated manganese(IV) oxide to a solution of 1-
acetyl-3-ethylferrocene (126) in DCM. The reaction was stirred at 50°C for 13 days and every

day two equivalents of manganese(IV) oxide were added. The reaction was very slow and the
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conversion was 30 %. The product 127 could easily be crystallized by removing the DCM and
adding hexane. The soluble starting material 126 was completely re-isolated to repeat the
reaction. Once we had the 1,3-diacetylferrocene (127) in hand we could further oxidize it to
the di-carboxylic acid 128. This reaction is usually used in industry to make chloroform or
bromoform. The 1,3-diacetylferrocene (127) was added portion wise to a mixture of sodium
hydroxide and bromine in dioxane at 0°C. After one hour the reaction was complete and the
desired 1,3-ferrocenedicarboxylate (128) was isolated by extraction in a yield of 89 %. We
then tried to reduce compound 128 to the 1,3-bis(hydroxymethyl)ferrocene 130 using
DiBAL-H in THF. Instead of the desired compound 130 we made 1,3-dimethylferrocene. The
DiBAL-H was too reactive and reduced the acid all the way to the methyl group. Therefore
we changed the approach by making first the dimethylester out of the carboxylate and then
reduced it to an alcohol in a second step. The dimethyl-1,3-ferrocenedicarboxylate (129) was
synthesized by heating a mixture of compound 128 and sulfuric acid in methanol for 48 hours.
The di-methylester 129 was isolated by filtration over a short silica plug eluting with benzene
and DCM to give a yield of 70 %. The next reduction using four equivalents of lithium
aluminium hydride in diethylether was successful and gave the desired
bis(hydroxymethyl)ferrocene (130) in a yield of 87 %. Having the bis(hydroxymethyl)
ferrocene (130) in hand a simple oxidation using manganese(IV) dioxide in chloroform gave
the desired 1,3-ferrocenedicarbaldehyde 120 in a yield of 79 %. The manganese(IV) dioxide
can oxidize an alcohol effectively to an aldehyde without any over oxidation to carboxylic
acids.”®) The 1,3-ferrocnedicarbaldehyde 120 could be synthesized in a overall yield of
1.9 % and in a quantity up to 300 mg. This rather low yield is a little misleading since the
oxidation of compound 126 (step 4) with manganese(IV) dioxide could be repeated several

times.

3.3.2 Phosphonate synthesis

The phosphonate 122 was synthesized within four steps starting from the commercially
available 4-fluorobenzaldehyde (123). The 4-fluorobenzaldehyde is suitable for nucleophilic
substitution reactions because the intermediate is strongly stabilized by the aldehyde in the
para-position and the fluoride has a polarization effect on the carbon at the reaction centre.
Therefore, 4-(tert-butylthio)benzaldehyde (131) was synthesized by adding 4-
fluorobenzaldehyde to a solution of sodium 2-methyl-2-propanethiolate in DMI (scheme 39).
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The crude product was purified by distillation to afford the desired compound 131 in a yield
of 74 %.

Eto.

N [N HO Br P
EtC
NaS'Bu NaBH, PBry P(OEt)s
- - —_— - "
DMI, r.t. EtOH, r.t. Et,0, r.t. dioxane, rf
F 74% Sj< quant. S\’< 82% S\’< 69% S\|<

123 131 132 133 122

Scheme 39. Synthesis of phosphonate 122.

The aldehyde 131 was then reduced to the alcohol 132 in a yield of 92 % using sodium
borohydride in ethanol. In the next step the hydroxy group had to be replaced by bromine. A
good reagent for such a substitution is phosphorus tribromide (PBr3). In the first reaction step
the PBr; activates the oxygen from the alcohol and generates the bromide. In the second
reaction step the nucleophile attacks the carbon centre to replace the activated hydroxy group.
The (4-(bromomethyl)phenyl)(zert-butyl)sulfane (133) was synthesized by adding PBr; at 0°C
to a solution of (4-fert-butylthio)phenyl)methanol 132 in diethyl ether. The crude compound
was purified by recrystallization from hexane/ethyl acetate to afford the desired product 133
as a white solid in a yield of 82 %. The diethyl 4-(¢ert-butylthio) benzylphosphonate 122 was
synthesized by an Arbuzov reaction.”®***] Therefore, a solution of the benzylbromide 133
and triethyl phosphite in dioxane was heated to reflux for 12 hours. The crude product was
distilled to give the 4-(tert-butylthio)benzylphosphonate 122 as a colorless oil in a yield of
69 %. The second building block 122 could be synthesized in an overall yield of 41 % within

four steps.

3.3.3 Synthesis of 1,3-bis(vinylene-phenylene)ferrocene

Once the two building blocks 120 and 122 were synthesized the assembly of molecule 119
was investigated (scheme 40). Thus, potassium zert-butoxide dissolved in THF was added to a
mixture of compounds 120, 122 and THF at 0°C. The mixture was allowed to warm to room
temperature and was stirred for another 3 hours. After the reaction was complete the reaction
mixture was extracted and the crude product was purified by column chromatography eluting

with hexane and DCM (2:1) to afford the desired compound 119 as a red solid in a yield of
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77 %. This reaction worked very well and very little formation of mono-reacted product was
observed. The use of potassium tert-butoxide turned out to be an excellent choice since it did
not react with the ferrocene compound 120. In an attempt to use n-butyl lithium as a base the

starting material 120 started to decompose rapidly.
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Scheme 40. Final assembly followed by trans-protection to the target structure 118.

The next step was rather troublesome. The sulfur needed to be transprotected by removing the
tert-butyl-PG and directly introduce the acetyl-PG. The fert-butyl-PG was necessary for the
HWE-reaction but it is useless for MCBJ-experiments since the reagents to remove this PG
are too aggressive. On the other hand, an acetyl-PG can easily be removed with tertra-butyl
ammonium hydroxide prior to the experiment. The transprotection was carried out by
dissolving compound 119 in acetyl chloride (excess of 630 equiv.) and toluene. A boron
tribromide (BBr3;) solution was slowly added to the mixture at room temperature. After
aqueous workup the crude compound was purified twice by column chromatography (silica,
1** column: hexane/ethyl acetate 5:1, RF: 0.24; 2" column: DCM, RF 0.9) to afford the
desired target molecule 118 as a red solid in a yield of 2.4 %.

This low yield on the very last step was very disappointing and changing the reaction
parameters did not improve the yield as it was already reported in Sergio Grunder's thesis.!**!
Consequently we tried to change the strategy by introducing another protecting group at an
earlier stage. The protecting group should be base stable and easily removed under mild non-
oxidative conditions. The free thiol (or sulfur anion) tends to form sulfur-sulfur dimers under
oxidative conditions. The protecting group of choice was the triphenylmethyl-PG (trityl-PG).

It is base stable and can be removed under acidic conditions. Therefore, a trityl-protected
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phosphonate 134 was synthesized starting from the commercially available 4-mercapto-

benzoic acid (135) within 4 steps (scheme 41).

3.3.4 Approach with a different protecting group

OEt

O, _OH OH OH Br P\’
OEt
LiAIH, (Ph)3C-OH, TFA CBry, PPhg (EtO)sP
- " - - — = ° _—
THF, rt, 16h CHCl3, rt, 2h DCM, rt, 5h dioxane, rf, 60h
SH 67% SH 70% STrt 87% STrt 84% STrt

135 136 137 138 134

Scheme 41. Synthesis of a trityl protected phosphonate 134.

(4-Mercaptophenyl)methanol (136) was synthesized by adding a solution of 4-
mercaptobenzoic acid (135) in THF to a solution of lithium aluminium hyride at room
temperature. After aqueous workup and recrystallization from ethanol the pure compound was
isolated in a yield of 67 %. In the next step the thiol group was protected with the trityl-PG.
Therefore, triphenylmethanol and TFA were added to a solution of (4-
mercaptophenyl)methanol (136) in chloroform at room temperature. After the reaction was
complete sodium bicarbonate was added to quench the reaction. After aqueous workup the
crude product was purified by column chromatography eluting with hexane//BME (2:1) to
afford the desired compound 137 as a colorless oil in a yield of 70 %. In the next step the
hydroxy group had to be replaced by bromine. Using the same conditions as above
(scheme 39, step 3) with PBr; as reagent did not work very well yielding too many side
products. Instead an Appel reaction was performed to substitute the hydroxy group by a

[(286] Thus, triphenylphosphine was added to a solution of compound 137 and carbon

bromine.
tetrabromide in dry DCM at 0°C. The reaction was allowed to reach room temperature and
was stirred for 5 hours. After aqueous workup the crude product was purified by column
chromatography to afford the desired (4-(bromomethyl)phenyl)(trityl)sulfane (138) as a white
solid in a yield of 87 %. The phosphonate 134 was finally synthesized by applying the same
protocol as discussed above (scheme 39). The desired diethyl 4-(tritylthio)benzylphosphonate

134 was isolated in a yield of 84 %.

The phosphonate 134 together with the commercially available 1,1'-ferrocenedicarbaldehyde
(139) was then used to screen reaction conditions for a HWE-reaction (scheme 42). The
reaction did not work as expected. In any attempt an insoluble precipitate was formed. We

expected that the sulfur was deprotected and then polymerized to sulfur-sulfur oligomers. The
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attempt to reduce a possible sulfur-sulfur bond did not work. Only a mono-substituted
ferrocene compound 141 could be isolated in a yield of 35 % by using potassium fert-
butoxide as base and little THF as solvent. Since the reaction could not be developed for the
1,1'-ferrocenedicarbaldehyde (139) to a certain satisfaction we did not pursue a trial on the

valuable 1,3-ferrocenedicalbaldehyde (120).
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Scheme 42. HWE-reaction leading to a mono-substituted ferrocene derivative 141.

3.4 UV-Deprotection Experiments

The binding event of a sulfur anchor group to a gold electrode remains unclear. Usually a
weak base such as tetrabutylammonium hydroxide (TBAH) is used to remove the acetyl-PG
in the MCBJ-cell prior to the experiment. Whether the acetyl-PG is removed in a first step
and the resulting free sulfur anion binds to the gold or if the sulfur-acetyl group binds to the
gold in the first place before the PG is removed has been investigated by Valkenier et al.”*””!
The conclusion of their work was that the binding event can be controlled by the base which
was used for deprotection. However, the necessary amount of base depends on the electronic
properties of the molecule itself. For this reason we tried to investigate the deprotection
process by monitoring the reaction progress with UV measurements. To apply the findings of
the UV measurements to the MCBJ-experiments the same conditions were used. Therefore, a
stock solution (0.03 mM) of 1,1’-disubstituted ferrocene 6 in mesitylene/THF (3:1) was
prepared. The deprotection reagent (TBAH) was diluted to a concentration of 0.05 M in THF.
We tested two different reagents. One contained 30 equivalents of water per TBAH molecule
and the other one contained no water but was dissolved in methanol/iso-propanol instead of

pure THF. A quartz UV cuvette was filled with 3 ml of ferrocene solution and two

equivalents (3.6 ul) of TBAH*30 H,O solution (0.05 M) were added. The mixture was stirred
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for 1 minute and a UV spectrum was recorded between 900 nm and 290 nm every minute for

30 minutes. As displayed in figure 43 almost no change was observed in the spectra.
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Figure 43. Deprotection experiment using two equivalents of TBAH.

The same experiment was repeated with four equivalents of deprotection reagent instead of
two. In this case, a change of the UV spectrum was observed (figure 44). A decrease in
intensity was observed at 304 nm. The shoulder at 340 nm disappeared and a smaller decrease
of intensity was observed at 470 nm. It seemed that the reaction was complete after 30 min
using four equivalents of deprotection reagent. The experiment was also done using 8
equivalents of TBAH but a faster deprotection could not be observed. Also the presence or
absence of water did not have an influence on the deprotection rate. On the other hand, a

water-free deprotection should be considered when working with water sensitive compounds.
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Figure 44. Deprotection experiment using four equivalents of TBAH.
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3.5 Synthesis of further ferrocene compounds

To conclude the MCBJ-experiments another ferrocene compound 142 was synthesized
(figure 45). This compound consists of a ferrocene and only one vinyl-phenylene substituent
which bears an acetyl protected sulfur group. The idea was to preclude the hypothesis that the
ferrocene itself could bind to gold as it could happen to the 1,1'-distyreneferrocene 6 upon n-n

stacking with itself (figure 45, right).

142 6

Figure 45. Left: Mono-substituted ferrocene derivative 142. Right: Possible structure of compound 6.

In the first step potassium fert-butoxide was added to a mixture of a commercially available
ferrocenecarbaldehyde (143) and phosphonate 122 in dry THF at 0°C (scheme 43). The
compound was isolated by extraction and purified by column chromatography eluting with
hexane/DCM (2:1) to afford the desired ferrocene derivative 144 in a yield of 98 %.
Compared to the reaction described above (scheme 40) a much better yield was observed. For
the next step acetylchloride and BBr3; were used to deprotect and in situ protect the sulfur end
group to make 142. This reaction yielded in 36 % which was much higher compared to the di-
substituted ferrocene compounds (scheme 40). A possible explanation could be the better
solubility of the smaller molecule 144. When two sulfur end groups within one molecule 119
are deprotected at the same time a very low solubility is expected and therefore the formation

of side-products is favoured.

EtO o
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oS E; KO'Bu @\//\Q )4 AcCl, BBrg @\//\Q .
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Scheme 43. Synthesis of mono-substituted ferrocene 142.
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To complete our series of ferrocene compounds an ethynylene-substituted ferrocene 145 was
envisaged. The molecule consists of a central ferrocene unit which is substituted at the 1,1'-
position with an ethynylene-phenylene unit. The phenylene bears again a protected sulfur end

group (scheme 44).

H Sonogahira- ©\ | >
Fe Y Fe + = S
H cross coupling I~

ﬂz steps

<

Fe

=

121

Scheme 44. Strategic considerations for a 1,1’-disubstituted ferrocene 145.

The disconnection was made between the ferrocene and the acetylene group. This could be
achieved by a Sonogashira cross coupling reaction between 1,1'-diiodoferrocene (146) and
tert-butyl(4-ethynylphenyl)sulfane (147). It was essential to have iodine on the ferrocene as
leaving groups because the commercially available 1,1'-dibromoferrocene was not reactive.
The 1,1'-diiodoferrocene (146) could be synthesized within two steps starting from ferrocene
(121). The tert-butyl(4-ethynylphenyl)sulfane (147) was previously synthesized in our group

according to a literature procedure.!**”]

The 1,1'diiodoferrocene 146 had to be synthesized via 1,1'-bis(triphenylstannyl)ferrocene. A
direct iodination of ferrocene (121) via lithiation or a halide exchange reaction of 1,1'-
dibromoferrocene did not work. Every attempt yielded in multiple substitution and
polymerisation. The problem of a multiple substitution is the purification and isolation since
the physical properties are almost identical between every possible isomer. The introduction
of the iodine had to be fast and selective. Tin substituents are excellent leaving groups for
such a purpose. The problem is its toxicity. The introduction of tributylstannyl into ferrocene
followed by an iodination was reported by Butler et al.***! The alkylated tin compounds gave
excellent yields but also showed the highest toxicity. Therefore, the procedure was very
extensive due to a workup of every single waste solution. For this reason triphenylstannyl was
introduced to ferrocene. Triphenyltin compounds are 1000 times less toxic than alkylated tin

[289]

compounds and they are not soluble in polar solvents which makes it much easier for
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proper handling. Therefore, ferrocene (121) dissolved in ethylether was added to a solution of
nbutyl lithium and tetramethylethylenediamine (TMEDA) in diethylether. The resulting
mixture was stirred at room temperature for 12 hours. Triphenyltin chloride was then added
and the reaction mixture was stirred for another 6 hours. The reaction was quenched with
water and diluted with /BME and toluene (5:1). After an aqueous workup the compound 148
was adsorbed onto basic aluminium oxide and then chromatographed over silica eluting with
cyclohexane/DCM (5:1) to afford the desired compound 148 as an orange solid in a yield of
52 % (scheme 45). All waste solutions were collected and properly disposed. This compound
is expected to be less toxic than triphenyltin chloride since the molecule is much bigger and
non-volatile. Nevertheless, extra precaution should be considered at any time when this

compound is used.

1) nBulLi,
@ TMEDA, Et,0 F©\8nph3 ICI, DCM F©\I
Fe R —— e e
Ph3Sn -78°C, r.t. |
<= 2) PhsSnCl Rl - o’ ~
52% 15-20%
121 148 146

2 Pd(PPhs),Cl, H
@/Fe | v Cu(OAc),, DIPA Fe
u(OAc),,
1 90°C, 24 h = < >
\’< 1%

146 147 145

Scheme 45. Synthesis of 1,1’-disubstituted ferrocene 145.

In the next step a solution of iodine monochloride in DCM was added quickly to a solution of
compound 148 in DCM at -78°C. After the addition was complete the reaction mixture was
allowed to reach room temperature and was stirred for 12 hours. The reaction mixture was
then concentrated under reduced pressure and the residue was dissolved in cyclohexane and
filtered over silica to remove the triphenyltin chloride. The filtrate was again concentrated and
the residue was purified twice by column chromatography (figure 46) (1* column: silica,
cyclohexane//BME 40:1; 2™ column: RPI18-silica, acetonitrile/water 5:1). The second
purification step was never described in literature, hence the reported yields could never be
reproduced. This reaction was done almost 20 times and the isolated yields varied between

15-20 %.
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Figure 46. TLC plates visualized by 254 nm. Left: silica-plate, cyclohexane as eluent. Right: RP18-

silica plate, acetonitrile:water (5:1).

Once we had the 1,1'-diiodoferrocene (146) and compound 147 in hand a twofold
Sonogashira cross coupling reaction was performed using bis(triphenylphosphine)palladium
(IT) chloride and copper acetate as catalysts and diisopropylamine as base and solvent
(scheme 45). The reaction was stirred for 24 hours at 90°C. The reaction mixture was
concentrated under reduced pressure and the residue was purified by column chromatography
eluting with cyclohexane/DCM (2:1) to afford the desired compound 145 in a yield of 11 %.
Any attempt to do this cross coupling reaction with 1,1'-dibromoferrocene was not successful
and the starting material was always reisolated. Even for the 1,1'-diiodoferrocene (146),
elevated temperatures and pure bases as solvents were necessary to insert the palladium

species into the ferrocene-iodine bond.

3.6 Electrochemical investigations

Cyclic voltammetry has become a very efficient tool to characterize the properties of redox
active molecules. Depending on the electronic nature around the redox center the oxidation
potential changes and can therefore be characterized. We measured the ferrocene compounds
119, 149, 144, and 145 in an all-glass electrochemical cell using a glassy carbon as working
electrode, a silver net as counter electrode and a Ag/AgCl reference electrode. The glassy
carbon electrode was necessary to prevent early decomposition of the investigated
compounds. For the same reason, the compounds were measured with the tert-butyl-PGs
since they are much more stable in the supporting electrolyte compared to ones bearing an

acetyl-PG.
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The solvent and the electrolyte concentration have an enormous effect on the redox potentials.
The dependence of the redox potentials on the concentration of the supporting electrolyte is
much more pronounced for solutions composed of relatively nonpolar solvents than for

" For this reason a 100 mM solution of

solutions of relatively polar solvents.!
tetrabutylammonium tetrafluoroborate (TBABF,) in acetonitrile was used to conduct the
measurements. The electrolyte should be absolutely redox inert within the investigated

voltage range.!’¥

The first characterization of the compounds 119, 149, 144, and 145 was to check whether

these systems are reversible or not. A reversible system meets the following criteria:

e The difference between E,c and E,, should be 59 mV.
e The ratio of i, and 1,, should be 1.

e i, should be proportional to the square root of the scan rate.
It is almost impossible to meet these criteria to a 100 % but one should get close.

To measure the ferrocene derivatives 119, 149, 144, and 145 a 1 mM solution (+100 mM

d®*# and the platinum

electrolyte) was prepared. The glassy carbon electrode was polishe
net counter electrode was cauterized. The solution was degassed with nitrogen prior to the
experiment. In a first step all the molecules were reduced by sweeping to a negative voltage of
about -1V. Then different scan rates were run to determine the redox potentials and the

amount of electrons involved.
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3.6.1 Cyclic Voltammetry experiments
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Figure 47. CV’s of ferrocene derivatives 119, 149, 144, and 145. Measured in acetonitrile using a
glassy carbon working electrode and TBABF, as electrolyte.

Epc Epa AE, Eix ipc/ipa
Derivative n
(mV)  (mV) (mV) (mV) (A)

XSO/\\/E“//\QSX 119 528 467 61 498 1.01 0.96

149 485 423 62 454 1.00 0.95

> e .
S’Q/\ \/O/K

Xs@/\/gy 144 495 437 58 466 104  1.02

'“.: -
75 O Fe QL 145 748 687 61 718 1.03 0.97

Table 1. Electrochemical data of compound 119, 149, 144, and 145.
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All ferrocene derivatives have a fully reversible redox system. The current ratio between iy
and ip, is about 1. The difference between the potentials E,. and E,;, is about 59 mV and the

current correlates to the square root of the scan rate (table 1).

As we can see in table 1 the half wave potentials of 1,3-disubstituted ferrocene 119 and 1,1°-
disubstituted ferrocene 149 are almost the same, yet they are higher compared to ferrocene
(452 mV) This means that the electron withdrawing effect coming from the substituents is
dominant and steric effects due to shielding of the iron atom can be ignored.”*” The mono-
substituted ferrocene 144 was rather difficult to measure since decomposition started after
650 mV. However, a reversible redox system was observed with a half wave potential at
466 mV. This is higher compared to ferrocene and to 1,1’disubstituted ferrocene 149 but
lower compared to 1,3-disubstituted ferrocene 119. A big change of the half wave potential
was observed when the vinylene groups were replaced by ethynylene groups as in compound
145 (table 1). The half wave potential of this 1,1’-disubstituted-ethynylene ferrocene 145 was
718 mV which is about 260 mV higher compared to the 1,1’-disubstituted-vinylene ferroene
149. A reasonable explanation could be a better conjugation between the phenylene unit and
the cyclopentadienyl ring through the acetylene group. This leads to a stronger electron
withdrawing effect which results in an increase of the positive charge on the iron atom and its

oxidation becomes more difficult.

B - - - ferrocene
-1.5x10° c —— 1,1'-disubst. Fc
. N 1,3-disubst. Fc
. mono-subst. Fc
-1.0x10° - ) ——1,1'-di-OPE-Fc¢
< -5.0x10°
€
o
5 0.0
O
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1.0x10°

T T T
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Figure 48. CV’s of compound 119, 149, 144, and 145. A clear shift to a higher potential of compound

145 can be observed.
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3.7 Spectro-electrochemistry

To correlate the oxidation state with the UV-absorbance spectroelectrochemical (SEC)
experiments were performed to investigate their switching behavior. Therefore, a 1 mm quartz
cuvette equipped with a gold net counter electrode, a silver working electrode and a
Ag/AgNOs-reference electrode (in MeCN) were used to conduct the experiment. In the
beginning the potential was swept to -1.0 V to make sure that the entire ferrocene derivative

119 in solution was in its reduced state (neutral molecule).

b
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Figure 49. Left) Spectroelectrochemical plot of 1,3-disubstituted ferrocene 119. Right)

Spectroelectrochemical plot of 1,1°-disubstituted ferrocene 6 (reprinted from Grunder et al.*).

The first UV was measured at -0.5 V (figure 49, left, red curve) which was also the starting
point of the experiment. The solution was then slowly oxidized (~1 mV/s) to +0.6 V and a
UV spectrum was recorded every minute until no change in the UV spectrum was observed
(figure 49, left, blue curve). The UV spectrum of the reduced form (red) shows an absorption
maximum at 325 nm with a possible shoulder at 310 nm. In addition two smaller very broad
peaks are located at 402 nm and 500 nm. The bands of the absorption spectrum were not
assigned to their transitions. Thus it is difficult to interpret the changes observed upon
oxidation of the ferrocene derivative 119. At 325 nm an increase in intensity and a small

hypsochromic shift to 319 nm could be observed. The shoulder at 310 nm in the reduced form
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seems to shift to 255 nm. The broad peaks at 402 nm and 500 nm show an increase in
intensity and a small hypsochromic shift. The observed changes upon oxidation are rather
small and by comparing these results with the SEC-investigations of compound 149 (figure

49, right) we can see that the changes are of similar value.

The reversibility of the redox system was investigated by running three sweeps using the
same setup as discussed above. The starting point (figure 50, blue curve) was again at -
0.5 mV and the solution was slowly oxidized (2 mV/s) to +0.6 mV (black curve). A negative
potential was applied and the solution was slowly reduced to -0.5 mV. Since almost an
identical UV/vis spectrum (purple curve) was recorded it was assumed that the entire
ferrocene derivative 119 was again in the reduced form. The solution was again oxidized to

+0.6 mV (red curve) until no change in the UV/vis spectrum could be observed.
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Figure 50. Reversibility of the central redox system.

It was shown that we can switch between the neutral (or reduced form) and the oxidized form.
Even though the changes in the UV/vis spectra are rather small, a change of the HOMO-
LUMO gap should still be detectable by conductance experiments.
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3.8 Break Junction Experiments

To investigate if this molecular switch 118 was also applicable to a molecular junction MCBJ
experiments were performed by the group of Christian Schonenberger and Michel Calame at
the University of Basel. The concept of the electrochemical setup was discussed in the

introduction section 1.2.2.

Lo~ 0H

118

Figure 51. Molecule 118 was investigated in a MCBJ-experiment.

A 0.1 mM solution of 1,3-disubstituted ferrocene derivative 118 in DCM was prepared. Then
3 ml of this stock solution were treated with 20 pl of a solution of tetrabutylammonium
hydroxide (TBAH) in DCM (10 mM) to deprotect the sulfur groups. The first experiment was

carried out to control if a stable molecular junction could be formed (figure 52).

As displayed in figure 52 (left) a few plateaus (red circle) were observed during the MCBJ
measurement. On the other hand, the plateau yield is only 12 %. On the right picture the

logarithmic histograms are shown where a small peak between 10” and 10Gy occurs.
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Figure 52. Left: Conductance traces of molecule 118 in DCM. Black circle shows the exponential
decay of the solvent system. The red circle shows a few plateaus formed during the experiment. Right:

Logarithmic histograms of the conductance traces are displayed.
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Since no strong signal was measured more TBAH (10 pl in THF) was added to the solution.
However, no improvement of the signal could be observed. In total, one equivalent of
deprotecting reagent (TBAH) was added. Our UV-experiments revealed that at least two
equivalents of deprotecting reagent per sulfur group were necessary to deprotect both sulfur
atoms. In contrast to an all organic OPE bearing sulfur anchoring groups, sub-stoichiometric
amounts of TBAH are sufficient to deprotect enough molecules, necessary for a successful

experiment.?*%

Our collaborators successfully reproduced the first obtained results which were reported in the
Thesis of Sergio Grunder™™ by using three equivalents of TBAH to deprotect molecule 6.
They then observed a plateau yield between 32 and 60 %. However, the 12 % plateau yield
from molecule 118 is not high enough to collect a statistical data set to properly demonstrate a
gating effect. The problem seems to be the amount of deprotecting reagent. If too much of
TBAH is used in the electrochemical MCBJ-cell the leakage current becomes too strong and

the experiment cannot be performed.

If we compare the obtained results of the two ferrocene derivatives 118 and 6 with each other
we can see that both conductance peaks appear at about 10™ Go. The current pathway, either
through a Cp-ring (molecule 118) or through the ferrocene (molecule 6), has no influence on

the conductance of such OPV-type wires (figure 53).
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Figure 53. Comparison of conductance histograms between compounds 118 and 6.
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3.9 Conclusion

The 1,3-disubstituted ferrocene derivative 118 was successfully synthesized in 14 steps. The
most troublesome step was the last transprotection from the fers-butyl-PG to the acetyl-PG.
This reaction step could not be further optimized since the reagents which are necessary to
remove the tert-butyl-PG are too aggressive towards ferrocene and double bonds, low yields
are always expected. A replacement of the tert-butyl-PG by a trityl-PG failed due to stability
and solubility issues on the HWE-reaction step. Replacing the protecting group will remain
the key to improve the overall yield. A sulfur protecting group needs to be found which is
stable towards basic conditions and can easily be removed under mild conditions. To
complete the series of small ferrocene compounds two additional compounds have been
synthesized. A mono-substituted ferrocene derivative 142 was synthesized within 6 steps to
have a control molecule for the MCBJ experiments. A 1,1°-disubstituted ferrocene ethynylene

derivative 145 was synthesized in three steps.

The deprotection of the acetyl-PG with TBAH was investigated by UV/vis experiments. It
was shown that at least two equivalents of deprotection reagent per protecting group were
necessary to deprotect the sulfur group. Since the deprotection reaction itself was very slow
and the deprotection reagent did not affect the molecule, four equivalents of TBAH per

acetyl-PG should be considered.

Cyclovoltammetry experiments on our four model compounds 119, 149, 144, and 145
revealed a fully reversible redox system for all compounds investigated. It was vital to use a
glassy carbon working electrode instead of a gold electrode to prevent early decomposition. It
was shown that the electronic nature of the substituents has a large effect on the oxidation
potentials of the ferrocene derivatives 119, 149, 144, and 145. The more electron-withdrawing
the substituent was, the more difficult it was to remove an electron from the iron atom, hence
shifting the redox potential to a higher voltage. Having both vinyl-substituents on the same
Cp-ring of the ferrocene as in molecule 119 the observed shift to a higher voltage was slightly
larger compared to its counterpart 149 which has only one substituent per Cp-ring. By
replacing the vinylenes with etynylenes as in molecule 145 a large change of the redox
potential was observed. The conjugation through the acetylenes was much better, therefore

the electron-withdrawing effect coming from the benzene unit was much bigger.

