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Abstract

Interest in conjugated materials continues to increase as various types of
new electronic devices based on organic semiconductors have been
developed, some of which are now found in the marketplace. Many of
these materials are either small molecules or polymers, both of which
have their own advantages and drawbacks. Oligomers are
macromolecules which can be envisioned as midway between small
molecules and polymers, containing the advantages of both. In addition,
while polymers are limited to one dimensional conjugated chains,
oligomers have to potential to contain conjugated chains spanning over 2
dimensions, which makes their development of keen interest to those

conducting research in the field of organic semiconductors.

Chapter 1 details the development of organic semiconducting materials
and explores their applications in devices, as well as discussing the
development of star-shaped oligomers, and in particular those based

around the truxene moiety.

Chapters 2, 3 and 4 then present new oligofluorene-functionalised
truxene analogues. Chapter 2 discusses the synthesis and optical and
electrochemical properties of perfluorenehexylthiophene end capped
oligofluorene-functionalised truxenes. The impotance of the position of
the perfluorohexyl chain on the thiophene was investigated by the
synthesis of structural isomers and comparing the optical and
electrochemical properties, demonstrating that the sterics effects of the
chain alter the degree of planarity within the molecules. In Chapter 3,
attempts to synthesise oligofluorenes substituted with triethylene glycol
(TEG) chains are discussed, as well as the synthesis of T1lrorar, an
analogue of the parent T1 molecule where the fluorene moieties are
substituted with TEG chains. The optical and electrochemical properties

of Tlporar are also presented. Attempts to introduce primary alkyl

1X



amines at the terminal position of oligofluorene functionalised truxenes

are then presented in Chapter 4.

Contained within chapter 5 are the procedures for synthesis of

compounds presented in chapters 2, 3 and 4.
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1 Introduction



1.1 Band Theory

Conductivity is determined by the electronic structure of a material.! In a
single atom the electrons are divided into atomic orbitals depending on
their energies. In molecules the molecular orbitals (MOs) are formed by
the linear combination of atomic orbitals (LCAO). The MO of highest
energy which is filled by two electrons is known as the highest occupied
molecular orbital (HOMO), and the orbital of lowest energy which is
unoccupied is known as the lowest unoccupied molecular orbital (LUMO).
The energy difference between the HOMO and LUMO levels is known as
the HOMO-LUMO gap (Eg), and is defined as the energy required to
promote one electron from the HOMO to the LUMO.! In the solid state
molecules become closely aligned and molecular orbitals begin to overlap.!
As the number of molecules present increases, the molecular orbitals
become more densely packed, with the energy between each MO
becoming significantly less, eventually forming a band. The band of
occupied orbitals is known as the valence band, and the conduction band
is made up of unoccupied orbitals (Figure 1.1). The distance between the
top of the valence and bottom of the conduction band is known as the
band gap. The smaller the band gap, the less energy is required to
promote an electron into the conduction band, and hence, the greater the

ability to act as a conductor.!

In materials where the band gap is very large, electrons are not promoted
to the conduction band and the materials act as insulators.! In materials
where the band gap is small electrons are readily promoted to the
conduction band, which results in an unpaired electron in the conduction
band. The ‘hole’ that is left behind is available for another electron to
move into, which itself leaves behind a hole. The electron and the electron
hole are free to move throughout the material, and the material acts as a
semiconductor. Both the movement of electrons and holes contribute to

the conductivity of materials.?



Semiconductors are materials that can be conductors or insulators.
Unlike conductors, the band gap is not small enough for electrons to be
readily promoted to the conduction band for the material to be conductive.
However, since the band gap is significantly smaller than that of an
insulator, an increase in energy, for example by the absorption of a
photon, leads to a sufficient promotion of electrons into the conduction

band to allow the material to become a conductor.

Conduction Band

—_
o
. N
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E,

I Valence Band

Figure 1.1 Formation of bands as the number of MOs increase.
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1.2 Organic Semiconductors

Conjugated small molecules, oligomers and polymers have also been
shown to yield semiconductor properties.?2 These are compounds that have
alternating C-C single and multiple (double and/or triple) bonds, which in
the case of oligomers and polymers, extends along the repeating unit

backbone. Electrons in adjacent p-orbitals overlap and are said to be



delocalised, and since polymers are made up of many repeating units, the

electrons are assumed to be delocalised over the entire backbone chain.

The simplest polymer case is poly(acetylene), which is also the exception
as, other than substituted acetylene repeat units, all other polymers
accomplish the conjugation through the backbone by incorporating
conjugated carbocylic and heterocylic compounds. Some common
examples include poly(thiophene), poly(fluorene) and poly(phenylene
vinylene) (Figure 1.2).

O] r ), YT

n

poly(phenylene vinylene) poly(thiophene) poly(fluorene)

Figure 1.2 Examples of common conjugated polymers.

The semiconducting nature of these conjugated materials lies in the
different electronic and structural states that can occur and the different
energies attributed to these states. The difference in energy between
states gives rise to a band gap for the material, and the factors that
determine the energy states are shown in Figure 1.3. The band gap can

then be considered to be the sum of these factors (equation 1).3

ERes

Figure 1.3 Diagram of effects contributing to band gap.



a)

b)

c)

Eg:E6r+E6+ERes+ESub+E{nt

Equation 1

FPr - the effect of bond length alternation (BLA). The BLA can be
decreased by contribution to the electronic structure from quinoid
resonance form, which will lead to a decrease in the band gap

(Figure 1.4).

Figure 1.4 Aromatic (1.1) and quinoidal (1.2) structures of poly(p-
phenylene).

By fixing the geometry of neutral poly(p-phenylene) to one of
undoped (aromatic, main contribution to 1.1) and 50 % n-doped
(quinoid, main contribution to 1.2) it has been shown through
computational studies that the HOMO-LUMO gap is smaller for
the quinoid form.4

EP - the dihedral angle between repeating units. Due to the
requirement of p-orbital overlap for conjugation, increasing the
angle between repeat units lessens the p-orbital overlap, breaking
the effective conjugation length and widening the HOMO-LUMO
gap.

ERes - resonance effects from within the monomer units. This can be
explained using poly(isothianaphthalene) as an example (Figure

1.5).5



d)

e)

n n
1.3 1.4

Figure 1.5 Two resonance structures of poly(isothianaphthalene).

Here the stabilisation effect of aromaticity in the thiophene unit in
structure 1.8 is in competition from the stabilisation effect of
aromaticity in the benzene unit in structure 1.4. Since the
stabilisation energy of benzene is greater than that of thiophene,
the band gap of poly(isothianaphthalene) is narrower than that of
polythiophene.?

EPb - gubstituent effects. Electronic effects from substituents on
the cyclic unit can alter the electron density across the backbone,
altering the band gap.

FEnt - effects of interchain interactions. The way molecules pack

into a condensed state can allow for m-m interactions, which can

affect the HOMO-LUMO gap.

The band gaps of conjugated polymers are similar to those of inorganic
semiconductors, and so, like for other semiconductors, assistance 1is
required for the polymer to conduct. This is generally achieved by doping
the material.® In 1977, Hideki Shirakawa, Alan MacDiarmid and Alan
Heeger published a paper on the conductivity of a doped thin film of
poly(acetylene).

L
n
Poly(acetylene)

Figure 1.6 Structure of polyacetylene.

This report has lead to numerous other publications of doped conjugated

small molecules and polymers, forming the basis for the field of organic



electronics which has grown substantially in the past few decades. In
2000, for both their original and continual contribution to this field,
Shirakawa, MacDiarmid and Heeger were awarded the Nobel Prize in

Chemistry.

In inorganic semiconductors, doping is generally done by the introduction
of another semiconductor impurity.! For example, the doping of a pure
sample of silicon, a group 14 element with 4 valence electrons, with a
group 15 element with 5 valence electrons, such as phosphorus, leads to
extra valence electrons, which are easily promoted into the conduction
band. The material is said to be n-doped and extra unpaired electrons will
be able to move into other empty orbitals in the conduction band, thus
enabling a 'flow' of electrons through the material. If, on the other hand, a
group 13 element such as aluminium, which has 3 valence electrons, was
used to dope silicon, a 'hole' would appear in the valence band, which
other electrons would be free to move into, themselves leaving behind a
hole. This is known as p-doping and would again lead to a 'flow' of

electrons through the material and as such lead to electrical conduction.

The 'doping' of organic materials is done in a different way. By reduction
or oxidation, either chemically or electrochemically, an electron can be

either injected or removed from the material, leading to n- or p-doping.4

In the case of poly(acetylene) (Figure 1.7), two electrons can be removed
from the polymer (1.5a) to afford two radical cations (polarons) (1.5b).7
The radicals annihilate to leave two cations (1.5¢), which are also known

as a bipolarons.
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Figure 1.7 Doping of polyacetylene to form a bipolaron.

These charges are now free to move along the polymer chain, and so the

polymer becomes conducting.”

1.3 Applications of organic semiconductors

From the perspective of device fabrication, there are many potential
advantages that organic semiconductors have over inorganic
semiconductors. Conjugated organic materials, including small molecules,
oligomers and polymers, tend to have high solubility in many common
organic solvents, allowing for a range of fabrication methods such as
inkjet printing,® spincoating, and nanolithography.® These materials are
often made from low cost starting compounds and are readily
reproducible. In the solid state (and in films), the materials are often
flexible, which opens up new applications for devices. Currently, the main
disadvantage is the poorer performance of devices made from organic
materials In comparison to inorganic based devices. The main

applications for conjugated organic materials includes:

a) Organic Field Effect Transistors (OFETs)



b) Organic Photovoltaics (OPVs)
¢) Organic Light Emitting Diodes (OLEDs)

d) Organic Lasers

a) Organic Field Effect Transistors
Field Effect Transistors are often used as switches and amplifiers in
electronic equipment. A diagram of the cross section of a simple OFET is

shown below (Figure 1.8).

Source Drain
Semiconductor _.
I Insulator
- | _ |
I Gate

:

Figure 1.8 Diagram of an OFET.

A semiconducting material, which in the case of OFETs would be a
conductive organic small molecule or polymer, is applied on top of a
dielectric, between two electrodes. The dielectric itself is applied atop a
gate electrode.!l! When no potential difference is applied to the gate
electrode no current is observed across the OFET, which is said to be in
an 'off' state. If there is a potential difference applied to the gate electrode
(positive for n-type or negative for p-type semiconductors), this will create
an electric field across the dielectric, altering the conductive ability of the
semiconductor by causing charges to accumulate at the
semiconductor/dielectric interface.? This can be envisioned as altering
the resistance of the semiconductor, thus affecting the source-drain
current. Since the voltage of the gate electrode can be controlled, this
gives the ability to finely tune the drain current of the transistor. While

there has been relatively less development of n-type organic



semiconductors, there i1s a wealth of publications on p-type
semiconductors including those based on acene and thiophene

materials.13-16

High charge-carrier mobility is the most desirable property for organic
materials for applications in OFETSs, which can be enhanced by more
efficient - stacking between molecules in the bulk material. Therefore
small molecules have been widely applied in OFETSs, such as pentacene,
1.6, which has exhibited a charge-carrier mobility of 5 cm2V'1s! as a
polycrystalline material.l4 Due to its poor solubility the fabrication of a
thin film must be done by vacuum deposition. However, Afzali et al. from
IBM were able to functionalise pentacene with a N-sulfinylacetamide in
a Diels-Alder reaction, greatly increasing its solubility, allowing a thin
film to be cast by solution processing (Scheme 1.1).17 By exposing the
compound to elevated temperatures the elimination by a retro-Diels-
Alder reaction afforded the pentacene thin film, albeit with a poorer

charge-carrier mobility of 0.89 cm2V-1g1,

_N
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120-200 °C
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Scheme 1.1 Reversible functionalisation of pentacene.

Direct introduction of solubilising, flexible alkyl side chains can perturb
the mrm stacking of the pentacene units in a film, which would result in a
negative effect on the charge-carrier mobility of the bulk material.
However, by using inflexible spacer groups such as ethynyl moieties
between the pentacene and a range of silyl alkyl chains, an enhanced

solubility of the pentacene compounds is obtained while allowing for

10



optimal irm interactions, affording mobilities of up to 0.4 cm2V-1g1 15 18
Recently, by appropriate modification of dielectic surfaces, mobilites of

around 1.0 cm2V-s1 have been achieved.19-21
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Figure 1.9 Ethynyl-alkyl-silyl-functionalised pentacene.

Oligo- and polythiophenes have also been intensively studied for
applications in OFETs. Oligothiophenes are poorly soluble, and so alkyl
chains are again required to improve solubility, both to allow synthesis of
the oligomers and also for solution processing. This can be achieved by
end group (a, @ or side group (A functionalisation. Interestingly, end
group functionalisation has been shown to improve -7 stacking over that
of the unfunctionalised thiophene, with the alkyl chains promoting the

face to face assembling of the oligothiophenes.22

R R R
I\ s. J N\ s_ U\ I\ s U/ N\ s_ U\
RO\ s ) s R s\ 8T\ s
R R
1.9 1.10
a, o—functionalisation B—functionalisation

Figure 1.10 Examples of alkyl-group functionalisation of

oligothiophene.
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The regioregularity of polythiophene is an area of interest due to the fact
that head-to-head coupling will result in a large dihedral angle between
thiophene units because of the steric hindrance contributed by the alkyl
chains. However, 1t has been demonstrated that regioregular
poly(alkylthiophene)s are partially crystalline and form lamellar

structures to maximise -7 interactions.23

Figure 1.11 Regioregular poly(alkylthiophene).

b) Organic Photovoltaics
Photovoltaic's (PVs), which are popularly known as solar cells, are devices
that produce an electric current from energy collected from light incident

upon the device, a diagram of which is shown below (Figure 1.12):

Active Layer

PEDOT:-PSS

Glass

Figure 1.12 Diagram of an OPV.

An active layer 1s sandwiched between two electrodes, commonly

aluminium for the anode and indium tin oxide for the cathode. Indium tin

12



oxide is often selected due to its transparency. The active layer is a
mixture of two materials, one an electron donor and the other an electron
acceptor. The device operates when light i1s incident upon the active layer
(hence the need for a transparent electrode).24 Incident light produces an
excited state within the donor material, promoting an electron into the
conduction band and creating an exciton (Figure 1.13). The exciton can
then migrate to the donor-acceptor interface where, due to charge
transfer, the excited electron will transfer to the acceptor material. The
radical anion now present in the acceptor material, and the radical cation
left in the donor material, will move towards the opposing electrodes,
affording a current. PEDOT:PSS is often used in OPVs to improve the
surface quality of the cathode as well as acting as a hole extraction layer,
which increases the efficiency of the device,25 and also improves the

thermal annealing of devices.26

hv
To Anode
LUMO
- / —_—
Charge Transfer I Charge Transport I
Acceptor Radical Anion Donor Exciton Donor Radical Cation

To Cathode

Figure 1.13 Creation of an excited state in an OPV.

Originally, organic photovoltaic devices employed a biphasic active layer
(Figure 1.14), where a thin film of donor material was cast on top of the
cathode, to which an acceptor material was then cast.2” One limitation to
the efficiency of such devices was annihilation of excitons before reaching

the bilayer interface, and so only excited states created close to the



interface would exist long enough to charge transfer across the interface.
In 1995 a device employing a bulk heterojunction (BHJ) (Figure 1.14),
where the donor and acceptor material were blended together and cast as

a single layer, was reported.28

Lf)\/O N
4 ©%

Bulk Heterojunction Active Layer

Figure 1.14 Bi-phasic and BHdJ active layers.

By mixing the donor and acceptor material in this way the effective
interface area is greatly increased, which increases the probability that
an exciton will reach an interface before it annihilates, and has led to
BHJ device performances showing significant improvements in
performance over bilayer devices. This mixing of the materials results in
both materials having contact with either electrode, and therefore both
electrodes must be carefully selected such that their work functions are
different enough that they will induce charge transport towards the

desired electrode.29

Materials selected for use in OPVs have the prerequisite that they must
have affinities for opposing charges i.e. one material must be an electron
donor and the other an electron acceptor. Buckminsterfullerenes have
been 1identified as excellent electron acceptors,3® and 1n 1992

photoinduced electron transfer to a film of C60 from a polymer film in a

14



bi-phasic layer system was reported.3! Since that report, fullerenes have
been the most common material used as acceptors in OPVs, and their
performance has yet to be surpassed.3?2 One limitation to using C60 in a
film is its poor solubility and its ability to crystallise over time. This
crystallisation can be retarded by functionalising the macrostructure, as
demonstrated by Wudl et al who synthesised (1-(3-methoxycarbonyl)
propyl-1-phenyl[6,6]Cs1) (PCBM) (Figure 1.15), which has been widely

used as an acceptor material.33

Figure 1.15 (1-(3-Methoxycarbonyl) propyl-1-phenyl[6,61C61) (PCBM).

Materials for use as electron donors have centred around electron-rich
polymers such as poly(3-hexylthiophene) (P3HT) and poly(3-
hexylselenophene) (P3HS).34 35 OPVs based on P3HT and PCBM bulk
heterojunctions are widely reported with efficiencies often around the 5%
mark.36 However, studies on this mixture have shown that choice of
casting solvent,37 external solvent annealing,38 39 and thermal annealing

can all have an effect on the efficiency of the resulting device.40: 41

CeH13 CeH1z
]\ ]\
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n n
P3HT P3HS

Figure 1.16 Poly(3-hexylthiophene) (PSHT) and poly(3-
hexylselenophene) (P3HS).
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Many other polymers and copolymers have also been investigated
including materials based on benzol1,2-b:4,5-b']dithiophene,4? thienol[3,4-
blthiophene,43 and fluorene units.4¢ Recent examples of donor materials
are focused on electron rich fused heterocylces such as
naphthodothiophene, 45 dithieno[3, 2-b:2', 3'-dlthiophene,4 5, 10-di-
hydroindolo[3, 2-b] indole,4” and benzothiadiazole.48

c¢) Organic Light Emitting Diodes

Organic electroluminescent (EL) devices are based upon the emissive
properties of conjugated polymers. In this case, when a potential
difference is applied to the material, the recombination of electrons and
holes within one molecule will produce an excited state.49 In an OLED,
luminescence (light which is emitted from a material where no heat has
been applied) is produced by the relaxation of a molecule from its excited
state within the material. The release of energy from that molecule is in

the form of photons.50

When a molecule is excited, for example by absorption of a photon, its
molecular energy is increased, resulting in an electron being promoted to
a vacant molecular orbital of higher energy.! 49 The molecule is said to be
in an excited electronic state. Frequently, the absorption of energy is such
that the molecule is excited into an upper vibrational level of the excited
state, and will undergo radiationless decay and fall into lower vibrational
level (Figure 1.17). This is commonly caused by collisions with
neighbouring molecules. However, when the molecule is in the lowest
vibrational level of the excited state, surrounding molecules may not be
able to accept the larger energy required to allow the molecules to fall to
the ground state. In order to relax into the ground state the molecule
must emit the excess energy in the form of a photon. This is known as

fluorescence.!
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Figure 1.17 Potential energy diagram of excitation to and relaxation

from an excited state.