The spectroelectrochemical investigations of compound 119 showed a slight hypsochromic

shift and an increase in intensity upon oxidation. The observed changes in the UV/vis
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spectrum were not very large, however, the change of the HOMO-LUMO gap should be
detectable by conductance experiments. It was also shown that the switching of compound
119 is reversible. We oxidized and reduced the system twice and the obtained UV/vis spectra
matched the previous ones. With these experiments we were able to show that we synthesized

a reversible switch upon oxidation and reduction.

The attempt to contact the molecule 118 with two gold electrodes in the MCBJ experiment
was unsuccessful as revealed by low yield of plateau formation (12 %). We believe that the
amount of deprotecting reagent used (0.7-1 equiv.) was not enough to deprotect enough
molecules for sufficient junction formation. However if too much deprotecting reagent is used
a tremendous increase of the background current is observed which makes a conductance
measurement impossible. One possibility to overcome that problem is to use an aliphatic
amine as deprotecting reagent instead of TBAH which is a salt. Although, the exact amount
which would be necessary to deprotect enough molecules has to be investigated by UV/vis-

measurements.

Both ferrocene derivatives show similar conductance values around 107 G. Therefore, we
can conclude that the current pathway, which is either through a Cp-ring (118) or through the

ferrocene (6), has no big influence on the conductance.
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4 Synthesis of Interlinked Molecular Wires

4.1 Concept

In the preceeding chapter we investigated the concept of molecular switching upon oxidation
and reduction of an organic molecule containing a ferrocene unit. The spectroelectrochemical
investigations supported our theory that the HOMO-LUMO gap and therefore the
conductance of a redox active molecule can be controlled by manipulating its oxidation
state.””””) However, the final contacting experiments could not be reproduced to a certain
statistical satisfaction. We believe that the conformational freedom of these vinylene
structures increased the difficulty of forming a stable sulfur-gold bond. Based on these
findings and the reported conductivities of ferrocene compounds by Getty et al.l’”®! we
envisaged a new molecular switch (figure 54) comprising a central ferrocene unit (red), two
conducting rigid arms (black), sulfur anchor groups (yellow) and a linker (blue) which
controls the shape of the molecule. Once we have such a molecular wire in hand, MCBJ
experiments combined with electrochemical experiments should allow us to obtain more

detailed information about the structure-property relationships of such compounds.

— —| | Changein
Conductivity v, |

Oxidation/Reduction
Fe'l &> Fe*ll

Figure 54. Proposed concept of a switching molecule between two gold electrodes.
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The drawback of the presented molecule 3 by Getty et al.” (figure 55) is the rotational
freedom of the central ferrocene which allows the molecule to adopt several different
conformations, thus leading to different properties. By looking at the observed conductivities
of 0.7 Gy, which is rather unusual for an organic molecule, a “sandwich-form” where both
arms are aligned and stabilized by n-m interactions can be assumed. This structural change
could have an enormous effect on the conductivity since two wires are measured in the

junction at the same time.

Figure 55. Molecular wire 3 with a conductance of 0.7 G, was reported by S. Getty et al. The issue of

a freely rotatable wire leading to the formation of a double wire is illustrated below.

In order to control this possible rotation we designed a similar molecule which is fixed by a

rigid linker (figure 56). The linker itself should be as low conducting as possible.

Figure 56. Solution: Top-view of a locked ferrocene derivative. The rigid linker controls the shape of

the entire molecule.
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4.1.1 Synthetic Strategy

The retro synthetic analysis of a possible target molecule 150 gave us four major building
blocks. The central ferrocene unit is substituted in a 1,1’-position. The first disconnection is
made between the ferrocene and the acetylene bond. The obvious synthetic approach to form
such a bond is a Sonogashira cross coupling reaction.'"”'*!) The necessary 1,1’-diiodo-
ferrocene can be synthesized within two steps as it is discussed in chapter 3. The introduction
of a protected acetylene to the ferrocene followed by a deprotection leaving the free

[293

acetylenes is not possible due to fast cyclization to a ferrocenophane.?”®! Therefore, the

acetylene had to be on the di-acetylene building block 151 (blue).

PG3
! 105 0
.0 Acs—( = = Y AN
R — = O>:/ Fe —
: D o
PG2
Il o i
PG1 150 R 153

151

Scheme 46. Retro synthetic analysis.

The di-acetylene building block 151 (blue) bears three orthogonal protecting groups to control
the assembly of the wire and to avoid the formation of side products. It is important that PG1
can be removed prior to the Sonogashira coupling reaction and that PG2 as well as PG3
remain intact. They also need to be stable towards organic bases and higher temperatures.
Therefore we envisaged building block 151 as the key intermediate bearing a HOP-PG, a
TIPS-PG and on the alcohol a THP-PG (scheme 46).
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In addition, it is absolutely essential that the functional group O-PG2 is next to the acetylenes
connected to the ferrocene (indicated in red in scheme 47). A statistical approach to make 154
is extremely difficult due to inseparable mixtures (scheme 47, isomers 158). Regardless which
route is applied (A or B) one always ends up with a mixture of regio-isomers 155 which are
difficult to isolate since they have similar physical properties. Even if possible to enrich the
desired isomer, using an impure compound in the next reaction step would lead to mixtures of
higher complexity. Therefore, building block 158 was chosen as key intermediate to introduce
the acetylenes stepwise. Building block 158 can be synthesized in 5 steps.””" The strategic

considerations regarding this building block 158 were discussed in chapter 1.4.
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Scheme 47. Strategies for the assembly of building block 154.

After the first assembly and removal of the THP-PG (red-blue, scheme 46) the free hydroxy
groups are in ortho-position to the acetylenes which are connected to the ferrocene. We
intended to cyclize the molecule via a nucleophilic substitution reaction. Therefore, we
proposed a linker bearing two benzylic or aliphatic bromines which are known as excellent
leaving groups in Sn2 reactions. The biphenyl linker 152 can be synthesized in two steps
whereas the biphenyl linker 165 can be synthesized in three steps. The terphenyl linker 161 is
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commercially available. All these target structures were modeled using MMFF (Merck

molecular force field) calculations (see next chapter).

Compound 153 (scheme 46) can be synthesized in two steps starting from the commercially

available benzenesulfonyl chloride (191).2%!

Br, O
O~ 2 o« OHO
Br

152 161 165

Scheme 48. Synthetic strategies for linkers 152 and 165. Linker 161 is commercially available.
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4.1.2 Structure Calculation

The choice of the linker was essential to the outcome of the final structure and its rigidity. The
possible target structures have been calculated using Spartan 08 (V 1.2.0) with molecular
mechanics: MMFF (Merck molecular force field).**) The idea was to obtain a rigid
system which allows the molecule to form a “straight” wire. The first biphenyl-methylene
linker (figure 57, top row) shows a kinked rod structure. The terphenyl-methylene linker
(middle row) showed a more rod like structure. To increase the probability of a nuleophilic
attack at the carbon center more flexible chains were introduced to a biphenyl linker. This
biphenyl-propylene linker (bottom row) is not as rigid as the two linkers discussed above but
the cyclization should be much easier to achieve. All linkers have been tested in the

cyclization reaction.

Figure 57. Calculated possible target structures. Left: Top-views. Right: Side-views.
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4.2 Synthesis

4.2.1 Synthesis of the asymmetric acetylene building block

As discussed above building block 156 needs to be synthesized in 8 steps (scheme 49).
Starting from the commercially available 4-methoxyphenol (166), 4-methoxyphenyl p-
toluenesulfonate (167) was synthesized by treating 166 with pyridine and p-toluenesulfonyl
chloride at room temperature. Simple recrystallization from methanol gave compound 167 in
a yield of 75 %. Compound 167 was then iodinated by using a mixture of iodine, iodic acid,
sulfuric acid, chloroform, acetic acid and water. The crude product could again be crystallized
from methanol to afford the desired 3-iodo-4-methoxyphenyl-p-toluenesulfonate (168) in a
yield of 76 %. The next deprotection step to 169 was necessary to change the electronic
properties of the molecule, thus enabling a substitution ortho to the free hydroxy group in the
subsequent step. Therefore, compound 168 was dissolved in tBME, heated to 55°C and
treated with sodium hydroxide. After aqueous workup, compound 169 was isolated in a yield
of 97 %. 2-Bromo-5-iodo-4-methoxyphenol 27 was then synthesized by adding bromine to a
solution of 169 in methylene chloride at 0°C. After aqueous workup, followed by a

recrystallization from heptane the desired compound 27 was isolated in a yield of 75 %.

~ ~ ~ ~ ~

o o o o o
p-TsCl I, HIOg, H,SO4 ! NaOH ! Br,, CH,Cl, |
pyridine, r.t. CCly, H3CCOOH tBME 0°C - -40°C Br
OH OTs H20 OTs reflux. 2h OH OH
75% 76% 97% 75%
166 167 168 169 27

CH,Cl,

DHP
p-TsOH | 46%
0°C

~o TIPS ~o TIPS ~o TIPS ~o
Z = HOP-Acetylene = TIPS-Acetylene
0.8 eq. NaH Pd(PPh),Cl, Pd(PPh3),Cl, I
- -— 92T - %272
toluene Cul, piperidine Cul, Et;N
F ) 110°C = 55°C Br ) THE, 1. Br
N HOP O Thp “THP O Thp
quant. 95% 93%
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Scheme 49. 8 step synthesis towards building block 156.

In the next reaction step, dihydropyran was added to a solution of 27 and p-toluenesulfonic

acid in methylene chloride to protect the hydroxy group. Compound 158 was isolated in a
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yield of 46 % as a white solid. Compound 158 could now be further functionalized in high
yields without losing control over selectivity. First a TIPS-acetylene was introduced using
standard Sonogashira coupling conditions. Thus, compound 158 was added to a mixture of
bis(triphenylphosphine)palladium (II) chloride, copper iodide, triethylamine, dry THF and
TIPS acetylene. The mixture was stirred at room temperature for 15 hours. The crude product
was purified by column chromatography (silica, cyclohexane:ethyl acetate 35:1 + 5%
triethylamine) to afford the desired compound 157 in a yield of 93 %. The TIPS-PG was
chosen because it is stable in all subsequent reaction conditions and it can be removed under
mild conditions once the macrocycle is formed. The second acetylene bearing a HOP-PG was
then introduced with another Sonogashira coupling reaction. It was found that piperidine as
base and solvent leads to excellent yields since the conditions applied for bromine-
substitution are usually harsher. Therefore, compound 157 was added to a mixture of
bis(triphenylphosphine)palladium (II) chloride, copper iodide, piperidine and HOP-acetylene.
The mixture was heated to 55°C and stirred for 17 hours. The desired product 151 was
isolated in a yield of 95 % using column chromatography (silica, cyclohexane:rBME 5:1 —
1:1 + 5 % triethylamine). The HOP-PG was then removed by dissolving compound 151 in
toluene and adding 0.8 equivalents of sodium hydride. The mixture was heated to reflux for
30 minutes. After cooling to room temperature the mixture was filtered over silica to afford
the NMR-pure product 156 in “quantitative” yields. The problem of this deprotection is the
formation of a side product which is highly fluorescent but is not seen in the NMR-spectrum.
The polarity difference of the two compounds is too small to separate the desired product 156
from the side product. Therefore, the product was used as obtained for the next reaction step

which resulted in lower yields.

N, N

o TIPS (0] TIPS o TIPS
Z TMS-Acetylene = FZ
Pd(PPh3),Cl, K,CO3, MeOH
Cul, piperidine CH.,CI
” O ssc TMS 7 (o} . Z O
“THP 75% “THP quant. “THP
157 170 156

Scheme 50. Synthesis of building block 170 bearing two orthogonal PGs.

To overcome this problem another protecting group was introduced by applying the same
reaction conditions as above except TMS-acetylene instead of HOP-acetylene was used

(scheme 50). Compound 170 was synthesized and isolated in a yield of 75 %. The
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deprotection of the TMS-acetylene using methanol and potassium carbonate gave a pure
compound 156 in quantitative yields. The drawback of this strategy was the isolation of
compound 170 by column chromatography. The polarity differences of starting material 157
and product 170 gave too small Rf difference resulting in a time consuming isolation. By
comparing the two protecting groups with each other, the HOP-acetylene was favored over
the TMS-acetylene. The advantage of a fast isolation of 151 prior to the deprotection

overcame the little yield loss on the next reaction step.

4.2.2 Assembly of the ferrocene wire

The next step in the sequence was the connection of the diacetylene building block 156 with
ferrocene 146 by a twofold Sonogashira coupling reaction (scheme 51). As already described
in the literature the 1,1’-diiodoferrocene (146) is not very reactive considering the oxidative
addition to a palladium(0) source.”” Therefore, cross coupling reactions involving ferrocene
derivatives are usually performed in the absence of additional solvents and at higher
temperatures. Many catalytic systems and temperatures have been screened to improve yields.
Elevated temperature lead to higher yields, however, if the reaction temperature is too high
the catalyst decomposes and the homo-coupling reaction is favored. The highest yield was
achieved by performing the reaction in a microwave reactor. Compounds 146 and 156 were
added to a mixture of bis(dibenzylideneacetone)palladium, triphenylphosphine and copper
acetate in pure iso-propylamine. The reaction tube was sealed and heated to 100°C for 20
hours. The crude product was purified by column chromatography to afford the desired
compound 154 in 56 % yield. The reaction was not complete after 20 hours, however, when
the reaction mixture was stirred too long at 100°C, removal of the THP-PG was observed and

to some extent dehalogenation of the mono-substituted intermediate also occurred.

THP
\

Pd(dba): —
©\ 2 @ TIPS
| Cu(OAc),, PPh: O
Fe + = 7\ ——TIPS ( )2 3
IPS—= O

I~~~ — DIPA, 20h
d MW: 100°C
“THP 56%

146 156 154

Scheme 51. Sonogashira cross coupling reaction to a 1,1’-disubstituted ferrocene 154.
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Compound 154 was then successfully deprotected by using iso-propanol and p-
toluenesulfonic acid monohydrate to make 171 in a yield of 82 % (scheme 52). It was
essential to use the bulky iso-propanol to remove the THP-PG since the non-bulky methanol

led to the formation of side products.

THP

g
THR
o = O =TPs oo oH D= O = TIPS
Fe > Fe
TIPS— = o pTsOH TIPS— = o
/ toluene /

o rt. o
\ 82% \

154 171

Scheme 52. Deprotection of the hydroxy group.

Ma et al. reported the formation of undesired ferrocenophane derivatives in their attempt to

use 1,1°-di(propynyl)ferrocene in alkyne metathesis (scheme 53).5001

They extensively
investigated acidic as well as basic reaction conditions. It was shown that mildly acidic
conditions lead to a reversible protonation at the Cg and, to a lesser extent, at the C, yielding
in a less stabilized carbocation 172 at Cg. This cationic center can now be irreversibly
attacked by the other Cg to form a ferrocenyl-stabilized vinyl cation 173. Alternatively, a
concerted reaction path was considered, which avoided the unfavorable [-cationic

intermediate by a direct formation of 173.

= R ArOH =R ArOH (: R
Fe R —_— Fe —_— Fe R
= = =" —

— ® R R
=R -\
== ArOH =
Fe Q —_— Fe —_— Fe
—~, =R =q ~ =g

173

300]

Scheme 53. Mechanism of ring formation as proposed by Ma et al.®”” showing the formation of a

ferrocenophane as a side reaction under acid conditions.
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Similar side reactions have also been reported by Pudelski and Callstrom using basic reaction

conditions.?'**¥ This issue is discussed in the next chapter.

4.2.3 Synthesis of various linkers

The first linker 152 which was synthesized consisted of a biphenyl-core and two benzylic
bromides which can be replaced by nucleophiles (scheme 54). Therefore, the commercially
available dimethylbiphenyl-4,4’-dicarboxylate (159) was added to a suspension of lithium
aluminium hydride and THF. The mixture was allowed to reflux for two hours before it was

quenched with water. After an aqueous workup product 160 was isolated in a yield of 86 %.

OO OO
—_— —_—

-0 o— THF,ZLequx HO OH CHZC|tz» 0°C Br Br
rt.

86% 61%
159 160 152

Scheme 54. Biphenyl-linker synthesis.

An Appel reaction was then carried out to replace the hydroxy groups on 160 by bromines.
Thus, triphenylphosphine was added to a mixture of compound 160, carbon tetrabromide and
DCM at room temperature. The reaction mixture was stirred for 24 hours followed by a
filtration over silica eluting with cyclohexane to afford the desired compound 152 in a yield

of 61 %.

The next linker which was synthesized was more flexible due to longer alkyl chains allowing
easier access for a Sy2 back-attack for a relatively motion-restricted nucleophile. Starting
from the commercially available 4,4'-dibrombiphenyl (162) a Sonogashira coupling reaction

was performed to introduce HOM-acetylene (scheme 55).

113



Discussion

HO. HO. Br

Br
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Pd(PPhs),Cl, Ha, 10% Pd/C CBry, PPhg

— 9eTE — . —

Cul, NEt3 MeOH, r.t. DCM, r.t.

O 80°C, 24h O 24h O O
quant. 90%
Br | |
OH Br
162 OH

163 164 165

Scheme 55. Biphenyl-linker comprising a more flexible alkyl chain to favor Sy2 reactions.

The acetylene was added to a degassed mixture of compound 162,
bis(triphenylphosphine)palladium(II) chloride, copper iodide and triethylamine at 80°C. The
mixture was stirred for 24 hours followed by an aqueous workup. The attempt to purify
product 163 by column chromatography failed due to the low solubility of the product.

Therefore the crude product was then directly used in the next reaction step.

The reduction of the triple bonds was achieved by applying 4 bar of hydrogen to an autoclave
containing compound 163, 10 % palladium on charcoal and methanol. The starting material
was not completely soluble in methanol. Nevertheless, the reaction was stirred for 24 hours at
room temperature followed by a filtration through Celite. The crude product was then purified
by column chromatography (silica, ethyl acetate: cyclohexane 1:1 — ethyl acetate) to afford
the desired product 164 in quantitative yields. At this stage the linker 164 was very soluble
due to the increased flexibility of the side chains. The replacement of the hydroxy groups by
bromine was again achieved by an Appel reaction.”*®! Therefore, triphenylphosphine was
added to a mixture of compound 164, carbon tetrabromide and DCM at room temperature.
The crude product was purified by column chromatography eluting with cyclohexane: ethyl

acetate (3:1) to afford the desired product in a yield of 90 %.
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4.2.4 Cyclization via SN2 reaction.

In the first cyclization attempt linker 161 was used. This terphenyl linker was relatively rigid
and a slightly larger than the biphenyl linker 152 increasing the chance for a SN2 attack of the
phenolate. As displayed in figure 57 in section 4.1.2 the possible macrocycle should form a
straight molecular wire. To favor an intra-molecular cyclization over an inter-molecular
polymerization a pseudo-high dilution strategy was envisaged. Therefore, compound 171 and
compound 161 were each dissolved in 10 ml acetonitrile and taken up by two syringes. These
solutions were slowly added with a syringe-pump over 48 hours to a refluxing mixture of
cesium carbonate and 20 ml of acetonitrile as shown in scheme 56. Diederich and coworkers
have reported that similar cyclization reactions were favored by the use of cesium carbonate

over weaker bases such as potassium- or sodium carbonate.

Br. O O Br O

161

HO
oH S — O — s Cs,CO03, MeCN o) o= = TIPS
o o Fo +. o - Fe
TIPS— = o reflux, 48-96 h TIPS—= Q = == °
K R
Q
R

Q
R

;oo

R = methyl or propy! 171 174

Scheme 56. Cyclization attempt to form macrocycle 174.

During the reaction the formation of a new main product was observed. The newly formed
compound was much more non-polar than the starting material which could make sense
consistent with a loss of the polar hydroxy groups. However, NMR-studies did not confirm
that a substitution took place. MALDI-MS and ESI-MS studies revealed that the new
compound had the same mass as the starting material yet the NMR signals were clearly
shifted (figure 58). A second product which could be isolated indicated in the NMR spectrum
that a mono-substitution took place. The resulting mass on the other hand could not be
identified by MALDI and ESI-MS. It seemed that the substitution took place on one arm of

the molecule and another side reaction took place on the other arm.

115



Discussion

—7.389
6979
—6.830
6173
6.081
5.079
—5.621
5.323
5.318
4.934
{4.929
4.924

{s.

—4.585
4.417
4.348

4

4.343
4.339
—3.769

»

7 56 55 54
 (ppm)

2.00 ~L-
L
S

202 4p———m—

g4 7
b —
————

4.01 1 f————

<

$12.05 =
. 1403 I
= 16.08

Y
©
w
2
o
=
w

Figure 58. TLC plate showing the starting material 171 on the left side and two new products on the
right side. NMR showing traces of the starting material 171 (black) and the formed side product (red).

By looking at the NMR trace of the formed side product (red trace) a clear high field shift of
an aromatic proton to 6.15 ppm can be observed and a new proton appears at 6.0 ppm. The
proton of the free alcohol (black trace) at 5.6 ppm disappears and the two proton signals of the
cyclopentadienyl rings are shifted apart to 4.97 and 4.38 ppm respectively. Taking into
account that the mass remains the same and a high field shift of a proton can be observed, a 5-
Endo-Dig cyclization can be concluded (scheme 57).5~* Such a cyclization could lead to a
double bond, hence the appearance of a new proton signal although the mass would remain

the same.

/

S O
o
o — O =-TIPS  5.Endo-Dig S TIPS
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171 175

Scheme 57. Reasonable mechanism of the side product formation.
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Swager and coworkers reported cyclization reactions on similar molecules (scheme 58).
Therefore, we have tried to identify our proposed structure by HMBC- and HMQC-
experiments (figure 59).

0 SiMey

‘ OH
O
7
Me;Si
TBAF AuCI3
5-exo-dig | THF, r.t. 6-endo-dig | THF/MeCN
87% (4:1), rt.

)

‘Q
Vi

H

305]

Scheme 58. Similar cyclization reactions reported by VanVeller et al.!

By looking at the full HMBC spectrum (figure 59) we can exclude the presence of a carbonyl

group since we have no coupling signals above 190 ppm.

EEDETEN B

NJ-2.210-CC.3-7, in CD2Cl2, 298K, HMBC - o

]
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r 40
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80 7% 70 65 60 BF 6O 45 40 3IF 3I0 26 20 16 10 05 00 ppm

Figure 59. Full HMBC spectrum of compound 175.
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When we zoom in we can see a 3JC,H coupling between the blue proton (6.15 ppm) and C-2
(101.5 ppm). We also see two strong “Jcy couplings between the red proton (6.00 ppm) and
C-3 (130.4 ppm) and C-1 (148.7 ppm). In addition, we observe a strong 4JC,H coupling
between the red proton and C-5 (157.1 ppm) which is possible due to conjugation. The
HMQC reveals the two 1J(;,H couplings between the red proton and C-2 (101.5 ppm) as well as
the blue proton and C-4 (100.4 ppm).
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Figure 60. HMBC (top) and HMQC (bottom) of compound 175.

118



Discussion

The next idea was to use a weaker base such as sodium carbonate which usually deprotonates
the hydroxy after the nucleophilic attack. With this change we expected that the nucleophilic
attack at the benzylic position of the linker 161 is faster than a cyclization with the triple
bond. Therefore, the same reaction conditions were applied except sodium carbonate was
used instead of cesium carbonate. To our disappointment, the same cyclization took place and
175 was formed as the main product. Either the base was too strong or the terphenyl linker

161 was too rigid to find the optimal geometry for a second Sn2 attack.

The previously discussed linker 165 was then used to attempt a cyclization (scheme 59).
Linker 165 has a longer carbon chain to provide more flexibility for a second Sn2 attack. The
first attempt was carried out using sodium hydride as base in acetonitrile at 80°C. The starting
materials 171 and 165 were again slowly added over 48h to create a pseudo high dilution
reaction. The reaction again formed undesired side products 175 and 177 which could be

identified by NMR- and mass-spectroscopy.

Br Br
165

A) NaH, MeCN, 80°C

HO B) NaH, DMF, 80°C
OH o= O — T1pps ©) NazCO3 acetone, 70°C
7 Fe
TIPS—= — @ 0 TIPS

goh
- / B .%F

171 \ 176
— TIPS _— TIPS
TIPS—— ; />—© O TIPS—=

177 175

Scheme 59. Cyclization attempt with a more flexible linker 165 using various reaction conditions. The
side reaction to 175 and 177 occurred much faster than the nucleophilic attack of the hydroxy group

on the linker.

As one can see in the picture of the TLC plate the same non-polar products were formed. The
observed masses in MALDI- and ESI-MS measurements indicated that again a 5-Endo-Dig

cyclization took place.
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Other polar/aprotic solvents such as DMF and acetone were then investigated. In the first
attempt, DMF and sodium hydride as base were used. The formation of the non-polar side
product was not observed (figure 61, blue box). However, the prepared solution of starting
material in DMF darkened during the addition to the reaction mixture. The NMR revealed
that this newly formed slightly less polar product was asymmetric indicating to two different
arms on the central ferrocene. The mass which was found was again the same as the starting
material. We inferred that only one side of the starting material underwent a 5-Endo-Dig

cyclization and that the other one remained intact.

In the second attempt, acetone as solvent and sodium carbonate as base was used. We
observed again the formation of a slightly less polar product (figure 61, left TLC). The TLC
shows that the starting material 171 was completely consumed after 48 hours (TLC’s on the
right) and that the linker 165 was still present (blue circle, right). NMR- and mass-
spectroscopy showed again the formation of undesired side product 177 in the black circle

and some formation of the double cyclized 175 in the red circle.

Puo-m or e
el @l X WM bt

reaction
progress

During addition After 3 days

Figure 61. Left: TLC during the addition of starting material 171 and linker 165. Right: TLC 48h after
the addition was complete. The blue box shows the sample obtained from the reaction using DMF as

solvent. Red circle) Side product 175. Black circle) Side product 177.

Based on these results we had to change our synthetic approach to connect the two arms. As
we learned from another project (discussed in the next chapter) homo-coupling cyclization
reactions are favored by similar ferrocene compounds. Therefore, we envisaged a cyclization

via Cadiot-Chodkiewicz type coupling.?**%"]

120



Discussion

4.2.5 Cyclization via Cadiot-Chodkiewicz coupling

As discussed above a new cyclization approach was envisaged using the Cadiot-Chodkiewcz
coupling to connect the two arms in molecule 171 with each other. The MMFF calculations
showed that a simple benzene unit which is meta-substituted by two diacetylenes (blue part)

forms a rigid structure as illustrated in figure 62.

e

Figure 62. Proposed structure calculated with Spartan using MMFF. Left: Top-view of molecule 178
bearing a rigid diacetylene linker (blue). Right: Side view of molecule 178.

A test cyclization reaction was carried out to see whether such a cyclization is possible or not.
A ferrocene compound 179 which was obtained from another project (chapter 5) was used to
interlink the two arms with each other (scheme 60). Therefore, compound 179 and linker 180
were dissolved in toluene and slowly added with a syringe pump to a mixture of
tris(dibenzylideneacetone)dipalladium-chloroform, copper iodide, DIEA and toluene. The
educts 179 and 180 were added within 24 hours to create pseudo high dilution conditions.
After the addition was complete, the reaction mixture was stirred for four days. The crude
product was purified by column chromatography eluting with cyclohexane:/BME (20:1) to
afford the desired product 181 in 88 % yield.

=z
'Bus
=~ AN Pd,(dba)s*CHCls
+ R
=Z X

Cul, DIEA
1 ,
Fe — SBu Br Br toluene, r.t. 5d

88%

179 180 181

Scheme 60. Cyclization of ferrocene derivative 179 using a Cadiot-Chodkiewcz coupling.
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To apply these findings we had to change our molecule (scheme 61). The strategic
considerations were based on compound 181 which we had already in hand from our previous
synthetic work. In the first step, the hydroxy groups in molecule 171 have to be transformed
into triflates which are suitable for oxidative additions to palladium sources. Once we have
compound 182 in hand, TMS-acetylene can be introduced to obtain 183 by a Sonogashira
coupling reaction. The TMS-PG can then be removed to expose the acetylenes. This
compound 184 can undergo a two-fold intermolecular Cadiot-Chodkiewcz type coupling with

B9 Once the

linker 180 which can be synthesized according to a literature procedure.
ferrocenophane 185 is assembled a deprotection of the TIPS-acetylenes followed by a

Sonogashira cross coupling leads to the possible target structure 187.
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\Q\© TfQ = TMS = \\
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Scheme 61. Strategic considerations towards molecule 187.
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4.2.6 Synthesis

In the first step the hydroxy groups in molecule 171 had to be transformed into triflates.
Therefore, compound 171 was dissolved in dry DCM and cooled to 0°C. Then triflic
anhydride dissolved in DCM was slowly added. The mixture was allowed to warm to room
temperature and was stirred for 1 hour. After aqueous workup the desired compound 182 was

obtained in a yield of 90 % (scheme 62).

HO
— — (T)0 — —
oH TIPS oyricine ot D= — TIPS
Fe : = Fe
TIPS—== /_\ = o) CH,Cl, | a <>

7 / 0°C, rt. — /

\ 90% \

171 182

Scheme 62. Transformation of hydroxy groups into triflates.

The next reaction step was not as easy as expected. We tried several Sonogashira coupling
conditions to introduce the TMS-acetylenes into compound 182 (scheme 63). It seemed that
the oxidative addition of the palladium was difficult. We tried different catalysts such as
bis(triphenylphosphine)palladium(II) chloride, palladium(Il) acetate and bis(dibenzylidene-

acetone)palladium(0). In addition different solvent and bases were screened.

_ _ TMS-acetylene

oTt .—.M = O =—TIPS  pg(0Ac), Cul
Fe — T -

TIPS—— — o PPhg, DIPA

/ MW: 85°C, 17h

TIPS

\ 53%
182

Scheme 63. Introduction of TMS acetylene to make compound 183.
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The best reaction yield was obtained by using palladium(II) acetate and triphenylphosphine (4
equiv. based on catalyst) as catalyst, copper iodide as co-catalyst, diisopropylamine as base
and solvent and 40 equivalents of TMS-acetylene. The reaction was carried out in the
microwave reactor at 85°C (~62 W) for 17 hours. When the reaction temperature was
increased (>90°C), the palladium precipitated as black-palladium. When the temperature was
decreased, the reaction was too slow to observe any conversion. After the reaction was
complete, the mixture was diluted with tBME and filtered over Celite. The filtrate was
concentrated and the residue was purified by column chromatography (1% column: silica,
cyclohexane: fBME 20:1; 2™ column RP18-silica, acetonitrile:THF 3:1) to afford the desired
compound 183 in a yield of 53 %. The mono-substituted product 188 had almost the same
RF-value as the starting material 182 on the TLC. As a result it was not separated from the
starting material and reused to repeat the reaction several times. The 53 % yield of the above
described reaction is probably too high since the starting material already contained mono-

substituted 188.

Once we had compound 183 in hand a deprotection of the TMS-acetylene was performed in
quantitative yields by using an excess of methanol and 2.2 equivalents of potassium carbonate
(scheme 64). The diacetylene 184 was then used in a Cadiot-Chodkiewcz cyclization reaction

with the previously obtained compound 180.5°%¢-°7)

R = R

// Br Br
TIPS—_ R 180
S
-G = N\ Pd,(dba)s*CHCl5
s ndlatl
Fe =—TIPS Cul, DIEA

toluene, r.t. 5d

183 R=TMS
184 R=H =2

189 = 15%

Scheme 64. a) MeOH, K,COs;, DCM, r.t., quant. Cadiot-Chodkiewcz cyclization reaction between
compound 184 and 180 to make 185 plus a side product 189.
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Therefore, compounds 184 and 180 were each dissolved in toluene and slowly added over 40
hours to a mixture of tris(dibenzylidene-acetone)dipalladium*chloroform (32.5 mol%),
copper iodide (83 mol%) and DIEA in toluene at room temperature. After the addition was
complete the reaction was stirred for five days. The final concentration of the reaction mixture
was 0.27 mM, however, due to the very slow addition of the starting materials 184 and 180,
an extremely low concentration was maintained to favor an inter-molecular coupling followed

by an intra-molecular coupling.

After the reaction was complete, the mixture was extracted and concentrated under reduced
pressure and the residue was purified by column chromatography (1* column: silica,
cyclohexane: fBME 20:1; 2™ column RP18-silica, acetonitrile: THF 2:1) to afford the desired
macrocycle 185 in a yield of 16 %. A side product 189, which was formed due to direct intra-

molecular homo-coupling, could also be isolated in a yield of 15 %.

An interesting interchelation effect was observed during the NMR studies of compound 185.
The first recorded NMR (in CD,Cl,) showed 4 distinct signals for the central ferrocene
structure which is reasonable since the free rotation around the ferrocene axis is blocked.
However, when the sample was concentrated again and later dissolved in another solvent (d-
acetone) only two signals occurred. The cavity of compound 185 probably contained
remaining solvent molecules from the column chromatography such as tetrahydrofuran or the
less expected acetonitrile. Compound 185 was then again measured in CD,Cl, to see if more
than two signals for the ferrocene protons occur, but again only two signals were observed.
The signal at 8.6 ppm (blue) disappeared after the first solvent exchange and never appeared
again. The NMR traces are shown in figure 63 with the first NMR (blue) being recorded in
CD,Cl, after column chromatography, the second one was recorded in d-acetone (green) and

the third one was again recorded in CD,Cl, (red).
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Figure 63. NMR traces of compound 185. Top) 185 recorded in CD,Cl, after column
chromatography. Middle) 185 recorded in d-acetone. Bottom) 185 was recorded again in CD,Cl,. The

signal at 8.6 ppm (top) disappeared after the first solvent exchange and never appeared again.

The previously obtained side product 189 has an interesting structure as well because the
diacetylene-bridge is in meta-position and therefore less conductive. This property could be
used to manipulate the conductance via the ferrocene which is still in the para-position to the
molecular wire. As a first step, compound 189 was dissolved in dry methylene chloride and
treated with 2.5 equivalents of tetrabutylammonium fluoride (TBAF, 1M in THF) at room
temperature. After two hours, the reaction was quenched with water and extracted with fBME.
The organic solution was concentrated under reduced pressure to afford the desired compound

190 in quantitative yield (scheme 65, a).

To finish the assembly towards a molecular wire another coupling building block 153 had to
be synthesized first (scheme 65). Therefore, the commercially available pipsyl chloride (191)
was reduced with zinc and the resulting thiol was trapped with acetyl chloride to afford the

acetyl-protected sulfur compound 153 in a yield of 54 %.

The obtained diacetylene 190 was then coupled with compound 153 using Sonogashira cross

coupling conditions. Compound 190 was added to a mixture of 2.3 equivalents of 153,
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bis(triphenylphosphine)palladium(II) chloride (4 mol%), copper iodide (4 mol%) and DIEA
in THF. The reaction mixture was stirred for 48 hours at room temperature. After the reaction
was complete, the mixture was diluted with fBME and filtered over celite. The filtrate was
concentrated and the residue was purified by column chromatography (RP18,

acetonitrile:THF 4:1) to afford the desired compound 192 in a yield of 30 %.

o 1) Zn, Cl,Si(CHgz),
] 2) acetylchloride, DMA
| S—CI _————— | SAc
('5 CIC,H,4CI, 50-75°C
55%
191 153

l

Pd(PPh3),Cl,

Cul, DIEA, THF
rt., 48h

30%

189 R=TIPS 192
190 R=H ~_l@

Scheme 65. a) 189, TBAF (1M in THF), DCM, r.t. Sonogashira cross coupling reaction between 190
and 153 to obtain 192.

The same strategy was then applied to the other ferrocene macrocycle 185. Compound 185
was dissolved in dry methylene chloride and treated with 2.5 equivalents of TBAF (1M in
THF) to remove the TIPS-PGs (scheme 66). After two hours the reaction was quenched with
water and extracted with fBME. The mixture was then concentrated under reduced pressure to

afford the desired diacetylene 186 in quantitative yields.

SAc

153
Pd(PPh3),Cl,
- .
Cul, DIEA, THF
r.t., 48h

<5%

185 R = TIPS
186 R=H =@

Scheme 66. Synthesis of compound 187 via a Sonogashira cross coupling reaction.
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The obtained diacetylene was then added to a mixture of 2.3 equivalents of 153,
bis(triphenylphosphine)palladium(Il) chloride (4 mol%), copper iodide (4 mol%) and DIEA
in THF. The reaction mixture was stirred for 72 hours at room temperature. After the reaction
was complete, the mixture was diluted with THF and filtered over celite. The filtrate was
concentrated and the residue was purified by column chromatography (RP18S,
acetonitrile: THF 4:1). The obtained mixture was less soluble, compared to the previously
synthesized compound 192 but still soluble enough to dissolve in the eluent. Once the column
was started the product precipitated. The column was eluted with pure THF and chloroform. It
was possible to elute some of the product but the majority remained on the RP-silica. The
silica was then taken out and washed several times with DMF. The filtrate was concentrated
under reduced pressure. The eluted product could be analyzed by MALDI-MS and NMR. The
MALDI-MS showed a clear product signal for the charged compound 187 [963 M'] and an
unidentified side product [803 M'] (see appendix). The mass of the side product could not be
assigned to any reasonable fragment of the product. The NMR spectrum revealed that the
desired product 187 was present, although not pure (see appendix). Therefore the isolated

yield was estimated to be lower than 5 %.
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4.3 Conclusion

Two ferroceneophane structures 187 and 192 have been synthesized within 18 steps
(scheme 67). The use of building block 151, which bears three orthogonal protecting groups,
was necessary for a successful assembly of these macrocyclic structures. The greatest
advantage of building block 151 was the presence of the hydroxy group which could be
further functionalized and replaced by an acetylene at a later stage in the project. The
developed synthetic strategy allows for a change of the final macrocyclic structure since the

cyclization takes place at a very late stage of the synthetic sequence.

Both macrocycles should conduct mainly through the ferrocene unit since their bridging parts
are connected in the meta-position on the benzene ring (blue dots) which is known to be less

conductive than para- and ortho-substituted benzenes (red dots, scheme 67).1°!

/0 AcS
187
N
\o
-
—— — I
HO )\

Scheme 67. Synthesized target structures 187 and 192. The red dots represent the most conjugated

pathway. The blue dots represent the less conjugated pathway due to a meta-substitution pattern.

The purification at the final step of the synthesis towards compound 187 was very difficult
and needs to be improved. As soon as the crude material was loaded onto the column it
precipitated. We believe that the acetyl PGs were removed and some sulfur-sulfur dimer
formation occurred. These dimers are very insoluble and therefore difficult to analyze and an
attempt to reduce the sulfur-sulfur dimer was simply not possible with the amount of material
available. However, it was still possible to elute some of the target compound off the column

and analyze it with MALDI-MS and NMR. Both techniques showed that the target
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compound 187 was present but not pure. In contrast, compound 192 was very easy to purify
by column chromatography. It was possible to completely characterize 192 by 2D NMR and
MALDI-MS.

The attempt to cyclize the ferrocene rod 171 with an aliphatic linker failed due to an
intramolecular 5-Endo-Dig cyclization side reaction (scheme 68). This side reaction always
occurred in basic media when the OPE-rod was connected to the ferrocene. The basic media
was required to deprotonate the hydroxy group to induce the nucleophilic attack on an
aliphatic bromide of the linker molecule. The use of sodium carbonate which is a rather weak
base and usually deprotonates the hydroxy group after the nucleophilic attack did not favor an

intermolecular cyclization.

/

Q
S 0, o
0 (e O =—TIPS 5 Endo-Dig & ___TIPS
= _SEndo-Dig_ _ L R L )=
TIPS— — o TIPS o
/ o—

o]
\

(IIr)

171 175

Scheme 68. The 5-Endo-Dig cyclization occurred as a side reaction during the attempt to cyclize

compound 171 with a linker molecule.

The strategy needs to be changed to overcome this problem. I suggest that the hydroxy groups
on 171 should be replaced by benzylic bromides as in 193 and that the hydroxy groups are
placed on the aliphatic linker molecule 194 (scheme 69). In such a case we could reduce the
presence of a good nucleophile close to the acetylenes avoiding the resulting 5-Endo-Dig

cyclization.

OH HO O
194 O
Br o
Br, (o]
= O = TIPS ? = O = TIPS
Fe E—— Fe
TIPS— = o} TIPS—= Q = o
/ /
o ol
\ \
193 195

Scheme 69. Proposed change of reaction centers to prevent an intramolecular cyclization.
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5 Car-jack molecule comprising two ferrocene joins

5.1 Concept

Another attempt to investigate the influence of a structural deformation on the properties of a
molecule can be probed by our proposed molecule 196. We envisaged a macrocycle with two
ferrocene joints. The two ferrocene units are substituted at the 1,1’-positions by flexible
acetylenes which are again connected in ortho-position to two benzene units. The benzene

units bear sulfur anchor groups to contact the molecule with gold electrodes.

As displayed in figure 64 the neutral molecule 196 (green) should have a certain conductivity
which can be measured by STM techniques. Once the two ferrocene units are oxidized from
Fc” to Fc', they should push each other apart due to coulomb repulsion. As a consequence of
that repulsion the structure should be deformed resulting in a shorter sulfur-sulfur distance
(pale red). This change in distance should be detectable by STM measurements. We also
expect that the conductivity changes upon oxidation. These features could open the door to

new applications such as switches in electronic devices.

Oxidation of
Fe*l - Fe*ll

=

Vv, '
Reference Electroae

Coulomb
Repulsion

Oxidation of

Fetl _ Fe*ll Structure

Deformation

Figure 64. Schematic concept of a structural deformation of a macrocycle upon oxidation. The neutral

molecule is displayed in green and the oxidized molecule is displayed in pale red.
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5.2 Strategic considerations

This proposed macrocycle 196 can be assembled by three different strageties (A, B and C).
The first disconnections are made between the ferrocenes and the acetylenes which gives us
the two building blocks 146 and 198 (scheme 70). The easiest way to connect these two
building blocks is by a Sonogashira coupling reaction.”” The synthesis of the diiodo-

ferrocene was discussed in chapter 3.5. Building block 197 bears two orthogonal protecting

groups and can be synthesized from 198 in four steps.

s L=+ j\S F
S Fe 1. removal of PG1
N and PG2 | S 4 steps
© e + >
- A 2. coupling ! \\ Br
< — I PG2 o7
s—< 146
PG1
196 198
ﬂ 2 steps 197
Fe 1. removal of PG1
= 2. coupling
121 |/©
Fe |
=
146
~sy=c ~sy=c
AN Fe 1. deprotection AN Fe
= pe2
o N : / 2. coupling AN
S /@ PG2——
S_% ! Fe | S—%
200/204 = 199
146
+
| =2
1. deprotection S Fe
2. coupling A PG2 @
|
201
H s{gpm
197"
—~ — —~ =
sH{ = Fo 1. removal of PG1 sH{ = o
A

or PG2 A\
 —————— PG2
2. coupling A\ : /
|/© PG1—— S
=

Scheme 70. Strategic considerations to synthesize molecule 196.
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The most inconvenient route would be if we remove both PG’s in 197 and let it react with 146
in a high dilution reaction (strategy A). This would certainly lead to a wild mixture of

products which would be impossible to separate. Therefore, strategy A is not favored.

A semi-stepwise approach is displayed as pathway B. In a first step PGI is removed from
compound 197. The free acetylene is then coupled with diiodo-ferrocene 146 to give 199.
Removing both PG2 in 199 followed by a high dilution coupling reaction with diiodo-
ferrocene 146 leads to the target structure 200 (black).

Performing the first coupling reaction between 197 and 146 with sub-stoichiometric amounts
of 197, a mono-substituted ferrocene 201 can be isolated. Now we remove PG2 in 197 instead
of PG1 and couple the resulting acetylene 197’ with compound 201 to obtain ferrocene 202.
This ferrocene derivative 202 bears two orthogonal PG’s. After we remove only one PG, the
resulting free acetylene can be coupled in a statistical reaction with an excess of diiodo-
ferrocene 146 to obtain compound 203. A final deprotection followed by an intermolecular

coupling reaction leads to the target structure 204 (blue).

The last proposed strategy C certainly provides the most control over the assembly. However,
the two statistical reaction steps usually provide very low yields. Therefore, pathway B is
favored over C since the approach is shorter and only the last step should be troublesome due

to polymeric side reactions.

5.3 Synthesis

To couple the ferrocene with acetylenes some test reactions were performed to find ideal
conditions. Therefore, a benzene derivative 205 bearing two acetylenes ortho to each other
was synthesized. The first step was a Sonogashira cross coupling reaction to introduce a
HOP-acetylene to a 1,2-diiodobenzene (206). A statistical approach was chosen to introduce

the acetylene only once leaving the second iodine free for further coupling.

HOP HOP

| HOP-acetylene Z TMS-acetylene Z =
@[ Pd(PPHg)4 Pd(PPH3)4 NaH, toluene
— " > - " . — )
Cul, NEts, 70°C Cul, NEt3, 55°C 110°C, 2h
| , 3, | . 3, N AN
48h 24h N ™S quant. ™S

45% 86%
206 207 208 205

Scheme 71. Synthesis of building block 205.
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These statistical reactions usually give the desired mono-substituted product 207 in a yield of
40-50 %. Since the two iodines in 206 are in ortho-position to each other, elevated
temperatures were necessary to introduce the acetylenes. Therefore, a mixture of compound
206, tetrakis(triphenylphosphine)palladium, copper iodide and triethylamine was heated to
70°C for 48 hours. The crude product was then purified by column chromatography, eluting
with cyclohexane:rBME (1:1) to afford the desired product 207 in a yield of 45 %. Due to the
increased polarity of the HOP-PG the isolation of 207 from the starting material and the
doubly substituted side product was very simple and fast. This would not be the case if, for
example, TMS-acetylene or TIPS-acetylene was used in the first step. In the next step, TMS-
acetylene was introduced by heating a mixture of compound 207, TMS-acetylene,
tetrakis(triphenylphosphine)palladium, copper iodide and triethylamine at 55°C for 24 hours.
The crude product was again purified by column chromatography to afford product 208 in a

yield of 86 %.

Now, we had compound 208 bearing two orthogonal PG’s. The HOP-PG was then removed
by heating compound 208 in toluene and sodium hydride to 110°C for 2 hours. The reaction
mixture was filtered over a short silica plug and the filtrate was concentrated by reduced

pressure to obtain molecule 205 in quantitative yield.

The coupling between 205 and 146 towards 209 was then investigated (scheme 72). As
discussed above, such coupling reactions do not always work well. Therefore, many different
catalysts, co-catalysts and bases were tested to improve the yield. The best yield of 62 % was
achieved by using palladium acetate with four equivalents of triphenylphosphine and copper
acetate as co-catalyst in diisopropylamine at 70°C for 42 hours. The reaction time could be
shortened to 6 hours by using the microwave reactor at 100°C. Not many catalytic systems
were found to be tolerable for elevated temperatures in the microwave reactor. Most of the

catalysts decomposed very quickly above 70°C forming black palladium.

=
S _Pd(OAG),, Cu(OAT), _
Fe +
I~ N PPh3 DIPA

™S 70 C

MW: 100 C, 6h
146 205 30-62% 209

Scheme 72. Sonogashira coupling reaction between diiodo-ferrocene 146 and 205.
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Having compound 209 in hand an oxidative coupling reaction was investigated. We were
interested to see if small cycles such as 211 and 212 could be formed. Therefore, we
deprotected compound 209 by adding TBAF to a solution of 209 in THF and methanol at
room temperature. After filtration over silica the filtrate was concentrated to obtain the
deprotected compound 210 in quantitative yield. Compound 210 was then slowly added with
a syringe pump to a solution of copper acetate and copper chloride in pyridine at 60°C. The
newly formed product was isolated by column chromatography to obtain compound 211 in a
yield of 39 %. The formation of a dimer 212, as displayed in scheme 73, was not observed

during the reaction or in mass-spectra analysis.

™S ™S
7 i\ Z \
S TBAF Q &
IS - IS
== O THF, MeOH = O

quant.

209 210

no dimer formation

Cu(OAc),
CuCl
pyridine

39%

Scheme 73. Homo-coupling of compound 210.

The next building block 197 was synthesized within four steps starting from the commercially
available 2-bromo-4-fluorobenzaldehyde (198) (scheme 74). The first step was a nucleophilic

[308:39) This reaction follows an addition-

substitution on the activated fluoride with a thiolate.
elimination mechanism which means that the nucleophile binds in a first step to a vacant w*-
orbital. In a second step the leaving group eliminates which leads to the overall substitution
reaction. Electron-withdrawing groups (EWG) stabilize ortho and para to the position of
substitution. Without such an EWG present, nucleophilic aromatic substitution occurs only
under extreme conditions. Another important factor is the leaving group. Halides have a
polarization effect on the carbon center which increases the overall reaction rate. In our case,

the fluoride is more suitable for substitution than the bromide as it is more electronegative and

thus has a larger polarization effect. However, when we added the thiolate to the reaction
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mixture at room temperature, we observed the formation of doubly substituted side products

which were difficult to separate.

i >L >L >

S S
TIPS-acetylene
NaS'Bu Pd(PPh3),Cl, CBry, PPh3
2 . — T — " -
DMI, 8°C Cul, NEts, DCM, 0°Ctor.t.
Br . Br 50°C, 12h X A
O/ 56% — = TIPS Br. -~ TIPS

(0] 96% (9] 87%
198 213 214 Br
215

>I\S >Ls LDA, TMS-CI

THF
-78°Ctor.t.

K,CO:!
T -~ T 83%
I TIPS MeOH, DCM Il TIPS

quant.
T™MS

216
197

Scheme 74. Synthesis of building block 197.

Therefore, we cooled the reaction mixture containing compound 198 and DMI to
approximately 8°C (m.p. of DMI) and slowly added 1 equivalent of thiolate. After aqueous
workup and column chromatography, product 213 was isolated in 56 % yield. In this case, the
formation of a doubly substituted side product was not observed. For the next reaction step a
protected acetylene was introduced by a Sonogashira coupling reaction. The first acetylene
which was introduced was a TMS-acetylene. This reaction worked in a yield of 84 %,
however, the reaction two steps later where the acetylide needs to be trapped with TIPS-
chloride did not work. The next acetylene which was introduced was HOP-acetylene to gain
more polarity in the molecule. This reaction worked fine but again the formation of the
acetylene out of the aldehyde did not work. Then TIPS-acetylene was introduced by adding
the acetylene to a mixture of compound 213, bis(triphenylphosphine)palladium chloride,
copper iodide and triethylamine. The reaction mixture was heated to 50°C and stirred for 12
hours. The crude product was purified by column chromatography to obtain the desired
product 214 in a yield of 96 %.

The transformation of the aldehyde into a terminal acetylene was made by a Corey-Fuchs

reaction.l*']

This two-step methodology starts with a Wittig-type reaction to form a
dibromoalkene 215 by adding triphenylphosphine to a mixture of compound 214 and carbon
tetrabromide in DCM. The crude product was isolated by column chromatography eluting

with cyclohexane:rBME (5:1) to afford product 215 in a yield of 87 %. The dibromoalkene
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215 was dissolved in THF and treated with lithium diisopropylamine to generate the
bromoalkyne intermediate via dehydrohalogenation. The intermediate underwent a metal-
halogen exchange to form the lithium acetylide which was trapped by TMS-chloride to form
the TMS-acetylene 197. The pure product was obtained after column chromatography in a

yield of 83 %.

The obtained product 197 had two silyl-PG’s which can be sequentially cleaved (TMS before
TIPS). The TMS was removed by treating compound 197 with methanol and potassium

carbonate generating the free acetylene 216 in quantitative yields (scheme 74).

To assemble molecule 199 the same Sonogashira coupling conditions were applied from the
coupling reaction between 146 and 205 (scheme 72). Therefore, a mixture of compound 216,
compound 146, palladium acetate, triphenylphosphine, copper acetate and diisopropylamine
was heated in the microwave reactor at 100°C for 5 hours. The crude product was filtered
over celite, concentrated and purified by column chromatography eluting with

cyclohexane:DCM (5:1) to obtain the desired product 199 in a yield of 56 % (scheme 75).

TIPS s TIPS
/) 7 W\
_ S Pd(OAc), S () <~
s - rofe PPhs, Cu(OAc) =_F O ><

3 2

A = DIPA, MW: 100°C s
56%

216 146 199

Scheme 75. Sonogashira cross coupling reaction to obtain 199.

The deprotection of the TIPS-acetylenes in 199 was made by adding a 1M TBAF solution to a
solution of compound 199 in THF at room temperature. After 45 minutes the reaction mixture

was filtered through a silica pad to afford 179 in 96 % yield.

TIPS TIPS

s S oar s S
A =&, (KX e A =&, (X

quant.

199 179

Scheme 76. Deprotection of 199 using TBAF in THF.
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The next step was to cyclize compound 179 with 146 to obtain the target macrocycle 200
(scheme 77). A high dilution reaction was envisaged to favor an intramolecular reaction once
the first coupling between the ferrocene 146 and the acetylene 179 was complete. Therefore,
compounds 179 and 146 were each dissolved in diisopropylamine and slowly added over 48
hours to a mixture of palladium acetate (5 equiv.), triphenylphosphine (20 equiv.), copper
acetate (0.5 equiv.) and diisopropylamine. The low copper acetate concentration was chosen
to disfavor a homo-coupling between the acetylenes. However, the formation of the desired

macrocycle 200 containing two ferrocene units was never observed.

Z W\ =

s > A Pd(OAc), N Fe

Vet =2 (LK TE L X ==
s (g PPh;, Cu(OAc), Fo A

DIPA, 70°C N

179 146

Pd(OAc),
PPh3, Cu(OAc),
DIPA, 70°C

Scheme 77. Cyclization attempt to form compound 200. Instead compound 217 was isolated.

Instead the formation of the intramolecular homo-coupled product 217 was observed. Even
when the reaction was performed without any copper present the side product 217 was
formed. We presumed that the oxidative addition of the diiodoferrocene 146 to the palladium

source was too slow compared to the intramolecular homo-coupling.

These results inspired us to investigate the observed homo-coupling further and if we might
be able to use it to our advantage. A cyclization of 179 with a second diacetylene building
block was envisaged as the acetylene homo-coupling worked very well. A suitable reaction to

achieve such a cyclization is the Cadiot-Chodkiewicz coupling.*®
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The first step was to synthesize the bromo-acetylene 180 from the commercially available
1,3-diacetylenebenzene (218).°°"! Therefore, the benzene derivative 218 was added to a
mixture of NBS and silver nitrate in acetone at room temperature. The crude product was
isolated by column chromatography eluting with cyclohexane:/BME (20:1) to afford the
desired building block 180 in a yield of 78 %.

Having building blocks 179 and 180 in hand the cyclization was achieved by slowly adding
the educts to a mixture of tris(dibenzylideneacetone)dipalladium-chloroform, copper iodide,
DIEA and toluene (scheme 78). The educts 179 and 180 were added within 43 hours to create
pseudo high dilution conditions. After the addition was complete, the reaction mixture was
stirred for four days. The crude compound 181 was purified by column chromatography

eluting with cyclohexane:BME (20:1) to afford the desired product 181 in 88 % yield.

NBS, AgNO3
— = s
& % acetone, r.t. 4 %

78%

218 180
=
'Bus
=~ N\ Pd,(dba)*CHCl,
+ - >
v . =Z X Cul, DIEA
e — u Br Br toluene, r.t. 5d
88%
179 180 181

Scheme 78. Cyclization of 179 using a Cadiot-Chodkiewicz coupling.

Since this reaction worked so well we applied this strategy to the project which was described

in chapter 4.
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5.3.1 Outlook

Since the semi-stepwise approach did not work we started on the synthesis of the completely
stepwise route (scheme 70, route C). For the first coupling reaction compound 219 was used
which was previously synthesized in our group by Loic Lepleux. Compound 219 has a para-
methoxybenzyl-PG to protect the sulfur. This PG promises an easier transprotection to the
favored acetyl-PG. However, to favor a mono-substitution of the diiodoferrocene (146) sub-
stoichiometric amounts of 219 were used for the reaction. The conversion was not as good as
expected and the isolated yield of mono-substituted 220 was 8 % (scheme 79). This reaction
needs to be improved to continue the investigation of a stepwise approach. Different ligands

should be explored to improve the oxidative addition of 146 to the palladium source.
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Scheme 79. Outlook towards the synthesis of compound 224.

The obtained compound 220 can now be coupled with compound 221 which needs previous

deprotection. The envisaged compound 223 bears two orthogonal protecting groups which
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gives better control over the assembly. One PG can be romved and the free acetylene can be
coupled with an excess of diiodoferrocene (146) to get compound 223. The remaining PG in
compound 223 can be removed and a high dilution intramolecular coupling reaction can be

performed to close the macrocycle 224.

5.4 Conclusion

A semi-stepwise synthetic route was investigated to synthesize compound 200 (scheme 77).
However, the final cyclization was not successful due to the competitive intramolecular
homo-coupling reaction between the acetylenes forming macrocycle 217 (figure 65). This
side reaction inspired us to investigate a cyclization using two diacetylene building blocks.
The applied Cadiot-Chodkiewicz coupling successfully yielded in macrocycle 181. These
findings changed our strategic approach for the project discussed in chapter 4. When we have
a look at the topological connection of the two macrocycles we can assume that the red
pathway is higher conductive compared to the blue pathway. An electrochemical

manipulation of the current passing through the ferrocene unit can therefore be envisaged.

217 181

Figure 65. Obtained macrocycles 217 and 181 on the route to synthesize a macrocycle containing two

ferrocene joints.

The stepwise approach to assemble macrocycle 224 needs to be further investigated. It was
shown that the change of the sulfur PG (from 7/Bu-S to PMB-S) already had a big influence on
the coupling yield (scheme 79). Hence, the protecting group strategy has to be reevaluated to

improve the stepwise approach.
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6 Summary

In the first project three halide end-capped OPEs were successfully synthesized (figure 66).
The intermolecular interactions between the terminal halides and hydrogens and m-systems
were investigated in their solid state structures. A striking resemblance between a planar cut
through the crystal structure and the two dimensional assembly on a HOPG surface was
observed for each compound. This finding supports the hypothesis that a sheet by sheet

crystal growth on a flat surface should be possible.

103 104 105

Figure 66. Synthesized OPEs 103-105 with terminal halogen end-groups.

In collaboration with the group of Michel Calame at the University of Basel we tried to
integrate molecule 103 into a MCBJ. Due to the extended electron cloud of halogens we
envisaged that halide end-groups could act as anchor groups to gold contacts and form stable
molecule-electrode contacts. The MCBJ measurements revealed that the formed contacts,
based on Van-der-Waals interactions between halides and gold electrodes, were not stable

enough to collect sufficient data for a statistically significant analysis.

In the second project, an OPV-type ferrocene derivative 118 was synthesized within 14 steps.
We wanted to compare the conductivity of this 1,3-disubstituted derivative with a 1,1’-
disubstituted ferrocene 6 which was previously synthesized in the Major group by Sergio

Grunder (figure 67).1%

T O e
é s/®/\ Fe \/Q/ 374 o

118 6

Scheme 67. Synthesized target structure 118.
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The MCBJ experiments revealed that the conductance was similar in both cases. We found
that the amount of deprotecting reagent which was used to deprotect the sulfur anchor groups
was very important. Compared to previous studies where sub-stoichiometric amounts of
TBAH were enough to deprotect the investigated molecules we experienced a very low
plateau yield. UV/vis-experiments showed that at least two equivalents per sulfur-PG were
necessary to deprotect the molecules completely. Since the experiment was carried out in an
electrochemical MCBJ-setup, to investigate a possible gating effect, the amount of TBAH
was limited due to an increase of background current which makes an investigation

impossible.