Since energy has already been expelled in vibrational transitions, the
emitted photon will have less energy, and therefore a longer wavelength,
than that of the photon which was absorbed. This difference in
wavelength between the absorbed and emitted light is known as the
Stokes' shift.! Fluorescence can be quantified by the quantum efficiency,

®, which is a ratio of photons absorbed by a molecule to photons emitted.

When an electron is promoted to a molecular orbital of higher energy, it
retains its spin and is still paired with the electron it formally shared an
orbital with.! However, as it relaxes through the vibrational levels of the
excited state, under certain conditions the electron spin may change, and

the molecule will exist in a different excited state. The conditions for this

17



phenomenon are usually met by spin orbit coupling.! The state in which
electrons remained paired is known as a singlet state, and when unpaired
as a triplet state. This transition occurs when the singlet and triplet
molecular geometries are the same, indicated on the molecular potential
energy diagram at the point where the curves for each state intersect
(Figure 1.18). The transition between singlet and triplet states is known
as intersystem crossing and is spin forbidden. After intersystem crossing
takes place, the triplet excited state starts to relax via vibration until the

molecule is in the lowest vibrational energy level of the triplet excited

state.

Intersystem Crossing

Singlet Excited State
Triplet Excited State

\/ Singlet Ground State

Molecular Potential Energy

v

Internuclear Separation

Figure 1.18 Potential energy diagram showing intersystem crossing and

phosphorescence.

In order to relax to the ground state, molecules must emit a photon,

however, as the ground state is also a singlet state, this is spin forbidden.

18



Intersystem crossing must again take place, which can be facilitated by
the same spin orbit coupling that allowed the molecule to become a triplet
excited state. As such, emission can still occur, but it 1s much less intense
than that observed for fluorescence. Emission from a triplet state is

commonly known as phosphorescence.

In an OLED, the excited states are created by recombination of electrons
and holes that are injected into a doped conjugated material by the
opposing electrodes. These opposing charges then migrate from molecule
to molecule under the influence of a potential difference, and when they
combine within a single molecule both triplet and singlet excited states

are produced.?0

Since emission due to phosphorescence i1s much less intense that
fluorescence, the electroluminescence observed is mainly produced from
singlet excited states, which are quantified by the internal quantum
efficiency, mint, defined as the number of photons emitted per electron
injected.4% 50 According to Friend et al there are four criteria that must
be met in order to achieve efficient luminescence, namely: a good balance
of electron and hole currents, efficient capturing of electrons and holes
within the emissive layer, strong radiative transitions for singlet
electrons, and efficient coupling of these singlet excited states to photon

states.51

Analogously to OPVs, OLED devices consist of layers of thin films
sandwiched between two electrodes, again employing a transparent
indium tin oxide anode. The first polymer that was found to be
electroluminescent, poly(1,4-phenylene vinylene) (PPV), 1.12, was applied
as a thin film sandwiched directly between two electrodes (of which one
was transparent) and mounted on glass.?? On device operation, light in

the green-yellow area of the spectrum was observed.
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Figure 1.19 Structure of poly(1,4-phenylene vinylene).

Electron Transport Layer

Active Layer

Hole Transport Layer

Figure 1.20 Diagram of a sandwich type OLED device.

Since that first publication, a variety of electroluminescent conjugated
materials have been published. The colour of light observed from the bulk
material is dependent upon the energy of the photons emitted, which is
determined by the HOMO-LUMO gap. The ability to finely tune the
HOMO-LUMO gap of conjugated compounds affords the possibility to
selectively develop a material that will produce light of a certain

wavelength.

An application of OLEDs that has received a great deal of interest is that
for white lighting due to the potential for large scale, paper thin and
flexible light sources. Unlike fluorescent lamps and incandescent bulbs,
no heat is generated from OLEDs, which should therefore theoretically

provide greater power to light conversion. However, since there are no
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examples of white light emitted from a single chromophore it must be
produced either from a multilayered devices, or from carefully designed
copolymers, where the combination of emitted colours creates white light.
In 1995 a white OLED was reported from a multilayered device
employing a red, green and blue emitting layers, with brightness
comparable to that of a fluorescent lamp.53 Jin et al. have demonstrated a
single layer device, where rubrene, an orange emitter and 1,4-bis(1,1-
diphenyl-2-ethenyl)benzene (PEB), a blue emitter (Figure 1.21), were
mixed with polystyrene and deposited from a dichloromethane solution.54
Furthermore, by altering the PEB:rubrene ratio the colour of emission

could be finely tuned.

Q0
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Rubrene PEB

Figure 1.21 Structures of Rubrene and PEB.

Recently, Wang et al reported white emission from a single polymer of
9,9-dioctylfluorene by introducing a low content of 4,7-dithienyl-2,1,3-
benzothiadiazole (DBT) into the polymer chain (Figure 1.22).55

PFO-DBT5

x =0.0005

Figure 1.22 Structure of PFO-DBTS5.
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Further spectroscopic analysis suggested that the excited state of the
DBT moiety, relaxation of which produced orange emission, was
generated from inter-chain energy transfer from a fluorene moiety. Since
there were a far greater number of fluorene units present within the
polymer, there was still a significant amount of blue light emitted from
the polymer, the mixture of which with orange emission produced the

observed white light.

Charge Transport materials

Commonly, in addition to the luminescent layer, two more layers are
applied; electron and hole transport layers. These additional materials
are used to improve electron and hole transport from the electrodes into

the emissive material.

In order for efficient capture of the charge carriers within the emissive
layer, electrons and holes must be injected and transported at the same
rate.5! In the event that injection and transport is favoured for one charge
carrier over the other (the favoured one becoming the majority charge
carrier), some quantity of the majority charge carrier will be extracted by
the opposite electrode, resulting in a loss of efficiency. For the PPV device
mentioned above, for example, holes are the majority charge carrier.52
The injection of electrons into the emissive layer can be increased by the
use of a second, electron deficient material in the EL device, placed
between the emissive layer and the cathode.#® This layer is known as an
electron transport layer (ETL). Thus, there will be an increase in charge
recombination in the emissive layer, and quenching by the cathode will be

significantly reduced.
Selection of a material for an ETL layer is a complex matter. Jenekhe et

al.5¢ have highlighted some important requirements such as reversible

electrochemical reduction, as to inject electrons into the emissive layer,
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electrons must first be injected into the ETL from the cathode, suitable
LUMO and HOMO values, where the LUMO value facilitates not only
electron injection into the emissive layer, but also electron injection from
the cathode into the ETL itself (if the difference in value for the LUMO
and work function of the cathode is too large this will result in high turn-
on and operating voltages), and high electron-mobility such that charge
recombination is more likely to occur as far away from the cathode as is
possible. The above criteria are similarly important for hole transport
materials, where hole injection and hole mobility are the main concern in

the hole transport layer (HTL).

Electron transport materials

Since the first publication of an OLED in 1987,57 which employed tris(8-

hydroxyquinoline) aluminum (Algs), 1.13, (Figure 1.23) as the
electroluminescent layer, (Algs) has been most commonly used as an ETL
layer because of its excellent thin film forming properties and good
thermal stability,?8. 59 as well as improved device efficiencies in

comparison to a wide range of other electron transport materials.

1.13

Figure 1.23 Structure of (Alg3).

The most widely studied class of materials used to date as ETL layers are
the oxadiazoles.4® By nature, oxadiazoles are electron deficient, and so
have poor affinity for holes. 2-(4-Biphenyl)-5-(4-tert-butylphenyD-1,3,4-
oxadiazol (butyl PBD), 1.14 (Figure 1.24), has been applied as an ETL

layer in the PPV sandwich device described above. In this case 1.14 was
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applied as a solid dispersion in poly(methyl methacrylate), an inert

polymer, in order to retard crystallisation.60

N—N

Waatavi

Figure 1.24 2-(4-Biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazol (butyl
PBD).

Comparisons between the PPV devices with and without the ETL layer
showed that while the device containing the ETL layer required a larger
voltage to produce electroluminescence, the internal quantum efficiency
was raised from 0.1 % to 0.8 %.%0 It has been suggested that branched
materials may be able to increase efficiencies to an even greater level
than that of devices containing linear molecules within the ETL layer, as
the branches will increase the probability that an electron will find an
energetically favourable pathway when moving (within the layer) from
one molecule to another. An oxadiazole-containing dendrimer, 1.15, has
been synthesised to exploit this effect (Figure 1.25).61 However,

significant improvement was not observed over the butyl PBD, 1.14.
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Figure 1.25 A 1,3,4-oxadiazole-containing dendrimer.

Quinoxaline units have also received some interest, including the
development of poly(phenylquinoxaline) (PPQ), 1.16 (Figure 1.26).62 Here,
it is the electron deficiency of the quinoxaline units within the polymer

chain that give the polymer an increased affinity for electrons.
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Figure 1.26 poly(phenyl quinoxaline) (PPQ).

A device containing PPQ as the ETL layer was constructed and the
luminescence was quantitatively recorded. In comparison with that of a
device containing the emissive layer only, the device containing PPQ as

an ETL layer showed vastly enhanced luminescence over the single-layer
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device, and efficiencies of 0.35 % compared to that of 0.03 % for the single-

layer device.62

If a material that is to be applied as an ETL has a HOMO energy level
lower than that of the emissive material it is matched with, then the ETL
material will retard the passage of holes from the emissive layer,
demonstrated in Figure 1.27. The material is said to be an electron

conducting/hole blocking (ECHB) material.56
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Figure 1.27 Energy level diagram of the interfaces in an OLED device.

With this concept in mind, perfluorinated materials have been proposed
as ECHB layers, as the presence of perfluorinated groups leads to low
lying HOMO and LUMO levels, as well as thermal and chemical stability
due to the presence of strong C-F bonds.63 Devices using these
perfluoroalkyl materials (1.17, 1.18, Figure 1.28) were found to have

relatively high quantum efficiencies.
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Figure 1.28 Perfluorinated materials used as ECHB layers.

Attempts have also been made to synthesise materials that are soluble in
polar organic solvents in order to employ orthogonal processing, such as
polymer 1.19 (Figure 1.29), a polymer containing alternating phenylene-
oxadiazole-phenylene and fluorene units within the backbone, and polar
tetramethylammonium side-chains.64
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Figure 1.29 (PFON+(CH3)3I--PBD), a water soluble polymer.

This polymer is soluble in polar solvents, and can be applied onto a glass
substrate from a methanol/water mixture. Devices utilising polymer 1.19
as an ECHB layer with a range of different emissive materials, where the
emissive layer was applied from solution in an organic solvent, were
shown to have high quantum efficiencies while overcoming the problem of

mixing at the ECHB layer/emissive layer interface.
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Hole Transport Materials

The wvast majority of materials reported with hole transport
characteristics contain electron rich arylamine components. Early reports
demonstrated N, N'-diphenyl-NV, N’-bis(3-methylphenyl)(1,1-biphenyl)-
4,4-diamine (TPD) as a suitable material for application as a hole
transport layer.65 However, due to the low glass transition temperatures,
alternatives such as /N, N'-bis(1-naphthyl)-N,N-diphenyl-1,1-biphenyl-
4,4-diamine (NPB) and (4,4-di(NV-carbazolyl)biphenyl) (CBP), both of

which have a greater Ty, have been investigated (Figure 1.30).66. 67
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Figure 1.30 Arylamine based hole transport small molecules.

Salbeck et al. have reported compounds based on a spiro-fluorene centre,
include Spiro-TAD (Figure 1.31), which have been implemented as hole
transport layers in both organic transistors as well as OLEDs, and show

even greater Ty values than those in Figure 1.30.68, 69
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Spiro-TAD

Figure 1.31 Spiro-fluorene based hole transport material..

Starburst compounds are also widely used as hole transporting materials.
These compounds generally involve three identical aryl-amine branches
bonded to a central amine core, such as 1,3,5-tris[4-(diph
enylamino)phenyllbenzene (TDAPB) and 4,4',4"-tris[ NV-(3-methylphenyl)-
N-phenylaminoltriphenylamine (m-MTDATA) (Figure 1.32). Such
compounds are amorphous in nature with high Ty values and the ability

to form good thin films.70. 71
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Figure 1.32 Aryl-amine based hole transport starburst compounds.

More recently Yang et al have reported a star-shaped oligomer based
around a hexakis-fluorenyl-benzene core that was end-capped with either
carbazole (HFA-Cz) or diphenyl amine (HFA-Dpa) functionalities (Figure
1.33).2 The hexafluorenyl benzene core provides both high thermal
stability and excellent solubility to allow solution processing. The authors

report efficiencies of devices employing these compounds as HTLs were
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increased by 0.5-0.6 % over those employing NPB, and among the highest

for devices of similar configuration.

HFA

Figure 1.33 Star-shaped hole transport materials.

d) Organic Lasers

Electroluminescent organic materials have also found applications as
gain media in lasers. Lasers emit light of a very narrow spectrum, which
can be focused onto tight spots, even over long distances. Since the first
publication of a laser there has been widespread innovation and lasers
are now used in a wide variety of applications including everyday
electronic devices such as CD/DVD players, barcode scanners and devices

for use in the field of medicine.”3

Lasers consist of a material which amplifies light, by way of stimulated
emission, in a cavity/resonator which will provide optical feedback.
Stimulated emission involves a molecule in an excited state interacting
with an electromagnetic wave such that it relaxes to the ground state
with the emission of a photon that has the same phase, frequency and

direction of the photons of the incident wave. This results in amplification
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of the incident wave. This i1s in contrast to spontaneous emission such as

that observed with OLEDS.
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Figure 1.34 Illustration of stimulated emission.

The material relaxing from its excited state is known as the gain
material. Laser pumping is the act of exciting the gain material, and the
number of molecules in the excited states must be greater than the
number of molecules in the ground state in order for stimulated emission

to be achieved.

The other required component of a laser is an optical resonator consisting
of two mirrors, one of which has high reflective properties and the other
partial reflective properties. The gain medium is placed between these
mirrors which reflect light from the gain medium back through itself
repeatedly, with a portion of the light transmitting through the partially

reflective mirror, which is observed as the laser light exiting the device.
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Mirror Mirror

Gain Medium

I Ve
[ ——

Figure 1.35 Light amplification in a laser.
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While anthracene was the first organic compound that received
significant focus as a gain medium,’ over time other small molecules,
polymers (such as poly(phenylene vinylene)s and poly(fluorene)s679),
dendrimers,80 and spiro-compounds have all seen application in organic
lasers.8! Currently, these materials are optically pumped using diodes
composing of, for example, galium nitride. As discussed previously in this
chapter, electroluminescence 1is observed from some organic
semiconductors by appling a potential difference across the material. This
paves the way for direct electrical pumping of gain material. While this is
an attractive goal which could lead to small, battery operated lasers,
there are severe limitations to electrical pumping which include short
excited state lifetimes and poor gain from transitions due to
phosphoresence. One solution is to indirectly pump the gain material
with an OLED. However, while spontaneous emission has been achieved
in such a way, as demonstrated by Duarte et al,’? stimulated emission

remains a challenge to be overcome.

Distributed feedback (DFB) lasers are a subset of lasers where the gain
materials are applied as a thin film on top of a diffraction grating (Figure
1.36). The grating provides the feedback, and is designed such that the
light emitted from the device is of a specific wavelength.”* The
wavelength of emission supported by a DFB resonator is dependent on
the period of corrugation and effective refractive index of the device
waveguide. The latter can be affected by manipulation with an organic
semiconductor surface.’® This has led to applications as bio-sensors,
where organic probes are bound to the surface and the change in emission
is monitored in the presence of target analytes.8386 In order to introduce
the probes to the surface of the laser, polyelectrolytes are usually applied
on top of the gain materials, to which the probes can then bound to the

device.
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Figure 1.36 Diagram of a DFB laser.

1.4 Fabrication Techniqies

Fabrication of functional devices requires application of an organic
material as a thin film onto a substrate as part of the manufacturing
stage. There are two common types of fabrication for large scale

applications: vacuum deposition and solution processing.

Vacuum deposition involves the sublimation of organic materials onto
substrates under high vacuum.57 This results in well ordered thin films,
the thickness of which can be controlled by varying both the sublimation
and substrate temperatures and pressure.8” However, the utilisation yield
of materials (percentage of material used in fabrication that is
successfully applied to the device) is as low as 20 %, and the pixelation
effect caused by evaporation masks during processing limits large scale

and high resolution applications.88

Solution processing involves dissolving an organic material into solution,
which is applied to a substrate using methods such as inkjet printing and
spin coating. During the application the solvent is evaporated, leaving
behind a thin film of material. By varying the concentration of solution,
and other factors such as the number of drops in inkjet printing and the
speed of rotation during spin coating, the thickness of films can be
controlled. These methods are more easily scaled up, can be adapted for

high-throughput and have lower running costs than vacuum deposition.8?

33



One major drawback for solution processing during fabrication of devices
involving multiple layers of organic materials i1s mixing of adjacent
layers. While the application of the first layer will be fairly routine, the
application of a second layer from a solvent in which the first layer is
soluble in will cause material on the surface of the first layer to
redissolve.89 This results in mixing of materials at the surface interface,
rather than the desired bi-layer with a well defined interface. One
method used to circumvent this problem i1s to develop polymers
possessing functional units which will allow the polymers to be cross-
linked post processing, making them insoluble towards common solvents
under ambient conditions.%: 91 However, this method can result in
undesirable cross-linking, and while some cross-linking can be achieved
photochemically, chemically cross-linking polymers can leave impurities,

resulting from the cross-linking reaction, within the film.