To overcome this impasse, new deprotecting reagents such as aliphatic amines should be
considered. Another option could be to deprotect the molecule in advance and filter the
tetrabutylammonium ions off. Although, such an approach would be very difficult to handle

since an oxidative sulfur-sulfur dimer formation is almost unavoidable.

In the third project a synthetic route towards two ferrocene macrocycles which can act as
molecular wires was developed (figure 68). Both structures 187 and 192 were synthesized
within 18 steps. The cyclization step was achieved by a Cadiot-Chodkiewcz type coupling.
The advantage of this synthetic route is that the cyclization takes place at the end of the

sequence which allows bridging the ferrocene wire with different linkers (blue).

Figure 68. Synthesized target structures 187 and 192.

Both structures should channel the current through the ferrocene unit which will be
determined by MCBJ experiments. We envisage to gate the ferrocene unit electrochemically

to observe a transistor like behavior.

The attempt to cyclize the ferrocene wire with an aliphatic linker via Sy2 reaction failed due

to a 5-Endo-Dig side reaction which was unavoidable.
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In the fourth project the synthesis towards a ferrocene macrocycle comprising two ferrocene
units was envisaged. The final cyclization failed due to a competitive intramolecular homo-
coupling yielding in molecule 217 (figure 69). This result inspired us to make macrocycle 181
using a Cadiot-Chodkiewcz type coupling. This synthetic strategy was then successfully

applied to the project discussed above.

217 218

Figure 69. Synthesized macrocycles 217 and 181.

All in all, synthetic strategies have been developed to synthesize functional molecules which
can be addressed electrochemically. This functionality placed on suitable molecular building
blocks can be used to influence the conductance of molecular junctions by electrochemical

gating.
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7 Experimental Part

7.1 General Remarks

All purchased chemicals were directly used for synthesis without further purification. Dry
solvents were purchased from Sigma-Aldrich. All oxygen-sensitive reactions were performed
under an argon atmosphere. The glass material was pre-heated to 120°C and cooled down

under an argon flow.

Silica gel (60 um) was purchased from Sigma-Aldrich. TLC plates (silica gel 60 Fys4) were

purchased from Merck.

Nuclear Magnetic Resonance

All 'H-Nuclear- ("H-NMR) and *C-Nuclear- (‘*C-NMR) Magnetic Resonance were recorded
on a Bruker DPX-NMR (400 MHz/100.6MHz) or on a Bruker DRX-500 (500 MHz/125 MHz)
instrument. Chemical shifts (8) are reported in parts per million (ppm) relative to residual
solvent peaks or trimethylsilane (TMS). NMR solvents were obtained from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA). The measurements were done at room
temperature. The multiplicities are written as: s=singlet, d=doublet, q=quartet, quin=quintet,
m=multiplet and b=broad. All protons were assigned by using COSY and NOESY
experiments. All carbons were assigned by performing DEPT, HMQC and HMBC

experiments.

Mass Spectrometry

All Mass spectra (MS) were recorded on a Bruker esquire 3000 plus for Electron Spray
Ionisation (ESI), a finnigan MAT 950 for Electron Impact (EI) or a finnigan MAT 8400 for
Fast Atom Bombardment (FAB). All High resolution mass spectras (HR-ESI-MS) were
recorded by the Schiirch group at the university of Berne with a LTQ Orbitrap XL (Thermo

Fisher Scientific) using a nanoelectrospray ion sorce.
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Elemental Analysis

The elemental analysis (EA) were measured on an Perkin-Elmer Analysator 240.

Cyclic Voltammetry

All electrochemical measurements were performed with a Methrom Autolab PGSTAT 1. The
prepared solutions were degassed with argon prior to the experiments. The working electrodes
(either glassy carbon or gold) were polished before each measurement.**” The platinum-net
counter electrode was cauterized in a Bunsen burner flame prior to the experiment. A

Ag/AgCl 3 M KCl reference electrode from Methrom was used.

UV/Vis Spectroscopy

UV/Vis spectra were recorded on an Agilent 8453 diode array detector spectrophotometer

using optical 114-QS Hellma cuvettes (10 mm light path) under normal atmosphere.
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7.2 Synthesis of oligo-phenylene-ethynylenes

1,4-Diiodo-2,5-dihexylbenzene (106)***

99%
225 226
A 250 mL two necked flask equipped with a reflux condenser and a dropping funnel was
charged with 1,4-dichlorobenzene (225) (11.9 g, 80 mmol, lequiv.), NiCl,(dppp) (130 mg,
0.240 mmol, 0.003equiv.) and anhydrous diethyl ether (60 ml) and cooled to 0°C.
Hexylmagnesium bromide (100 ml, 200 mmol, 2.5equiv.) was added drop-wise at 0°C and
the reaction mixture turned from red to yellow to green. The reaction mixture was heated to
reflux for 17 hours. A precipitate was formed. The mixture was then cooled to 0°C and
demin. water (20 ml) was added. Hydrochloric acid (6M in H,O, 40 mL) was added to the
reaction mixture at 0°C. The organic layer was separated and the aqueous layer was extracted
with diethyl ether (3 x 50 mL). The combined organic layers were washed with brine, dried
over MgS0O, and concentrated under reduced pressure. Kugelrohrdistillation (1 mbar, 210°C)

gave the product 1,4-dihexylbenzene (226) (19.5 g, 99%). as a colorless oil.
'H-NMR (400 MHz, CDCls): & (ppm) 7.08 (s, 4H); 2.56 (t, 4H); 1.57 (m, 4H); 1.29 (m, 12H);
0.88 (t, 6H).

3C-NMR (100 MHz, CDCl3): & (ppm) 140.3 (C,, 2C); 128.4 (Cy, 4C); 35.8 (C,, 2C); 32.0 (C,
2C); 31.8 (Cy, 2C); 29.3 (Cy, 2C); 22.8 (Cy, 2C); 14.3 (Cy, 2C).
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Ac,0, KIO3 !
—_—
lo, H,S04
H,0, reflux I

61%
226 106

A 250 ml two-necked round-bottomed flask was charged with 1,4-dihexylbenzene 226 (9.86
g, 40 mmol, 1 equiv.) and acetic acid (130 ml). Potassium iodate (4.28 g, 20 mmol, 0.5
equiv.), iodine (11.2 g, 44 mmol, 1.1 equiv.), sulfuric acid (8.7 ml, 90 mmol, 2.25 equiv.) and
water (1.31 ml, 72.8 mmol, 1.82 equiv.) were added. The resulting mixture was refluxed
overnight. After 14h, the reaction mixture was cooled down to room temperature and
concentrated to 50% of the initial volume. The formed precipitate was filtered off. The filter
cake was dissolved in tBME and washed with aq. NaS,SO,, water and brine. The organic
layer was dried over MgSO,4 and concentrated under reduced pressure. The residue was
filtered over a short silica pad (hexane: ethyl acetate 1:1) to afford the 1,4-diiodo-2,6-
dihexylbenzene (106) (12.1 g, 61%) as a white solid.

'"H-NMR (400 MHz, CDCl5): & (ppm) 7.59 (s, 2H): 2.59 (t, 4H); 1.33 (m, 4H); 1.28 (m, 12H);
0.9 (t, 6H).

3C-NMR (100 MHz, CDCls): 145.2 (Cq, 2C); 139.7 (Cy, 2C); 100.7 (Cq, 2C); 40.2 (Cs, 2C);
32.0 (Cs, 2C); 30.6 (Cs, 2C); 29.4 (Cs, 2C); 23.0 (Cs, 5C); 14.5 (C,, 2C).

EI-MS (m/z) 498 (100%) [M]".
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1,4-Bis[2-(4-chlorophenyl)ethynyl]-2,5-dihexylbenzene (105)

Pd(PPhj3),Cl
’ T HOST= <:> “ c I(DBJ)ZH;

ul, , Fo!
5 NEt;, benzene
r.t., 36h

106 107 65% 105

A Schlenk tube was purged with argon and charged with Pd(PPh;),Cl, (21.3 mg, 0.03 mmol,
0.06 equiv.), Cul (19 mg, 0.1 mmol, 0.2 equiv.) and ((4-chlorohenyl)ethynyl)trimethylsilane
107 (221mg, 1.02 mmol, 2.05 equiv.). The tube was again purged with argon. Dry benzene (5
ml) and triethylamine (0.84 ml) were added. The brown suspension was degased for 10
minutes. 1,4-dihexyl-2,5-diiodobenzene 106** (249 mg, 0.5 mmol, 1 equiv.) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (1.0 ml, 12 mmol, 24 equiv.) were added to the solution.
Demin. water (0.0115 ml) was added and the reaction mixture was stirred at room
temperature for 48h. The mixture was concentrated under reduced pressure and the residue
was dissolved in CH,Cl, and washed with water (2x20 ml). The organic layer was dried over
MgSO,, filtered and concentrated under reduced pressure to afford the crude product as
yellow oil. The oil was purified by column chromatography (silica, cyclohexane; RF = 0.40)
to afford 1,4-bis[2-(4-chlorophenyl)ethynyl]-2,5-dihexyl-benzene (105) (158 mg, 61.3%) as a
white solid.

'H-NMR (400 MHz, CDCl3): & (ppm) 7.445 (dt, *Jyy=8.8 Hz, *Jyy=2Hz, 4H); 7.35 (s, 2H);
7.336 (dt, *Jyn=8.8 Hz, “Juuy=2Hz, 4H); 2.783 (t, *Jyux=8 Hz, 4H); 1.70-1.66 (m, 4H); 1.39-
1.30 (m, 12H); 0.874 (t, *Jy4=6.8 Hz, 6H).

BC-NMR (100 MHz, CDCls): 142.5 (Cq, 20); 134.4 (Cg, 2C); 132.8 (Cy, 4C); 132.5 (Cy, 2C);
128.9 (Cy, 4C); 122.5 (Cg, 20); 122.1 (Cq, 2C); 93.0 (Cq, 2C); 89.5 (Cg, 2C); 34.3 (Cs, 20);
32.9 (G, 2C); 30.8 (Cs, 2C); 29.4 (Cs, 2C); 22.8 (Cs, 2C); 14.3 (Cp, 20).

ELI-MS (m/z) 514.2 (100%) [M]"; 443.2 (12.5%), [M-2CI]".
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1,4-Bis|[2-(4-bromophenyl)ethynyl]-2,5-dihexyl-benzene (104):

Pd(PPhj3),Cl.
° * (HsC)SI—= <:> B C |( DBS)ZH 2o

ul, 5 Ao
5 NEt;, benzene
rt., 36h

106 108 73% 104

A Schlenk tube was purged with argon and charged with Pd(PPh;),Cl, (34.12 mg, 0.048
mmol, 0.06 equiv.), Cul (30.5 mg, 0.16 mmol, 0.2 equiv.) and ((4-
bromophenyl)ethynyl)trimethylsilane 108 (405 mg, 1.6 mmol, 2 equiv.). The tube was again
purged with argon and dry benzene (8 ml) and triethylamine (1.35 ml) were added. The
suspension was degassed for 10 minutes. 1,4-dihexyl-2,5-diiodobenzene (106)*** (400 mg,
0.8 mmol, 1 equiv.) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (2.9 ml, 19.2 mmol, 24 equiv.)
were added to the solution which then turned green. Deion. water (0.0115 ml) was added and
the reaction mixture was stirred at room temperature for 36h. The mixture was concentrated
under reduced pressure and the residue was dissolved in CH,Cl, and washed with water (2x20
ml). The organic layer was dried over MgSQs, filtered and concentrated under reduced
pressure to afford the crude product as dark oil. The oil was purified by column
chromatography (silica, hexane) to afford 1,4-bis[2-(4-bromophenyl)ethynyl]-2,5-dihexyl-
benzene (104) (354 mg, 73.2%) as a white solid.

'H-NMR (250 MHz, CDCls): & (ppm) 7.498 (dt, *Jyy=8.25 Hz, ‘T y=2.25 Hz, 4H); 7.43-7.24
(m, 6H); 2.784 (t, *Juu=7.5 Hz, 4H); 1.73-1.52 (m, 4H); 1.36-1.28 (m, 12H) 0.875 (t,
3Tu.=6.75 Hz, 6H).

PC-NMR (100 MHz, CDCl3): & (ppm) 142.3 (Cq, 2C); 132.9 (C,, 4C); 131.8 (C,, 4C); 122.5
(Cg» 2C); 122.41 (Cg, 2C); 122.38 (Cq, 2C); 92.9 (Cy, 2C); 89.5 (Cy, 2C); 34.1 (Cy, 2C); 31.7
(Cs, 2C); 30.6 (Cs, 2C); 29.2 (Cs, 2C); 22.6 (Cs, 2C); 14.1 (Cy, 20).

EI-MS (m/z) 604.1 (100%), [M]".

EA: calc. C=67.56, H=6.00; found C=67.4, H=5.95.
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1,4-Bis[2-(4-aminophenyl)ethynyl]-2,5-dihexyl-benzene (110):

THF, rt.
90%

NH,
! 5 Pd(PPh3),Cl,,
N st
| Cul, Et;N
5
109

106 110

A 25 ml Schlenk tube was purged with argon and charged with 1,4-diiodo-2,5-
dihexylbenzene (106)***! (996 mg, 2 mmol, 1 equiv.), Pd(PPh;),Cl, (141 mg, 0.2 mmol, 0.1
equiv.), Cul (39.9 mg, 0.2 mmol, 0.1 equiv.), 4-ethynylaniline (109) (604 mg, 5 mmol, 2.5
equiv.), triethylamine (7 ml) and dry THF (10 ml). The resulting mixture was degassed for 10
min. and stirred for 16h at room temperature. The mixture was diluted with zers-butylmethyl
ether ((BME) and filtered over celite. The filtrate was concentrated under reduced pressure
and the residue was purified by column chromatography (silica, cyclohexane:/BME 1/2) to
afford the pure 1,4-bis[2-(4-aminophenyl)ethynyl]-2,5-dihexyl-benzene (110) as a brown
solid (940 mg, 98%).

'H-NMR (400 MHz, CD,Cl,): & (ppm) 7.308 (dt, *Jyn=8.4 Hz, *Jyy=2.4 Hz, 4H); 7.31 (s,
2H); 6.652 (dt, *Jup=8.4 Hz, *Juy=2.4 Hz, 4H); 3.94 (s, 4H); 2.774 (t, *Juu=7.6 Hz, 4H);
1.70-1.64 (m, 4H); 1.36-1.33 (m, 12H); 0.881 (t, *Jx=6.8 Hz, 6H).

PC-NMR (100 MHz, CD,CL,): § (ppm) 147.5 (Cq, 2C); 143.2 (Cg, 2C); 133.0 (C,, 4C); 132.2
(Cy, 2C); 122.9 (C,, 2C); 114.9 (Cy, 4C); 112.8 (Cq, 2C); 94.9 (Cq, 2C); 86.6 (Cy, 2C); 34.5
(Cs, 2C); 32.2 (Cy, 2C); 31.0 (Cs, 2C); 29.6 (Cs, 2C); 23.0 (Cs, 2C); 14.3 (Cy, 20).

EI-MS (m/2) 476.3 (100%) [M]".

EA: calc. C=85.67, H=8.46, N=5.88; found C=85.39, H=8.38, N=5.91.
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Dimetylpyrrole-iodobenzene (112):>**

o O

)L(v)ﬁj\ ~

| NH, R — | N

TsOH*H,0, =
toluene, reflux

96%
111 112

A 25 ml flask charged with 4-iodoaniline 111 (1.314 g, 6.00 mmol, 1 equiv.), p-
toluenesulfonic acid (19.4 mg, 0.102 mmol, 0.017 equiv.), acetonylacetone (0.753 ml, 6.42
mmol, 1.07 equiv.) and dry toluene (16 ml). The reaction mixture was heated in a Dean-Stark
apparatus for 4h. The reaction mixture was cooled down and extracted with sat. NaHCOs,
water (5x) and brine. The organic solution was dried over MgSQy, filtered and concentrated
under reduced pressure. The residue was dissolved in hexane: ethyl acetate (5/1) and filtered
over silica. The filtrate was concentrated again to afford the desired product 112 (1.860 g, 96

%) as a brownish solid.
'H-NMR (400 MHz, CDCl3): & (ppm) 7.79 (dd, 2H); 6.96 (dd, 2H); 5.9 (s, 2H); 2.02 (s, 6H).

3C-NMR (100 MHz, CDCL3): & (ppm) 138.5 (C,, 2C); 130.4 (C,, 2C); 128.9 (C,, 1C); 106.3
(Cy, 2C); 93.1 (Cy, 1C); 13.2 (Cy, 2C).

Building block: Di-hexyl-diacetylene-benzene (113)

Cul, (iPr)2NH
( > THF, r.t.
5

s (CHSCCH, @%
| | PA(PPha);Cly TMS— / ——TMS
90% Vs

106 113
A 50 ml Schlenk tube was purged with argon and charged with
bis(triphenylphosphine)palladium(II)chloride (510 mg, 0.720 mmol, 0.12 equiv.), Cul (137
mg, 0.720 mmol, 0.12 equiv.) and 1,4-diiodo-2,5-dihexylbenzene 106 (2.99 g, 6.00 mmol, 1
equiv.). The tube was purged again with argon. THF (10 ml) and diisopropylamine (6 ml)
were added and the resulting mixture was degassed for 10 min. Ethynyltrimethylsilane (3 ml,
21.0 mmol, 3,5 equiv.) was added and the mixture was stirred for 24h at room temperature.
The reaction mixture was filtered over a silica plug and the filtrate was concentrated under
reduced pressure. Hexane was added to the residue which was filtered again over silica. the

filtrate was again concentrated under reduced pressure to afford a yellow oil. The crude
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product was purified by column chromatography (silica, hexane) to afford the desired product

113 (2.4 g, 91%) as a yellow solid.

'H-NMR (400 MHz, CDCl3): & (ppm) 7.22 (s, 2H); 2.65 (t, 4H); 1.57 (m, 4H); 1.29 (m, 12);
0.85 (t, 6H); 0.23 (s, 18H).

3C-NMR (100 MHz, CDCls): 8 (ppm) 142.9 (Cq, 2C); 132.7 (Cy, 2C); 122.8 (Cq, 2C); 104.2
(Cq» 2C); 99.1 (Cq, 2C); 34.3 (Cy, 2C); 31.9 (Cs, 2C); 30.8 (Cs, 2C); 29.5 (Cs, 2C); 22.9 (Cs,
2C); 14.3 (C,, 2C); 0.1 (C,, 2C).

EI-MS (m/z) 438.3 (100%) [M]".

Deprotection

The TMS-protected diacetylene 113 (500 mg, 1.14 mmol, 1q) was dissolved in DCM (4 ml)
and methanol (35 ml, 864 mmol, 758 equiv.). Potassium carbonate (394 mg, 2.85 mmol, 2.5
equiv.) was added and the resulting mixture was stirred for 2h. The reaction mixture was
concentrated under reduced pressure at room temperature. The residue was dissolved again
and filtered over a short silica plug. The filtrate was concentrated to afford the product (335
mg, 99%) as a red oil.

'H-NMR (400 MHz, CDCls): & (ppm) 7.27 (s, 2H); 3.27 (s, 2H); 2.69 (t, 4H); 1.57 (m, 4H);
1.29 (m, 12H); 0.87 (t, 6H).
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1,4-Bis[2-(4-(2,5-dimethyl-1H-pyrrol-1-yl)phenyl)ethynyl]-2,5-dihexyl-benzene (114):

Pd(PPh;),Cl,
Cul, NEt3 DBU O
benzene, H,O
r.t., 100h
67%

-0

An oven dried 25 ml Schlenk tube was purged with argon and charged with Pd(PPhs),Cl,
(42.5 mg, 0.06 mmol, 0.06 equiv.), Cul (38.1 mg, 0.2 mmol, 0.2 equiv.) and the TMS-

113 112 114

protected acetylene 1131°*! (439 mg, 1.0 mmol, 1 equiv.). The tube was again purged with
argon and dry benzene (10 ml) and triethylamine (1.7 ml) were added. The yellow suspension
was degassed for 10 minutes resulting in a brown solution. The dimethylpyrrole derivative
1122 (624 mg, 2.1 mmol, 2.1 equiv.) and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (3.6 ml, 24.0
mmol, 24 equiv.) were added to the solution. Demin. water (0.0144 ml) was added and the
reaction mixture was stirred at room temperature for 100h. The reaction mixture was diluted
with /BME and washed with water (2 x 20 ml) and brine. The organic layer was dried over
MgSQ,, filtered and concentrated under reduced pressure to afford the crude product (1.0 g)
as dark oil. The oil was purified by column chromatography (silica, cyclohexane:rBME 40/1)
to afford the desired compound 114 (367 mg, 58%) as a white solid.

'H-NMR (400 MHz, CDCls): & (ppm) 7.615 (dt, *Jyu=8.4 Hz, “Jyu=1.6 Hz, 4H); 7.39 (s,
2H); 7.216 (dt, *Jyy=8.4 Hz, *Jyu=1.6 Hz, 4H); 5.92 (s, 4H); 2.832 (t, *Jyx=7.6 Hz, 4H); 2.06
(s, 12H); 1.74-1.71 (m, 4H) 1.43-1.26 (m, 12H); 0.876 (t, *J;11=6.8 Hz, 6H).

3C-NMR (100 MHz, CDCls): 8 (ppm) 142.6 (Cq, 2C); 132.7 (Cq, 2C); 132.4 (Cy, 4C); 129.3
(Cy, 2C); 129.0 (Cq, 4C); 128.5 (C,, 4C); 123.0 (Cy, 2C); 122.7 (Cq, 2C); 106.3 (Cy, 4C); 93.4
(Cq» 2C); 89.6 (Cq, 2C); 34.4 (Cy, 2C); 32.0 (Cs, 2C); 30.9 (Cy, 2C); 29.5 (Cs, 2C); 22.9 (Cs,
2C); 14.3 (Cp, 2C); 13.3 (C,, 4C).

EI-MS (m/z) 632.4 (100%), [M]". ESI-HRMS (m/z) 633.4211 [M + H]" (Theo. Mass
633.4203; A 1.24 ppm)
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1-(4-trimethylsilylethynylphenyl)-3,3-tetramethylenetriazene (115): [256]

TMS-acetylene

s atas
G Pd(PPh3),Cl. Vs
ION ,( 3)2, 2 ™MS— N
diethylamine
Cul, r.t.

94%
227 115

A 100 ml two-necked round-bottomed flask was purged with argon and charged with the (E)-
1-((4-iodophenyl)diazenyl)pyrrolidine 227 (2.5 g, 8.30 mmol, 1 equiv.), diethyl amine (30 ml)
and ethynyltrimethylsilane (2.4 ml, 16.6 mmol, 2 equiv.). The yellow solution was degassed
for 10 min. Bis(triphenylphosphine) palladium(II) chloride (58 mg, 0.083 mmol, 0.01 equiv.)
and Cul (32 mg, 0.166 mmol, 0.02 equiv.) were added. The resulting mixture was stirred
overnight (17h). The reaction mixture was concentrated under reduced pressure. The brown
residue was dissolved in DCM and absorbed on silica. It was then purified by column
chromatography (hexane:tBME 6/1) to afford the desired compound 115 (2.11 g, 93.5%) as a

brown solid.

'H-NMR (400 MHz, CDCls): & (ppm) 7.43-7.39 (m, 2H); 7.33-7.31 (m, 2H); 3.77 (s, 4H);
2.01 (s, 4H); 0.22 (s, 9H).

1,4-Bis[2-(4-(3,3-tetramethylenetriazeno)phenyl)ethynyl]-2,5-dihexyl-benzene (116)

Pathway A:
I N—Nij
5 v TMS—— < > & Pd(PPh;),Cl,, Cul
I DBU, NEts, H,0
5 benzene, r.t., 72h
7%
106 115 116

Bis(triphenylphosphine)palladium(II) chloride (42.1 mg, 0.06 mmol, 0.06 equiv.), Cul (47.6
mg, 0.25 mmol, 0.2 equiv.) and 1-(4-trimethylsilylethynylphenyl)-3,3-tetramethylenetriazene
(115)*% (679 mg, 2.5 mmol, 2.5 equiv.) were charged in a 50 ml Schlenk-tube and purged
with argon. Benzene (12 ml) and triethylamine (1.7 ml) were added. The resulting solution
was degassed for 10 minutes. 1,4-Dihexyl-2,5-diiodobenzene (106)*** (498 mg, 1.0 mmol, 1
equiv.) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (4.48 ml, 30 mmol, 30 equiv.) were added.
Water (18 pl, 1.0 mmol, 1 equiv.) was added subsequently. The color of the reaction mixture
turned green. The mixture was stirred for 24h at room temperature. The reaction mass was

concentrated under reduced pressure. The residue was dissolved in CH,Cl, (60 ml), extracted
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with water (2 x 20 ml) and washed with brine (30 ml). The organic layer was then dried over
MgSO,, filtered and concentrated under reduced pressure to afford a red-brown solid. The
residue was purified by column chromatography (hexane/tBME 2:1 + 3% triethylamine) to
afford the desired OPE 116 (45 mg, 7%) as a yellow powder.

Pathway B:

1) HCI, NaNO,
2) pyrrolidine

90%

110 116

A 25 ml two-necked round-bottomed flask was purged with argon and charged with 1,4-bis[2-
(4-aminophenyl)ethynyl]-2,5-dihexyl-benzene (110) (501 mg, 1.05 mmol, 1 equiv.), water
(1,5 ml), acetonitrile (1.5 ml) and hydrochloric acid 37% (0.803 ml, 9.45 mmol, 9 equiv.).
The resulting mixture was cooled to 0°C and stirred for 1h. Sodium nitrite (145 mg, 2.1
mmol, 2 equiv.) dissolved in water (3.5 ml) was added and the mixture was again stirred for
lh at 0°C. The mixture was then transferred into another flask which contained potassium
carbonate (1.466 mg, 10.5 mmol, 10 equiv.), water/acetonitrile 2:1 (3 ml) and pyrrolidine
(0.345 ml, 4.2 mmol, 4 equiv.). The resulting mixture was stirred for 1h at 0°C and another 2h
at room temperature. The mixture was then diluted with CH,Cl, (100 ml). The aqueous phase
was separated and washed with CH,Cl, (2 x 50 ml). The organic layers were combined and
washed with brine, dried with MgSO,4 and concentrated under reduced pressure to afford the
crude product. Ethyl acetate was added and the slurry was put in the ultrasonic bath for 5 min.
The mixture was then filtered and the solid product was dried under high vacuum to afford the

desired product 116 (558 mg, 82%) as a yellow solid.

'H-NMR (400 MHz, CDCls): & (ppm) 7.481(dt, *Jin=8.8 Hz, “Juuy=2 Hz, 4H); 7.405 (dt,
Tun=8.8 Hz, ‘Tuu=2 Hz, 4H); 7.34 (s, 2H); 3.80 (s, 8H); 2.801 (t, *Jyu=7.6 Hz, 4H); 2.04
(my, 8H); 1.72-1.68 (m, 4H); 1.41-1.31 (m, 12H); 0.879 (t, *Jyx=7.2, 6H).

PC-NMR (100 MHz, CDCl3): & (ppm) 151.4 (C,, 2C); 142.3 (Cq, 2C); 132.4 (C,, 4C); 132.3
(Cy, 2C); 122.8 (Cy, 2C); 120.6 (Cy, 4C); 120.0 (Cq, 2C); 94.7 (Cq, 2C); 88.6 (Cy, 2C); 34.4
(Cs, C4); 32.0 (Cy, 2C); 30.0 (Cs, 2C); 29.5 (C, 2C); 24.0 (Cy, 2C); 22.9 (Cs, 4C); 14.4 (C,,
20).

EI-MS (m/z) 640.4 (5.5%, M"); 543.3 (40.5, M"-C4H;gN3); 445.2 (100%, M+- CgH;¢Ng). ESI-
HRMS (m/z) 641.4337 [M + H]" (Theo. Mass 641.4326; A 1.62 ppm)
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1,4-bis[2-(4-iodophenyl)ethynyl]-2,5-dihexyl-benzene (103):

Halide exchange:

BuLi, THF
ICoHgl, -90°C
22%

A oven dried 25 mL two necked flask was purged with argon and charged with 1,4-bis[2-(4-
bromophenyl)ethynyl]-2,5-dihexyl-benzene (104) (100.00 mg, 0.165 mmol, 1 equiv.) and
anhydrous THF (3.00 mL). The solution was cooled to -100°C. Due to the low temperature
the educt was not soluble anymore. Then nBuLi (0.23 mL, 0.350 mmol, 2.12 equiv., 1.6 M in
hexane) was slowly added to the colorless suspension so that the temperature did not exceed -
90°C. The reaction mixture turned green and then yellow. The mixture was stirred for 45 min.
controlled by TLC. More #»BuLi (0.05 mL, 0.080 mmol, 0.5 equiv., 1.6 M in hexane) was
added. The green reaction mixture was added drop-wise with a syringe to a precooled (-78°C)
solution of 1,2-diodoethane (98.7 mg, 0.350 mmol, 2.12 equiv.) in anhydrous THF (1.50 mL).
The reaction mixture turned from yellow to dark brown and was stirred overnight. The dark
brown reaction mixture was poured on aq. Na,S,03; (15%) overlayed with diethyl ether. The
ether layer was washed with aq. Na,;S,0; (15%) twice. The aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over MgSQOy, filtered and
concentrated under reduced pressure which gave a yellow residue. The crude product was
purified by column chromatography (silica, hexane) to afford 1,4-bis[2-(4-
iodophenyl)ethynyl]-2,5-dihexyl-benzene (103) (26.02 mg, 22%) as a off-white solid.

Pyrrole-strategy:

s 1) HpSOy, H,0 s
= / NaNO2 MeCN 7\ __ N\ -
- % —o oo
MeCN, 0°C ( )
72% 5

114 103

A 50 ml two-necked round-bottomed flask was purged with argon and charged with 1,4-bis[2-
(4-(2,5-dimethyl-1H-pyrrol-1-yl)phenyl)ethynyl]-2,5-dihexyl-benzene (114) (100 mg, 0.158
mmol, 1 equiv.), MeCN (4.5 ml) and H,SO4 (3.32 ml, 2M, 6.64 mmol, 42 equiv.). The
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mixture was cooled to -5°C. Sodium nitrite (65.4 mg, 0.948 mmol, 6 equiv.) dissolved in
water (1 ml) was added drop wise at -5°C. The mixture was stirred overnight at -5°C. Then,
sodium iodate (189 mg, 1.26 mmol, 8 equiv.) dissolved in water (1 ml) was added. The
reaction mixture was then allowed to warm to room temperature over 1h. The mixture was
briefly heated to 60°C and then stirred at room temperature for 4h. The mixture was
neutralized with sat. Na,CO; and then extracted with ethyl acetate (3 x 40 ml). The combined
organic layers were washed with Na;S,03 (IN, 2 x 50 ml) and water (20 ml), dried over
MgSO, and concentrated under reduced pressure. The crude product was purified by column
chromatography (silica, hexane:rBME 40/1) to afford 1,4-bis[2-(4-iodophenyl)ethynyl]-2,5-
dihexyl-benzene (103) (79 mg, 72%) as a white solid.

Triazene Strategy:

CN’N\ (gs_\ = Mel (és_\ —
N /_ = Y= QN\N—N@ o | /_ = /_ = @—|
\—g)s 75% \_§)5

116 103

A 10 ml MW-pressure tube was purged with argon and charged with 1,4-bis[2-(4-(3,3-
tetramethylenetriazeno)phenyl)ethynyl]-2,5-dihexyl-benzene (116) (60.9 mg, 0.095 mmol, 1
equiv.) and iodomethane (4 ml). The sealed tube was heated to 120°C and stirred for 12h. The
reaction mixture was then concentrated under reduced pressure. The residue was dissolved in
cyclohexane and filtered over silica to afford 1,4-bis[2-(4-iodophenyl)ethynyl]-2,5-dihexyl-
benzene (103) (52 mg, 78.2%) as a white solid.

'H-NMR (400 MHz, CD,Cl,): & (ppm) 7.725 (dt, *Jyx=8.8 Hz, *Jyu=2 Hz, 4H); 7.37 (s, 2H);
7.264 (dt, *Jyp=8.8 Hz, *Ty =2 Hz, 4H); 2.795 (t, *Jy.u=7.6 Hz, 4H); 1.70-4.64 (m, 4H); 1.42-
1.31 (m, 12H); 0.881 (t, *Ji1.x=6.8 Hz, 6H).

3C-NMR (100 MHz, CDCly): & (ppm) 143.0 (Cq, C2); 138.2 (Cy, 4C); 133.5 (C,, 4C); 132.9
(Cy, 2C); 123.5 (Cq, 2C); 123.0 (Cq, 2C); 94.6 (Cy, 2C); 93.6 (Cq, 2C); 90.3 (Co, 2C); 34.6 (Cs,
2C); 32.3 (Cs, 2C); 31.2 (Cs, 2C); 29.8 (Cs, 2C); 23.2 (Cy, 2C); 14.5 (Cp, 2C).

EI-MS (m/z) 697.9 (100%, M"); 572.1 (12.5%, M'-I).
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Crystal Structures of halide end-capped OPE’s

1,4-Bis[2-(4-chlorophenyl)ethynyl]-2,5-dihexylbenzene (105)

Crystal data for 105: formula Cs4H36Cly, M = 515.57, F(000) = 274, colorless plate, size 0.030
-0.070 - 0.180 mm3, triclinic, space group P -1, Z =1, a = 5.6220(7) A, b = 8.0932(11) A, ¢
=15.495(2) A, 0. = 86.859(9)°, B = 83.191(9)°, y = 87.654(9)°, V = 698.59(16) A3, Dcalc. =
1.225 Mg - m-3. The crystal was measured on a Bruker Kappa Apex?2 diffractometer at 123K
using graphite-monochromated Mo Ka-radiation with A = 0.71073 A, ®max = 30.032°.
Minimal/maximal transmission 0.98/0.99, n = 0.253 mm-1. The Apex2 suite has been used
for datacollection and integration. From a total of 13850 reflections, 4056 were independent
(merging r = 0.050). From these, 2222 were considered as observed (I>2.0c(I)) and were used
to refine 163 parameters. The structure was solved by direct methods using the program
Superflip. Least-squares refinement against F was carried out on all non-hydrogen atoms
using the program CRYSTALS. R = 0.0402 (observed data), wR = 0.0823 (all data), GOF =
1.1125. Minimal/maximal residual electron density = -0.26/0.28 e A-3. Chebychev
polynomial weights were used to complete the refinement. Plots were produced using
CAMERON. Crystallographic data (excluding structure factors) for the structure in this paper
have been deposited with the Cambridge Crystallographic Data Center, the deposition number
1s (CCDC 849687). Copies of the data can be obtained, free of charge, on application to the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44-1223-336033 or e-mail:

deposit@ccdc.cam.ac.uk].
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1,4-Bis|[2-(4-bromophenyl)ethynyl]-2,5-dihexyl-benzene (104):

Crystal data for 104: formula Cs;sH36Br,, M = 604.47, F(000) = 310, colorless needle, size
0.040 - 0.060 - 0.270 mm3, triclinic, space group P -1, Z =1, a = 5.7434(8) A, b = 8.0996(8)
A, ¢ =15.4925(16) A, o = 86.096(5)°, P = 82.539(5)°, vy = 87.253(4)°, V = 712.38(14) A3,
Dcalc. = 1.409 Mg - m-3. The crystal was measured on a Bruker Kappa Apex2 diffractometer
at 123K using graphite-monochromated Mo Ka-radiation with L = 0.71073 A, ®max =
37.784°. Minimal/maximal transmission 0.84/0.89, p = 2.866 mm-1. The Apex2 suite has
been used for datacollection and integration. From a total of 27787 reflections, 7551 were
independent (merging r = 0.033). From these, 4999 were considered as observed (I>2.0c(1))
and were used to refine 163 parameters. The structure was solved by direct methods using the
program Superflip. Least-squares refinement against F was carried out on all non-hydrogen
atoms using the program CRYSTALS. R = 0.0251 (observed data), wR = 0.0471 (all data),
GOF = 1.0921. Minimal/maximal residual electron density = -0.35/0.44 ¢ A-3. Chebychev
polynomial weights were used to complete the refinement. Plots were produced using
CAMERON. Crystallographic data (excluding structure factors) for the structure in this paper
have been deposited with the Cambridge Crystallographic Data Center, the deposition number
is (CCDC 849688). Copies of the data can be obtained, free of charge, on application to the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44-1223-336033 or e-mail:

deposit@ccdc.cam.ac.uk].
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1,4-bis[2-(4-iodophenyl)ethynyl]-2,5-dihexyl-benzene (103):

Crystal data for 103: formula Cs;4H36l,, M = 740.55, F(000) = 740, colorless block, size 0.040
-0.130 - 0.230 mm3, triclinic, space group P -1, Z =2, a=7.2908(9) A, b =15.0277(16) A, c
=15.3177(15) A, 0. = 88.906(6)°, B = 78.977(7)°, y = 82.784(7)°, V = 1634.2(3) A3, Dcalc. =
1.505 Mg - m-3. The crystal was measured on a Bruker Kappa Apex2 diffractometer at 123K
using graphite-monochromated Mo Ka-radiation with A = 0.71073 A, @max = 30.242°.
Minimal/maximal transmission 0.78/0.93, n = 1.947 mm-1. The Apex2 suite has been used
for datacollection and integration. From a total of 32598 reflections, 9576 were independent
(merging r = 0.055). From these, 5270 were considered as observed (I>2.00(1)) and were used
to refine 353 parameters. The structure was solved by direct methods using the program
Superflip. Least-squares refinement against F was carried out on all non-hydrogen atoms
using the program CRYSTALS. R = 0.0558 (observed data), wR = 0.1018 (all data), GOF =
1.0652. Minimal/maximal residual electron density = -1.41/2.39 e A-3. Chebychev
polynomial weights were used to complete the refinement. Plots were produced using
CAMERON. Crystallographic data (excluding structure factors) for the structure in this paper
have been deposited with the Cambridge Crystallographic Data Center, the deposition number
1s (CCDC 849689). Copies of the data can be obtained, free of charge, on application to the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44-1223-336033 or e-mail:

deposit@ccdc.cam.ac.uk].
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STM Picture for the Dichloro-OPE 105:

Figure 70. Left) Dichloro-OPE 105, VB=700mV, IT=650pA. Right) Dichloro-OPE 105, VB=585mV,
IT=630pA; a=2.0£0.1nm, b=1.0£0.1nm, o= 76+2°; All the period length have been corrected.

Figure 71. Planar cut through the crystal structure of OPE 105 showing the obtained unit cell and a

»flat™ unit-cell representing the lateral arrangement in the sheet.
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STM Picture for the Dibromo-OPE 104:

Figure 72. Left) Dibromo-OPE 104; VB=400mV, IT=500pA. Right) Dibromo-OPE 104;
VB=400mV, IT=500pA; a=2.0+£0.1nm, b=1.0+0.1nm, a=75+4°.

Figure 73. Planar cut through the crystal structure of OPE 104 showing the obtained unit cell and a

»flat™ unit-cell representing the lateral arrangement in the sheet.
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STM Picture for the Diiodo-OPE 103:

Figure 74. Left) Diiodo-OPE 103; VB=400mV, IT=500pA; Right) Diiodo-OPE 103; VB=240mV,
IT=500pA; a=2.1+0.1nm, b=2.04+0.1nm, a=90+4°

Figure 75. Planar cut through the crystal structure of OPE 103 showing the obtained unit cell and a

»flat™ unit-cell representing the lateral arrangement in the sheet.

166



Experimental Part

7.3 Synthesis of Ferrocene Derivatives

Acetylferrocene (124):

L CH4COCl, AICI3 @%
Fe - > Fe
< o <
50%
121 124

A 2000 ml two-necked round bottom flask was charged with acetylchloride (25.37 g, 0.32
mol, 1 equiv.), aluminium chloride (52.53 g, 0.39 mol, 1.2 equiv.) and dry DCM (500 ml).
Ferrocene 121 (60.75 g, 0.32 mol, 1 equiv.) was dissolved in dry DCM (500 ml) and slowly
added over a period of 2h at room temperature using an addition funnel. After the addition
was complete the reaction mixture was heated to reflux and was stirred for another 3h. The
mixture was then poured onto ice (600 g). The organic layer was separated and washed with
water (2 x 200 ml). The organic phase was dried over MgSQy, filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (1. silica, hexane/ethyl
acetate 4:1; 2. Silica, DCM/MeOH 99.5:0.5) to afford the desired compound 124 (36.48 g,
50%) as a red solid.

'"H-NMR (400 MHz, CDCL3): & (ppm) 4.78 (t, 2H); 4.51 (t, 2H); 4.21 (s, SH); 2.40 (s, 3H).

Ethylferrocene (125):

[¢]

@JQ LiAlH, AICI, =\

F —_— F
£ EtOH, THF, rt =

88%
124 125

A 100 ml three necked round bottom flask was purged with argon and charged with lithium
aluminiumhydride (734 mg, 18.75 mmol, 1.07 equiv.) and dry diethylether (20 ml).
Aluminium chloride (2.50 g, 18.75 mmol, 1.07 equiv.) was added portion wise.
Acetylferrocene 124 (4.0 g, 17.54 mmol, 1 equiv.) was dissolved in dry ethylether (30 ml) and
slowly added over a period of 50 min. After the addition was complete the reaction mixture
was allowed to stir for another 60 min. at room temperature. The mixture was then poured
onto ice (250 g). The aqueous layer was separated and the organic phase was washed with sat.

NaHCOs3 (3 x 50 ml), brine (50 ml), dried over MgSQO,, filtered and concentrated under
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reduced pressure. The residue was purified by column chromatography (silica, hexane/DCM

10:1) to afford the desired compound 125 (3.318 g, 88.4%) as red oil.

'H-NMR (400 MHz, (CD3),CO): & (ppm) 4.09 (s, 5H); 4.07-4.06 (m, 2H); 4.02-4.01 (m, 2H);
2.36-2.30 (g, 2H); 1.16-1.12 (t, 3H).

BC-NMR (100 MHz, (CD3),CO): & (ppm) 91.76 (Cq, 1C); 69.12 (Cy, 5C); 68.17 (Cy, 2C);
67.71 (C,, 2C); 22.90 (Cs, 1C); 15.11 (C,, 1C).

1-Acetyl-3-ethylferrocene (126):

0]

=\ CH,COCI, AICl, )\©/\

Fe —— > Fe
DCM, -5°C

30%
125 126

A 250 ml three necked round bottom flask was purged with argon and charged with
ethylferrocene (125) (13.0 g, 60.72 mmol, 1 equiv.) and dry DCM (90 ml). Acetylchloride
(5.3 g,67.23 mmol, 1.1 equiv.) and aluminium chloride (9.05 g, 67.23 mmol, 1.1 equiv.) were
dissolved in dry DCM (40 ml) and slowly added at room temperature. After the reaction was
complete the mixture was poured onto ice. DCM (200ml) was added and the organic layer
was separated. The aqueous layer was washed with DCM (3 x 50 ml). The combined organic
layers were washed with brine (50 ml), dried over MgSQO., filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (1. silica,
hexane/tBME 9:1; 2. silica, hexane/tBME 2,5:1) to afford the desired compound 126 (5.48 g,
35%) as a red liquid.

'H-NMR (400 MHz, (CD;),CO): & (ppm) 4.08 (m, 1H); 4.68-4.67 (m, 1H); 4.47-4.46 (m,
1H); 4.17 (s, 5H); 2.43-2.37 (q, 2H); 2.31 (s, 3H); 1.18 (t, 3H).

PC-NMR (100 MHz, (CD53),CO): § (ppm) 201.84 (C,, 1C); 96.16 (Cq, 1C); 79.72 (C,, 10);
72.38 (Cy, 1C); 71.01 (C,, 5C); 69.48 (C,, 1C); 69.42 (Cy, 1C); 27.38 (C,, 1C); 22.81 (C, 1C);
14.83 (C,, 10).

ESI-MS (m/z), MeOH: 279.3 (M +Na).

EI-MS (m/z), 256.1 (100) [M].
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1,3-Diacetylferrocene 127:

[e] [e] (o]
)\©/\ MnO,, DCM )\©/k
Fe > Fe

13 days @

30%
126 127

A 100 ml two-necked round bottom flask was purged with argon and charged with 1-acetyl-3-
ethylferrocene 126 (1.058 g, 4.13 mmol, 1 equiv.) and dry DCM (35 ml). Manganese(IV)
oxide (5.386 g, 62 mmol, 15eq) was added and the resulting mixture was allowed to reflux
overnight. Each day (for 10 days), more Manganese(IV) oxide (718 mg, 8.26 mmol, 2eq) was
added to the reaction mixture. The reaction mixture was then filtered and concentrated under
reduced pressure. The residue was washed with cold hexane to afford the desired compound
127 (400 mg, 35.9%) as an orange-red solid. The unreacted starting material could be re-

isolated.

'H-NMR (400 MHz, (CD3),CO): & (ppm) 5.24 (s, 1H); 4.94 (s, 2H); 4.17 (s, 5H); 2.29 (s,
6H).

3C-NMR (100 MHz, (CD;),CO): § (ppm) 200.24 (C,, 2C); 83.86 (Cq, 2C); 73.37 (C,, 1C);
72.22 (C,, 5C); 71.43 (C,, 2C); 27.49 (C,, 2C).

EI-MS (m/z), 270 (100%, M").

1,3-Ferrocenedicarboxylate 128:

o [¢] (o} (o]

)\©/k NaOH, Br, Ho)X@/Z(c)H

Fe - . Fe
H,0, dioxane

98%
127 128

A 25 ml two-necked round bottom flask was charged with sodium hydroxide (1.36 g, 33.898
mmol, 21 equiv.) and deion. water (6.5 ml). The solution was cooled to 0°C. Bromine (0.47
ml, 9.147 mmol, 5.67 equiv.) and dioxane (4,5 ml) were added subsequently. 1,3-
Diacetylferrocene 127 (436 mg, 1.614 mmol, 1 equiv.) was added portion wise at 0°C. After
the addition the reaction mixture was stirred for 1h. The reaction mixture was then diluted
with DCM (10 ml) and the resulting organic layer was separated. The aqueous phase was

washed with DCM (2 x 15 ml). The aqueous phase was acidified to pH 1 using aq. HCl and
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then extracted with ethyl acetate (3 x 20 ml). The combined organic layers were washed with
brine, dried over MgSQy, filtered and concentrated under reduced pressure to afford the 1,3-

ferrocenedicarboxylate 128 (394 mg, 89%)as a red-brown solid.

'H-NMR (400 MHz, (CD3),CO): & (ppm) 10.90 (s, 2H); 5.31 (s, 1H); 4.98 (s, 2H); 4.29 (s,
SH).

3C-NMR (100 MHz, (CD3),CO): § (ppm) 171.47 (Cq, 2C); 76.05 (Cq, 2C); 74.22 (C,, 2C);
73.37 (Cy, 1C); 72.75 (Cy, 5C).

ESI-MS (m/z), MeOH: 273.2 (M-H); 546.4 (2 x M").

1,3-Dimethylferrocene 228:

(e} o

HO)X©/Z<0H LiAH, ~—

Fe - = Fe

Et,0, DCM, rf @

78%
128 228
A 50 ml two-necked round bottom flask was purged with argon and charged with 1,3-
ferrocenedicarboxylate 128 (394 mg, 1.438 mmol, 1 equiv.) and dry THF (20 ml). The reactin
mixture was degassed for 10 min. with argon. A DiBAL-H solution (1M in hexane, 5.75 ml,
5.751 mmol, 4 equiv.) was slowly added over 30 min. After the addition was complete the
reaction mixture was heated to reflux. More DiBAL-H solution (IM in hexane, 2 x 3 ml, 4
equiv.) was added until the starting material disappeared on the TLC (silica, DCM/ethyl
acetate 9:1). The reaction was then quenched by adding water (25 ml). The pH was adjusted
to 1 using aqueous HCl (6M). The mixture was extracted with tBME (3 x 25 ml). The
combined organic layers were washed with brine, dried over MgSQ,, filtered and
concentrated under reduced pressure. The residue was purified by column chromatography

(silica, hexane/tBME 3:1) to afford compound 228 (239 mg, 77.7%) as a orange oil.

'H-NMR (400 MHz, (CDCls): & (ppm) 4.05 (s, 1H); 4.01 (s, 5H); 3.93 (d, J = 4 Hz, 2H); 1.95
(s, 6H).

3C-NMR (100 MHz, (CDCls): § (ppm) 83.38 (C, 2C); 70.86 (Cy, 1C); 69.37 (Cy, 5C); 68.19
(C,, 2C); 14.9 (C”, 2C).

ESI-MS (m/z), MeOH: 214 (100%, M").
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Dimethyl-1,3-ferrocenedicarboxylate 129:

0] (e} o] (¢}

HO)X\@//(OH MeOH \o»@/(o/

Fe Fe
H,SO,, rf

70%
128 129

A 10 ml Schlenk tube was charged with 1,3-ferrocenedicarboxylate 128 (233 mg, 0.850
mmol), methanol (5.82 ml) and sulfuric acid (0.029 ml, 0.285 mmol). The reaction was heated
to reflux and stirred for 28 h. After the reaction was complete the mixture was concentrated
under reduced pressure. The residue was taken up in CHCl; and chromatographed over a
short silica plug (benzene, then CH,Cl,) to afford the desired compound 129 (179 mg, 69.7%)

as red oil.

'H-NMR (400 MHz, (CD3),CO): & (ppm) 5.30-5.29 (m, 1H); 4.98 (d, 2H); 4.28 (s, SH); 3.79
(s, 6H).
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1,3-Bis(hydroxymethyl)ferrocene 130:

0 0
\O)X\Q/[(o/ LiAH, Ho =" on
Fe Fe
Et,0, DCM, rf )
87%
129 130

A 25 ml 3 necked round bottom flask was purged with argon and charged with lithium
aluminium hydride (62.8 mg, 1.66 mmol, 4 equiv.) and dry diethyl ether (4.3 ml). Dimethyl-
1,3-ferrocenedicarboxylate 129 (125 mg, 0.414 mmol, 1eq) dissolved in dry diethyl ether and
dry DCM (4 ml) was added drop-wise at room temperature. After the addition was complete
the reaction mixture was heated to reflux and stirred for 4h. More lithium aluminium hydride
(40 mg, 1.05 mmol, 2.55eq) was added and the mixture was stirred at reflux for another 16h.
After the reaction was complete the remaining LiAlH4 was decomposed with water (4 ml).
The reaction mixture was extracted with tBME (6 x 30 ml) and water. The combined organic
layers were washed with brine, dried over MgSQy, filtered and concentrated under reduced

pressure to afford 1,3-bis(hydroxymethyl)ferrocene 130 (89 mg, 87.4%) as a yellow solid.

'H-NMR (400 MHz, (CD;),CO): & (ppm) 4.31 (s, 1H); 4.30 (s, 4H); 4.265 (t, *Jyp=1.2 Hz,
2H); 4.151 (d, J=1,2 Hz, 2H); 4.12 (s, 5H).

3C-NMR (100 MHz, (CD3),CO): & (ppm) 89.55 (Cq, 2C); 69.57 (Cy, 5C); 69.32 (Cy, 1C);
68.70 (C,, 2C); 60.93 (Cs, 1C); 60.80 (Cs, 1C).

ESI-MS (m/z), MeOH: 246.1 (100%, M").
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1,3-Ferrocenedicarbaldehyde 120:

HO/\©/\OH MnO, oé\©/\)
Fe - Fe
o CHCl, 1t =)
79%
130 120

A 50 ml brominated round bottom flask was purged with argon and charged with 1,3-
bis(hydroxymethyl)ferrocene 130 (85 mg, 0.345 mmol, 1 equiv.) and dry CHCl; (13 ml).
Manganese(IV) oxide (882 mg, 8.63 mmol, 25 equiv.) was added and the reaction mixture
was stirred for 18h in the absence of light. More manganese(IV) oxide (300 mg) was added
until the reaction was complete. The reaction mixture was filtered and the filtrate was
concentrated under reduced pressure to afford the desired 1,3-ferrocenedicarbaldehyde 120

(66 mg, 79%) as a red solid.

'H-NMR (400 MHz, (CDs),CO): & (ppm) 10.01 (s, 2H); 5.46 (s, 1H); 5.20 (s, 2H); 4.43 (s,
5H).
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4-(tert-butylthio)benzaldehyde 131:

O,

N AN
NaS'Bu
—_—
DMI, r.t.
F 74% 57<

123 131

A 500 ml two-necked round bottom flask was purged with argon and charged with sodium 2-
methyl-2-propanethiolate (18.7 g, 112.2 mmol, 1.5 equiv.) and dry DMI (350 ml). 4-
Fluorobenzaldehyde (123) (12 ml, 111.2 mmol, 1 equiv.) was then slowly added to the
mixture. The reaction mixture was stirred over night at room temperature. The mixture was
then diluted with tBME (300 ml) and extracted with water (2 x 500 ml). The aqueous phase
was extracted with tBME (3 x 150 ml). The organic layers were combined and extracted with
5% HCI aq. (2 x 500 ml), water (150 ml) and brine (150 ml). The organic phase was then
dried over MgSOy, filtered and concentrated under reduced pressure. The residue was distilled
at 84°C and 3.5*10-2 mbar to afford the desired 4-(tert-butylthio)benzaldehyde (131) (7.9 g,

37%) as a colorless oil.

'H-NMR (250 MHz, CDCl;): & (ppm) 10.03 (s, 1H); 7.86-7.80 (m, 2H); 7.72-7.66 (m, 2H);
1.34 (s, 9H).

3C-NMR (100 MHz, CDCL3): & (ppm) 191.6 (C,, 1C); 141.3 (Cq, 1C); 137.6 (Cy, 2C); 135.8
(Cq» 1C); 129.4 (C,, 2C); 47.1 (Cq, 1C); 31.1 (C,, 3C).
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(4-tert-butylthio)phenyl)methanol 132:

O, HO.

~
NaBH,
- % .
EtOH, r.t.
S\’< quant. S\’<
131 132

A 250 ml three necked round bottom flask was purged with argon and charged with 4-(tert-
butylthio)benzaldehyde 131 (7 g, 36.0 mmol, 1 equiv.) and dry ethanol (100 ml). The mixture
was cooled to 0°C. Sodium borohydride (1.51 g, 39.9 mmol, 1.1 equiv.) was added portion-
wise. After the addition was complete the reaction mixture was stirred for 1h at room
temperature. The mixture was then poured onto crushed ice (100 g) and aqueous HCI (4M, 60
ml). tBME was added and the aqueous phase was separated. The organic phase was then
washed with water (50 ml) and brine (50 ml). Dried over MgSO,, filtered and concentrated
under reduced pressure to afford the desired (4-tert-butylthio)phenyl)methanol 132 (7.1 g,

92%) as a colorless oil.

'H-NMR (250 MHz, CDCls): & (ppm) 7.55-7.48 (m, 2H); 7.36-7.29 (m, 2H); 4.71 (s, 2H);
1.28 (s, 9H).

BC-NMR (100 MHz, CDCls): & (ppm) 141.4; 137.6; 131.8; 126.9; 64.8; 45.9; 30.9.
EI-MS (m/z), 196 (22%, M"); 140 (100%, M" - Bu); 107 (33%); 77 (12%); 57 (28%)).

EA: calc.: C=67.30; H=8.22 found.: C=67.24; H=8.18

(4-(bromomethyl)phenyl)(tert-butyl)sulfane 133:

HO

Br.
PBrj
Et,0, r.t.

Sj< 82% s\’<

132 133

A 250 ml three necked round bottom flask was purged with argon and charged with (4-tert-
butylthio)phenyl)methanol 132 (6.56 g, 33.4 mmol, 1 equiv.) and dry ether (65 ml). The
reaction mixture was cooled to 0°C. PBr; (3.50 ml, 36.7 mmol, 1.1 equiv.) was then added
within 15 minutes. The reaction mixture was stirred for another 90 min before it was

quenched with water (200 ml). The layers were separated and the aqueous phase was washed
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with tBME (3 x 60 ml). The organic layers were combined and washed with brine, dried over
MgSO,, filtered and concentrated under reduced pressure. The residue was purified by
recrystallization  using  hexane/ethyl  acetate to  afford the  desired (4-

(bromomethyl)phenyl)(tert-butyl)sulfane 133 (7.1 g, 82%) as a white solid.

'H-NMR (250 MHz, CDCls): & (ppm) 7.53-7.47 (m, 2H); 7.38-7.31 (m, 2H); 4.49 (s, 2H);
1.29 (s, 9H).

BC-NMR (100 MHz, CDCls): & (ppm) 138.2; 137.7; 133.1; 129.0; 46.2; 32.8; 31.0.

EI-MS (m/z), 260 (M, 7%); 204 (13%); 179 (8%); 123 (100%); 78 (5%); 57 (38%).

EA: calc.: C=50.97; H=5.83 found.: C=51.87; H=5.66.

Diethyl 4-(tert-butylthio)benzylphosphonate 122:

o, L

Br. P
EtO
P(OEt);
_ "
dioxane, rf

S\]< 69% S\]<

133 122

A 100 ml two-necked round bottom flask was purged with argon and charged with
benzylbromide 133 (5.18 g, 20.0 mmol, 1 equiv.), triethyl-phosphite (4.4 ml, 27.3 mmol, 1.37
equiv.) and dry dioxane (30 ml). The resulting mixture was stirred at reflux for 12h. The
mixture was then concentrated under reduced pressure. The residue was purified by
distillation (145°C at 2.8 *107 mbar) to afford the desired diethyl 4-(tert-
butylthio)benzylphosphonate 122 (4.34 g, 68.7%) as a colorless oil.

'H-NMR (400 MHz, CDCls): & (ppm) 7.48-7.44 (m, 2H); 7.28-7.24 (m, 2H); 4.05-3.94 (m,
4H); 3.18 (s, 1H); 3.14 (s, 1H); 1.26 (s,9H); 1.22 (t, 6H).

3C-NMR (100 MHz, CDCly): § (ppm) 137.5; 132.5; 131.2; 129.9; 62.2; 45.8; 34.2; 32.9;
30.9; 16.4.

EI-MS (m/z), 316 (M", 14%).
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1,3-disubstituted ferrocene 119:

THF, 0°C

S\K 77%

120 122 119

EtC
O@O ) ij KO'Bu ><s /@\g\//\@s )<

A 25 ml two-necked round-bottomed flask was purged with argon and charged with diethyl 4-
(tert-butylthio)benzylphosphonate 122 (173 mg, 0.546 mmol, 2.2eq), 1,3-
ferrocenedicarbaldehyde 120 (60 mg, 0.248 mmol, leq) and dry THF (5.5 ml). The resulting
solution was cooled to 0°C. Potassium fert-butoxide (150 mg, 1.34 mmol, 5.4eq) was
dissolved in THF (3 ml) and added over a periode of 10min. The reaction mixture was
allowed (2,5h) to warm to room temperature and was then stirred for 1h. The reaction mixture
was diluted with DCM (20 ml) and extracted with water (30 ml). The aqueous phase was
extracted with DCM (3 x 30 ml). The combined organic layers were washed with brine, dried
over MgSOQy, filtered and concentrated under reduced pressure. The residue was purified by
column chromatography (hexane/DCM 2:1) to afford the pure 1,3-ferrocene-OPV 119 (108
mg, 77%) as a red solid.