Another method is orthogonal processing, whereby each material to be
solution processed dissolve in a solvent other components of the device
are insoluble in.In some instances, materials will have different solubility
and so orthogonal processing is readily applicable. Elschner et al have
demonstrated fabrication of a multilayer device where the PEDOT:PSS,
HTL and emissive layer were spin-coated from solutions of water, THF
and methanol respectively.?2 However, many materials designed for
applications in organic semiconductors have very similar solubility.
Generally, this derives from the fact that to improve solubility, most
conjugated materials are functionalised with linear or branched
saturated alkyl chains, which are selected due to their highly stable
nature. This affords good solubility in non-polar solvents and poor
solubility in solvents which are polar in nature. In order to employ
orthogonal processing, materials for different layers within a device will

require different side chains in order to change their solubility. In
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practice, this requires the solubility of materials to be determined from
the outset and synthetic routes designed to afford such materials. This
has lead to a great deal of interest in ionic and polar materials, which can

be spin coated from water/alcohol mixtures.93

One varient of orthogonal processing is the use of fluorinated solvents,
which are solvents where a significant proportion of hydrogen atoms are
replaced by fluorine atoms. This results in organic compounds having
poor solubility, and in some cases being completely insoluble, in
fluorinated solvents unless they contain fluorine atoms in their structure.
Ober et al. conducted a series of tests where the performance of a batch of
OFET devices made from P3HT were recorded before and after being
submersed in a variety of solvents for 5 minutes.% It was shown that, as
expected, the non-polar organic solvents dissolved the P3HT layer,
significantly reducing the device performance, while the polar solvents
had little effect on device performance. Results also showed that after
submerging in perfluoroethers (HFE 7100), the performance of the device
was largely unaffected. In addition, the authors also conducted atomic
force microscopy of widely used organic semiconducting materials,
including poly(9,9-dioctylfluorene) and PEDOT:PSS, before and after
submersion in boiling HFE 7100, stating that there was no significant

change in morphology and no cracks or pinholes were observed.%

An increasing percentage of fluorine content within the molecular
structure will generally result in better solubility in fluorinated solvents,
however different fluorinated solvents may also have differing polarity,
which also must be considered. Curran et al, in conducting extraction
studies of fluorinated organic molecules from an organic phase into a
fluorous phase, rather than considering polar/non-polar and fluorous/non-
fluorous as two one dimensional scales, they should be considered as one

two-dimensional scale, as demonstrated in Figure 1.37.95
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Figure 1.37 Polar/non-polar and fluorous/non-fluorous scales.

Considering fluorous solvents this way allows for selection of appropriate
solvents for solution processing. Ober et al. have reported the fabrication
of blue, red and green OLEDs by spin coating co-polymers containing
fluorene units with semiperfluoroalkyl chains, namely RrB, ReR and Re
G, from a range of fluorinated solvents.% The authors also reported the
fabrication of a  multilayered device containing  poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and
poly(9,9-dioctylfluorene), which were spin coated from water and p-xylene
respectively, and RrG and RfR, which were spin coated from two
different fluorinated solvents. This demonstrates the wide applicability of

fluorinated solvents for solution processing.

1.5 Fluorenes

9H-Fluorene, or more commonly known as simply fluorene, is an aromatic
carbocyclic compound containing two benzene rings which are joined with
a methylene bridge and an adjacent direct C-C bond. Due to the fused

nature of the rings, the compound is planar,®” which allows for good
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overlap of the mobitals of the benzene rings across the direct C-C bond.
The potential resonance stabilisation of the fluorenyl anion at the 9-
position means that the protons at that position are acidic in nature,%
and easily deprotonated by a variety of bases. This allows for a range of
functionalisation at the 9 position, which can improve the solubility in a
variety of different solvents by the introduction of alkyl or aryl groups.
Substitution of the methylene carbon serves to prevent oxidation to
fluorenone, 1.21, which occurs readily due to the increase in conjugation

that a carbonyl group would provide.%

(IO 0

Figure 1.38 9H-Fluorene and Fluorenone.

Oligo- and polyfluorenes can be easily synthesised by joining fluorene
units together through the 2- and the 7-positions. Synthesis of oligo- or
polyfluorenes is generally achieved using cross coupling reactions; some
examples include Suzuki-Miyaura,199102 Yamamoto192104 agnd Kumadal%

reactions (schemes 1.2 and 1.3).

R R 1.23

R R
Catalyst (e.g. Pd(0)), Base, Solvent )
< : R s
S0 O
R R

1.22 o MgBr 1.25

1.24
Catalyst (e.g. Pd(0)), Solvent

Scheme 1.2 Suzuki-Miyaura and Kumada reaction routes to

oligofluorenes.
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Scheme 1.3 Yamamoto reaction route to polyfluorene.

The functional group present at the 9-position of the fluorene repeat units
will define the solubility of the polymers (Figure 1.39). Alkyl chains at
this position can affect the degree of aggregation of polymer chains.

Therefore a shorter chain will result in a greater degree of aggregation.

0

m
n=1,2,3,.

1.28

Figure 1.39 Homopolymers of alkylated fluorene.

Poly(dimethylfluorene) and poly(diethylfluorene) are poorly soluble
materials,? whereas poly(dihexylfluorene) and poly(dioctylfluorene) are
soluble in a range of organic solvents.196 Oligomers and polymers of
fluorene all possess absorption maxima in the UV region, and show
emission in the blue region. In oligofluorenes, as the conjugation length
increases with more fluorene units, a narrowing of the band gap is
observed, resulting in a bathochromic shift for both absorption and
emission maxima.9 After six repeat units the wavelength of emission,
420-425 nm, is no longer affected by increasing the conjugation length,
however it is not until twelve repeat units that the wavelength of

absorption, at around 380 nm, is unaffected by conjugation length.%

Tsutsui et al. have developed oligofluorenes with branched alkyl side

chains, F(Pr)5F(MB)2 and F(MB)10F(EH)2 for applications in OFETs
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(Figure 1.40), where the use of branched alkyl chains promotes the
formation of monodomain glassy-nematic films while resisting
crystallisation.10?” Chen et al have also investigated crystallisation of
oligofluorenes with chiral alkyl side chains, showing interesting

crystallisation properties as chain length increases.108

F(Pr)5F(MB)2

F(MB)10F(EH)2

Figure 1.40 Oligo(fluorenes) with branched alkyl chains.

Also for OFET applications Heeney et al. have developed poly(fluorenes)
with an sp2-hybridised carbon atom at the 9-position (Figure 1.41). The
alkyl chains attached to the alkyldiene functionality are therefore
orientated in-plane with the polymer chain, affording reduced distances
between polymer chains in the bulk film and showing charge carrier

mobilities up to 2 x 103 ¢cm?2V-1g1,109
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Figure 1.41 Structure of poly(alkylidene fluorenes).

Due to the blue emission observed from poly(fluorenes) there has been
significant interest in exploring their applicability as the source of blue
light in OLEDs. Coincidentally, the first publication of an OLED utilising
a fluorene homopolymer (in this instance poly(9,9-dihexylfluorene) was

also the first publication of a blue emitting OLED.110

There is also a wealth of examples employing fluorene units in
copolymers. The synthesis of these compounds is made easy by the
Suzuki-Miyaura coupling of fluorenyl boronate esters with other
halogenated heterocycles, affording alternating fluorene-heterocycle
copolymers. The choice of heterocycle will have a bearing on the optical
and electrochemical properties of the resulting polymer, and therefore

potential applications.

Polymers with alternating fluorene and bithiophene components,*4 or
fluorene and thienothiophenes units,!1! have been studied for applications
in OLEDs,44 and OPVs.111 Incorporation of such electron-rich heterocycles
into the polyfluorene chain leads to a reduction of the band gap. A similar
effect is observed with pentacene derivatives to achieve polymers with
band gaps between 1.78 and 2.15 eV, as reported by Bao et al, which
were investigated as materials for OPVs, with polymer 1.31 showing

power conversion efficiencies of 0.68 % (Figure 1.42).112
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Figure 1.42 Poly(fluorene-co-pentacenes).

Through incorporating electron-deficient heterocycles, such as
benzothiadiazole, into the polyfluorene chain a lower LUMO is achieved,
therefore resulting in a contraction of the band gap.l'3 It has been
demonstrated that a fluorene-benzothiadiazole copolymer has improved
electron transport properties compared to that of polyfluorene, with

potential applications as an ETL.114

1.6 Star-Shaped Oligomers

Oligomers can be envisioned as materials that are midway between small
molecules and polymers, offering the best of both worlds. The benefits of
small molecules and polymers are often mutually exclusive. For example,
while small molecules have precise electronic properties such as HOMO
and LUMO levels, polymers, having a range of molecular weights, have
less defined electronic properties. However, conjugated small molecules
without alkyl chain substituents often have poor solubility due to a high
degree of - stacking and require more expensive processing techniques
such as vacuum deposition, whereas polymers often have far superior
solubility and can be processed from a range of low cost techniques e.g.

spin coating.
Oligomers are molecules that contain a small, defined number of repeat

units. Good solubility can be achieved while retaining precise HOMO and

LUMO levels, and high molecular weights provide good thermal stability.

41



The downside of oligomers comes in the synthetic procedures, which often
require many synthetic steps. While purification, including techniques
such as recrystallisation, column chromatography or distillation, of
intermediate compounds after each individual step affords oligomers with
high purity, the synthetic procedures to achieve oligomers are often time

consuming.

Linear oligomers, much like polymers, show efficient movement of charge
carriers along the conjugated backbone, the plane of which can be
considered to be in one directional. An increase in conjugation into other
directions provides the opportunity to improve the electronic properties of
organic materials in these directions, and could help bridge the gap

between linear organic material and metallic behaviour.115

Star-shaped conjugated oligomers are macromolecules where three or
more linear oligomers, referred to as arms, are connected by a central
core unit. The core unit itself may or may not be conjugated. The
geometry of the core, more specifically whether it is planar or not, will
dictate whether the star shaped oligomer will be two or three

dimensional.116

Simple elements such as boron and carbon can act as core (Figure 1.43).
Boron, with trigonal planar geometry, can afford a 2D structure,!1?
whereas the tetrahedral geometry of a carbon core will afford a 3D

structure.118

1.32 1.33

Figure 1.43 Geometry of Boron and Carbon.
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Aromatic carbocyles and heterocycles, due to being planar, will afford
compounds which are 2D in nature and will take part in the mconjugated
backbone. Common examples include benzene, 1.34,119121 which can be
functionalised with between 3 and 6 arms (Figure 1.44), thiophene,

1.35,122 and triazine, 1.36 (Figure 1.45).123

bodh s el

1.34a 1.34b 1.34c 1.34d

Figure 1.44 Possible functionalisation of benzene to afford 2D cores.

XX

S

35 1.36
Figure 1.45 Functionalisation of thiophene and triazine to afford 2D

cores.

By combining oligomeric arms with various cores, a diverse array of star-
shaped oligomers can be achieved. There are two synthetic approaches to

the construction of star shaped oligomers; divergent and convergent

(Figures 1.46 and 1.47).116

X0 X1 X2 X3

Figure 1.46 Divergent approach.

The divergent approach involves the direct, sequential addition of repeat

arm units to the intermediate core structures until the desired arm
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length is obtained (Figure 1.47). This involves firstly the coupling of one
arm unit to the core, then functionalisation of the terminal points of the
arm, followed by coupling of another arm unit. Repetition of these steps
will afford star-shaped oligomers of incremental arm length. An
advantage of this approach is the requirement for only one arm building
block, and the core itself. However, in each case both the coupling of arm
units and functionalisation of the terminal points requires a 3 fold
reaction; that is, there are 3 reaction sites where a reaction will take
place, within the same reaction mixture. The reaction therefore requires
to be as near quantatative as possible, as any drop in yield is increased 3
fold (an 80 % yielding reaction will become almost 50 % overall, for
example). Another common problem associated with the divergent
approach is purification of the desired product and partially reacted by
products from the coupling reaction step. While separation is possible for
smaller star-shaped oligomers, there is little difference in the properties
of the desired product and that of the by-products of incomplete reaction
of oligomers of larger arm length. Therefore, for star-shaped oligomers of

longer arm length this approach becomes less practical.

S
AN TN NS TN

X2 Complete Reaction 2/3 Reacted 1/3 Reacted
Desired Product

Figure 1.47 Incomplete reaction in the divergent approach.

The convergent approach differs from the divergent approach in that the
oligomer arms are first produced in a fashion comparable to that of the
synthesis of linear oligomers. Once arms of a desired length have been

obtained, these are then coupled to the core (Figure 1.48). While this
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approach requires the synthesis of intermediates of differing arm length,
and therefore a greater number of synthetic steps, only one 3-fold

reaction is required to afford the desired star shaped oligomer.

Figure 1.48 Convergent approach.

This approach also circumvents the problem of purification, as the
properties of the products from incomplete reaction are sufficiently

different to allow for good separation (Figure 1.49).

==_=0

J—.
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Complete Reaction
X0 Desired Product 2/3 Reacted 1/3 Reacted

Figure 1.49 Incomplete reaction in the convergent approach.

A variant on the convergent approach is to synthesise oligomeric arms
terminated with a functional group, such that these functional groups
will react together to afford the core unit. One such example
demonstrated by Pei et al. is the SiCly mediated trimerisation of truxene
units with acetyl functionality, 1.37 to afford a star shaped oligomer with

a phenyl core, 1.38 (Scheme 1.4).124
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Scheme 1.4 Phenyl core synthesis from ketone.

Another technique to a afford a phenyl core, as demonstrated by Miillen
et al., is the Diels-Alder reaction of tetrasubstituted cyclopentadienones,
1.39, with disubstituted acetylenes, 1.40 (scheme 1.5).125 In this case, by
incorporating the same substituent on both the acetylene and

cyclopentadienone, a Ds symmetry can be observed in the-star shaped

oligomers, 1.41.
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Scheme 1.5 Phenyl core synthesis from Diels alder reactions.

By implementation of this variant on the convergent approach, star

shaped oligomers containing cores that may not be chemically stable
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towards the reaction conditions of the steps required to produce

oligomers, such as cross-coupling and halogenation, can be synthesised.

1.7 Truxene

10,15-Dihydro-5H-diindenol[1,2-a;1’,2"-c]-fluorene, also known as truxene,
1.42 (Figure 1.50), is a heptacyclic polyarene with Cs symmetry that can
be envisaged as three fluorenes, 1.20 (Figure 1.37), which are

overlapping.126, 127

1.42

Figure 1.50 Labelled truxene.

It has been used as a starting compound, or a core unit, for larger star-
shaped polyarenes such as fullerene fragments and liquid crystalline
compounds.128 129 Positions C5, C10 and C15 can be functionalized with a
range of substituents, commonly saturated alkyl chains, which can
enhance the solubility and processability as well as reduce intermolecular
-7 stacking,130 but there are also examples of unsaturated alkyl,!3! and
phenyl substituents at these positions.132 Cross coupling reactions at the
C2, C7 and C12 positions is the usual method of attaching ‘arms’ to the
core to form the star-shaped oligomers, extending the conjugation length
and altering the photophysical properties of the resulting oligomer

(Figure 1.51).
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Figure 1.51 Substituted and functionalised truxene.

Pei et al reported compounds of oligothiophene arms with lengths
increasing up to 4 thiophene units connected to a central truxene core,
synthesised by the divergent approach (Figure 1.52), which have found

applications in OFETs.126, 133

Ry Ry
AN sty N1
1.44

Figure 1.52 Oligo(thiophene)-functonalised truxenes.

The authors reported an increasing red shift in absorption with
increasing arm length, which were also red shifted in comparison to their
oligo(thiophene) analogues. This difference between the standalone
oligomers and those of the oligo(thiophene)-functionalised truxene
became less with increasing arm length, and the wavelength of
absorption maximum of the quaterthiophene compound was close to that
of the corresponding oligothiophene. The authors attributed this result to
the extended m-conjugation through the truxene core. '1H NMR studies of
the compounds by the authors showed that, since no change in chemical
shift was observed with increasing concentration, the presence of six alkyl
chains on the truxene core effectively prevented self-association. This is

in contrast to reports by Echavarren et al. which demonstrated a change
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in chemical shift of the proton at the C14 position with increasing
concentration of tri-alkyl truxene compounds.134 135 Interestingly, these
reports also demonstrate the selective sym-alkylation of truxene at the
C5, C10 and C15 positions with a range of alkyl, vinyl and benzyl
substituents (Figure 1.53).

1.45

Figure 1.53 syn-Trialkyl truxene.

Pei et al. have also reported the synthesis of truxene core compounds with
oligo(phenylene) arms by what can be considered as a combination of the

divergent and convergent approaches (Figure 1.54).136

Ry Ry

1.46

Figure 1.54 Oligo(phenylene)-functionalised truxenes.

Again, as the length of the oligomer arms increases, a red shift was
observed in the absoption maximum. The authors reported that a plot of
the band gap of the materials against the number of phenyl units in the
arms exhibited a trend towards saturation, indicating a point where

additional phenyl units would not sufficiently alter the band gap.
A truxene core with diphenylamino functionalised spirofluorenes,

synthesised from fluorenone, has been reported, 1.49. The authors note

that the material has hole transport properties, and was successfully
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employed as a HTL in an OLED device.!37 This compound has a very high
glass transition temperature and, due to the trispirocyclic core, excellent
film forming properties which the authors attribute to the free rotation of

the diphenylamino groups.

1.48

n-BuLi, THF

1.49,23 %

Scheme 1.6 Synthesis of spirofluorene-substituted truxene 1.49.

The truxene core can also be substituted with different arms within the
one molecule. An example of this has been reported by Ziessel et al. who
have attached three different difluoroborondipyrromethene (BODIPY)
units (Figure 1.55).138 Each BODIPY was designed to absorb at either the
blue, yellow or green region of the visible spectrum, with the

hexabutyltruxene core absorbing in the UV-vis region.
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Figure 1.55 Substituted BODIPY arms.