"H-NMR (400 MHz, CDCl3): & (ppm) 7.50-7.39 (m, 8H); 6.931-6.898 (d, *J=16.5 Hz, 2H);
6.765-6.732 (d, *Tuy=16.5 Hz, 2H); 4.82 (s, 1H); 4.61 (s, 2H); 4.12 (s, SH); 1.31 (s, 18H).

3C-NMR (100 MHz, CDCl3): & (ppm) 138.3 (C,, 2C); 138.0 (Cy, 4C); 131.2 (C,, 2C); 127.9
(Cy, 2C); 126.0 (C,, 4C); 125.9 (Cy, 2C); 84.4 (Cy, 2C); 70.7 (C,, 5C); 68.5 (Cy, 2C); 65.7 (Cy,
1C); 46.3 (Cq, 2C); 31.2 (C,, 6C).

ESI-MS (m/z), MeOH: 566.0 (100%, M").
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1,3-disubstituted ferrocene 118:

O (OK mmem, L OO
= =

toluene, r.t.

2.4%
119 118

A 100 ml two-necked round-bottomed flask was purged with argon and charged with the 1,3-
disubstituted ferrocene 119 (95.2 mg, 0.168 mmol, 1eq), acetyl chloride (7.5 ml, 106 mmol,
629¢q) and toluene (30 ml). The red solution was degassed for 10 min. A boron tribromide
solution (0.4 ml, 0.4 mmol, 2.38eq, 1M in DCM) was added dropwise over 10 min. The
reaction mixture turned dark-red after the addition was complete. The reaction mixture was
stirred at room temperature for 3h. After the reaction was complete it was quenched with ice-
water. The aqueous phase was separated and extracted with toluene (3 x 20 ml). The
combined organic layers were washed with brine, dried over MgSO, and concentrated under
reduced pressure. The crude product was purified by column chromatography (1st column:
hexane/EA 5:1, RF: 0.24; 2nd column: DCM, RF 0.9) to afford the desired target structure
118 (2.2 mg, 2.4%) as a red solid.

'"H-NMR (400 MHz, (CD;),CO): & (ppm) 7.46-7.34 (m, 8H); 6.93-6.89 (d, *Jy=16 Hz, 2H);
6.74-6.70 (d, *Jus=16 Hz, 2H); 4.08 (m, 1H); 4.596-4.593 (d, *Jy=1.2 Hz, 2H); 4.09 (s, 5H);
2.41 (s, 6H).

ESI-MS (m/z), MeOH: 538.0 (100%, M").
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Mono-substituted ferrocene 144:

EtO. P//o

EtO
op ij o S P4
Fe + —_— Fe S
=

= THF, 0°C

Sj< 7%

143 122 144

A 25 ml two-necked round-bottomed flask was purged with argon and charged with Diethyl
4-(tert-butylthio)benzylphosphonate (122) (174 mg, 0.550 mmol, 1.1 equiv.), aldehyde
ferrocene 143 (109 mg, 0.500 mmol, 1 equiv.) and dry THF (7 ml). The resulting solution was
cooled to 0°C. Potassium tert-butoxide (151 mg, 1.35 mmol, 2.7eq), dissolved in dry THF (5
ml), was added over a period of 10min. The reaction mixture was slowly (30 min.) allowed to
reach room temperature. The reaction mixture was diluted with DCM (20 ml) and extracted
with water (3 x 30 ml). The aqueous phase was extracted with DCM (3 x 30 ml). The
combined organic layers were washed with brine, dried over MgSO,4 and concentrated under
reduced pressure. The residue was filtered over a short plug of silica (hexane/DCM 2:1) to

afford the desired ferrocene 144 (188 mg, 99%) as a red solid.

'H-NMR (400 MHz, CDCls): & (ppm) 7.49-7.37 (m, 4H); 6.93-6.89 (d, *Juy=16 Hz, 1H);
6.71-6.67 (d, *Jur=16 Hz, 1H); 4.47 (t, *Juy=2 Hz, 2H); 4.30 (t, *Juy=2 Hz, 2H); 4.14 (s, 5H);
1.30 (s, 9H).

3C-NMR (125 MHz, CDCL3): & (ppm) 138.4 (C,, 1C); 137.9 (Cy, 2C); 130.9 (C,, 1C); 128.2
(Cy, 1C); 125.9 (Cy, 2C); 125.4 (C,, 1C); 83.4 (Cq, 1C); 69.5 (Cy, 5C) 69.4 (C,, 2C); 67.1 (C,,
2C); 46.2 (Cq, 1C); 31.1 (C,, 3C).

ESI-MS (m/z), MeOH: 376.0 (100%, M").
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Mono-substituted ferrocene 142:

?\//\Q\s )4 AcCl, BBrs F©e\//\©s(j\\
L= =

toluene, r.t.

36%

144 142

A 100 ml two-necked round-bottomed flask was purged with argon and charged with
ferrocene 144 (94.1 mg, 0.250 mmol, 1 equiv.), acetyl chloride (5.35 ml, 75.0 mmol, 300
equiv.) and dry toluene (30 ml). The red solution was degassed for 10 min. Boron tribromide
(0.0287 ml, 74.5 mmol, 1.19 equiv.) in DCM (1 ml) was added dropwise over 10 min. The
reaction mixture was stirred at room temperature overnight. The reaction was then quenched
with ice-water and the aqueous phase was separated and extracted with toluene (3 x 20 ml).
The combined organic layers were washed with brine, dried over MgSO4 and concentrated
under reduced pressure. The residue was filtered over a short silica plug (hexane/ethyl acetate
5:1, no vacuum suction) to afford the slightly impure product (34 mg). The crude product was
purified by column chromatography (DCM/hexane 1:1) to afford the desired compound 142
(33 mg, 36%) as a red solid.

'H-NMR (500 MHz, CDCls): & (ppm) 7.47-7.45 (d, *Juu=8 Hz, 2H); 7.36-7.34 (d, *Jy=8 Hz,
2H); 6.95-6.92 (d, *Jur=16 Hz, 1H); 6.70-6.67 (d, *Jur=16 Hz, 1H); 4.47 (s, 2H); 4.31 (s, 2H);
4.14 (s, SH); 2.43 (s, 3H).

3C-NMR (126 MHz, CDCls): & (ppm) 193.68 (Cq, 1C); 139.35 (C,, 1C); 134.90 (Cy, 2C);
129.00 (C,, 1C); 126.59 (C,, 2C); 125.06 (Cy, 1C); 82.91 (Cy, 1C); 78.80 (Cq, 1C); 69.46 (C,,
20); 69.41 (Cy, 5C); 67.20 (Cy, 2C); 30.33 (Cp, 1C).

ESI-MS (m/z), MeOH: 362.0 (100%, M").
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(4-mercaptophenyl)methanol 136:

Oy_OH OH
LiAIH,
THF, rt, 16h
SH 67% SH
135 136

A 250 ml three-necked round bottom flask was purged with argon and charged with lithium
aluminium hydride (4.42 g, 117 mmol, 5 equiv.) and dry THF (40 ml). A solution of 4-
mercapto-benzoic acid 135 (4.0 g, 23.3 mmol, 1 equiv.) in dry THF (25 ml) was added drop-
wise within 45 min. The resulting mixture was stirred at room temperature for 16h. The
formation of a sticky cum ball could be observed during that time. Water (20 ml) was slowly
added to quench the reaction. The mixture was then acidified with 1M HCI. The mixture was
extracted with /BME (3 x 50 ml) and the combined organic layers were washed with brine,
dried over MgSQOy, filtered and concentrated under reduced pressure. The crude product
(3.979 g) was purified by recrystallization to afford the desired compound 136 (1.976 g,
60.5%) as a white solid.

'H-NMR (400 MHz, CD,Cl,): & (ppm) 7.28-7.22 (m, 4H); 4.61 (s, 2H); 4.06 (s, 1H); 3.54 (s,
1H).

(4-(tritylthio)phenyl)methanol 137:

OH OH
(Ph)sC-OH, TFA
CHCl3, rt, 2h
SH 70% STrt
136 137

To a solution of (4-mercaptophenyl)methanol 136 (0.979 g, 6.98 mmol, 1 equiv.) in dry
CHCI; (50 ml), triphenylmethanol (2.25 g, 8.38 mmol, 1.2 equiv.) and TFA (1.67 ml, 14.7,
2.1eq) were added. The mixture was stirred at room temperature for 2h. Saturated aq.
NaHCO; was then added to quench the reaction. The organic solvent was evaporated and the
residue extracted with DCM (3 x 30 ml). The organic layers were combined and washed with
brine (15 ml), dried over MgSQ,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (hexane/tBME 2:1) to afford the desired
product 137 as colorless oil (1.27 g, 47.6%).
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'H-NMR (400 MHz, CD,Cl,): & (ppm) 7.42-7.39 (m, 6H); 7.27-7.18 (m, 9H); 7.000 (dt,
Jup=8.4 Hz, Juy=1.6 Hz, 2H); 6.934 (dt, ’Jyuy=8.4 Hz, *Jyu=1.6 Hz, 2H); 4.535 (d,
3Juu=5.6 Hz, 2H); 3.16 (s, 1H).

'3C-NMR (100 MHz, CD,Cl,): & (ppm) 144.9; 141.4; 134.9; 130.3; 128.1; 127.1; 126.8; 64.8;
27.1.

(4-(bromomethyl)phenyl)(trityl)sulfane 138:

OH Br
CBry, PPhy
DCM, rt, 5h
STrt 87% STrt
137 138

A 100 ml two-necked round bottomed flask was purged with argon and charged with 4-
(tritylthio)phenyl)methanol 137 (1.20 g, 3.15 mmol, 1 equiv.), carbon tetrabromide (1.16 g,
3.47 mmol, 1.1 equiv.) and dry DCM (25 ml). The resulting solution was cooled to 0°C.
Triphenylphosphine (0.918 g, 3.47 mmol, 1.1 equiv.) was added portion wise over 30 min.
The resulting mixture was then allowed to reach room temperature and was stirred for another
S5h. The mixture was poured into brine and the organic layer was separated. The aqueous
phase was extracted with DCM (3 x 20 ml). The combined organic layers were dried over
Na,SO,, filtered and concentrated under reduced pressure. The crude product (3.469 g) was
purified by column chromatography to afford the (4-(bromomethyl)phenyl)(trityl)sulfane 138
(1.226 g, 87.4%) as a white solid.

'H-NMR (400 MHz, CD,CL): & (ppm) 7.41-7.38 (m, 6H); 7.30-7.18 (m, 9H); 7.022 (dt,
3Tup=8.4 Hz, Ty y=2.4 Hz, 2H); 6.909 (dt, *Jy1 x=8.4 Hz, ‘T u=2.4 Hz, 2H); 4.37 (s, 2H).
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Diethyl 4-(tritylthio)benzylphosphonate 134:

o Q\P\ _OEt
OEt
(EtO)sP
dioxane, rf, 60h
STrt 84% STrt
138 134

A two-necked round bottomed flask was purged with argon and charged with (4-
(bromomethyl)phenyl) (trityl)sulfane 138 (1g, 2.24 mmol, 1 equiv.) and dioxane (20 ml).
Triethyl phosphite (0.55 ml, 3.07 mmol, 1.37 equiv.) was added and the resulting solution was
heated to reflux for 60h. The reaction mixture was then concentrated under reduced pressure
and the residue was purified by column chromatography (DCM/EA 10:1) to afford the desired
product 134 (717 mg, 63%) as a white solid.

'H-NMR (400 MHz, CD,Cl,): & (ppm) 7.41-7.38 (m, 6H); 7.26-7.17 (m, 9H); 6.95-6.89 (m,
4H); 4.00-3.86 (m, 4H); 2.981 (d, Jyu=21.6 Hz, 2H); 1.192 (t, *Jz=7.2 Hz, 6H).

BC-NMR (125 MHz, CD,Cly): § (ppm) 145.06 (Cq, 3C); 135.06 (Cy, 2C); 133.19 (Cq, 10);
132.54 (Cq, 1C); 130.49 (C,, 6C); 130.04 (C,, 2C); 128.22 (Cy, 6C); 127.24 (C,, 3C); 70,70
(Cq» 1C); 62.59 (Cy, 2C); 34.33 (Cy, 1C); 16.77 (Cp, 2C).

1,1'-bis(triphenylstannyl)ferrocene (148):

1) nBuli,
o TMEDA, Et,0 Sgpn,
Fe 2) PhySnCl Phasn—_2
= ) PhaSn M ==
52%
121 148

A 500 ml two-necked round-bottomed flask was purged with argon and charged with
TMEDA (11.3 ml, 74.0 mmol, 2.47 equiv.) and dry diethylether (10 ml). The mixture was
cooled with an ice bath and n-BuLi (46.3 ml, 74.0 mmol, 2.47 equiv., 1.6M in hexane) was
added via syringe. The mixture was warmed to room temperature. After 10 min. a ferrocene
121 solution (5.6 g, 30.0 mmol, 1 equiv., in 250 ml diethylether) was added over a period of
30 min. The reaction mixture was stirred for an additional 6h, during which time orange
crystals were observed to be formed. The slurry was cooled to 0°C. Triphenyltin chloride
(25.2 g, 63.3 mmol, 2.11 equiv.) was added. The reaction mixture was warmed to room

temperature and stirred overnight. The mixture was transferred into a 2L separation funnel,
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diluted with /BME/toluene (300/100 ml) and washed with water (500 ml) and brine (300 ml).
The organic phase was dried over MgSOy, filtered and concentrated under reduced pressure to
afford the crude product as red oil which solidified upon standing. The crude product was
dissolved in DCM and adsorbed on b-Alox and then directly purified by column
chromatography (silica, hexane:DCM, 5:1) to afford the desired compound 148 (13.7 g,

52 %) as an orange solid.

'H-NMR (400 MHz, CD,CL): & (ppm) 7.68-7.53 (m, 12H); 7.42-7.36 (m, 18H); 4.19 (t, 4H);
4.10 (t, 4H).

BC-NMR (125 MHz, CD,CL): & (ppm) 138.9 (Cq, 6C); 137.2 (C,, 12C); 129.2 (Cg, 6C);
128.7 (C,, 12C); 76.8 (Cy, 4C); 75.0 (Cy, 4C); 66.3 (Cq, 2C).

ESI-MS, (MeOH, pos. mode) m/z: 884.3 (M"); 907.3 (M'+Na).

1,1’-diiodoferrocene (146):

©\SnPh3 ICI, DCM ?\I

F
PhaSn— :e 78°C, rt. I~
15-20 %
148 146

A 25 ml two-necked round-bottomed flask was purged with argon and charged with
compound 148 (4.1 g, 4.64 mmol, 1 equiv.) and dry DCM (15 ml). The solution was cooled to
-78°C and degassed for 10 min. lodine monochloride (1M in DCM, 9.74 ml, 9.74 mmol, 2.1
equiv.) was then added quickly with a syringe. The resulting black solution was allowed to
reach room temperature and was stirred overnight. The reaction mass was diluted with tBME
and extracted with sat. Na,S,0s;, water and brine. The organic solution was dried over
MgSO,, filtered and concentrated under reduced pressure. The residue was dissolved in
cyclohexane and filtered over a silica plug. The crude product was purified by column
chromatography (RP-18, acetonitrile:water 5:1) to afford the desired 1,1'-diiodoferrocene
(146) (405 mg, 20 %) as red oil.

'H-NMR (400 MHz, CD,CL): & (ppm) 4.37 (t, 4H); 4.18 (t, 4H).
PC-NMR (125 MHz, CDCl3): § (ppm) 78.1 (C,, 4C); 77.4 (Cy, 4C); 72.9 (C,, 20).

ESI-MS, (MeOH, pos. mode) m/z: 437.8 (M"). EI-MS (70 eV), m/z (%): 437.8 (100) [M'];
310.8 (9.2) [M'1].
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1,1'-bis[2-(4-tert-butylthiophenyl)ethynyl]|-ferrocene 145:

—S PA(PPhg),Cl SH =<
Fe | ’ Cu(OAc),, DIPA 7/\ ©_<Fe >_
< u C)2, = S
) 90°C, 24 h
\K 1%
146 147 145

A 10 ml Schlenk-tube was purged with argon and charged with
bis(triphenylphosphine)palladium(II) chloride (8.4 mg, 0.012 mmol, 0.08 equiv.) and
Cu(OAc); (2.2 mg, 0.012 mmol, 0.08 equiv.). 1,1'-diiodoferrocene 146 (65.7 mg, 0.15 mmol,
1 equiv.), l-tert-butylthio-4-ethynylbenzene 147 (65.7 mg, 0.345 mmol, 2.3 equiv.) and
diisopropylamine (1 ml) were added. The resulting dark solution was heated to 90°C and
stirred overnight. The reaction mixture was concentrated under reduced pressure and the
residue was purified by column chromatography (silica, cyclohexane/DCM 2:1) to afford the
desired product 145 (9 mg, 10.7%) as a red solid.

'H-NMR (400 MHz, CDCls): & (ppm) 7.437 (dt, *Jyn=8.4 Hz, *Jyn=1,6 Hz, 4H); 7.390 (dt,
Tun=8.4 Hz, *Tyy=1,6 Hz, 4H); 4.551 (t, *Tuu=2 Hz, 2H); 4.339 (t, *Jyx=2 Hz, 2H); 1.288 (s,
18H).

BC-NMR (125 MHz, CDCly): & (ppm) 137.2 (C,, 4C); 132.7 (Cq, 2C); 131.4 (C,, 4C); 1243
(Cq» 2C); 73.1 (C,, 4C); 71.1 (C,, 4C); 66.8 (Cq, 2C); 46.2 (Cq, 2C); 30.7 (Cp, 6C).
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7.4 Synthesis of a Interlinked Molecular Wire

4-Methoxyphenyl p-Toluenesulfonate 167:

~o ~o
TsOH
- =
pyridine, r.t.
OH 75% 0Ts
166 167

A 500 ml round bottom flask was purged with argon and charged with 4-methoxyphenol 166
(49.7 g, 400 mmol, 1 equiv.), tosyl chloride (76.3 g, 400 mmol, 1 equiv.) and dry THF (200
ml). Pyridine (31.6 g, 32.3 ml, 400 mmol, 1 equiv.) was added at room temperature and the
reaction mixture was stirred for 12h. The mixture was poured into a mixture of water (300 ml)
and diethyl ether (1200 ml). The organic layer was separated and extracted with 10% sodium
hydroxide (4 x 250 ml), washed with water (200 ml) and brine (200 ml). The organic layer
was then dried over MgSQ,, filtered and concentrated under reduced pressure. The residue
was recrystallized from methanol to afford the desired compound 167 (53.04 g, 47 %) as a

white solid.

'"H-NMR (250 MHz, CDCls): 3 (ppm) 7.67 (d, 2H); 7.29 (d, 2H); 6.88 (d, 2H); 6.78-6.75 (m,
2H); 3.77 (s, 3H); 2.45 (s, 3H).
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3-iodo-4-methoxyphenyl p-Toluenesulfonate 168:

I, HIO3, H,SO,
CCly, H;CCOOH
OTs H20 OTs
76%
167 168

A 250 ml round bottom flask was purged with argon and charged with 4-methoxyphenyl p-
Toluenesulfonate 167 (53.0 g, 190.5 mmol, 1 equiv.), iodine (38.7 g, 152 mmol, 0.8 equiv.),
iodic acid (13.4 g, 76.2 mmol, 0.4 equiv.), sulfuric acid (7.8 ml, 143 mmol, 0.75 equiv.),
carbon tetrachloride (38.7 g, 400 mmol, 2.1 equiv.), acetic acid (91.6 ml, 1600 mmol, 8.4
equiv.) and water (45.6 ml). The mixture was heated to reflux and stirred for 3 days. After
cooling to room temperature the mixture was poured into diethylether (1000 ml) and water
(300 ml). The organic layer was extracted with water (150 ml), aqueous sodium thiosulfate (4
x 200 ml), 10 % aqueous sodium hydroxide (2 x 200 ml), water (200 ml) and brine (200 ml).
The organic phase was dried over MgSQOy, filtered and concentrated under reduced pressure.
The residue was recrystallized from methanol to afford the desired compound 168 (58.4 g, 76

%) as an off-white solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm): 7.67 (d, J = 8.4 Hz, 2H); 7.34-7.37 (m, 3H); 6.94 (dd,
3J=9.0 Hz, *T=2.8 Hz, 1H); 6.71 (d, ] =9.0 Hz, 1H); 3.83 (s, 3H); 2.45 (s, 3H).

3C-NMR (CD,Cl,, 100.6 MHz): & (ppm) 158.01; 146.71; 143.83; 133.92; 132.69; 130.64;
129.27; 124.01; 111.33; 85.57; 57.49; 22.23.

EI-MS (70 eV), m/z (%): 404 (33.1) [M'], 249 (100) ] [M" - C;H;0,S].
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3-Iodo-4-methoxyphenol 169:

N N

(0] (0]
! NaOH :
tBME, reflux, 2h
OTs 97% OH
168 169

A 250 ml round bottom flask was charged with sodium hydroxide (20.0 g, 0.5 mol) and water
(80 ml). The solution was degassed for 10 min. with argon. Another round bottom flask was
purged with argon and charged with 3-iodo-4-methoxyphenyl-p-toluenesulfonate 168 (56.0 g,
138.54 mmol, 1 equiv.) and /BME (75 ml). The solution was also degassed for 10 min. The
sodium hydroxide solution was then added drop wise. After the addition was complete the
reaction mixture was heated to reflux for 2h. The mixture was cooled to room temperature
and then acidified with aq. HCI (10 %, 150 ml). The mixture was poured into a mixture of
BME (550 ml) and water (200 ml). The aqueous phase was separated and the organic layer
was washed with aq. NaOH (10 %, 4 x 180 ml). The aqueous layers were combined, acidified
with aq. HCI (10 %, 750 ml) and extracted with /BME (4 x 180 ml). the combined organic
layers were washed with brine (300 ml), dried over MgSO, filtered and concentrated under

reduced pressure to afford the desired compound 169 (33.82 g, 97.7 %) as a white solid.

'"H-NMR (CD,Cl, 250 MHz): & (ppm) 7.30 (d, 1H); 6.84-6.82 (dd, 1H); 6.75-6.73 (d, 1H);
4.83 (s, 1H); 3.79 (s, 3H).

3C-NMR (CD»Cl, 100.6 MHz): & (ppm) 153.32; 150.70; 126.66; 116.50; 112.30; 86.20;
57.43.

EL-MS (70 eV), m/z (%): 250 (100) [M'], 235 (56.81) [M* -CHs], 108 (16) [M" -CHj -I1.
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2-Bromo-5-iodo-4-methoxyphenol 27:

\O \O
©/' Br,, CH,Cl, /©/l
0°C--40°C Br
OH OH
75%
169 27

A 500 ml round bottom flask was purged with argon and charged with 3-iodo-4-
methoxyphenol 169 (33.77 g, 135.04 mmol) and dry CH,Cl, (250 ml). A bromine solution
(21.58 g, 135.04 mmol, 40 ml CH,Cl,) was added drop wise at 0°C. The reaction mixture was
then cooled to -40°C and was stirred overnight. Dry CH,Cl, (20 ml) and chloroform (20 ml)
were added and the reaction mixture was stirred for another 2h at room temperature. The
mixture was then poured into ‘BME (550 ml) and water (270 ml). The organic layer was
washed 2 times with water (270 ml), 4 times with 17 % aqueous sodium thiosulphate and
brine (270 ml). Drying over MgSO,4 and evaporation of the solvent yielded in 42.02 g of a
brown solid. Recrystallization from heptane afforded the desired compound 27 (33.30 g, 75.2

%) as a brown solid.
'H-NMR (CDCls, 400 MHz): & (ppm) 7.46 (s, 1H); 6.89 (s, 1H); 5.10 (s, 1H); 3.82 (s, 3H).
BC-NMR (CDCls, 100.6 MHz): & (ppm) 147.55; 126.56; 114.33; 98.98; 85.72; 57.55.

EI-MS (70 eV), m/z (%): 327.9 (100) [M], 312.9 (63.3) [M" -CH3), 186 (15.1) [M"-CHj3 -I],
79 (5.4) [Br].
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Experimental Part

2-Bromo-5-iodo-4-methoxy-1-(3.,4-tetrahydro-2 H-pyran-2-yloxy)benzene 158:

(o]
| |
DHP, TsOH
Br CHCl,, 0°C Br

OH OTHP
46%

27 158

A 100 ml round bottom flask was charged with 2-bromo-5-iodo-4-methoxyphenol 27 (33.30
g, 101.23 mmol) and dry DCM (25 ml). pTsOH (0.022 g, 0.106 mmol) was added and the
mixture was cooled to 0°C. 3.4-Dihydropyrane (13.625 g, 161.97 mmol) was added drop wise
over 20 min and the reaction mixture stirred for 1 h at 0°C and an additional hour at room
temperature. The mixture was poured into /BME (50 ml) and 10 % sodium hydroxide. The
organic layer was extracted with 10 % sodium hydroxide (3 x 20 mL), water (25 ml) and
brine (30 ml). The organic phase was then dried over MgSQOy, filtered and concentrated under
reduced pressure to afford 44.50 g of a brown solid. Two fold recrystallization from n-hexane

afforded the desired compound 158 (18.90 g, 45.8 %) as a slightly yellow solid.

'H-NMR (CDCl;, 400 MHz): & (ppm) 7.56 (s, 1H); 6.89 (s, 1H); 5.36 (t, 1H); 3.94-3.89 (tt,
1H); 3.38 (s, 3H); 3.65-3.62 (dd, 1H); 2.06-1.60 (m, 6H).

3C-NMR (CDCls): 8 (ppm) 153.89; 148.44; 128.01; 115.42; 113.76; 98.02; 84.23; 62.07;
57.18; 30.31; 25.33; 18.46.

EI-MS (70 eV), m/z (%): 412 (0.47) [M"], 327.9 (100) [M" - DHP), 85.1 (97.4) [DHP"].
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Experimental Part

4-Methoxy-1-(tetrahydro-2H-pyran-2-yloxy)-2-(triisopropylsilylethynyl)-5-

bromobenzene 157:

0 o TIPS
| TIPS-Acetylene //
Pd(PPh3).Cl,
ke,
Br 1C'Il-J|IF EtitiN Br
OTHP ot OTHP
93%
158 157

A 100 ml Schlenk tube was purged with argon and charged with 2-bromo-5-iodo-4-methoxy-
1-(3,4-tetrahydro-2H-pyran-2-yloxy)benzene 158 (2.003 g, 4.85 mmol, 1 equiv.),
bis(triphenylphosphine) palladium chloride (170 mg, 0.243 mmol, 0.05 equiv.), Cul (92.8 mg,
0.485 mmol, 0.1 equiv.), dry THF (20 ml) and DIEA (4.8 ml). The mixture was degassed with
argon for 10 min. Then, (triisopropropylsilyl) acetylene (1.26 ml, 5.34 mmol, 1.1 equiv.) was
added to the orange solution and the reaction mixture was stirred for 15h at room temperature.
After the reaction was completed /BME was added and the suspension was filtered through
Celite. The filtrate was concentrated under reduced pressure. The residue was purified by
column chromatography (silica, cyclohexane:ethyl acetate 35/1 + 5% triethylamine) to afford

the desired compound 157 as a slightly yellow oil (2.15 g, 93.5 %).

'H-NMR (CDCl;, 400 MHz): & (ppm) 7.19 (s, 1H); 7.03 (s, 1H); 5.39 (t, 3H); 3.97-3.91 (tt,
1H); 3.81 (s, 3H); 3.64-3.61 (dd, 1H); 2.08-1.61 (m, 6H); 1.09 (s, 21H).

3C-NMR (CDCls): & (ppm) 156.50; 147.46; 122.18; 116.68; 114.67; 113.29; 102.56; 97.99;
94.06; 62.28; 57.04; 30.59; 25.64; 19.06; 18.76; 11.73.
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Experimental Part

4-Methoxy-1-(tetrahydro-2H-pyran-2-yloxy)-2-(2-triisopropylsilylethynyl)-5-(2-
trimethylsilylethynyl)benzene 170:

N, ~,

o TIPS o TIPS
Z TMS-Acetylene Z
Pd(PPh3),Cl,
— e
Cul, piperidine
Br 55°C =Z
OTHP T™MS OTHP
75 %
157 170

A 50 ml Schlenk tube was purged with argon and charged with 4-methoxy-1-(tetrahydro-2H-
pyran-2-yloxy)-2-(triisopropylsilylethynyl)-5-bromobenzene 157 (1.730 g, 3.70 mmol, 1
equiv.), piperidine (12 ml), Pd(PPh;3),Cl; (129.9 mg, 0.185 mmol, 0.05 equiv.) and Cul (35.2
mg, 0.185 mmol, 0.05 equiv.). the resulting mixture was degassed with argon for 10 min.
Ethynyltrimethylsilane (0.727 g, 7.402 mmol, 2 equiv.) was then added to the solution and the
reaction mixture was stirred at 55°C for 15h. The reaction was diluted with fBME and filtered
over celite. The filtrate was concentrated under reduced pressure. The residue was dissolved
in fBME (100 ml) and extracted with aqueous NH4Cl (4 x 25 ml). The aqueous phase was
acidified with aq. IN HCI and extracted with fBME (50 ml). The organic layers were
combined and washed with brine, dried over MgSOy,, filtered and concentrated under reduced
pressure. The residue was purified by column chromatography (silica, cyclohexane//BME

40:1) to afford the desired compound 170 (1.36 g, 75.8 %) as yellow oil.

'"H-NMR (CDCls, 400 MHz) & (ppm) = 7.13 (s, 1H), 6.87 (s, 1H), 5.46 (s, 1H), 4.05-3.99 (tt,
1H), 3.82 (s, 3H), 3.62-3.59 (dd, 1H), 2.06-1.62 (m, 7H), 1.12 (s, 21H), 0.25 (s, 9H).
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Experimental Part

4-(5-methoxy-2-((tetrahydro-2H-pyran-2-yl)oxy)-4-((triisopropylsilyl)ethynyl)phenyl)-2-
methylbut-3-yn-2-ol 151:

~

o TIPS o TIPS
Z HOP-Acetylene Z
Pd(PPh3),Cl,
— 2T .
Br Cul, plpcendlne 4
OTHP OTHP
95 % OH
157 151

A 50 ml Schlenk tube was purged with argon and charged with 4-methoxy-1-(tetrahydro-2H-
pyran-2-yloxy)-2-(triisopropylsilylethynyl)-5-bromobenzene 157 (2.583 g, 5.53 mmol, leq),
bis(triphenylphophine) palladium chloride (194 mg, 0.276 mmol, 0.05eq), Cul (84.6 mg,
0.442 mmol, 0.08eq) and piperidine (25 ml). The solution was degassed for 10 min. with
argon. The mixture was heated to 55°C and 2-methyl-3-butin-2-o0l (1.08 ml, 11.1 mmol, 2eq)
was added. The reaction was stirred for 17h at 55°C. After the reaction was complete /BME
was added and the mixture was filtered over celite. The filtrated was concentrated under
reduced pressure. The residue was purified by column chromatography (silica,
cyclohexane/tBME 5:1 — 1:1 + 5 % triethylamine) to afford the desired compound 151 (3.88
g, 94.8 %) as yellowish oil.

"H-NMR (CDCls, 400 MHz) o (ppm) = 7.259 (s, 1H); 6.835 (s, 1H); 5.431 (t, 3JH,H = 2.8 Hz,
1H); 3.999 (dt, 3JH,H =10.8 Hz, 2JH,H = 2.8 Hz, 1H); 3.799 (s, 3H); 3.64-3.59 (m, 1H); 1.918-
1626 (m, 12 H); 1.123 (s, 21 H).

BC-NMR (CDCls, 100.6 MHz) o (ppm) = 155.7; 151.3; 121.8; 115.4; 114.8; 114.3; 102.7,
99.1; 97.6; 97.1; 78.8; 65.9; 61.9; 56.6; 49.6; 31.6; 30.4; 27.1; 25.4; 18.8; 18.5; 11.5.

FAB-MS, (8 kV) m/z (%): 471 (10.4) [M"+H], 453 (19.8) [M*-OH], 386 (65.1) [M"-CsHzO],
369 (100) [M'- CsHgO5].
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Experimental Part

Deprotection method of compound 170: (TMS-protected acetylene)

~o TIPS ~o TIPS
= Z
K,CO3, MeOH
e T,
CH,Cl
= ¥z “
™S OTHP quant. OTHP
170 156

A 100 ml two-necked round-bottomed flask was purged with argon and charged with
compound 170 (1.47 g, 3.04 mmol, 1 equiv.), dry DCM (5 ml) and dry methanol (55 ml). The
resulting solution was degassed for 5 min. Potassium carbonate (721 mg, 5.16 mmol, 1.7
equiv.) was added and the reaction mixture was stirred overnight. The reaction mixture was
concentrated under reduced pressure. A Cyclohexane:rBME mixture (3/1) was added to the
residue and then filtered over a short silica plug. The filtrate was again concentrated to afford

the desired product 156 (1.277 g, quant.) as brown oil.

Deprotection method of compound 151: (HOP-protected acetylene)

o TIPS ~o TIPS
P

AN
N

0.8 eq. NaH
toluene, 110°C

AN
AN

OTHP quant.

OH
151 156

A 50 ml three-necked round bottom flask was purged with argon and charged with compound
151 (1.158 g, 2.46 mmol, 1 equiv.) and dry toluene (30 ml). The resulting solution was
degassed with argon for 10 min. Sodium hydride (78.7 mg, 1.97 mmol, 60 %, 0.8 equiv.) was
added and the resulting mixture was heated to reflux for 45 min. The reaction was cooled to
room temperature and was directly filtered over silica (cyclohexane) and then eluted with
cyclohexane/fBME 20:1. The filtrate was concentrated under reduced pressure. The residue
was purified by column chromatography (silica, cyclohexane/ethyl acetate 1:1) to afford the

desired compound 156 (1.02 g, quant.) as a yellow solid.

'"H-NMR (CD;Cl,, 400 MHz) & (ppm) = 7.14 (s, 1H); 6.94 (s, 1H); 5.40 (t, 1H); 3.93 (m, 1H);
3.81 (s, 3H); 3.59 (m, 1H); 3.38 (s, 1H); 1.88-1.85 (m, 6H); 1.13 (s, 21H).

BC-NMR (CD,CL, 100.6 MHz) & (ppm) = 155.7; 152.1; 121.7; 116.3; 114.3; 97.9; 82.6;
80.2; 62.3; 56.8; 30.6; 27.3; 25.6; 18.9; 18.8; 11.7.
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Experimental Part

Compound 154:

)2 Pd(dba), ™R
. o C Cu(OAc), FPh, o} = O =TIPS
> =" TS DIPA, 20h = Y= o
d MW: 100°C >=/ /
“THP Q
146 156 154

A 20 ml microwave tube was purged with argon and charged with compound 146 (157 mg,
0.358 mmol, 1 equiv.), compound 156 (369 mg, 0.895 mmol, 2.5 equiv.),
bis(dibenzylideneacetone)palladium (32.9 mg, 0.0573 mmol, 0.16 equiv.), copper acetate
(10.5 mg, 0.0573 mmol, 0.16 equiv.), triphenylphosphine (60.1 mg, 0.229 mmol, 0.64 equiv.)
and diisopropylamine (16 ml). The resulting mixture was degassed for 5 minutes. The
reaction was carried out using the microwave reactor at 100°C for 20h. The reaction mixture
was then diluted with fBME and filtered over celite. The filtrate was concentrated under
reduced pressure. The residue was purified by column chromatography (silica,

cyclohexane/DCM 1:1) to afford the desired product 154 (202 mg, 56 %) as a red solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.13 (s, 2H); 6.88 (s, 2H); 5.445 (t, *Jyu = 2.8 Hz,
2H); 4.549 (t, *Jyn = 2 Hz, 4H); 4.38-4.37 (m, 4H); 4.007 (dt, *Jyn = 11.2 Hz, Ty = 3.2 Hz,
2H); 3.78 (s, 6H); 3.62-3.59 (m, 2H); 2.24-1.68 (m, 12H); 1.15 (s, 42H).

ESI-MS, (MeOH, pos. mode) m/z: 1006.8 (M"); 1029.8 (M'+Na).
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Experimental Part

Compound 171:

(o] HO
THR
o] o= O = TIPS ] OH (D= O = TIPS
Fo iPrOH Fo
TIPS— = o pTsOH TIPS—— = o
/ toluene /
o rt o
\ \
154 171

A 100 ml two-necked round-bottomed flask was purged with argon and charged with
compound 154 (232 mg, 0.23 mmol, leq), toluene (2 ml) and iso-propanol (44 ml). An orange
precipitate was formed. Previously dried p-TsOH*H,O (6.6 mg, 0.0345 mmol, 0.15eq) was
added and the mixture was stirred overnight. The mixture was then diluted with /BME (150
ml) and washed with water (2 x 25 ml) and brine (2 x 20 ml). The organic layer was dried
over MgSQOy, filtered and concentrated under reduced pressure. The residue was purified by
column chromatography (silica, cyclohexane/DCM 1:2) to afford the desired product 171
(158 mg, 81.9 %) as a red solid.

'H-NMR (CD-Cl,, 400 MHz) & (ppm) = 6.979 (s, 2H); 6.829 (s, 2H); 5.622 (s, 2H); 4.585 (t,
Jun = 1.6 Hz, 4H); 4.417 (t, Jun = 1.6 Hz, 4H, 4H); 3.764 (s, 6H); 1.135 (s, 42H).

3C-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 154.4 (C,, 2C); 150.2 (Cg, 2C); 119.3 (Cy, 2C);
114.5 (Cq, 2C); 113.5 (Cy, 2C); 110.8 (Cq, 2C); 102.7 (Cq, 2C); 80.6 (Cq, 2C); 73.7 (Cq, 2C);
71.4 (Cy, 4C); 69.3 (Cq, 2C); 62.8 (Cq, 2C); 59.9 (Cq, 2C); 56.5 (Cp, 2C), 29.7 (Cy, 6C); 26.7
(Cp, 12C).

EI-MS, (MeOH, pos. mode) m/z: 861.6 (M '+Na)
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Experimental Part

[1,1'-biphenyl]-4,4'-diyldimethanol (160):

HOOH. ~O—O~
—0 o— THF, reflux HO OH

2h

86%
159 160

A 100 ml two-necked round-bottomed flask was purged with argon and charged with LiAlH4
(659 mg, 16.5 mmol, 1.1 equiv.) and dry THF (23 ml), The resulting suspension was cooled
with an ice bath while dimethylbiphenyl-4,4’-dicarboxylate (159) (4.1 g, 15 mmol, leq) was
added potion-wise. After the addition was complete the mixture was allowed to reflux for 2h.
The reaction mixture was then cooled to room temperature and carefully treated with water
(25 ml) and H,SO4 (2N). The resulting mixture was diluted with Ethyl acetate and the
precipitate was filtered off. The aqueous phase was extracted with ethyl acetate (3 x 50 ml).
The organic phases were combined and washed with brine, dried over MgSQ,, filtered and
concentrated under reduced pressure to afford the desired product 160 (2.77 g, 86 %) as a

white solid.

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.60 (dt, *Jyu = 8.0 Hz, *Jyn = 2.0 Hz, 4H); 7.451 (dt,
3T = 8.0 Hz, *Jyn = 2.0 Hz, 4H); 4.753 (s, 4H).
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Experimental Part

4,4'-bis(bromomethyl)-1,1'-biphenyl (152):

=Bha TNs
HO OH CHzC'th 0°C Br Br
r.t.

61%
160 152

A 100 ml two-necked round-bottomed flask was purged with argon and charged with [1,1'-
biphenyl]-4,4'-diyldimethanol (160) (1.07 g, 5 mmol, 1 equiv.), carbon tetrabromide (4.02 g,
12 mmol, 2.4 equiv.) and dry DCM (70 ml). The suspension was stirred at room temperature
while the triphenylphosphine (3.24 g, 12 mmol, 2.4 equiv.) was added portion wise. The
resulting solution was stirred for 24 hours. The reaction mixture was then concentrated under
reduced pressure. The residue was dissolved in cyclohexane and BME (3:1) and was filtered
over a short silica plug. The crude product was purified by column chromatography (silica,

cyclohexane:DCM 3/1) to afford the desired product 152 (1.037 g, 61%) as white crystals.

'H-NMR (CDCls, 400 MHz) & (ppm) = 7.557 (dt, *Juu = 8.0 Hz, *Jyn = 1.6 Hz, 4H); 7.468
(dt, *Ji = 8.0 Hz, Ty = 1.6 Hz, 4H); 4.547 (s, 4H).

3C-NMR (CDCls, 100.6 MHz) & (ppm) = 140.7 (Cy 2C); 137.3 (Cy 2C); 129.7 (Cy 4C); 127.7
(C¢4C); 33.4 (Cy 2C).

EI-MS (70 eV), m/z (%): 339.9 (7.9) [M]; 259 (81.9) [M"-Br]; 180 (100) [M"-2Br].
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Experimental Part

3,3'-([1,1'-biphenyl]-4,4'-diyl)bis(prop-2-yn-1-ol) (163):

HOM-acetylene

Pd(PPh3),Cl = OH
BrBr (PP} Cl =7 \ =
Cul, NEtg HG _ \_ 7/

80°C, 24h

162 163

A 50 ml Schenk tube was purged with argon and charged with 4,4'-dibrombiphenyl (162)
(1.092 g, 3.5 mmol, 1 equiv.), bis(triphenylphosphine)palladium (II) chloride (123 mg, 0.175
mmol, 0.05 equiv.), Cul (67 mg, 0.35 mmol, 0.1 equiv.) and triethylamine (30 ml). The
resulting mixture was degassed for 10 min. Propargylalkohol (0.434 ml, 7.35 mmol, 2.1
equiv.) was added and the reaction mixture was heated to 80°C and stirred for 24 hours. After
aqueous workup and filtration over silica, the slightly impure product 163 was directly used

for the next reaction step.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.578 (dt, *Jyy = 8.8 Hz, *Jyy = 1.6 Hz, 4H); 7.516
(dt, *Tyn = 8.4 Hz, *Jyu = 1.6 Hz, 4H); 4.490 (d, *Jiy = 6.0 Hz, 4H).

3,3'-([1,1'-biphenyl]-4,4'-diyl)bis(propan-1-ol) (164):

— OH H,, 10% Pd/C
=O-O= eSO
HO MeOH, r.t.
24h

quant.
163 164

An approximately 20 ml vial was charged with palladium/10% on activated carbon (31.9 mg,
0.03 mmol, 0.leq), 3,3'-([1,1'-biphenyl]-4,4'-diyl)bis(prop-2-yn-1-ol) (163) (78.7 mg, 0.3
mmol, leq), methanol abs. (10 ml) and benzene abs. (5 ml). The starting material 163 could
not be completely dissolved. The vial was put into an autoclave and exposed to H; (4 bars) for
24h at room temperature. The reaction mixture was then filtered through celite and
concentrated under reduced pressure. The residue was absorbed on silica and purified by
column chromatography (silica, ethyl acetate: cyclohexane 1/1 — ethyl acetate) to afford the

desired product 164 (72 mg, 88.8%) as a white solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.553 (d, *Jun = 8.4 Hz, 4H); 7.310 (d, *Jyuu = 8.4
Hz, 4H); 3.698 (t, *Jiu = 6.8 Hz, 4H); 2.763 (t, *Jyu = 7.6 Hz, 4H); 1.947-1.908 (m, 4H).

BC-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 147.1 (Cq, 2C); 129.2 (C,, 2C); 127.1 (C,, 4C);
120.4 (Cq, 4C); 62.5 (Cs, 2C); 34.8 (Cs, 2C); 32.0 (Cs, 20).
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Experimental Part

4,4'-bis(3-bromopropyl)-1,1'-biphenyl (165):

CBry, PPhg
HO OH e —— Br Br
DCM, r.t.

90%
164 165

A 100 ml two-necked round-bottomed flask was purged with argon and charged with 3,3'-
([1,1'-biphenyl]-4,4'-diyl)bis(propan-1-o0l) (164) (67.6 mg, 0.25 mmol, 1 equiv.), carbon
tetrabromide (285 mg, 0.85 mmol, 3.4 equiv.) and dry DCM (70 ml). The suspension was
stirred at room temperature while the triphenylphosphine (223 mg, 0.85 mmol, 3.4 equiv.)
was added portion wise. The resulting solution was stirred for 24 hours. The reaction mixture
was then concentrated under reduced pressure and the residue was purified by column
chromatography (silica, cyclohexane: ethyl acetate 3/1) to afford the desired product 165 (89
mg, 90 %) as white crystals.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.525 (dt, *Jun = 8.0 Hz, *Jyu = 2.0 Hz, 4H); 7.276
(dt, *Jn = 8.0 Hz, *Jyy = 2.0 Hz, 4H); 3.443 (t, Iy = 6.8 Hz, 4H); 2.807 (t, *Jyp = 7.6 Hz,
4H); 2.227-2.157 (m, 4H).

BC-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 140.3 (C, 2C); 139.3 (Cq, 2C); 129.6 (C,, 4H);
127.5 (Cy, 4H); 34.8 (C,, 2C); 34.2 (Cs, 2C); 33.9 (Cs, 2C).

EL-MS (70 eV), m/z (%): 396 (85) [M']; 287 (100) [M*-C,H,Br].
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Experimental Part

1,3-bis(bromoethynyl)benzene 180:

AN

/@\ P
—_—
— A acetone, r.t. %
Z N Br Br

78%
218 180

A 50 ml round bottom flask was purged with argon and charged with 1.3-diactylenebenzene
(218) (501 mg, 3.85 mmol, 1 equiv.), N-bromosuccinimide (1.959 g, 10.9 mmol, 2.83 equiv.),
silver nitrate (114 mg, 0.674 mmol, 0.175 equiv.) and dry acetone (40 ml). The reaction
mixture was stirred for 2h at room temperature. After the reaction was complete the mixture
was adsorbed on silica and purified by column chromatography (silica, cyclohexane: /BME

20/1) to afford the desired product 180 (85.6 mg, 78 %) as white solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.519 (dt, Jyu = 1.6 Hz, 1H); 7.433 (dd, *Jyu = 7.6
Hz, 4JH,H = 2.0 Hz, 2H); 7.290 (dt, *Juu = 7.6 Hz, 4JH,H = 0.8 Hz, 1H).

BC-NMR (CD-Cl, 100.6 MHz) 8 (ppm) = 135.7 (C,, 1C); 132.7 (C,, 2C); 129.2 (C,, 1C);
123.6 (Cq, 2C); 79.4 (Cg, 2C); 51.4 (Cy, 2C).

ELI-MS (70 eV), m/z (%): 282 (100) [M].
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Experimental Part

Compound 175:

(linkers 161 or 165)
A) NaH, MeCN, 80°C
/

HO B) NaH, DMF, 80°C d
OH = O =—TIPS  C)Na,COj, acetone, 70°C SO TIPS
Fe = L Fe -
TIPS—= = o TIPS o
/

o]
\

171 175
General procedure for 175 = 0.0274 mmol:

A 50 ml three-necked round bottom flask was purged with argon and charged with base (40
equiv.) and dry solvent (10 ml). Compound 171 (1 equiv.) and compound 161 or 165 (not
necessary for the reaction) (1 equiv.) were each dissolved in dry solvent (10 ml) and taken up
into two 10 ml syringes. The reaction mixture was heated to 50-70°C. Compound 171 and
161 or 165 were then slowly added using a syringe pump (0.02 mm/min = 40h). After the
addition was complete the reaction was stirred for three days until no changes in the reaction
progress was observed (TLC control). The reaction mixture was extracted with water (25 ml)
and brine (25 ml), dried over MgSQsu, filtered and concentrated under reduced pressure. The

residue was purified by column chromatography to afford product 175.

'"H-NMR (CD,Cl,, 400 MHz) § (ppm) = 7.39 (s, 2H); 6.17 (s, 2H); 6.08 (s, 2H); 4.929 (t, *Tyyp
=2 Hz, 4H); 4.343 (t, *Jyn = 2 Hz, 4H); 3.77 (s, 6H); 1.75-1.70 (m, 42H).

PC-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 157.1 (C,, 2C); 148.7 (C,, 2C); 148.7 (Cq, 20C);
130.4 (C,, 2C); 113.9 (Cy, 2C); 107.8 (C,, 2C); 104.5 (Cq, 2C); 101.5 (C,, 2C); 100.4 (Cy, 2C);
94.1 (Cq, 2C); 78.9 (Cq, 2C); 70.1 (Cy, 4C); 66.9 (Cy, 4C); 55.8 (Cy, 2C); 18.4 (Cp, 12C); 11.6
(Cy, 6C).

ESI-MS, (MeOH, pos. mode) m/z: 838 [M']
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Experimental Part

Compound 182:

HO
- — (Tf)0 — -
OH TIPS pyridine OTf (D= O — TIPS
;( Fe — Fe
TIPS—= = CH,Clp TIPS— N <
P 0°C, r.t. >f/ /0
o o
\

\ 90 %

171 182

A 10 ml two-necked round bottom flask was purged with argon and charged with compound
171 (104 mg, 0.124 mmol, 1 equiv.) and dry DCM (6 ml). The solution was degassed for 5
min. and then cooled to 0°C. Pyridine (80.2 pl, 0.992 mmol, 8 equiv.) in dry DCM (1 ml) and
triflic anhydride (83.4 pl, 0.496 mmol, 4 equiv.) in dry DCM (1 ml) were added subsequently.
After the addition was complete the reaction mixture was allowed to warm to room
temperature and was stirred for 1h. The mixture was then diluted with fBME and washed with
10% HCIL, 50% Na,COs, water and brine. The organic solution was dried over MgSOs,,
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography (silica, cyclohexane//BME 3:1; RF = 0.65) to afford the desired product 182
(130 mg, 95 %) as a red solid.

"H-NMR (CD,CL, 400 MHz) & (ppm) = 7.26 (s, 2H); 6.92 (s, 2H); 4.660 (t, Ty = 1.6 Hz,
4H); 4.449 (t, *Tyn = 1.6 Hz, 4H); 3.80 (s, 6H); 1.14 (s, 42H).

MALDI-MS, (RP mode, 2°,4’,6’-trihydroxyacetophenone monohydrate) m/z: 1102.3 [M"].

Compound 183:

TfQ ™S AN
oTf > — _ TMS-acetylene // > — o
~ =—TIPS  pg(0Ac), Cul —= =—TIPS
e T —— e
TIPS— N = o) PPhg, DIPA TIPS— = 0

>:/ — / MW: 85°C, 17h >:/ — /

o 0

\ 53% \
182 183

A 3 ml micro-wave tube was purged with argon and charged with compound 182 (44.1 mg,
0.04 mmol, 1 equiv.), Pd(OAc), (1.8 mg, 0.008 mmol, 0.2 equiv.), triphenylphosphine (8.39
mg, 0.032 mmol, 0.8 equiv.), Cul (1.53 mg, 0.008 mmol, 0.2 equiv.) and DIPA (2.8 ml). The
resulting mixture was degassed with argon for 5 min. The reaction vial was then put in the

microwave reactor (85°C, 17h). After the reaction was complete fBME was added and the
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suspension was filtered over Celite. The filtrate was concentrated under reduced pressure. The
residue was purified by column chromatography (1* column: silica, cyclohexane:rBME 20:1;
RF = 0.47. 2™ column: RP18-silica, acetonitrile:THF 3:1—1:1; RF = 0.1) to afford the
desired compound 183 (21 mg, 53 %) as a red solid.

'H-NMR (CD-Cl,, 400 MHz) § (ppm) = 7.34 (s, 2H); 6.72 (s, 2H); 4.444 (t, *Jyy = 1.6 Hz,
4H); 4.252 (t, *Tyn = 1.6 Hz, 4H) 3.64 (s, 6H); 0.97 (s, 42H); 0.125 (s, 18H).

3C-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 160.6 (Cq, 2C); 138.1 (Cy, 2C); 128.2 (Cq, 2C);
117.9 (C,, 2C); 114.1 (Cg, 2C); 113.4 (Cq, 2C); 103.5 (Cq, 2C); 102.5 (Cq, 2C); 97.8 (Cq, 2C):;
97.4 (Cq, 2C); 94.0 (Cq, 2C); 85.9 (Cq, 2C); 73.8 (Cy, 4C); 72.6 (Cy, 4C); 66.8 (Cq, 2C); 19.0
(Cp, 12C); 11.9 (C, 6C); 0.5 (Cp, 6C).

MALDI-MS, (RP mode, 2°,4’,6’-trihydroxyacetophenone monohydrate) m/z: 998.4 [M"].

Compound 184:

™S A\ AN
4 (S—= O = TIPS K,COs3 7 = O = TIPS
TIPS 7 N\ Fe MeOH TIPS e
IPS— — @7 o) — — o)
) — / CH,Cly, r.t. /
O\ quant. O\
183 184

A 5 ml round bottom flask was purged with argon and charged with compound 183 (5 mg,
0.005 mmol, 1 equiv.), dry DCM (1 ml) and methanol (1 ml). The mixture was degassed and
potassium carbonate (1.4 mg, 0.01 mmol, 2 equiv.) was added. The reaction mixture was
stirred for 3h at room temperature. After the reaction was complete a filtration over silica
eluting with cyclohexane:tBME (20:1) gave the desired product 184 (3.5 mg, 81.9 %) as

orange solid.

'"H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.550 (s, 2H); 6.937 (s, 2H); 4.597 (t, 4H); 4.424 (t,
4H); 3.837 (s, 6H); 3.331 (s, 2H); 1.151-1.139 (m, 42H).
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Compounds 185 and 189:

& X

7 Br Br
TIPS—_ 7 180
)
N\
~G =, N Pd,(dba);*CHCl5
Fe =—TIPS Cul, DIEA

toluene, r.t. 5d

184

189 =15%

A 250 ml three-necked round bottom flask was purged with argon and charged with dry
toluene (112 ml) and DIEA (1.24 ml). The resulting mixture was degassed for 10 min.
Tris(dibenzylideneacetone)dipalladium-chloroform (10.1 mg, 0.00975 mmol, 0.325 equiv.)
and Cul (4.77 mg, 0.0249 mmol, 0.833 equiv.) were added. Compound 184 (25.7 mg, 0.03
mmol, 1 equiv.) and compound 180 (8.52 mg, 0.03 mmol, 1 equiv.) were each dissolved in
toluene (5 ml) and slowly added at room temperature using a syringe pump (0.01 mm/min, 10
ml syringe). After the addition was complete the reaction mixture was stirred for 4 days. The
mixture was then extracted with water (50 ml) and brine (2 x 50 ml), dried over MgSQOu,
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography (1% silica, cyclohexane:tBME 10:1; 2™ RP18, acetonitrile: THF 2:1) to
afford the desired product 185 (4.3 mg, 16%) as an orange solid and a second product 189
(4.0 mg, 15%).

185:

'"H-NMR (CD,Cl,, 400 MHz) & (ppm) = 8.103-8.094 (m, 1H); 7.518 (s, 2H); 7.489-7.482 (m,
2H); 7.402-7.364 (m, 1H); 6.972 (m, 2H); 4.883 (t, 4H); 4.547 (t, 4H); 3.899 (s, 6H); 1.148-
1.127 (m, 42H).

BC-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 140.7; 136.5; 130.8; 129.6; 113.2; 74.9; 74.2;
73.7,70.7; 56.5; 18.8; 11.7.

MALDI-MS, (RP mode, 2°,4°,6’-trihydroxyacetophenone monohydrate) m/z: 976.89 [M].
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189:

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.577 (s, 2H); 6.996 (s, 2H); 4.457 (t, 4H); 4.408 (t,
4H); 3.898 (6H); 1.142 (s, 42H).

MALDI-MS, (RP mode, 2°,4°,6’-trihydroxyacetophenone monohydrate) m/z: 852.27 [M].

Compound 153:

o 1) Zn, CI,Si(CHg),
i 2) acetylchloride, DMA
[ S—ClI T ———— I SAc
n CIC,H,ClI, 50-75°C
55%
191 153

To a stirred suspension of zinc powder (3.92 g, 59.94 mmol, 3.53 equiv.) and
dichlorodimethylsilane (7.00 mL, 58.00 mmol, 3.42 equiv.) in 1,2-dichloroethane (20 mL)
was added a solution of 4-iodobenzenesulfonylchloride 191 (5.13 g, 16.96 mmol, 1 equiv.)
and N,N-dimethylacetamide (4.65 mL, 50.00 mmol, 2.95 equiv.) in dichloroethane (20 mL).
The mixture was stirred at 75 °C for 2 hours until the zinc powder was no longer visible. The
reaction mixture was cooled to 50 °C, and acetyl chloride (1.53 mL, 21.50 mmol, 1.27 equiv.)
was added. After 15 minutes, the mixture was poured into water, and extracted with DCM (3
x 50 mL). The combined organic layers were dried over MgSQO,, filtered, concentrated in
vacuo and purified by flash chromatography (cyclohexane:DCM 1/1) to provide 153 (2.59 g,
54.9 %) as a colorless oil which solidified at —20 °C.

'H-NMR (CDCl3, 400 MHz) & (ppm) = 7.740 (d, *Jyu = 8 Hz, 2H); 7.128 (d, *Jun = 8 Hz,
2H); 2.423 (s, 3H).

3C-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 193.4 (Cq, 1C); 138.6 (Cy, 2C); 136.2 (Cy, 2C);
128.0 (Cqg, 1C); 96.2 (Cq, 1C); 30.5 (Cq, 1C).

EI-MS (70 eV), m/z (%): 278 (24) [M]; 236 (100) [M"-OCCH3].
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Compound 190:

TBAF
CH,Cly, r.t.
quant.

189 190

A 10 ml round bottom flask was purged with argon and charged with compound 189 (6.4 mg,
0.0075 mmol, 1 equiv.) and dry DCM (2 ml). The solution was degassed for 5 min. A TBAF
solution (1M in THF, 0.0165 ml, 0.0165 mmol, 2.2 equiv.) was added at room temperature
and the resulting mixture was stirred for 1h. The reaction was quenched with water//BME and
extracted. The organic layer was dried over MgSQOy, filtered and concentrated under reduced

pressure to afford the desired compound 190 (5 mg, quant.) as an orange solid.