The synthesis was carried out by the sequential cross-coupling reaction of
the core with each BODIPY unit to afford a multichromophoric star-
shaped oligomer. Emission spectra of the compounds with truxene core
and only one of each BODIPY showed a profile consistent with emission
from the BODIPY units only in each case, demonstrating efficient
transfer from the truxene to the BODIPY moiety. An absorption spectrum
of the target compound showed absorption contributions from all three
BODIPY units as well as the truxene core, while an emission spectrum
showed that emission from the green BODIPY unit dominated over that
from the other two BODIPYs, regardless of the excitation wavelength,

which 1is attributed to intramolecular self quenching by the green

BODIPY unit.

An example of two truxene units in the same molecule has been reported
by Pei et al, employing spirofluorene, ethynylene and vinylene bridges

(Figure 1.56).139
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Figure 1.56 Bridged truxenes.

The compound with spirofluorene bridge, 1.50a, showed very little
difference in the emission both in solutions and films, indicating
suppression of - aggregation due to the nature of the spiro bridge. The
other two compounds were red-shifted in comparison to the spiro
compound. While the spirofluorene, 1.50a, and ethynylene bridged, 1.50b,
compounds displayed vibronic structure within the emission spectra, the
spectrum of the vinylene bridged compound, 1.50c, was devoid of any
vibronic character, indicating poor mrorbital overlap across the bridge due
to the steric hindrance contributed by the methyl groups, which increase
the dihedral angle between the vinyl and truxene functionalities. This
was supported by the absorbance spectrum of the compound which

showed very little difference to that of hexahexyltruxene itself.

Pei et al. have also reported a truxene dendrimer linked with trivalent
trigonal benzene branching points, 1.51 (Figure 1.57),12¢ as well as
dendimers containing truxene as the nodes, connected with
oligo(thienylethynylene)s of increasing length.140 The absorption
spectrum of 1.51 showed little vibronic characteristics in comparison to

smaller intermediates which the authors attributed to the lack of
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planarity across the phenyl units as a result of the steric hindrance units,
leading to a large dihedral angle between the truxenes and phenyl

moieties.

1.51

Figure 1.57 Phenyl-truxene dendrimer.

In comparison, the dendrimers containing oligo(thienylethynylene)s
bridges between truxene nodes were shown by atomic force microscopy to
be highly planar. These compounds were of incredibly high molecular
weight (27024 Da for the largest) yet still retained good solubility due to
the hexyl chains present on the truxene nodes. The planarity of the
compounds decreased with increasing arm length as demonstrated by a

trend of increasing Stokes shift and decreasing quantum yield.

Tian et al. have reported triphenylamine-based dendrimers with
hexabutyltruxene as a core, Tr-TPA3 and Tr-TPA9 (Figure 1.58).141 In
this instance, the butyl chains, along with the rotation afforded through
the triphenylamine moieties, was sufficient for good solubility to form
thin films. The authors reported good hole transport properties for the

compounds and suggested their use as HTLs in OLEDs.
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Figure 1.58 Tr-TPA3 and Tr-TPA9 HTL materials.

While the vast majority of reports have demonstrated truxene cores with
three oligomer arms at the C2, C7 and C12 positions, there are also
examples of functionalization at the C3, C8 and C13 positions. A
hexahexyltruxene functionalised with six phenyl-carbazole arms has been
reported by Huang et al., the synthesis of which involved the coupling of

boronate ester arms to a hexabromo truxene, 1.52 (Figure 1.59).142

R= H, t-C4H9, Br

1.52

Figure 1.59 Hexaphenylamine-functionalised truxene 1.52.
The authors reported the good solubility of both the butyl substituted and

non-substituted oligomers of 1.52, suggesting that the arrangement of six

4-(carbazolyl)phenyl moieties within the molecules prevents -7 stacking.
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The absence of any vibronic feature within the absorption spectra of the
oligomers supports this argument. The authors also reported the
successful  twelve-fold  bromination by treatment with M
bromosuccinimide, suggesting that the oligomer would be suitable as a

core for even larger oligomers with twelve arms.
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2 Perfluorohexylthiophene end capped

oligofluorene - functionalised truxenes.
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2.1 Introduction

The properties of oligomers and polymers can be affected by the
substituents attached to the hetero- and carbocyles that make up the
conjugated backbone.l43 These substituents, such as alkyl chains or other
functional groups, can donate or withdraw electron density from the
conjugated backbone, for example by inductive effects, altering the
HOMO/LUMO values of the conjugated system, and subsequently, the
band gap. Perfluoroalkyl chains are one type of substituent that can be
attached to the repeat unit of the backbone, where the high percentage of
fluorine present gives rise to a large electron-withdrawing effect,144
pulling electron density away from the conjugated backbone and altering
the electronic properties of the polymer. One synthetic challenge
associated with perfluoroalkyl halides is that they are not suitable
alkylating reagents for Sn2 type reactions, which makes attaching these
types of chains to the repeat unit of an oligomer or polymer difficult
without the use of a spacer group, such as an ethylene linker. However,
employing spacer groups can lessen the inductive effect of the chain,
which must be taken into consideration.14> Due to the widespread use of
poly(thiophenes) such as P3HT, analogous poly(perfluoroalkylthiophenes)
have received some interest due to the ability to affect certain properties
of the polymer, such as the electrochemistry and stability, as well as the
improved chemical resistance and thermal stability that replacing alkyl

hydrogen atoms with fluorine atoms affords.146

Introducing perfluoroalkyl chains can also affect the solubility of
compounds, in that it affords solubility in fluorinated solvents such as
perfluorohexanes and perfluoroethers. This can allow for materials
functionalised with perfluoroalkyl chains to be implemented in

orthogonal processing, by solution processing from fluorinated solvents.
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The Skabara group has previously published work on oligofluorene-
functionalised truxenes,147 and it was in our interest to observe changes
in the optical and electrochemical properties by introducing
perfluorohexylthiophene units at the terminal positions of the of the
oligofluorene arms. Planarity of the backbone is an important concept in
conjugated organic oligomers and polymers, as any twist in the dihedral
angle between aromatic repeat units can lessen the p-orbital overlap,
breaking the effective conjugation length.148 The steric effects of
substituents attached to the hetero- or carbocycles in the conjugated
backbone can induce twisting of the repeat units relative to the plane of
the backbone. Therefore in order to observe if the position of the
perfluorohexyl chains would have an effect, two molecules that are
structural isomers were synthesised and studied to compare their optical
and electrochemical properties. Furthermore, a significantly larger
molecule was synthesised to observe how a molecule with longer
conjugated arms would also be affected by the perfluorohexylthiophene
units. The solubility of these compounds in highly fluorous solvents,

namely perfluorohexanes and perfluoroethers, was also tested.

2.2 Synthesis

The original synthetic route selected was to produce oligofluorene-
truxenes, using the convergent approach, and to couple them with
perfluorohexyl thiophene units at the terminal positions of the
oligofluorene arms. The synthesis of the truxene core is presented in
scheme 2.1.147 A condensation reaction of 1-indanone produced the
unfunctionalised truxene, 1.44, which has poor solubility. Alkylation by
successive treatment with nbutyllithium and the addition of 1-
bromohexane is required to improve solubility before bromination with

bromine in CH2Cls to afford the functionalised core 2.3.
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O i) n-BulLi

o O ||) n- CGH13Br
3
) CH3;COOH .O. THF

21 1.44, 88 % Bry 2.2,88 %

2.3, 68%

Scheme 2.1 Synthesis and functionalization of truxene core.

The synthesis of the oligofluorene arms is shown in schemes 2.2 and 2.3.
2,7-Dibromo-9,9-dihexylfluorene 2.5 was obtained from the dialkylation
and dibromination of fluorene 1.20. Compound 2.5 is converted to the
boronic acid 2.6 by substitution of one bromine with a trimethylsilyl
group and the conversion of the other to a boronic acid. This one pot

reaction afforded compound 2.6 in good yield (scheme 2.2).

Hex Hex Hex Hex
. NaOH Br,
Q O "GeH13Br Q.O CHcl,  Br Q.O Br
DMSO
1.20 2.4,65% 2.5, 86 %
i) n-BuLi
i) Me3SiCl
iii) n-BuLi
iv) (FOPr);B
THF
Hex Hex
Me;Si Q.O B(OH),
2.6, 60 %

Scheme 2.2 Functionalization of fluorene.
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Compound 2.6 was then used as a starting block for the oligofluorene
arms. The bifluorene, 2.7, was synthesised by Suzuki-Miyaura coupling of
the boronic acid 2.6 with the dibromide 2.5. In order to diminish
formation of the terfluorene by twofold coupling of 2.5 with 2.6, 3
equivalents of 2.5 were used in the reaction. These conditions afforded
compound 2.7 in good yield, while a significant portion of unreacted
dibromide 2.5 can be isolated and recovered during the purification
process. Treatment of 2.7 with n-butylithium followed by the addition of
triisopropyl borate afforded the bifluorenyl boronic acid 2.8. Using the
same conditions as those which produced compound 2.8, compound 2.10

was then prepared.

Hex Hex
(e
Hex Hex 25 Hex Hex
Toluene >
2.6 2.7
i) n-BulLi THE
Hex Hex ii) (-OPr)3;B

Hex Hex BrBr
Hex Hex
Me3SiBr 25 Me3SiB(OH)2
3
2
2.8

Pd(PPhs)4, Na,CO3
29 Toluene

i) n-BuLi THE
ii) (i-OPr)3B

Hex Hex

MegsiB(OH)z
3
2.10

Scheme 2.3 Syntheisis of oligofluorene arms.

60



The trimethylsilyl terminated oligofluorene truxenes were then
synthesised by reaction of either compounds 2.6, 2.8 or 2.10 with
functionalised truxene 2.3. For these reactions, a stronger base, barium
hydroxide, was employed, affording the TXSi compounds in high yields,
where X refers to the number of fluorene units in each arm. Reaction of
these compounds with bromine in a basic solution of THF afforded the

brominated compounds TXBr.149

Hex Hex

+ (HO)2BSiMe3
n

2.6,2.8 or 2.10

Pd(PPhs),,
Ba(OH),
THF

n=1, T18i, 95 %
— n=2, T2Si, 97 %
n=3, T3Si, 94 %

Br,, NaOAc
THF

n=1, T1Br, 92 %
‘> n=2, T2Br, 83 %
n=3, T3Br, 89 %

Scheme 2.4 Coupling of oligofluorene arms to truxene core.
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3-Perfluorohexylthiophene 2.13 was synthesised from 3-
bromothiophene2.62 2.11 via initial halogen exchange, using the method
described by Buchwald et al ,150 to afford 3-iodothiophene 2.12, which
then underwent a copper mediated coupling reaction with perfluorohexyl
iodide (Scheme 2.5). A one-pot, two-step reaction was then used to
functionalise the thiophene with a trimethylsilyl group at the C2 position,
and a trimethyltin group at the C5 position.

Cul

Br CH3NH(CH,),NHCH; C6F13I CeF13
Z/ \g Nal, 1,4-dioxane, 110 °C Z g DMF, 130 °C [\
s S
2.11 212,75 % 213,64 %
i) n-BuLi
ii) CISiMes
iii) n-BuLi
iv) CISnMe; /diﬁlzﬁ
I\
THF MesSn~ g~ ~SiMe;
214,70 %

Scheme 2.5 Preparation of compound 2.14.

Attempts to couple compound 2.14 to T2Br afforded an inseparable
mixture of products from incomplete coupling. This synthetic step
requires three reactions on the one molecule, and if these reactions are
not sufficiently high yielding then it is likely that mixtures from partial
coupling will be observed. It was therefore clear that a different synthetic

route was required in order to afford the target molecules.

CeF13
Hex Hex MesSi \ SnMe; Hex Hex
AT 0.0 er 2 AT 0.0 e
Hex Hex P?(()EJF(;?%) Hex Hex CeF13
T2Br 2.15

Scheme 2.6 Attempted coupling of perfluorohexyl thiophene to T2Br.
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Since the coupling reaction of fluorenyl boronic acids with the
tribromotruxene core are almost quantitative in yield (see Scheme 2.4),
the new synthetic route selected involved the coupling of 3-
perfluorohexylthiophene with one fluorene unit. The resulting fluorene-
thiophene substrate could then be functionalised and coupled to the
truxene core. Lithiation of 3-perfluorohexylthiophene, 2.13, and
treatment with perfluorohexyl iodide gave the product 2-iodo-3-
perfluorohexylthiophene 2.16. The regioselectivity of this reaction was
poor, and the product was obtained as a mixture with its isomer, 2-10do-4-
perfluorohexylthiophene, which was separated by column
chromatography. Compound 2.16 then wunderwent Suzuki-Miyaura
coupling with 2.6, and the product obtained, 2.17, was deprotected by
bromination and then reacted with bis(pinacolato)diboron to afford

boronic ester 2.19.

2.6
i) "Buli Pd(PPhy)s B
3)4 2
CeF13 i) CeF13l CeF13 Ba(OH), Hex, Hex C6F13 NaOAc
_ > _ >
4 \; THF U\ THF MesSi .
s S
213,64 % 2.16, 16% 2.17. 16%

Hex Hex C6F13 j: :é Hex Hex C6F13
/ A
Br O'O s\ Pd(PPhs),, KOAC O O s\
14D|oxane
2.18, 82% 2.19, 46%

Scheme 2.7 Synthesis of thiophene-fluorene arm for 3-isomer.

While Scheme 2.7 shows the synthetic route that afforded the target
material where the perfluorohexyl chain is attached to the C3-position of
the thiophene, Scheme 2.8 shows the synthetic route that affords
perfluorohexyl chain at the C4-position of the thiophene. The synthesis of
2-iodo-4-perfluorohexylthiophene, 2.24, began with treatment of 3-
bromothiophene, 2.11, with lithium Dbis(trimethylsilyl)amide and
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chlorotrimethylsilane to afford 2-trimethylsilyl-3-bromothiophene, 2.20.
However, although conditions were unchanged, the halogen exchange
reaction used to afford 2.21 was poorer yielding than that which produced
2.12. A 'H NMR spectra of a sample from the reaction mixture showed
that this was due to incomplete conversion from the bromide to the
1odide. The poorer conversion is attributed to the increased steric bulk
provided by the trimethylsilyl group at the mneighbouring carbon
inhibiting insertion of the copper iodide into the carbon-bromine bond.
The inability to separate 2.20 and 2.21 meant that this mixture was not
further purified, and the mixture was taken forward. The subsequent
copper mediated coupling reaction to afford 2.22 was also poor yielding
and a mixture of 2.20, 2.21 and 2.22 was obtained, which was determined
again by a 1H NMR of a sample of the reaction mixture. Compound 2.22
was recovered pure by a fluorinous extraction from a 5 % water/ethanol
solution. Lithiation and treatment with perfluorohexyliodide afforded
2.23, which was then deprotected using TBAF to afford 2.24. The boronic

ester 2.27 was then synthesized using the same steps as compound 2.19.

64



) LIHMDS Cul Cu

||) TMSCI Br CH3NHCH,CH,NHCH; ' CoF 13l
Z g e ) Nal, Dioxane, 120 °C U\ DMF
s~ "SiMe; al, Dioxane, s~ “SiMe;
2.1 2.20, 90 % 2.21, 43 %,
with residual 2.20
')”BuLi
CeF13 CeF13| CeF13 TBAF CeF13 2.6
S 3
SiMe; 1" Ng” ~SiMes I~ g Pd(PPhs),
Ba(OH),
2.22, 28 % 2.23,87 % 2.24,83 % THF
Br.
Hex Hex CeF13 NaOzAc Hex Hex CeF13
. 7 — ' / \
Me;Si . Br
OO w0
2.25 55 % 2.26,91 %

2L e S

KOAc
Dioxane 2.27,30 %

Scheme 2.8 Synthesis of thiophene-fluorene arm for 4-isomer.

T1-3FTh and T1-4FTh were then synthesized by Suzuki-Miyaura coupling
of 2.8 and the relevant boronate ester, 2.19 or 2.28 (Scheme 2.9).
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S
Hex Hex
2.19 or 2.28
Pd(PPhj3),,
Ba(OH),
THF
80 °C
R2

T1FTh: Ry = CeF43, Ry = H, 72%
T1-4FTh: Ry = H, Ry = CeF 13, 75% e

Rz

Scheme 2.9 Coupling of arms to truxene core.

T4-4FTh (Scheme 2.10) was synthesized by coupling 2.28 with T3Br.
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2.29

Pd(PPhs),,
Ba(OH),
THF
80 °C

Scheme 2.10 Synthesis of T4-4FTh.
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2.3 Results and Discussion

In comparison to the corresponding spectra of T1 and T4, the introduction
of perfluorohexyl thiophene units to the terminal positions on the arms
leads to a red shift in absorption (Table 2.1). The red shift observed
within the 4FTh — substituted series (T1-4FTh and T4-4FTh) increases
with increasing chain length. The absorption of the oligomers in solution
(dichloromethane), shown in Figure 2.1, all exhibit strong
transitions. The maximum absorption band was observed at 349 nm for
T1-3FTh, 362 nm for T1-4FTh, and 380 nm for T4-4FTh. Using the onset of
absorption, the optical HOMO-LUMO gaps were estimated to be 3.22,
3.18 and 3.05 eV for T1-3FTh, T1-4FTh and T4-4FTh, respectively. In
comparison to the HOMO-LUMO gap for T1, the gaps for T1-3FTh and
T1-4FTh are slightly narrower. With regards to the HOMO-LUMO gap of
T4-4FTh, there is no observed difference between itself and that of T4.

—— T1-°FTh

Normalised Absorbance (a.u.)

0.0

T T T T T T T ! I ! 1
340 360 380 400 420 440
Wavelength (nm)

Figure 2.1 Normalised absorbance of TX-YFTh materials in solution

(CH2Clg, 1 x106 M).
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Compound Amax (nm) Onset (nm) € HOMO-LUMO
Absorption (mM1 cm?) Gap (eV)
(CH2Cl2)
T1-3FTh 349 387 306 3.22
T1-4FTh 362 392 323 3.18
T4-4FTh 380 409 385 3.05
T1a 343 : : 3.29
T4a 374 - - 3.05

aValues obtained from the literature!4?

Table 2.1 Absorbance Data for TX-YFTh and TX materials.