'H-NMR (CD-Cl,, 400 MHz) & (ppm) = 7.597 (s, 2H); 7.028 (s, 2H) 4.465 (t; 4H); 4.410 (4,
4H); 3.919 (s, 6H); 3.414 (s, 2H).
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Compound 192:

|©—SAC

153
Pd(PPhj3),Cl,

Cul, DIEA, THF
r.t., 48h

190

A 10 ml Schlenk tube was purged with argon and charged with compound 190 (4.05 mg,
0.075 mmol, 1 equiv.), compound 153 (4.8 mg, 0.0173 mmol, 2.3 equiv.),
bis(triphenylphosphine)palladium chloride (0.211 mg, 0.0003 mmol, 0.04 equiv.), Cul, 0.057
mg, 0.0003 mmol, 0.04 equiv.) and N-ethyldiisopropylamine (0.03 ml). The resulting mixture
was degassed with argon for 10 min and stirred for 48 hours at room temperature. The
reaction mixture was then diluted with fBME and filtered over celite. The filtrate was
concentrated under reduced pressure. The residue was purified by column chromatography

(RP18, acetonitrile:THF 4:1) to afford the desired compound 192 (1.85 mg, 30.6) as red solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 7.661 (s, 2H); 7.587 (d, *Juu = 8.4 Hz, 4H); 7.427 (d,
3T = 8.4 Hz, 4H); 7.064 (s, 2H); 4.480 (t, 4H); 4.429 (t, 4H); 3.962 (s, 6H); 2.428 (s, 6H).

3C-NMR (CD,Cl,, 100.6 MHz) & (ppm) = 149.6 (C,, 2C); 160.5 (Cq, 2C); 136.5 (Cy, 2C);
134.8 (Cy, 4C); 1324 (C,, 4C); 130.5 (Cq, 2C); 129.2 (Cq, 2C); 124.6 (Cq, 2C); 113.2 (C,, 20);
112.5 (Cg, 2C); 95.9 (Cq, 2C); 94.6 (Cq, 2C); 86.7 (Cq, 2C); 85.4 (Cq, 2C); 81.0 (Cq, 2C); 77.4
(Cq» 2C); 75.2 (Cy, 4C); 71.0 (Cy, 4C); 67.1 (Cq, 2C); 56.6 (Cp, 2C); 30.5 (C,, 2C).

MALDI-MS, (RP mode, 2°,4,6’-trihydroxyacetophenone monohydrate) m/z: 840.36[M 7.

Compound 186:

TBAF
—_—
CHyCly, r.t.

quant.

A 10 ml round bottom flask was purged with argon and charged with compound 185 (6.3 mg,
0.0065 mmol, 1 equiv.) and dry DCM (2 ml). The solution was degassed for 5 min. A TBAF
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solution (1M in THF, 0.0149 ml, 0.0149 mmol, 2.3 equiv.) was added at room temperature
and the resulting mixture was stirred for 1h. The reaction was quenched with water//BME and
extracted. The organic layer was dried over MgSQy, filtered and concentrated under reduced

pressure to afford the desired compound 186 (5 mg, quant.) as an orange solid.

"H-NMR (C,4Ds0, 400 MHz) & (ppm) = 10.895 (s, 1H); 8.193 (t, 1H); 7.569-7.549 (m, 3H);
7.493-7.462 (m, 1H); 7.140 (s, 2H); 4.934 (t, 4H); 4.563 (t, 4H); 3.938 (s, 6H); 3.841 (s, 2H).

Compound 187:

153
Pd(PPh3),Cl,

Cul, DIEA, THF
rt., 72h

A 10 ml Schlenk tube was purged with argon and charged with compound 186 (4.32 mg,
0.065 mmol, 1 -equiv.), compound 153 (4.52mg, 0.0163 mmol, 2.5 equiv.),
bis(triphenylphosphine) palladium chloride (0.183 mg, 0.00026 mmol, 0.04 equiv.), Cul,
0.0498 mg, 0.00026 mmol, 0.04 equiv.) and N-ethyldiisopropylamine (0.15 ml). The resulting
mixture was degassed with argon for 10 min and stirred for 72 hours at room temperature.
The reaction mixture was then diluted with THF and filtered over celite. The filtrate was
concentrated under reduced pressure. The residue was purified by column chromatography
(RP18, acetonitrile:THF 4:1 — CHClI3) to afford the desired compound 187 (0.3 mg, <5 %) as
red solid.

'H-NMR (CD,Cl,, 400 MHz) & (ppm) = 8.06-7.40 (arom. signals); 4.40-4.00 (Cp signals);
3.65 (OMe).

MALDI-MS, (RP mode, 2°,4’,6’-trihydroxyacetophenone monohydrate) m/z: 962 [M"].
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7.5 Synthesis of a Car-jack Molecule

4-(2-iodophenyl)-2-methylbut-3-yn-2-ol (207):

HOP-acetylene =
@(' Pd(PPHy), @(
_—
| Cul, NEt3, 70°C |
48h
45%
206 207

A 100 ml Schlenk tube was purged with argon and charged with
tetrakis(triphenylphosphine)palladium(0) (190 mg, 0.164 mmol, 0.02 equiv.), Cul (16 mg,
0.082 mmol, 0.01 equiv.), 1,2-diiodobenzene 206 (2.71 g, 8.2 mmol, 1 equiv.) and
triethylamine (40 ml). The resulting mixture was degassed with argon for 10 min. 2-Methyl-
3-butyn-2-o0l (0.841 ml, 8.61 mmol, 1.05 equiv.) was added to the yellow solution and the
mixture was then quickly heated to 70°C. A white precipitate was formed after 10 min. The
reaction mixture was stirred for 48h at 70°C. The reaction mixture was then concentrated
under reduced pressure. The residue was diluted in /BME and filtered over celite. The filtrate
was again concentrated under reduced pressure. The crude product was then dissolved in
cyclohexane and filtered over a short silica pad (1% cyclohexane, o cyclohexane/tBME 5:1,
3™ cyclohexane/tBME 1:1). The filtrate containing the product was then purified by column
chromatography to afford the desired compound 207 (1.06 g, 45 %) as yellow-orange oil.

'H-NMR (CDCl; 400 MHz) & (ppm): 7.834 (dd, *Jun = 6.8 Hz, *Jyu = 1.2 Hz, 1H); 7.420
(dd, *Jun = 6 Hz, *Tyn = 1.6 Hz, 1H); 7.286 (dt, *Juu = 7.6 Hz, *Tyn = 1.2 Hz, 1H); 6.990 (dt,
3T =6 Hz, “Tun = 1.6 Hz, 1H); 1.66 (s, 6H).

3C-NMR (CDCl, 100.6 MHz): & (ppm) 138.8 (C,, 1C); 132.5 (C,, 1C); 129.6 (C,, 1C); 127.9
(Cy, 1C); 101.4 (Cq, 1C); 97.7 (Cq, 1C); 84.7 (Cq, 1C); 82.0 (Cy, 1C); 65.5 (Cy, 1C); 31.4 (C,,
20).
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2-methyl-4-(2-((trimethylsilyl)ethynyl)phenyl)but-3-yn-2-ol (208):

HOP HOP
Z TMS-acetylene =
Pd(PPH3),
_
Cul, NEt3, 55°C
| \\

24h
T™MS
86%
207 208

A 25 ml Schlenk tube was purged with argon and charged with
tetrakis(triphenylphosphine)palladium (11.6 mg, 0.01 mmol, 0.01 equiv.), Cul (2 mg, 0.01
mmol, 0.01 equiv.), compound 207 (286 mg, 1 mmol, 1 equiv.) and triethylamine (5 ml). The
mixture was degassed with argon for 20 min. Trimethylsilylacetylene (0.29 ml, 2 mmol, 2
equiv.) was added and the mixture was heated to 65°C and stirred overnight. The reaction
mixture was concentrated under reduced pressure and the residue was purified by column
chromatography (silica, cyclohexane:/BME 3:1) to afford the desired compound 208 (550 mg,
86 %) as yellow oil.

'H-NMR (CDyCl,, 400 MHz) 6 (ppm): 7.47-7.40 (m, 2H); 7.30-7.25 (m, 2H); 1.61 (s, 6H);
0.26 (s, 9H).

BC-NMR (CD»Cls, 100.6 MHz): & (ppm) 132.8 (C,, 1C); 132.4 (C,, 1C); 128.8 (Cy, 1C); 128.6
(Cy, 1C); 126.0 (Cq, 1C); 125.8 (Cq, 1C); 66.0 (Cq, 1C); 31.9 (C,, 2C); 0.23 (Cp, 3C).

((2-ethynylphenyl)ethynyl)trimethylsilane (205):

Z
NaH, toluene
e -
110°C, 2h
A

™S quant. ™S

7/ \

208 205

A 50 ml two-necked round-bottomed flask equipped with a reflux condenser was purged with
argon and charged with compound 208 (510 mg, 1.99 mmol, 1 equiv.) and dry toluene (20
ml). The solution was degassed with argon for 15 min. Sodium hydride (88 mg, 2.19 mmol,
1.1 equiv.) was added and the resulting mixture heated to reflux for 2h. The reaction mixture
was then filtered through a small silica plug. The filtrate was slowly concentrated under

reduced pressure to afford the desired product 205 (400 mg, quant.) as yellow oil.

'"H-NMR (CDCl; 400 MHz) § (ppm): 7.48-7.46 (m, 2H); 7.28-7.26 (m, 2H); 3.30 (s, 1H);
0.27 (s, 9H).
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Compound 209:

//
/
/
F@\| __Pd(OAc),
+
'\@e N Cu(OAc),, PPhs

™S DIPA, 70°C

62%
146 205

A 10 ml Schlenk tube was purged with argon and charged with palladium acetate (1.8 mg,
0.008 mmol, 0.08 equiv.), copper acetate (1.47 mg, 0.008 mmol, 0.08 equiv.),
triphenylphosphine (8.4 mg, 0.032 mmol, 0.32 equiv.), compound 146 (43.8 mg, 0.1 mmol, 1
equiv.) and diisopropylamine (1 ml). The resulting mixture was degassed for 10 min and
slowly heated to 70°C. Compound 205 (86.8 mg, 0.35 mmol, 3.5 equiv.) dissolved in
diisopropylamine (1 ml) was then added. The mixture was stirred over night at 70°C. After
42h the mixture was diluted with fBME and passed through a celite pad. The filtrate was
concentrated and the residue was purified by column chromatography (silica,

cyclohexane:DCM 5:1) to afford the desired compound 209 (36 mg, 62.2%) as a red solid.
'H-NMR (CDCls, 400 MHz) & (ppm): 7.45-7.39 (m, 4H); 7.21-7.18 (m, 4H); 4.58 (t, 4H),
4.36 (t, 4H); 0.30 (s, 18H).

ESI-MS, (MeOH, pos. mode) m/z: 578.2 (M").

Compound 210:

TMS
// Z W\
=)
TBAF =
TTHF, MeoH = fo O

quant.

A 25 ml two-necked round-bottomed flask was purged with argon and charged with
compound 209 (46.3 mg, 0.08 mmol, 1 equiv.), THF (8 ml) and MeOH (0.5 ml). TBAF (1M
in THF, 0.28 ml, 0.28 mmol, 3.5 equiv.) was added at room temperature. The mixture was
stirred for 45 min. The reaction mixture was concentrated under reduced pressure and the
residue was dissolved in cyclohexane/DCM (5:1) and filtered over silica. The filtrate was

concentrated and the residue was directly used in the next step.
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Compound 211:

7 1\
= = Cu(OAc),, CuCl
= Fe —_—
== O pyridine, 60°C

39%

210

A 100 ml three-necked round-bottomed flask was purged with argon and charged with

copper(Il) acetate (367 mg, 2 mmol, 25eq), copper(I) chloride (158 mg, 1.6 mmol, 20eq) and

pyridine (25 ml). The mixture was heated to 60°C. Compound 210 (34.7 mg, 0.08 mmol, leq,

dissolved in 10 ml pyridine) was then added over a period of 9h. After 24h the reaction

mixture was concentrated under reduced pressure. The residue was dissolved in DCM and

filtered over a short silica pad. The filtrate was again concentrated to afford the desired

product 211 (27 mg, 39 %) as red solid.

'H-NMR (CDCl;5,400 MHz) 6 (ppm): 7.55-7.49 (m, 4H); 7.36-7.27 (m, 4H); 4.41 (s, 8H).

ESI-MS, (MeOH, pos. mode) m/z: 432.1 (M").
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Compound 213:

>Ls

F
. DMI
NN "I
Br 8c Br
o7 56% “Z
198

(¢]
213

A 500 ml three-necked round bottom flask was purged with argon and charged with 2-bromo-
4-fluorobenzaldehyde (198) (5.8 g, 28 mmol, 1 equiv.) and DMI (240 ml). Sodium 2-methyl-
2-propanethiolate (3.3 g, 29.4 mmol, 1.05 equiv.) was dissolved in DMI (60 ml) and slowly
added over a period of 1h at 8°C. The reaction was then stirred for 6h at 8°C. The mixture
was diluted with fBME and extracted with water (5 x 50 ml) and brine (50 ml). The combined
organic layers were dried over MgSOy, filtered and concentrated under reduced pressure. The
residue was purified by column chromatography (silica, cyclohexane: fBME 10:1; RF = 0.52)
to afford the desired product 213 (4.25 g, 56 %) as colorless oil.

'H-NMR (CD,Cl, 400 MHz) & (ppm): 10.33 (s, 1H); 7.82 (d, 2H); 7.58 (d, 1H); 1.35 (s, 9H).

BC-NMR (CD,Cl,, 100.6 MHz): & (ppm) 192.5 (Cy, 1C); 143.3 (Cq, 1C); 141.0 (C,, 1C);
135.9 (Cy, 1C); 133.4 (Cy, 1C); 129.6 (C,, 1C); 126.6 (Cy, 1C); 48.0 (Cy, 1C); 31.3 (Cp, 3C).

EI-MS (70 eV), m/z (%): 272 (9.7) [M]; 216 (47.6) [M" - Bu].
Compound 214:

> >

TIPS-acetylene
Pd(PPh3),Cl,
e,
Cul, NEts,
Br 50°C, 12h X
— > TIPS

o 96% o
213 214

A 100 ml Schlenk tube was purged with argon and charged with compound 213 (2.5 g, 9.15
mmol, 1 equiv.), bis(triphenylphosphine)palladium chloride (129 mg, 0.183 mmol, 0.02
equiv.), triethylamine (37 ml) and triisopropylsilylacetylene (2.33 ml, 10.1 mmol, 1.1 equiv.).
The resulting mixture was degassed for 5 min. Cul (17.5 mg, 0.0915 mmol, 0.01eq) was then
added and the resulting mixture was heated to 50°C and stirred overnight. The mixture was

diluted with ‘BME and filtered over celite. The filtrate was concentrated and the crude
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product was purified by column chromatography (silica, cyclohexane:rBME 10:1; RF = 0.57)
to afford the desired product 214 (3.31 g, 96.6 %) as a yellow oil.

'H-NMR (CDCl; 400 MHz) § (ppm): 10.6 (s, 1H); 7.85 (d, 1H); 7.72 (s, 1H); 7.57 (d, 1H);
1.36 (s, 9H); 1.15 (s, 21H).

3C-NMR (CDCls, 100.6 MHz): § (ppm) 191.4 (Cy, 1C); 141.3 (C,, 1C); 141.0 (Cy, 1C); 136.7
(Cy, 1C); 135.8 (Cq, 1C); 127.2 (Cy, 1C); 126.8 (C,, 1C); 101.6 (Cq, 1C); 100.0 (Cq, 1C); 47.6
(Cq, 1C); 31.3 (C,, 3C); 18.8 (C,, 6C); 11.4 (C, 3C).

Compound 215:

>L j\s
S
CBry, PPhg
et b Y
DCM, 0°C tor.t. %
X
A Bre_~ TIPS
> TIPS
o
Br
214 215

A 10 ml 2-necked-round bottom flask was purged with argon and charged with compound
214 (2.0 g, 5.34 mmol, 1 equiv.), triphenylphosphine (5.6 g, 21.4 mmol, 4 equiv.) and dry
DCM (25 ml). The mixture was cooled to 0°C and carbon tetrabromide (3.58 g, 10.7 mmol, 2
equiv.) was added portion wise. The reaction mixture was stirred for 4h and then filtered
through a silica pad eluting with cyclohexane:rBME (5/1; RF = 0.71). The filtrate was
concentrated under reduced pressure to afford the desired compound 215 as yellow oil (2.46

g, 86.9 %) which solidified upon standing.

'"H-NMR (CDCls, 400 MHz) § (ppm): 7.84 (s, 1H); 7.76 (d, 1H); 7.64 (d, 1H); 7.49 (d, 1H);
1.31 (s, 9H); 1.15 (s, 21H).

BC-NMR (CDCls, 100.6 MHz): & (ppm) 140.7; 136.8; 135.3; 127.6; 121.1; 91.7; 88.1; 46.6;
31.1; 18.7; 11.3.
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Compound 197:

L :
LDA, TMS-CI

THF N

X A

A 7qo

Bre TIPS 78°Ctor.t. ‘ ‘ TIPS
Br ™S
215 197

A 10 ml 2-necked-round bottom flask was purged with argon and charged with compound
215 (2.355 g, 4.44 mmol, 1 equiv.) and dry THF (30 ml). The solution was degassed for 5
minutes and then cooled to -78°C. A lithium diisopropylamine solution (2M in THF/n-
heptane, 8.88 ml, 17.8 mmol, 4 equiv.) was slowly added. The color immediately turned red.
The resulting mixture was stirred for 2.5 h at -78°C. Trimethylsilyl chloride (3.47 ml, 26.6
mmol, 6 equiv.) was then added and the resulting mixture was stirred for 1h at -78°C and for
another hour at room temperature. After a aqueous workup and a filtration over a silica plug
eluting with cyclohexane:/BME (10:1) the desired product 197 (1.63 g, 83.1 %) was isolated

as yellow oil.

'H-NMR (CD,Cl,, 400 MHz) 6 (ppm): 7.63 (s, 1H); 7.41 (s, 2H); 1.28 (s, 9H); 1.15 (s, 21H);
0.24 (s, 9H).

BC-NMR (CD,Cl,, 100.6 MHz): & (ppm) 141.6 (Cy, 1C); 137.3 (C,, 1C); 134.1 (Cq, 1C);
133.2 (C,, 1C); 126.4 (Cy, 1C); 126.2 (Cq, 1C); 105.2 (Cq, 1C); 103.4 (Cq, 1C); 100.5 (Cq, 1C);
96.3 (Cq, 1C); 47.2 (Cy, 1C); 31.3 (Cyp, 3C); 19.1 (Cp, 6C); 11.9 (C,, 3C); 0.1 (Cp, 3C).

EL-MS (70 eV), m/z (%): 442.2 (72) [M']; 357.1 (74.9) [M" - 2 x iPt].
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Experimental Part

Compound 216:

S >

K,CO;4

MeOH, DCM
|| TIPS “ TIPS

7
Vi

T™S
197 216

A 25 ml round bottom flask was purged with argon and charged with compound 197 (328 mg,
0.74 mmol, 1 equiv.), dry DCM (3 ml) and methanol (13.5 ml). The resulting mixture was
degassed for 5 minutes. Potassium carbonate (176 mg, 1.26 mmol, 1.7 equiv.) was then added
and the mixture was stirred for 2h at room temperature. The reaction mixture was filtered over
a short silica plug eluting with cyclohexane:rBME (10:1) to afford the desired compound 216
(274 mg, quant.) as yellow oil.

'H-NMR (CDCl3,400 MHz) & (ppm): 7.64 (s, 1H); 7.42 (s, 2H); 3.32 (s, 1H); 1.30 (s, 9H);
1.14 (s, 21H).
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Experimental Part

Compound 199:
TIPS TIPS TIPS
/ y I
S - F©\I Pd(OAc), XS = %
- * I e PPha, Cu(OAc), =__=° O
XA = DIPA, MW 100°C s
216 146 199

A 5 ml microwave tube was purged with argon and charged with palladium acetate (0.934
mg, 0.00416 mmol, 0.08 equiv.), copper acetate (0.763 mg, 0.00416 mmol, 0.08 equiv.),
triphenylphosphine (4.36 mg, 0.0166 mmol, 0.32 equiv.), compound 146 (22.8 mg, 0.052
mmol, 1 equiv.), diisopropylamine (3 ml) and compound 216 (67.5 mg, 0.182 mmol, 3.5
equiv.). The resulting mixture was degassed for 5 min. and then heated to 100°C for 4,5h. The
reaction mixture was diluted with /BME and washed with water. The combined organic layers
were washed with brine, dried over MgSQy, filtered and concentrated under reduced pressure.
The residue was purified by column chromatography (silica, cyclohexane:DCM 5:1) to afford
the desired product 199 (27 mg, 56%) as a red solid.

'H-NMR (CD,Cl,, 400 MHz) 6 (ppm): 7.59 (s, 2H); 7.40-7.35 (m, 4H); 4.55 (t, 4H); 4.35 (t,
4H); 1.29 (s, 18H); 1.16 (s, 42H).

3C-NMR (CD,Cl, 100.6 MHz): § (ppm) 141.0 (C,, 2C); 136.7 (Cy, 2C); 131.9 (Cy, 2C); 73.1
(Cy, 4C); 71.4 (C,, 4C); 46.4 (Cq, 2C); 39.7 (Cq, 2C); 30.7 (Cp, 6C); 18.6 (Cp, 12C); 11.3 (Cy,
6C).

ESI-MS, (MeOH, pos. mode) m/z: 922 (M"); 945 (M '+Na).
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Experimental Part

Compound 179:

TIPS TIPS

. // i\ . // I\
A <%*O%\$%‘W@¥é*0%

199 179

A 10 ml two-necked round-bottomed flask was purged with argon and charged with
compound 199 (27 mg, 0.029 mmol, 1 equiv.) and dry THF (4 ml). TBAF (1M in THF, 0.102
ml, 0.102 mmol, 3.5 equiv.) was added at room temperature. The mixture was stirred for 45
min. The reaction mixture was concentrated under reduced pressure and the residue was
dissolved in cyclohexane/DCM (5:1) and filtered over silica. The filtrate was concentrated to

afford the desired compound 179 (17 mg, 96 %) as orange solid.

'H-NMR (CDCl,, 400 MHz) 6 (ppm): 7.66 (s, 2H); 7.42-7.39 (m, 4H); 4.59 (t, 4H); 3.45 (s,
2H); 1.29 (s, 18H).

MALDI-MS, (RP mode, 2°,4°,6’-trihydroxyacetophenone monohydrate) m/z: 610.15 [M'].
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Experimental Part

Compound 217:

2 |
XS - ~ Pd(OAc),
=__Fe O )4 PPhs, Cu(OAC),
s DIPA, 70°C

179 217

A 25 ml three necked round bottom flask was purged with argon and charged with palladium
acetate (110 mg, 0.49 mmol, 5 equiv.), copper acetate (9 mg, 0.049 mmol, 0.5 equiv.),
triphenylphosphine (514 mg, 1.96 mmol, 20 equiv.) and diisopropylamine (11 ml). The
resulting mixture was degassed for 10 min and heated to 70°C. Compound 179 (59.8 mg,
0.098 mmol 1 equiv.) and compound 146 (42.9 mg, 0.098 mmol, 1 equiv.) were each
dissolved in diisopropylamine (2 x 10 ml) and slowly added using a syringe pump (0.02
mm/min) to the prepared solution. After the addition was complete the mixture was stirred for
24h. The reaction mixture was then concentrated under reduced pressure and the residue was
purified by column chromatography (silica, cyclohexane:rBME 20:1; RF = 0.43) to afford the
desired product 217 (25 mg, 42 %) as red solid.

'H-NMR (CDCl; 400 MHz) & (ppm): 7.70 (s, 2H); 7.46 (q, 4H); 4.44-4.42 (m, 8H); 1.32 (s,
18H).

MALDI-MS, (RP mode, 2°,4’,6’-trihydroxyacetophenone monohydrate) m/z: 608.1 [M].
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Experimental Part

Crystal Data for compound 217:

Crystal data for 217: formula CsgHsFe;S,, M = 608.65, F(000) = 1272, orange needle, size
0.030 - 0.040 - 0.240 mm3, monoclinic, space group P 2,/c, Z = 4, a = 6.0771(4) A, b =
18.8976(11) A, ¢ = 26.7586(15) A, o= 90°, B = 95.372(3)°, v = 90°, V = 3059.5(3) A*, Deac.
=1.321 Mg - m™. The crystal was measured on a Nonius KappaCCD diffractometer at 123K
using graphite-monochromated Mo K,-radiation with A = 0.71073 A, O = 33.728°.
Minimal/maximal transmission 0.97/0.98, p = 0.655 mm™'. The COLLECT suite has been
used for datacollection and integration. From a total of 80989 reflections, 12203 were
independent (merging r = 0.045). From these, 8432 were considered as observed (I>2.00(1))
and were used to refine 370 parameters. The structure was solved by Other methods using the
program Superflip. Least-squares refinement against F was carried out on all non-hydrogen
atoms using the program CRYSTALS. R = 0.0320 (observed data), wR = 0.0496 (all data),
GOF = 1.0293. Minimal/maximal residual electron density = -0.33/0.50 ¢ A~. Chebychev
polynomial weights were used to complete the refinement. Plots were produced using

CAMERON.
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Experimental Part

Compound 181:

4]

Br toluene, r.t. 5d

2 W\
S i Pd,(dba);*CHCI
X =__Fe = O )< 2 N P
= RS Cul, DIEA
S Br 7<

87%

179 180 181
A 250 ml three-necked round bottom flask was purged with argon and charged with dry
toluene (105 ml) and DIEA (1.5 ml). The resulting mixture was degassed for 10 min.
Tris(dibenzylideneacetone)dipalladium-chloroform (9.42 mg, 0.0091 mmol, 0.325 equiv.) and
Cul (4.45 mg, 0.0232 mmol, 0.833 equiv.) were added. Compound 179 (17.1 mg, 0.028
mmol, 1 equiv.) and compound 180 (7.95 mg, 0.028 mmol, 1 equiv.) were each dissolved in
toluene (5 ml) and slowly added at room temperature using a syringe pump (0.01 mm/h, 10
ml syringe). After the addition was complete the reaction mixture was stirred for 4 days. The
mixture was extracted with water (2 x 50 ml) and brine (50 ml), dried over MgSO4, filtered
and concentrated under reduced pressure. The crude product was purified by column
chromatography (silica, cyclohexane:/BME 20:1; RF = 0.43) to afford the desired product 181
(18 mg, 87 %) as a red solid.

'H-NMR (CDCl3, 400 MHz) & (ppm): 7.85-7.56 (m, 10H); 4.58-4.56 (m, 4H); 4.45-4.43 (m,
4H); 1.33 (s, 9H); 1.18 (s, 9H).

ESI-MS, (MeOH, pos. mode) m/z: 677 (M iPr).
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9 Appendix

9.1 Abbreviations

a Acceptor

A Angstrom

Ar Aryl

Bu Butyl

Ccos cosine

CMOS Complementary metal-oxide-semiconductor
COSY Correlation spectroscopy

Cp Cyclopentadienyl

(O Primary carbon

Cq Quaternary carbon

Cs Secondary carbon

Ci Tertiary carbon

CvV Cyclic voltammetry

d Donor

DCM Dichloromethane

DIEA Diisopropylethylamine

DIPA Diisopropylamine

DMF N, N-dimethylformamide

DMI 1,3-dimethylimidazolidin-2-one
EA Elemental analysis

EIl Electron impact

equiv. Equivalent

ESI Electron spray ionization

Et Ethyl

Fe Ferrocene

HMBC Heteronuclear multiple bond coherence
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HMQC
HOMO
HOPG
HWE
LDA
LUMO
m/z
MALDI
MCBJ
MMFF
MS
NMR
NOESY
OPE
OPV
PG

Ph

ppm

Pr
quant.
p-TsOH
Rf

r.t.

STM
TBAF
TBAH
TBAPF,
BME
THF
TIPS
TLC

Heteronuclear multiple quantum coherence
Highest occupied molecular orbital
Highly oriented pyrolytic graphite
Horner-Wadsworth-Emmons

Lithium diisopropylamine

Lowest unoccupied molecular orbital
Mass per charge

Matrix-assisted laser desorption/ionization
Mechanically controlled break junction
Merck molecular force field

Mass spectrometry

Nuclear magnetic resonance

Nuclear Overhauser effect spectroscopy
Oligo-phenylene-ethynylene
Oligo-phenylene-vinylene

Protecting group

Phenyl

Parts per million

Propyl

Quantitative

para-Toluenesulfonic acid

Retention factor

Room temperature

Scanning tunneling microscopy
Tetrabutylammonium fluoride
Tetrabutylammonium hydroxide
Tetrabutylammonium hexafluorophosphate
Tertiary-butyl methyl ether
Tetrahydrofuran

Triisopropylsilyl

Thin layer chromatography
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TMEDA
TMS

Trt
UV/vis

X-ray

N,N,N’,N’-tetramethylenediamine
Trimethylsilyl

Trityl

Ultraviolate/visible

X-ray specrometry

9.2 Contributions

During their ‘Wahlpraktikum’ Fabian Schmid and Andreas Spielhofer helped to synthesize
important building blocks to assemble halide end-capped OPEs. Daniel Ebner did a scale up
of the synthesis for building block 27. The MCBJ measurements were performed by Jan
Brunner from the group of Prof. Dr. Michel Calame at the University of Basel. The STM
images were recorded by Hong Wang from the group of Prof. Dr. Lifeng Chi at the University
of Muenster. All X-ray structures were measured by Dr. Markus Neuburger. EI and FAB-MS
measurements were performed by Dr. Heinz Nadig. Elemental Analysis were measured by

Werner Kirsch. 2D-NMR spectra were recorded by Heiko Gsellinger from the group of PD

Dr. Daniel Hiusinger at the University of Basel.
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9.3 Spectra of target structures
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Figure 76. HMBC of compound 192.
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Figure 77. HMQC of compound 192:
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Figure 78. MALDI-MS of compound 192 (expected mass: 840).
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Figure 79. '"H-NMR spectrum of compound 187.
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Figure 80. MALDI-MS of compound 187 (expected mass: 964).
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