The emission spectra for the oligomers are shown in Figure 2.2. The
maximum wavelength of emission was observed at 412 nm for T1-3FTh,
402 nm for T1-4FTh, and 421 nm for T4-¢FTh. Comparison of the spectra
for T1-3FTh and T1-4FTh shows a pronounced vibronic feature at 418 nm
in the spectrum for T1-4FTh, that is not observed in the spectrum of T1-
SFTh. This is an indication of the planarity of the T1-4FTh molecule’s
ground state in comparison to that of its isomer. While the emission
spectrum of T4-4FTh also reveals the vibronic structure, it is less
pronounced, with a shoulder at 440 nm. The Stokes shift for T1-4FTh and
T4-4FTh are 40 and 41 nm respectively; however the shift for T1-3FTh is
larger, at around 63 nm. This is an indication that the excited state of T1-
3FTh undergoes a greater conformational change before emission than
that of T1-4FTh, which is further evidence of the greater planarity in the
T1-4FTh ground state compared to that of its isomer. The
photoluminescence quantum yield of T1-4FTh and T4-4FTh was estimated
by measuring the absorbance and emission at varying concentrations and
plotting the value of the integrated emission against 1-104bs affording a
straight line relationship. Similar studies were also carried out on 9,10-
diphenylanthracene, which was used as a standard with a known
quantum yield.15! These gave PLQY values of 0.86 and 0.93 for T1-4FTh
and T4-4FTh compounds respectively.
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Normalised Emission (a.u.)

o —— T1-°FTh

' / —— T1-FTh
/ —— T4-FTh
08 |
064 |/ \\

044/

024/

0.0 T T T T T T T T T 1
400 440 480 520 560 600
Wavelength (nm)

Figure 2.2 Normalised emission of TX-YFTh materials materials in

solution (CH2Cls, 5 x107 M).

Compound Amax (nm) Emission ®pr, (CH2Cl2)
(CH:Cly)
T1-3FTh 412 -
T1-4FTh 402, 418 0.86
T4-4FTh 421, 440sh 0.93
T1a 375sh, 396, 416sh -
T4a 411, 436, 460sh -

Table 2.2 Emission Data for TX-YFTh and TX materials.
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Figure 2.3 Plot of absorbance vs integral of emission.

The cyclic voltammograms for the oxidation and reduction of the
oligomers are shown in Figures 2.4-2.6. T1-3FTh showed one irreversible
oxidation peak at +1.09 V, and a reduction peak was found at -2.22 V.
From the onset of the oxidation and reduction peaks the HOMO level was
estimated to be -5.72 eV, and the LUMO -2.74 eV, using data referenced
to the ferrocene/ferrocenium redox couple, which has a known value of -
4.8 eV.152,153 In comparison to the HOMO and LUMO values for T1 (-5.6
and -2.2 eV),147 there is a decrease in the HOMO and a large decrease in
the LUMO, resulting in a contraction of the HOMO-LUMO gap. For T1-
4FTh, quasi-reversible oxidation peaks were found at +0.86 and +1.03 V,
while irreversible peaks were found at +1.26 and +1.44 V. A reduction
peak was observed at -2.84 V. From the onset of the oxidation and
reduction peaks the HOMO level was estimated to be -5.55 eV, and the
LUMO -2.39 eV. In comparison to the values of T1, there is no significant
difference in the HOMO value, while the LUMO decreased, resulting in a
narrowed electrochemical HOMO-LUMO gap. A similar effect is observed
for T4-4FTh in comparison with T4,147 where the HOMO is -5.53 eV
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compared to -5.5 eV for T4 and the LUMO is lower (-2.35 eV for T4-4FTh
and -2.3 eV for T4). While there is good agreement between the values of
electrochemical and optical HOMO-LUMO gap for T1-4FTh and T4-¢FTh
oligomers, for T1-3FTh there is a difference of 0.24 eV.

Current (uA)
Current (uA)
Y

04

T T T T T T T T T T 1 LI L S B S B B N S S
-06 -04 -02 00 02 04 06 08 10 12 14 16 -26 -24 -22 -20 -1.8 -16 -14 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Voltage (V) vs. Fc/Fc* Voltage (V) vs. Fc/F¢”

Figure 2.4 Oxidation (left) and reduction (right) waves from cyclic
voltammetry of T1-3FTh in dichloromethane, electrolyte 0.1 M

BusNPFs, glassy carbon electrode, scan rate 100 mVs1.

354
304
254
204 -20 4

154

Current (uA)
Current (uA)

104

54

04

5

——————T——T——T——T——T——T——T—— T T T T T T T
04 -02 00 02 04 06 08 10 12 14 16 18 -3.0 25 2.0 15 -1.0 05 0.0
Voltage (V) vs. Fc/Fc" Voltage (V) vs. Fc/Fc’

Figure 2.5 Oxidation (left) and reduction (right) waves from cyclic
voltammetry of T1-4FTh in tetrahydrofuran, electrolyte 0.1 M

BusNPFs, glassy carbon electrode, scan rate 100 mVs-1.
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Current, pA
Current (uA)

T T u T ) T T T T T
1.0 05 0.0 05 1.0 15 30 25 20 15 1.0 0.5
Voltage (V) vs. Fc/Fc Voltage (V) vs. Fc/Fc®

Figure 2.6 Oxidation (left) and reduction (right) waves from cyclic
voltammetry of T4-4FTh in 1:1 acetonitrile/benzene, electrolyte 0.1 M

BusNPFs, glassy carbon electrode, scan rate 100 mVs1.

Compound | Eox (V) Peaks HOMO Ered (V) Peaks LUMO HOMO-LUMO
Epa/Epc or Epa? Ep Gap (eV)
T1-3FTh +1.09 -5.72 -2.22 -2.74 2.98
T1-4FTh +0.86/0.79 -5.55 -2.84 -2.39 3.16
+1.03/0.96
+1.26P
+1.44b
T4-+FTh +0.91/+0.82¢ -5.53 -2.59 -2.35 3.18
+1.11c
T1d - -5.6 - -2.2 3.4
T44d - -5.5 - -2.3 3.2

aNo cathodic peak is reported where the wave is irreversible, 2Peak exists
as a shoulder, ‘T'wo unresolved single electron peaks, ¢Values obtained
from the literature.147

Table 2.3 Electrochemical Data for TX-YFTh and TX.

In order to rationalise the difference in optical and structural properties
between the two isomers, DFT calculations were performed on the
smaller truxenes (Figures 2.7 and 2.8). The T1-3FTh and T1-4FTh
structures were optimised in the gas-phase using the BP86-D
functional 154156 with the def2-TZVP basis set,!57 implemented in

TURBOMOLE 6.3.1.158 The optimisations were carried out using the RI-J
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approximation.!® The hexyl chains on the fluorene units were shortened

to methyl groups in the model in order to decrease the computational cost
of the simulation.
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Figure 2.7 HOMO-1 (bottom, left), HOMO (bottom, right), LUMO (top,
left) and LUMO+1 (top, right) of T1-8FTh. Coloured regions indicate the

different phases within the molecular orbitals.
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Figure 2.8 HOMO-1 (bottom, left), HOMO (bottom, right), LUMO (top,
left) and LUMO+1 (top, right) of T1-4FTh. Coloured regions indicate the

different phases within the molecular orbitals.

The main structural difference observed is the degree of twisting between
the fluorene and thiophene in the two structures. The average dihedral
angle in T1-3FTh is 40.9° whilst there is a much smaller twist of 6.4° in
T1-4FTh. The frontier orbitals of the isomers were also compared and are
shown below (Figures 2.7 and 2.8). The HOMO-1 and HOMO for both
molecules (AE[T1-3FTh]=0.0054 eV and AE[T1-4FTh]=0.0030 eV) are
essentially degenerate and show a splitting due to a slight break in
symmetry. This is also the case for the LUMO and LUMO+1 of each
isomer (AE[T1-3FTh]=0.013 eV and AE[T1-4FTh]=0.0047 eV). The HOMO-
1 and HOMO of the compounds show there to be a larger contribution of
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the thiophene unit to the conjugation of the molecule in T1-4FTh
compared to T1-3FTh. This reaffirms that the thiophene unit of T1-3FTh
1s too twisted to contribute significantly to the conjugation of the

molecule.

2.4 Conclusions and Future Work

In conclusion, three new star-shaped oligomers, namely T1-3FTh, T1-
4FTh, T4-4FTh. have been synthesised. For the smaller molecules, the
presence of the powerfully electron withdrawing perfluorohexyl chain
within the molecules leads to a more stabilised LUMO, in comparison to
the non-substituted analogue T1. The optical and electrochemical
properties of the molecules with shorter oligofluorene arms are altered to
a much greater extent than the conjugated system containing longer
oligofluorene arms, where HOMO and LUMO levels as well as the optical
HOMO-LUMO gaps remain essentially the same for the substituted and
the parent systems. The electrochemical properties of T1-3FTh are more
affected by the presence of the perfluoroalkyl thiophene substituent than
those of T1-4FTh.

Unfortunately, the materials were found to have poor solubility in
fluorinated solvents such as perfluorohexanes and perfluoroethers. We
believe that greater fluorine content is required within the molecules for
them to be soluble in such solvents. One way to achieve this would be to
alter the alkyl chains attached to the fluorenes throughout the molecule
with perfluoroalkyl chains. However, perfluoroalkyl chains do not
undergo Sn2 type reactions and therefore there is no way to readily
alkylate the fluorene units. One solution to this challenge is to employ
short alkyl spacer groups, such as methylene and ethylene groups. While
this allows for easy alkylation of carbocylic and heterocylic units, it places
the perfluorohexyl chain further away from the conjugated unit and

therefore lessens the electronic effects. Ober et al have demonstrated the
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synthesis of semiperfluoroalkyl polyfluorenes, with both (CHg)2 and
(CHg2)4 spacer units, reporting good solubility in fluorinated solvents.144
Optical and electrochemical studies of these materials showed that, in
comparison to alkylated polyfluorenes the HOMO and LUMO levels were
reduced with a widening on the band gap. The alkylation of the fluorene
monomers with (CHg)2 spacer groups required n-butyllithium as the base,
followed by bromination under harsh conditions. The resulting dibromide
was not reactive towards lithium-halogen exchange, and therefore it
would not be possible to asymmetrically functionalise the fluorene unit.
However, in the course of these studies we have demonstrated the
semiperfluororalkylation  of  2,7-dibromofluorene  using lithium
diisopropylamine as base to afford compound 2.831 (Scheme 2.11),with
yields consistent with those reported by Ober et al.

i) LDA

ii) ICH,CHy(CgF43)

iii) LDA CeF13 CeF13
iV) |CH2CH2(CGF13)

O R, X

2.30 2.31,50 %

Scheme 2.11 Semi-pefluoroalkylation of fluorene.

Using these conditions, a monobromo-semiperfluoroalkyl-fluorene, 2.33,
could be synthesised (Scheme 2.12). Through reaction of 2.33 with
bispinacolatodiboron under Suzuki-Miyaura conditions, compound 2.34
can be synthesised, and used as a starting block to afford oligo(fluorenes)
containing semiperfluoroalkyl chains (Scheme 2.13), which to date have
not been investigated. This could then lead to a route towards starshaped

semiperfluoroalkyl oligofluorenes.
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i) LDA
i) ICH,CH,(CgF43)
iii) LDA CeF13 CsF13
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n

Toluene

235 2.36

Scheme 2.13 Coupling of semiperfluoroalkyl-fluorene.

While having longer alkyl spacers would allow for easier synthesis of such
compounds, as demonstrated by Ober et al, they would also inhibit m-r
stacking of the oligomers in the bulk material due to longer chain length.
A further downside would also be in the increased molecular weight of
material without any increase in fluorophore units, which is undesirable.
One alternative to this would be to employ longer alkyl spacer groups
with shorter perfluoroalkyl chain length. However, the length of the
perfluoroalkyl chain will have an effect on solubility in fluorinated
solvents, and therefore the length of alkyl/perfluoro alkyl chain must be

carefully selected.
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3 Tri(ethylene glycol) substituted

oligofluorene-functionalised truxenes
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3.1 Introduction

As stated previously within this report, the alkyl chains present at the 9-
positions of the fluorene unit have a dual purpose; protecting the position
against oxidation whilst also providing solubility. By applying alkyl
chains with varying polariy, the solubility of the overall fluorene unit can
be manipulated. The most common substituents reported are linear alkyl
chains, which provide solubility in non-polar solvents and, depending on
length, inhibit aggregation. For the purpose of orthogonal processing it
was in our interest to develop fluorene based materials that are soluble in
polar solvents. To obtain solubility in polar solvents such as methanol,
acetonitrile and even water there are two approaches: covalent and non

covalent.

The covalent approach involves the introduction of alkyl chains which are
covalent in nature whilst affording polar solubility. The most common
examples are those employing ethylene glycol chains 3.1,104, 160-165 gnd
other examples include alkyl chains terminated with diethanol-amino

3.2,166 and phosphonate functionalities, 3.3.167

TEG TEG
NP
3.1
OH HO
N N 4/
HO_\_N/_/ \_\N_/_OH (/)\P/O O\P/(\)
(o) ~0

0 4%e

Figure 3.1 Examples of covalent polar fluorenes.
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The HOMO-LUMO levels of polymers and co-polymers of these units are
such that they have been applied as ETLs,167. 168 sgome of which also show
effective hole blocking properties. In each case excellent electron injection
was observed, which is rationalised by the ability of lone pairs on the
heteroatoms of the side chains to coordinate to metal cathodes, such as
aluminium.!®9 This creates an interfacial layer which facilitates efficient

electron injection from the electrode.

The non covalent approach involves alkyl chains with ionic terminal
groups, which usually results in high solubility in water/alcohol mixtures.
By far the most common examples are ammonium terminated alkyl
chains, with a range of counterions possible.64 170173 The selection of the
counterion is an important one, as different counterions influence the
optical and electrochemical properties of the overall polymer or oligomer
to varying degrees, which allows for the tuning of these properties. Yang
et al. investigated the effect of counterion on a benzothiadiazole and

fluorene copolymer.174

CF3

/=N
X= Br, BF4, CF3,SO3, PFG, B N\) s B
4 4

CF3

Figure 3.2 Fluorene with ionic side chains with varying counterions.

The authors found a general trend where the quantum yield of
photoluminescence increased with increasing size of counterion in the
solid state and in water, whereas the same trend was not observed for

solvents including DMSO. This trend was attributed to the greater inter-
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chain distance with increasing counterion size, which is believed to

directly decrease the level of photoluminescence self quenching.

Recently, Lonergan et al have reported poly(fluorene-co-alt-fluorene)s
polyelectrolytes based on repeat units of 3.1 and a fluorene unit
substituted with alkyl chains containing a sodium sulfonate group
(Figure 3.3). By varying the monomer ratios, the ionic character of the
polymer (the ratio of ionic functional groups to aromatic rings) could be

controlled.175

NaO3S(H,C)s ., (CH5)SO3Na TEG TEG

TEG TEG TEG TEG z

TEG
SPF,

Figure 3.3 Structure of SPF,TEG,

One drawback of using ionic species in conducting polymers is their
instability towards doping. Sax et al have demonstrated that an OLED
device employing a poly(fluorene) substituted with the sodium salt of an
alkyl sulfonic acid chain, which afforded the polymer good solubility in
water, as an electron transport layer gave evidence of increasing onset
voltages and smaller electroluminescence efficiency over time when a bias
was applied.1”® The authors attributed this phenomenon to the fact that
the cation counterions moved under bias towards the cathode, while the
anions remain fixed in place on the side chains of the polymer. This
effectively resulted in n-doped and p-doped areas within the material in

the device, leading to a change in the device performance over time.
The approach taken within this research was to alter the side chains of

the previously published oligofluorene-functionalised truxenes such that

the resulting analogues were soluble in polar solvents for the purpose of
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orthogonal processing. Due to the instability of ionic based materials

towards doping, the covalent approach was selected.

3.2 Synthesis

At the time of conducting the research no direct route to compound 3.1
had been reported directly from commercially available material.
Therefore a synthetic route to compound 3.8, which would be the repeat
unit within the oligomers, was required. Triethylene glycol mono methyl
ether 3.5 was selected due to its wide availability at low cost, and is

converted to the tosylate derivative, TEGOTSs 3.6, in almost quantitative

yield.
o oH TsCl, NEt; o
e S e - \o/\/O\/\o/\/OﬁQ
CH2C|2 O
3.5 3.6,98 %

Scheme 3.1 Preparation of TEGOTS, 3.6.

However, using the tosylate 3.6 as the alkylating reagent with fluorene
did not afford the target material (Scheme 3.2), and instead a mixture of

partially alkylated material and starting materials was obtained.

TEG TEG
. TEGOTs
-0 o (10)
1.20 3.1

Scheme 3.2 Unsuccessful alkylation of fluorene with TEG chains.

The tosylate 3.6 was then converted to the bromide derivative under
Finkelstein conditions similar to those reported by Swager et al177 In this
instance, by using lithium bromide as the salt, the bromide derviative, 3.7
TEGBr, was obtained pure after distillation. Recently, Turner et al have

reported a very similar route to convert 3.6 to 3.7, using sodium bromide
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as the salt and acetone as the solvent, albeit with a poorer yield.17® By
using the bromide as the alkyalting reagent the di-TEG-fluorene, 3.1, was
obtained (Scheme 3.3).

fo) .
m LiBr
_ - . (@) B
\O/\\/O\//\o/\\/O ﬁ S SO NPT
0 utanone
3.6 37,91 %
TEG TEG
. TEGBr
O O t-BUOK, CH,Cl, 0.0
1.20 31,61%

Scheme 3.3 Successful alkylation of fluorene with TEG chains.

In order to further functionalise the fluorene unit halogenation was first
required. However, bromination under the conditions reported for that of
2,7-dibromo-9,9-dihexylfluorene, 2.5, did not afford the desired product.
1H NMR of the crude reaction mixture displayed a complex array of peaks
between 3 and 4 ppm, where the -CHa- peaks for the TEG chains
normally appear. It was assumed that the TEG chains were not stable
under the conditions for bromination. Therefore, in order to circumvent
this problem bromination of fluorene was performed first, followed by

alkylation, in order to form compound 3.8 (Scheme 3.4).

TEG TEG TEG TEG

Br2
———
D e L

3.1 3.8
eos TEG TEG

]
(3 e =™ -

CH,Cl £BUOK, CH,Cl, Br Q O Br

1.20 2.30,94 % 3.8, 86 %

Scheme 3.4 Alkylation of 2,7-dibromofluorene with TEG chains.
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Attempts to synthesise a truxene core with TEG alkyl chains were
unsuccessful (Scheme 3.5). The sequential process of deprotonation and
addition of electrophile, then a second deprotonation and addition of
excess electrophile gave multiple inseparable products which were, as

determined from 'H NMR analysis, the products of incomplete alkylation.

i) n-BuLi
O ii) TEGBr
. i) n-BuLi

iv) TEGBr

1.44 3.9

Scheme 3.5 Unsuccessful alkylation of truxene with TEG chains.

Therefore, the hexahexyltruene 2.3 was selected as the core. It was hoped
that the chains on the truxene core, being at the centre of the star shaped
oligomers, would not contribute greatly in comparison to that of the
oligofluorene arms to the overall solubility of the oligomer. While shorter
alkyl chains would ensure no contribution to the solubility, in order to
completely suppress aggregation in the bulk material of oligo-fluorenyl
truxenes, which 1s centred at the truxene core, hexyl chains have been

selected.

The original synthetic pathway towards polar oligofluorenes was identical
to that of the non-polar oligofluorenes previously published and also
present within chapter 2 of this report. The first step was the one-pot,
two-step asymmetric functionalisation to afford fluorene with
trimethysilyl and boronic acid functional groups. However, compound
3.10 was not recovered from the silica gel column during purification. It
was assumed that the acid was not stable on silica, and the reaction was
repeated, but in this instance the crude material was instead dissolved in

a solution of toluene and pinacol to afford the boronate ester. In this
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mstance the functionalised fluorene compound, 3.11, was obtained from
the column, albeit with slight impurties present. However the yield was

very poor, and was not improved upon reattempts.

i) n-BuLi
TEG TEG ii) CISiMeg TEG TEG
iii) n-BuLi
Br 0.0 Br ) (-OPr);B MesSi Q.O B(OH)
THF
3.8 3.10
not isolated
HO OH
Toluene
TEG TEG
P
Me;Si . B.
O
311,24 %

Scheme 3.6 Preparation of 3.11.
To investigate why such a poor yield of compound 3.11 was observed, the

monobromofluorene 3.13 was synthesised using alkylation conditions

indentical to those which produced 3.8 (Scheme 3.7).

asages

TEG TEG |)nBuL| 314
O =
+
t-BuOK, CH,Cl, |||) Pinacol
3.12 Toluene TEG TEG
31

Scheme 3.7 Investigation of side products formed during the preparation

of 3.14.

Attempts to functionalise 3.13 with a boronate ester group by lithiation

afforded the desired product, but low yields and small quantities of
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inseparable impurities were again observed. In addition, a single by-
product from the reaction mixture was also isolated during purfication,
the 1TH NMR of which was consistent with the unfunctionalised di-TEG-
fluorene 3.1. The combined number of moles of compounds 3.14 and 3.1
were close to that of the number of moles of 3.13 used in the reaction
(approx. 94 %). It can be assumed therefore that the lithium halogen
exchange goes to completion, however reaction with the electrophile did
not and compound 3.1 was produced during aqueous workup. To confirm
that the poor yields observed were not dependent upon the electrophile an
attempt was made to synthesise 2-trimethylsilyl-di-TEG-fluorene by
using trimethylsilyl chloride as the electrophile after lithiation of the
bromo fluorene 3.15. In this case, after workup, multiple inseparable
products were obtained. This confirms that the poor yields observed
during functionalisation of diTEG-fluorenes by lithiation are not

dependent on the electrophile.

TEG TEG TEG TEG
i) n-BuLi
Q.O Br i) CISiMes Q.O SiMes
—
THF
3.13 3.15

Scheme 3.8 Attempted synthesis of 3.15 via Li-halogen exchange of
3.13.

It therefore became evident that functionalisation utilising alkyl lithium
reagents were not suitable for fluorenes with ethylene glycol chains. To
address this issue, a palladium catalysed cross-coupling reaction with
excess bispinacolatodiboron afforded the boronate ester 3.14 in good yield

without impurities after precipitation from diethyl ether.
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TEG TEG j: :é TEG TEG
Oﬁ

3.0eq /
°
Pd(PPh3)4, KOAc
3.13

1,4-dioxane 3.14. 60 %

Scheme 3.9 Synthesis of compound 3.14.

Since compound 3.14 is asymmetrically functionalised it is a suitable
starting material to build oligomers by the same synthetic route as
planned. The next step is the Suzuki-Miyaura cross-coupling reaction of

3.14 with excess of the dibromo-diTEG-fluorene, 3.8 (Scheme 3.10).

3.0eq
TEG TEG
O
TEG TEG TEG TEG
f? e A~
Pd(PPhs)s, NaCO; (aq)
“THE TEG TEG
3.14,60 % 3.16, <15 %

Scheme 3.10 Suzuki-Miyaura cross-coupling of 3.14 with 3.8.

This reaction again was low yielding and the desired compound was not
separable by silica gel chromatography from some side-products. A range
of conditions were tried in an attempt to improve the yield, as detailed

below in Table 3.1. The general conditions are shown in Scheme 3.11.

3.0eq
TEG TEG

e 0 At

3.14 X=1,Br

TEG TEG

Scheme 3.11 General conditions for attempted preparation of bifluorene

3.17.
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Ent. | Halogen Base Solvent Reaction | Temp Yield
X Time (h) (°C)
1 Br Na2COs (aq) Toluene 18 80 S.M. only
2 Br Na2COs (aq) THF 18 70 Poor (<25 %)
3 Br Na2COs (aq) 1,4-dioxane | 18 90 Poor (<25 %)
4 Br Na2CO0s (aq) DME 18 90 Poor (<25 %)
5 Br Na2COs (aq) DMF 18 90 Poor (<25 %)
6 Br Na2COs (aq) DME 72 90 Poor (<25 %)
7 Br NaHCOs (aq) 1,4-dioxane | 18 90 S.M. only
8 Br Ba(OH): (aq) THF 18 70 Poor (<25 %)
9 Br NaOAc THF 18 70 S.M. only
10 Br KsPO4 DMF 18 90 Poor (<25 %)
11 I Na2COs (aq) THF 18 70 Poor (<25 %)
12 I CsF DMF 18 90 Poor (<25 %)

Table 3.1 Conditions for Scheme 3.11.

Entry 1 matches the conditions used in the successful synthesis for
oligofluorenes in chapter 2, however only starting materials were
observed in the H NMR in this attempt. To probe the effect of solvent on
the reaction, entries 2-5 were attempted with differing solvents, using
firstly ethereal solvents such as THF, 1,4-dioxane and dimethoxyethane
(DME) due to the good solubility of the starting materials in ethereal
solvents, and then moving to DMF. In entry 2, using THF as the solvent,
the compound was isolated with slight inseparable impurities as a yellow
oil at approximately 25 % yield. In all other cases, the crude product was
isolated and the 1TH NMR was compared to that of the crude mixture of
entry 2, using the ratio of peaks corresponding to the terminal CHs group
of the TEG chains of both the dibromo-diTEG-fluorene starting material
and the product to estimate conversion to the product. In entry 3, 4 and 5,
no improvement in the yield was observed by changing the solvent. To
determine if the poor yields observed were a result of slow reaction
kinetics, entry 6 describes a trial reaction which was allowed to stir at
high temperature for 72 h, but no improvement upon yield was observed.
Entry 7 matches the conditions reported by Sax et al. which successfully
afforded a copolymer of fluorene units alkylated with tetra-ethylene

glycol and poly-ethylene glycol chains.164 However, under these conditions

89




only both fluorenyl starting materials were recovered. For entry 8 a
strong base, barium hydroxide, was employed with poor yield again
observed. In the previous 8 attempts the base was either added as an
aqueous solution, or water was added to the reaction mixture to help
solublise the base. The next two entries involved dry conditions,
employing sodium acetate with THF and tribasic potassium phosphate
with DMF. Since no improvement with these conditions was observed it
can be inferred that the presence of water was not detrimental to the
reaction. In entry 11, instead of the dibromo-fluorene, diiodo-diTEG-
fluorene, 3.18, was employed. Compound 3.18 was synthesised by
iodination of 3.1, shown in scheme 3.12. Using the same reaction
conditions as entry 2, no improvement in reaction conversion was
observed. Another attempt with 3.18 using yet untried conditions,
employing caesium fluoride as the base in a DMF solution, again did not

improve yields above the 25 % mark.

TEG TEG TEG TEG
HslOg, |5
(YT romwmsosmo ~ (ST )
3.1 3.18,60 %

Scheme 3.12 Iodination of diTEG-fluorene.

Finally, a thirteenth attempt was made, in this case using 2-bromo-7-
i0do-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.19 as the
dihalogen (only 1.2 eq. employed). By using a fluorene with one bromide
and one iodide, palladium insertion should take place selectively at the
iodide, thus minimising the opportunity for formation of a terfluorene by-
product. In this case however, poor yields were again observed, with

inseparable impurities.
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TEG TEG TEG TEG

Q.O B ACOM/HSO/H,0 Q.O Br
3.3 3.19, 49 %

TEG TEG

B/?oﬁ Pd(F’Pha)i-,1:azco3, 0.0 Q.O Br

THF TEG TEG
3.16, <25 %

Scheme 3.13 Attempted coupling of 3.14 with 3.19.

To attempt to understand the poor yields the reaction was simplified by
reacting 1.2 eq of 3.14 with 1.0 eq of the monobromo-fluorene, 3.13
(Scheme 3.14). In this instance the bi-fluorene 3.20 was obtained without

impurities, in good yield, after column chromatography.

TEG TEG
o
CE Ty
TEG TEG TEG [TEG
O
Br Pd(PPhs),, Na,CO; (aq) . Q.O
THF

TEG TEG
3.13 3.20, 71 %

Scheme 3.14 Successful preparation of bifluorene 3.20.

In order to accertain whether the poor yields observed were restricted to
Suzuki-Miyaura coupling, it was within our interest to attempt the
synthesis of oligofluorenes using a different coupling reaction. Geng et al.
have published conditions which afforded oligofluorenes by way of
Kumada coupling,105 and Bazan et al have successfully employed these
conditions to afford a polyfluorene with PEG side chains of 7 repeat units

in length.163
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Bazan et al. have stated that the reaction of turbo Grignard reagents
with bromo-fluorenes requires approximately 8 hours reaction time in
order to achieve completion, but the reaction with 1odo-fluorenyl
compounds take as little as 1 h to achieve completion.195 Therefore, iodo-
diTEG-fluorene, 3.21, was required, which was synthesised by mono-
1odination of compound 3.1. Compound 3.21 was treated with the turbo
Grignard isopropylmagnesium chloride: lithium chloride complex and
stirred for 1h, then transferred to a pre-stirred solution of dibromo-
diTEG-fluorene and tetrakis(triphenylphosphine)palladium(0) and stirred
at room temperature overnight. However, poor conversion to the desired
product was observed. A second attempt with these conditions was made
using instead diiodo-diTEG-fluorene, but once again poor yields, which
were estimated from 'H NMRs, were observed. Interestingly, yields were
consistent with those observed from Suzuki-Miyaura coupling (Table 1).
This shows that the poor yields observed in the coupling of diTEG-

fluorenes 1s not limited to the Suzuki-Miyaura coupling reaction.

TEG TEG TEG TEG
HslOg, 12
Q.O ACOH/ H,S0,/ H,0 Q.O !
3.1 3.21,37 %

TEG TEG i) i-PrMgBr.LiClI TEG TEG
QeP=ae.
X
o = OG0
i TEG TEG
3.21 i) xx 347, <25 %

Pd(PPhg)s, THF
X=1,Br

Scheme 3.15 Attempted synthesis of 3.17 by Kumada coupling.
While reaction of 3.14 with dihalogenated fluorenes failed to afford

bifluorenes in  acceptable yields, coupling 3.14 with the

tribromohexahexyltruxene 2.3 afforded the polar analogue of T1, T1poLaAR,
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in good yield (Scheme 3.16), under conditions previously used to produce

the TX compounds.149

* B'f’oﬁ

3.14

Pd(PPhs),, Ba(OH),

THF/H,0

T POLAR: 70 %

Scheme 3.16 Preparation of T1porar.

Since no conditions could be found to prepare oligofluorenes an attempt
was made to synthesise T2porLar by the divergent approach, since at such
short arm length the separation problems, discussed in chapter 1.6, figure
1.49, should not be as great. As stated above, TEG chains are not stable
under the conditions required for bromination, therefore T1lporLar was
1odinated using the conditions for iodination of truxene reported by Pei et
all™ This transformation was poor yielding and after purification by
silica gel chromatography some slight impurities were present that could
not be separated, however the compound was taken forward for cross-
coupling with 3.14 regardless. This reaction afforded a complex mixture
of inseparable products, none of which could be attributed to the desired

product.
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Scheme 3.17 Unsuccessful preparation of T2porAR.

3.3 Results and Discussion

An explanation for the poor reactivity observed when treating 3.9 and
3.15 with n-butyllithium followed by addition of an electrophile can be
explored when considering the TEG chains in full (Figure 3.4). The lone
pairs from the oxygen atoms in the chain are available to coordinate with
the aryl-lithium compound formed during the reaction. It is well known
that crown ethers are excellent ligands for alkali metals,180. 181 and
ethylene glycol chains can be envisioned as linear crown ethers. Holmes
et al. have reported a hole transport material with a fluorene unit
substitited with tetraethylene glycol chains that was used to solvate
lithium 1ons.182 It can therefore be inferred that the TEG chains present
on the fluorene units are coordinating to the lithium centre after initial
lithium-halogen exchange, as demonstrated in Figure 3.1. This could
lower the reactivity of the fluorenyl-lithium complex towards
electrophiles, and explain the poor yields observed. Quenching this
intermediate with water would lead to the formation of compound 3.1,

which is the only side product observed in these reactions.



Figure 3.4 Interaction of TEG chains within the lithium intermediate.

A similar coordinating effect towards intermediate palladium complexes
could also explain the poor yields observed from fluorene-fluorene
coupling to afford bi-fluorene 3.17 (Figure 3.5). Once the oxidative
insertion of the active palladium species into the carbon-bromide bond
takes place, the lone pairs on the oxygen atoms within the TEG chains

could ligate to the palladium and hinder the reaction.

Figure 3.5 Interaction of TEG chains with palladium.

No such effect would take place during the formation of T1polar since the
alkyl chains present on the truxene core are saturated carbon chains
without any lone pairs available to act as a ligand. This would explain
why good yields for this reaction are observed, while poor yields are
observed when attempting the fluorene-fluorene coupling where the

bromo-fluorenes are substituted with TEG chains.

This reasoning however does not sufficiently explain the good yield
observed with the coupling reaction of monobromo-fluorene 3.15 and
fluorenyl boronate ester 8.17 (Scheme 3.10). In this reaction, a slight
excess of boronate ester 3.17 (1.2 eq) was employed. The only other

successful coupling reaction for a bromo-diTEG-fluorene compound was
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that of the formation of compound 3.14, where a large excess of the
boronate ester species was used. From these observations it can be
inferred that successful coupling requires an excess of boronate ester, and
therefore coupling with an excess of dibromofluorene in the conditions
shown in Scheme 1.1 is not suitable for the preparation of oligofluorenes.
The effect of the TEG chains shown in Figure 3.5 could mean that after
insertion of the palladium into the carbon-bromine bond, which is the
first step in the catalytic cycle of the Suzuki-Miyaura coupling reaction
(Figure 3.6),183 the intermediate complex is poorly reactive, requiring
excess boronate ester to afford good yields. Interestingly, in the reaction
to form T1lporar (Scheme 3.16) the bromo-fluorenyl moiety is substituted
with hexyl chains, and good yields were observed, with easy separation of
the product by silica gel chromatography. While this observation provides
support for the proposals made that the catalytic intermediate after
oxidative addition is poorly reactive towards the boronate ester species,
further work is required to fully investigate the poor yields of TEG

substituted fluorene-fluorene coupling.

Pd(0) Ry-X
Ri-Rz
Oxidative Addition
Reductive Elimination
R—Pd-R, Ry=Pd-X
(OR) MOR’
BH(OR),
S) Transmetallation
Transmetallation R,—Pd-OR’
O ?R' MX
R>—B(OR)2 R1'g(OR)2

Figure 3.6 Catalytic cycle of Suzuki-Miyaura coupling.
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These complex problems would severely limit the synthesis of
oligo(fluorenes) substituted with TEG chains, and may explain the lack of

examples in the literature of such compounds.

While it was not possible to prepare diTEG-substituted oligofluorenes,
the successful preparation of T1lpoLar required further investigation. The
compound, although containing only one polar fluorene unit, had good
solubility in methanol and acetonitrile, which is in contrast to the poor
solubility of the non-polar TX compounds in those solvents. The
normalised absorption and emission spectra in solution (acetonitrile) is

shown in Figures 3.8 and 3.9 respectively.
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Figure 3.7 Absorption spectrum of T1porar materials in solution

(CH2Cls, 1 x106 M).
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Figure 3.8 Emission spectrum of T1porar materials in solution (CHzCls,

5x107 M).

The absorption spectrum of Tlporar shows an absorption maximum at
363 nm, which is a 20 nm red shift in comparison to T1. The optical
HOMO-LUMO gap, which was estimated from the onset, was found to be
3.15 eV. This is slightly narrower to that observed for T1. The wavelength
maximum for the emission spectrum was observed at 400 nm. A peak was
also observed at 422 nm and a shoulder at 446 nm, which are attributed
to well resolved vibronic features of the molecules, which indicates good
planarity within the moleculer structure. The Stokes shift for Tlporar

was estimated to be 37 nm and is similar to that of T1.

Compound Amax (nm) Onset (nm) e HOMO- Amax (nm)
absorption (mM1em?) | LUMO Gap emission
(MeCN) (eV) (MeCN)
T1proLArR 363 395 79.4 3.15 400, 422,
446sh
T1a 343 3.29 375sh, 396,
416sh

Table 3.2 Optical Data for T1poraR.
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The cyclic voltammograms for T1lporLar are shown in Figure 3.9. The
oxidation curve shows two quasireversible oxidation waves, at 0.86 and
1.06 V. The reduction curve shows two irreversible reduction peaks at -
2.57 and -2.74. The electrochemical HOMO and LUMO values were
determined from the onsets of the first oxidation peak and the reduction
wave respectively, and were estimated to be -5.57 and -2.38, respectively,
with reference to ferrocene. The HOMO value is essentially the same as
that for T1, however the LUMO has been lowered, which results in a
narrower HOMO-LUMO gap in comparison to T1l. The value of the
electrochemical HOMO-LUMO gap, estimated to be 3.19 eV, is narrower
to that of T'1 and correlates very well with the optical HOMO-LUMO gap.

TlPOLAR

ppppp

Current (uA)
Current (nA)

T T T T T T T T T T T ]
05 0.0 05 10 15 3.0 25 20 15 1.0 0.5 0.0
Voltage (V) vs Fc/F¢* Voltage (V) vs Fc/Fc'

Figure 3.9 Oxidation (left) and reduction (right) waves from cyclic
voltammetry of T1porar in dichloromethane, electrolyte 0.1 M BusNPFs,

glassy carbon working electrode, scan rate 100 mVs-1.

Compound | Eox (V) Peaks HOMO Erea (V) Peaks LUMO HOMO-LUMO
Eox!/2 Ep Gap (eV)

T1-3FTh 0.86, 1.06 -5.57 -2.57,-2.74 -2.38 3.19

T1 - -5.60 - -2.20 3.4

Table 3.3 Electrochemical data for T1poLAr.
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3.4 Conclusions and Future work

A polar analogue of T1 has been presented, which had good solubility in
methanol and acetonitrile, and the optical and electrochemical properties
have been investigated. In comparison to T1, Tlporar has a similar
HOMO level but a more stabilised LUMO, affording a slightly narrower
band gap. Unfortunately, it was not possible to synthesise the larger
polar analogues due to problems encountered when trying to produce

oligo(fluorenes) substituted with TEG chains.

A reason for the poor yields observed under a variety of conditions for the
coupling reactions of TEG substituted fluorenes has been proposed. In
order to support the postulations made to explain the poor results
observed for the cross-coupling of TEG substituted fluorenes (Scheme
3.11, Table 1) a series of further reactions should be conducted. The
coupling of dibromo-dihexyl-fluorene 2.5 with diTEG-fluorenyl boronic
ester 3.14, while also, under the same reaction conditions, the coupling of
dibromo-diTEG-fluorene 3.8 with the di-hexyl-fluorenyl boronic acid 2.6
should be made. A comparison of the yields and starting material
recovered would be sufficient to either support or dispute the reasoning
made for the poor yields observed. Should the yield of 3.22 be
significantly greater than that of 3.23, this would support the proposals
made that the TEG chains affect the aryl-palladium-bromine
intermediates. However, should the yield of 3.23 be greater than that of
3.22, or there is no significant difference between the yields, then this
would show that the TEG chains do not interfere with the intermediate

compound and that the poor yields are the result of another factor.
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Scheme 3.18 Proposed further reactions to explain poor yields of TEG

alkylated fluorenes.

It would also be of interest to repeat the reaction shown in scheme 3.14,
where the symmetrical TEG-substituted bifluorene 3.20 was prepared,
but with a slight change in conditions. By using an excess of 3.13 (1.5-2.0
eq), any drop in observed yield would again support the postulations for
the poor yield of TEG-substituted fluorene-fluorene coupling that have
been proposed. While using an excess of boronate ester 3.14 would also in
theory be of interest, any homo-coupling of the boronate esters within the
reaction mixture would lead to an artificially increased yield, since the
desired product of hetero-coupling is identical to the homo-coupled

product.
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4 Attempted formation of alkyl amine end
capped oligofluorene-functionalised

truxenes.
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4.1 Introduction

Oligofluorene-functionalised truxenes T3 and T4 (Figure 4.1) have
previously been investigated as gain material in organic DFB lasers.184
185 Samuel et al. have measured the amplified spontaneous emission
(ASE) of T4 thin films, reporting a ASE threshold of 4 kWem 2,184 which is
significantly lower than that of polyfluorene (58 kWcm™), one of the blue-
emitting gain material benchmarks.186 A low optical loss coefficient of 2.3
cm'! was also recorded, a reduction of more than one third in comparison
to polyfluorene, indicating that few losses occur from scattering or self-
quenching. When T4 was applied as the gain material in a DFB laser a
low lasing threshold of 270 Wem™ was observed. Samuel et al. have also
reported a DFB laser with T3 as the gain material which demonstrated a

tuning range as broad as 51 nm.185

Figure 4.1 Structure of T3 and T4.

Organic gain materials have the advantage over inorganic materials in
that they can be further functionalised, which affords the opportunity to
introduce functional groups such that probes can be bound directly to the

gain material without the need for an added electrolyte, which simplifies
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the design of the DFB laser. By careful introduction of cavities in the thin
film of the gain material the surface area can be increased, which could

lead to improved sensitivity of the overall device.

We have sought to introduce functional groups at the terminal positions
of the oligofluorene arms such that the new compounds will also have
electrolyte characteristics. In order to mimic the properties of poly(allyl
amine) (Figure 4.2), the hydrochloride salt of which is commonly used as
a polyelectrolyte in functional thin films,83. 85 alkyl primary amines were

selected as the functional groups.

NH»,
(L/) ]
Poly(allyl amine)

Figure 4.2 Structure of poly(allyl amine).

4.2 Synthesis

In order to end functionalise oligofluorene-functionalised truxenes with
alkyl primary amine groups the synthetic route selected involved the
reaction of potassium phthalimide with a methylene bromide
functionality to form a protected primary amine (Scheme 4.1).
Introduction of the methylene bromide to the terminal position of the
oligofluorene arms could be achieved in relatively few steps by initial
lithium halogen exchange then conversion of the nucleophilic centre
formed to a formyl functionality by quenching with a suitable
electrophile, such as DMF. Reduction to the alcohol and subsequent
treatment with PBrs would generate the desired -CH:zBr group. After
reaction with phthalimide salt, deprotection of the phthalimide with a
suitably strong nucleophile would then afford the target amine

compound.
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Scheme 4.1 Initially proposed synthesis of T3N.

Initial attempts to tri-functionalise T3Br with formyl groups to afford
compound 4.1 proved to be difficult due to the poor solubility of the T3-
lithium intermediate in ethereal solvents. In both THF and Et20,
precipitate was observed after addition of the alkyllithium reagent, which
proved insoluble even after warming to room temperature. After addition
of the electrophile and allowing for a sufficient reaction time, TLC
analysis of the reaction mixture showed multiple products present with
poor separation. 1H NMR analysis of the crude mixture after workup
showed that poor conversion to the aldehyde had taken place in both

instances, and TLC analysis showed multiple, inseparable products. From
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these results it was clear that tri-functionalistation of oligofluorene-

functionalised truxenes was not a suitable synthetic route.

A new route was proposed where a single fluorene unit with a methylene
phthalimide functionality would be coupled to T3Br, the deprotection of
which would afford the desired T4 analogue (Scheme 4.2 and 4.3). The
functionalisation of the single fluorene unit would be indentical to that
proposed for functionalisation of T8Br (Scheme 4.1), with two additional
synthetic steps (introduction of boronic ester functionality and cross
coupling) required to produce the target material. While additional steps
1s undesirable, the methodology is simplified since each reaction is only
one-fold, rather than three-fold, and it was hoped that this would lead to

improved yields of the target compound.

Treatment of 2.5 with 1.0 eq of n-butyllithium, follwed by addition of
excess DMF afforded the aldehyde 4.5, which was reduced to the alcohol
4.6 by treatment with NaBH4 in the presence of MeOH. Conversion of the
alcohol functionality to a bromide was achieved by reaction of PBrs, and
treatment with potassium phthalimide at high temp was sufficient to
prepare the desired fluorenyl methylene phthalimide intermediate 4.8. In
order to couple this unit to T3Br under Suzuki-Miyaura conditions, 4.8
was converted to the boronic ester 4.9 by coupling with

bispinacolatodiboron.
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Scheme 4.2 Synthesis of compound 4.9.

The next step in the synthetic route was the coupling of 4.9 to T3Br
(Scheme 4.3), which was first attempted with the condition which
produced the TXSi compounds in chapter 2, scheme 2.4. However, after
aqueous workup TLC analysis gave only a single spot which would not
move from the baseline under any eluent mixtures. '1H NMR analysis of
the crude mixture was too complex for any structural information to be
ascertained. It was proposed that the barium hydroxide, used as the base
for the Suzuki-Miyaura coupling, was reacting with the phthalimide
functionality, leading to the formation of side products. A second attempt

employing a less nucleophilic base, caesium fluoride, gave the same
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result. A third attempt was then made employing tribasic potassium
phosphate, which is a very poor nucleophile. In this instance however,
only starting materials were recovered from the reaction. Another
attempt with caesium fluoride, this time as a microwave reaction, was
made in order to control reaction times and temperatures. After 1h at 120
°C only starting materials were observed, which was also the case after
1h at 140 °C. However, after 1h at 160 °C, the strongly fluorescent
baseline spot was again observed. A final attempt was made, again in the
microwave, with tribasic potassium phosphate for 1h at 160 °C, where

unfortunately only starting materials were observed.

Hex Hex
AN e

T3Br

Pd(PPh3),
Base
Solvent

Scheme 4.3 Attempted coupling of 4.9 with T3Br.

It was proposed that the phthalimide group was not stable under the
harsh conditions required for efficient coupling of arms to core, and that
the phthalimide group would need to be introduced to the oligofluorene
functionalised truxenes after coupling. This would require a leaving
group which would be stable, or poorly reactive, towards the coupling

conditions. To this end, chlorides and tosylates were both identified,
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since alkyl halides and pseudo-halides are less reactive than aryl halides

and pseudo-halides towards coupling.187

Treatment of the alcohol 4.6 with thionyl chloride afforded 4.11 in good
yield. However, the coupling reaction with bispinacolatodiboron gave
multiple products, suggeting that the methylene chloride was not as

poorly reactive as first presumed.
Hex_ Hex Hex Hex

II
'O o o o

4.1

S e

/
B
Pd(PPhs),, KOAG C| o
1,4-dioxane
412

Scheme 4.4 Attempted synthesis of compound 4.12.

An attempt to synthesised the methylene tosylate 4.13 from the alcohol
4.6 under the same conditions as those which produced 3.6 (scheme 3.1)
did not afford the desired product. TLC analysis showed a small quantity
of tosyl chloride present with the main component of the crude mixture
appearing as a spot which would not move from the baseline regardless of
eluent. A similar result was observed in a second attempt which

employed a stronger base.
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Scheme 4.5 Attempted synthesis of compound 4.13.

4.3 Results and Discussion

We propose that during the cross coupling of 4.9 with T3Br the strong
base caused deprotection of the phthalimide group, affording a primary
amine functionality. Under cross-coupling condition, alkyl amines react
with aryl halides in what i1s known as the Buchwald-Hartwig
amination.!8® In this reaction primary and secondary amines undergo
cross-coupling with aryl halides to form new arylamine compounds

(Figure 4.3)

Pd(0) Ar-X
Ar-N R1 R2
Oxidative Addition
Reductive Elimination

Ar-Pd-NR4R; Ar-Pd-X
Amine Coordination
Base.HX
X HNR4R,
Ar-Pd-NHR;R;
Base

Figure 4.3 Catalytic cycle of Buchwald-Hartwig amination.

A Buchwald-Hartwig coupling of undesirable by-products formed in the
reaction shown in scheme 4.3 would afford a complex cross-linked
polymer, which is believed to be the large fluorescent spot observed on the

baseline under TLC analysis. In order to form the target material 4.10, a
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strong base is necessary for efficient, 3-fold cross coupling, and attempts
to find a strong base with poor nucleophilic character, to inhibit the

deprotection, was not successful.

The fluorenyl methylene chloride compound 4.11 was synthesised in good
yield from the alcohol 4.6 (scheme 4.4). However, subsequent coupling
with bispinacolatodiboron was shown to give multiple products. In this
reaction, both coupling of the methylene chloride functionality with
bispinacolatodiboron and coupling of compound 4.12 with itself would
lead to undesirable by-products. Since many of the components of the
crude material were not separable it was not possible to determine which

by-products had formed.

Attempted formation of the tosylate 4.13 afforded a crude mixture which
gave only two spots by TLC analysis. The major spot would not move
from the baseline regardless of eluent mixture, while the second, faint
spot corresponded to tosyl chloride, which had been used in a slight
excess. A TH NMR of the crude mixture was not sufficient to determine
whether the desired compound 4.13 or a different compound had been

formed.

4.4 Conclusions and Future Work

While a simple route to introduce a methylene phthalimide functionality
to a fluorene unit has been developed, successful synthesis of the target
compounds was not achieved. Attempts to synthesise a fluorene unit
functionalised with a methyl chloride group was successful, but this
compound did not show selective coupling of the aryl bromide over the
methyl chloide functionality. Finally, attempts to synthesise a fluorene

unit functionalied with a methylene tosylate group were unsuccessful.
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The successful preparation of compound 4.9 in a good yield indicates that
the phthalimide group is stable towards weak bases, which are often
sufficient for the preparation of polymers and dendrimers, both of which
have seen applications as gain material in lasers.”68 Therefore, the
synthetic methodology outlined in this chapter could be applicable for
compounds of a similar nature with similar applications. The limitations
discovered in this work may also prove useful for the attempted synthesis

of related compounds in future work by others.

Another route towards compound 4.1 could be achieved by using the
unfunctionalised T3 in a Friedel-Crafts reaction with formyl bromide
(scheme 4.6), similar to conditions which Pei et al. have reported for the
introduction of an acetyl group to truxene, 1.42.12¢ The poor stability of
formyl bromide, which would require to be made in situ, may lead to poor
yields. This step could also be accomplished using Vilsmeir-Haack
conditions (POCl;, DMF), but selectivity and achieving complete reaction

on all three arms could be problematic.

Hex Hex Hex Hex
, PR : O O 0
4\ 3H -B-rAIC-IH”» 4\ Heex >

T3 41

Scheme 4.6 Proposed formylation of T3.

In order to reduce the number of steps to the target material presented in
scheme 4.6, a reductive amination of 4.1 could result in the target
material. However optimum conditions to achieve a high yielding three-

fold transformation may be challenging to achieve.
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5 Experimental
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General Experimental

IH NMR were collected on either a Bruker DPX 400 or AV 500
spectrometer at 400 MHz or 500 MHz respectively, while 13C NMR were
run on either a Bruker DPX 400 or AV 500 spectrometer at 100 MHz or
125 MHz respectively. F NMR were run on a Bruker AV 400
spectrometer at 376 MHz. Chemical shifts are in parts per million (ppm)
and were measured in deuterated chloroform, the peak for which was

corrected to 7.60 ppm.189

Low resolution mass spectroscopy was carried out at the University of
Strathclyde using a Finnigan LCQ duo ESI, while high resolution mass
spectroscopy was carried out at the University of Glasgow on a JEOL
High Resolution Mass Spectrometer using FAB or at the EPSRC National
Mass Spectrometry Service Centre, Swansea using a LTQ Orbitrap XL.

All reagents were obtained from commercial suppliers. Solvents were
purified using a Pure-Solv 400 Solvent Purification system. 1,4-Dioxane

was purified by distillation over sodium metal at atmospheric pressure.

All glassware was oven dried to remove traces of moisture before use.

Cyclic Voltammetry (CV) measurements of oxidation and reduction
potentials were performed on a CHI660A Electrochemical Workstation
with iR compensation at 100 mV s1. Dichloromethane was used as the
solvent, aqueous Ag/AgCl as the reference electrode, with platinum wire
and a glassy carbon disk (@ = 3 mm) as the counter and working
electrodes, respectively. The solutions contained the substrate in a
concentration of 5 x 104 M, together with n-BusNPFs (0.1 M) as the
supporting electrolyte. All CV experiments were referred to the Fc/Fc*
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couple which was measured before and after the measurement of the

target compouds of used as an internal standard.

Absorption spectra were recorded using a ThermoSpectronic Unicam UV
300, whilst emission spectra were recorded using a Perkin Elmer LS45
Luminescence Spectrometer, where the excitation wavelength for each
compound was the wavelength corresponding to the compounds’

maximum absorption.

Truxene (1.42)147

1-Indanone 2.1 (13.6 g, 0.1 mol, 1.0 eq) was dissolved in a mixture of
acetic acid (60 ml) and conc. hydrochloric acid (30 ml). This solution was
then heated at 100 °C for 16 h with stirring, affording a yellow
suspension. The suspension was poured into a beaker of ice, and the
precipitate was isolated by filtration before being washed with water,
acetone and CHz2Clz. The resulting powder was then dried in a dessicator
to afford the title product as an off-white powder (10.15 g, 88 %).

The 'H NMR spectrum was recorded;

éu (400 MHz, CDCls): 7.98 (3H, d, 8.0 Hz, CH), 7.72 (3H, d, J 7.6 Hz,
CH), 7.52 (3H, t, J 7.4 Hz, CH), 7.41 (3H, t, J 7.1 Hz, CH), 4.31 (6H, s,
CHy).

This was consistent with the previously published data.147
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Hexahexyltruxene (2.2)147

Truxene 1.42 (3.18 g, 9.29 mmol, 1.0 eq) was suspended in dry THF (50
ml) under N2, and the suspension was chilled in an ice bath. n-
Butyllithium (2.2 M in hexane, 16 ml, 35 mmol, 3.75 eq) was added
dropwise over 15 mins, affording a deep-red coloured solution, which was
stirred at rt for 30 mins. 1-Bromohexane (5 ml, 35 mmol, 3.75 eq) was
added dropwise to the solution over 10 mins, which was then stirred for 4
h. The solution was then chilled again in an ice bath, n-butyllithium (16
ml, 35 mmol, 3.75 eq) was added dropwise over 15 mins, and the solution
stirred for a further 30 mins. 1-Bromohexane (5 ml, 35 mmol, 3.75 eq)
was added dropwise over 10 mins, and the solution was stirred at rt for
18 h under Ns. Thin layer chromatography (eluting with petroleum ether)
was used to ensure the reaction was complete before the reaction mixture
was quenched with a solution of saturated ammonium chloride in water
(100 ml) and extracted with petroleum ether (4 x 25 ml). The organic
portions were combined and the solvent was evaporated to afford the
crude product as a yellow oil. This was purified by silica gel
chromatography eluting with petroleum ether to afford the title product
as a yellow solid (6.79 g, 88%).

The 'H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.37 (38H, d, J 7.2 Hz, CH), 7.46 (3H, d, J 5.2 Hz,
CH), 7.40-7.36 (6H, m, CH), 2.98-2.93 (6H, m, CHy), 2.11-2.04 (6H, m,
CHa), 0.94-0.83 (36H, m, CHy), 0.62-0.58 (18H, m, CHs), 0.56-0.44 (12H,
m, CHy).
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This was consistent with the previously published data.147

Tribromohexahexyltruxene (2.3)147

Hexahexyltruxene 2.3 (6.63 g, 7.82 mmol, 1.0 eq) was dissolved in CH2Cls
(50 ml), to which bromine (2.0 ml, 38.8 mmol, 5.0 eq) was added dropwise
over 5 mins, with minimum exposure to light. The reaction mixture was
stirred at rt for 18 h. After this time it was washed with an aqueous
solution of sodium sulphite (50 ml) and extracted with CH2Cls (3 X 50 ml).
The organic layers were combined and washed with a saturated aqueous
solution of sodium hydrogen carbonate (50 ml), dried over magnesium
sulphate, and the solvent was evaporated. The crude product was
recrystallised from hexane, and filtration afforded the title product as
yellow crystals (5.81 g, 68 %).

The 1H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.18 (3H, d, J 7.8 Hz, CH), 7.54 (3H, d, /2.0 Hz,
CH), 7.54-7.51 (3H, m, CH), 2.85-2.81 (6H, m, CHy), 2.06-1.98 (6H, m,
CHy), 1.01-0.78 (36H, m, CHy), 0.65-0.61 (18H, m, CHs), 0.51-0.42 (12H,
m, CHy).

This was consistent with the previously published data.147
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9,9-Dihexylfluorene (2.4)147

Hex Hex

2.4

9 H-Flourene 1.20 (39.9 g, 0.24 mol, 1.0 eq) was suspended in DMSO (400
ml) and stirred by mechanical stirrer until fully dissolved.
Benzyltriethylammomium chloride (3.42 g, 0.015 mol, 0.06 eq) and 1-
bromohexane (90 ml, 0.64 mol, 2.67 eq) were then added. The solution
was chilled in an ice bath, and a 50 % solution of NaOH in water (96 ml)
was added over 2 h. The solution was then left to warm to rt and was
stirred for 18 h. The resulting purple solution was quenched with water
(200 ml), and extracted with petroleum ether (5 x 200 ml). The organic
portions were combined, dried over magnesium sulfate, and the solvent
was removed by rotary evaporation to afford a yellow oil, which was
recrystallised from methanol. Filtration afforded the product (2.4) as
white crystals (52.0 g, 65 %).

The 1H NMR spectrum was recorded;

én (400 MHz, CDCly): 7.71-7.70 (2H, m, CH), 7.35-7.27 (6H, m, CH), 1.98-
1.95 (4H, m, CHy), 1.13-1.02 (12H, m, CHz), 0.78-0.77 (6H, m, CHs), 0.64-
0.62 (4H, m, CHy).

This was consistent with the previously published data. 147

2,7-Dibromo-9,9-dihexylfluorene (2.5)147

Hex Hex

2.5
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9,9-Dihexylfluorene 2.4 (30 g, 0.09 mol, 1.0 eq) was dissolved in dry
CH2Clz (180 ml), to which I (220 mg, 0.86 mmol, 0.01 eq) was added. The
reaction vessel was equipped with a drying tube containing CaCls,
followed by a NaOH trap. Bromine (10.6 ml, 0.21 mol, 2.3 eq) was then
added dropwise over 1 h. The solution was left to stir for 18 h at rt, under
N2, with minimum exposure to light. The solution was then cooled in an
1ce bath for 10 mins, then added to a solution of sodium sulfite in water
(300ml) and cooled by adding ice. The solution was then extracted with
CH:2Clz (2 x 300 ml), washed with a saturated solution of sodium
hydrogen carbonate in water (300 ml) and then washed with water until
the pH was neutral (2 x 300 ml). The organic layers were dried over
magnesium sulfate and the solvent was evaporated to afford a yellow oil,
which was recrystallised in hot methanol with added charcoal to afford
white crystals. These crystals were recrystallised in hexane and dried in a
dessicator to afford the title product as white crystals (25.4 g, 86 %).

The 1H NMR spectrum was recorded;

& (400 MHz, CDCly): 7.58 (2H, d, J 8.8 Hz, CH), 7.47-7.45 (4H, m, CH),
1.94-1.90 (4H, m, CHy), 1.16-1.02 (12H, m, CHs), 0.81-0.77 (6H, m, CHb),
0.61-0.57 (4H, m, CHo).

This was consistent with the previously published data.147

9,9-Dihexyl-7-trimethylsilylfluoren-2-ylboronic acid (2.6)19

Hex Hex

MeasiB(OH)z
2.6

2,7-Dibromo-9,9-dihexylfluorene 2.6 (6.77 g, 0.014 mol, 1.0 eq) was
dissolved in dry THF (100 ml) under N2. The temperature of the solution
was lowered to -80 °C using a petroleum ether/liquid N2 bath, and n-

butyllithium (2.0 M in hexane, 6.8 ml, 0.014 mol, 1.0 eq) was added
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dropwise over 30 mins. The solution was stirred for 5 mins, cooled to -95
°C and chlorotrimethylsilane (1.8 ml, 0.014 mol, 1.0 eq) was added. The
solution was then allowed to warm to r.t. over 30 mins, then cooled back
to -80 °C and n-butyllithium (2.0 M in hexane, 8.2 ml, 0.017 mol, 1.2 eq)
was added dropwise. The solution was then cooled further to -100 °C,
triisopropylborate (10 ml, 0.043 mol, 3.0 eq) was added dropwise, and the
solution was warmed to rt and stirred under N2 for 18 h. Distilled water
(500 ml) was used to quench the solution, which was then extracted with
diethyl ether (3 X 100 ml). The organic layers were combined and washed
with distilled water (500 ml), dried over magnesium sulfate, and the
solvent was evaporated. The product was purified by silica gel
chromatography, eluting first with toluene, followed by diethyl ether to
afford the product as a white powder (3.75 g, 60 %).

'H NMR (400 MHz, CDCly): & 8.32-8.30 (1H, m, CH), 8.23 (1H, s, CH),
7.90 (1H, d, 8.0 Hz, CH), 7.80 (1H, d, J 7.6 Hz, CH), 7.55 (2H, d, J 6.4
Hz, CH), 2.14-2.00 (4H, m, CH»), 1.13-1.04 (12H, m, CHy), 0.79-0.73 (6H,
m, CHz), 0.73-0.6 (4H, m, CHy), 0.36-0.32 (9H, m, CHs); 13C NMR (125
MHz, CDCls): & 150.8, 150.4, 145.6, 141.4, 140.2, 134.6, 131.9, 129.8,
127.8, 119.7, 119.4, 55.0, 40.2, 31.4, 29.6, 23.8, 22.5, 14.0, -0.9.

This was consistent with the previously published data.190

(7-Bromo-9,9,9',9'"-tetrahexyl-9H,9'H-[2,2"-bifluoren]-7-yl)trimethylsilane
(2.7)190

Hex Hex

MesSi 0.0 O‘O Br

A solution of 9,9-dihexyl-7-trimethylsilylfluoren-2-ylboronic acid 2.6 (8.0

g, 17.76 mmol, 1.0 eq) in dry toluene (20 ml) was added via cannula to a

120



solution of 2,7-dibromo-9,9-dihexylfluorene 2.5 (26.24 g, 53.29 mmol, 3.0
eq) and tetrakis(triphenylphosphine) palladium(0) (0.61 g, 0.53 mmol,
0.03 eq) in dry toluene (55 ml), which had previously been stirred at rt for
20 mins. An aqueous solution of sodium carbonate (2M, 20.40 ml, 40.85
mmol, 2.3 eq) was added to the reaction mixture, which was heated at 80
°C under Ar for 18 h. The reaction mixture was then allowed to cool to rt
and added to distilled water (300 ml). The organic layer was removed and
the aqueous layer was extracted with CH:Clz (4 x 300 ml). The organic
layers were combined, washed with distilled water (2 x 600 ml), dried
over MgS0O4 and the solvent was evaporated. The product was purified by
silica gel chromatography, eluting with pre-distilled pet. ether to afford a
clear oil. The product was isolated as a white powder by precipitation
from acetone (12.0 g, 83 %).

The 1H NMR spectrum was recorded;

i (400 MHz, CDCly): 7.78 (1H, d, J 6.0 Hz, CH), 7.74 (1H, d, J 6.0 Hz,
CH), 7.72 (1H, d, /5.8 Hz, CH), 7.65-7.59 (5H, m, CH), 7.52-7.47 (4H, m,
CH), 2.05-2.01 (8H, m, CHy), 1.16-1.08 (24H, m, CH>), 0.80-0.71 (20H, m,
CH4/CHs), 0.33 (9H, s, CHa).

This was consistent with the previously published data.19

(9,9,9',9"-Tetrahexyl-7"-(trimethylsilyl)-9H,9'H-[2,2'"-bifluoren]-7-yD)boronic
acid (2.8)149

Hex Hex

MeBSis(omz

Hex Hex

2.8

nButyllithium (2.24 M in hexane, 7.8 ml, 17.46 mmol, 1.2 eq) was added
dropwise to a solution of (7'-bromo-9,9,9',9'"-tetrahexyl-9H,9'H-[2,2'-
bifluoren]-7-yDtrimethylsilane 2.7 (12.0 g, 14.7 mmol, 1.0 eq) in dry THF
(200 ml) at -80 °C, which was allowed to stir for 10 mins then cooled to -
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90 °C. Triisopropylborate (10.2 ml, 44.1 mmol, 3.0 eq) was added
dropwise, then the reaction mixture was allowed to warm to rt and stir
for 18 h under Ar. The reaction mixture was quenched with distilled
water (500 ml), and the aqueous mixture was extracted with Et20 (4 x
200 ml). The organic layers were washed with distilled water (500 ml),
dried over MgSO4 and the solvent was evaporated. The product was
purified by silica gel chromatography eluting first with toluene, and then
with Et20 to isolate the product as an off-white powder (9.0 g, 79 %).

The 1H NMR spectrum was recorded;

i (400 MHz, CDCly): 8.38 (1H, d, /8.0 Hz, CH), 8.30 (1H, s, CH), 7.96
(1H, d, J 8.0 Hz, CH), 7.93 (1H, d, /8.0 Hz, CH), 7.84-7.63 (6H, m, CH),
7.58-7.55, (2H, m, CH), 2.22-2.03 (8H, m, CHy), 1.17-1.09 (24H, m, CH>),
0.83-0.77 (20H, m, CH2/CH3), 0.36 (9H, s, CHa).

This was consistent with the previously published data.149

(7"-Bromo-9,9,9',9',9",9"-hexahexyl-9H,9'H,9"H-[2,2":7',2"-terfluoren]-7-
yDtrimethylsilane(2.9)149

Hex Hex Hex Hex

s~ TN~y

Hex Hex

29

A solution of = (9,9,9',9'-tetrahexyl-7'-(trimethylsilyl)-9H,9'H-[2,2'-
bifluoren]-7-yDboronic acid 2.8 (7.68 g, 9.81 mmol, 1.0 eq) in dry toluene
(40 ml) was added wvia cannula to a solution of 2,7-dibromo-9,9-
dihexylfluorene 2.5 (1450 g, 29.43 mmol, 3.0 eq and
tetrakis(triphenylphosphine) palladium(0) (0.33 g, 0.29 mmol, 0.03 eq) in
dry toluene (40 ml), which had previously been stirred at rt for 20 mins.
An aqueous solution of sodium carbonate (2M, 11.28 ml, 22.56 mmol, 2.3

eq) was added to the reaction mixture, which was heated at 80 °C under
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Ar for 18 h. The reaction mixture was then allowed to cool to rt and added
to distilled water (300 ml). The organic layer was removed and the
aqueous layer was extracted with CH2Clz (6 x 200 ml). The organic layers
were combined, washed with distilled water (2 x 400 ml), dried over
MgSO4 and the solvent was evaporated. The product was purified by
silica gel chromatography, eluting first with pre-distilled pet. ether, then
with a pet. ether/toluene 20:1 mixture to afford a clear oil. The product
was isolated as a white powder by precipitation from acetone (5.07 g, 45
%).

The 1H NMR spectrum was recorded;

i (400 MHz, CDCls): 7.83-7.72 (5H, m, CH), 7.68-7.60 (9H, m, CH), 7.53-
7.48 (4H, m, CH), 2.12-2.03 (12H, m, CH2), 1.16-1.09 (36H, m, CH), 0.83-
0.76 (30H, m, CH2/CHs), 0.34 (9H, s, CHa).

This was consistent with the previously published data.149

(9,9,9',9',9",9"-Hexahexyl-7"-(trimethylsily)-9H,9'H,9"H-[2,2": 7", 2"
terfluoren]-7-yl)boronic acid (2.10)149

Hex Hex Hex Hex

s~ 1 (1) (L eom

Hex Hex

2.10

n-Butyllithium (2.35 M, 1.55 ml, 3.15 mmol, 1.2 eq) was added dropwise
to a solution of (7"-bromo-9,9,9',9',9",9"-hexahexyl-9H,9'H,9"H-[2,2"7",2"-
terfluoren]-7-yDtrimethylsilane 2.9 (3.50 g, 3.04 mmol, 1.0 eq) in dry THF
(50 ml) at -80 °C, which was allowed to stir for 10 mins then cooled to -90
°C. Triisopropylborate (2.10 ml, 9.12 mmol, 3.0 eq) was added dropwise,
then the reaction mixture was then allowed to warm to rt and stir for 18
h under Ar. The reaction mixture was quenched with distilled water (200

ml), and the aqueous mixture was extracted with Et20 (5 x 150 ml). The
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organic layers were washed with distilled water (500 ml), dried over
MgSO4 and the solvent was evaporated. The product was purified by
silica gel chromatography eluting first with toluene, and then with Et20
to isolate the product as an off-white powder (2.61 g, 77 %).

The 'H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.37 (1H, d, J 7.6 Hz, CH), 8.30 (1H, s, CH), 7.98
7.65 (12H, m, CH), 7.54-7.51 (4H, m, CH), 2.22-2.04 (12H, m, CHy), 1.18-
1.11 (36H, m, CHy), 0.84-0.76 (30H, m, CH2/CHs), 0.34 (9H, s, CH3).

This was consistent with the previously published data.149

T1S1149

T1Si

9,9-Dihexyl-7-trimethylsilylfluoren-2-ylboronic acid 2.6 (1.29 g, 2.86
mmol, 4.77 eq), tribromohexahexyltruxene 2.3 (0.65 g, 0.60 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (0.18 g, 0.16 mmol, 0.26 eq) and
barium hydroxide octahydrate (1.38 g, 4.38 mmol, 7.3 eq) were suspended
in dry DME (20 ml) under Ar, to which degassed distilled water (2.6 ml)
was added. The reaction mixture was then heated at 80 °C for 18 h, then
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cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (100 ml). The crude product was extracted with
CH:Cl: (6 x 100 ml), the organic layers were combined, dried over MgSOu,
the solvent was evaporated and the crude product was placed under
vacuum overnight. The product was purified by silica gel
chromatography, eluting with a petroleum ether/toluene 15:1 mixture to
afford the product as a white powder (1.17 g, 95 %).

The 1H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.50 (3H, d, J 6.4 Hz, CH), 7.84 (3H, d, J/ 6.0 Hz,
CH), 7.79-7.75 (15H, m, CH), 7.56 (3H, d, J6.0 Hz, CHs), 7.54 (3H, s, CH),
3.10-3.05 (6H, m, CHy), 2.28-2.22 (6H, m, CHy), 2.08 (12H, t, J 6.0 Hz,
CHz) 1.10-0.91 (72H, m, CHs), 0.88-0.71 (30H, m, CHz & CHs), 0.70-0.62
(30H, m, CHz & CH3), 0.35 (27H, s, CHs).

This was consistent with the previously published data.149

T1Br149

T1Br

T1Si (1.17 g, 0.57 mmol, 1.0 eq) and sodium acetate (0.14 g, 1.71mmol, 3.0
eq) were dissolved in dry THF (35 ml) under Ar, and cooled to 0 °C.
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Bromine (0.21 ml, 3.97 mmol, 7.0 eq) was added dropwise to the reaction
mixture, which was stirred at 0 °C for 30 mins with minimum exposure to
light. The reaction was quenched by addition of triethylamine (1 ml
followed by addition of an aqueous solution of sodium sulfite (1M, 40 ml).
The aqueous mixture was diluted with distilled water (100 ml) and
extracted with CH2Clz (5 x 200 ml). The organic layers were then washed
with a saturated aqueous solution of sodium hydrogen carbonate (200
ml), dried over MgSO4 and the solvent was evaporated. The crude product
was filtered through a silica plug, washing with copious amounts of
toluene. The solvent was then evaporated and the resulting oil was
dissolved in the minimum volume of CH:Clo. The addition of excess
methanol resulted in a white precipitate, which was isolated by filtration
to afford the title compound as a white powder (1.08 g, 92 %).

The 1H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.50 (3H, d, J 8.8 Hz, CH), 7.80 (3H, d, J 6.0 Hz,
CH), 7.79-7.76 (9H, m, CH), 7.72 (3H, s, CHy), 7.63 (3H, d, J/ 8.0 Hz, CH),
7.52-7.50 (6H, m, CH), 3.09-3.06 (6H, m, CHy), 2.27-2.24 (6H, m, CH>),
2.11-2.03 (12H, m, CHy) 1.18-0.82 (72H, m, CH>), 0.84-0.71 (30H, m, CHz
& CHs), 0.70-0.62 (30H, m, CHz & CH3).

This was consistent with the previously published data.149
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T2Si149

T2Si

(9,9,9',9'-Tetrahexyl-7'-(trimethylsily])-9H,9'H-[2,2'"-bifluoren]-7-yl)boronic
acid 2.8 (6.0 g, 7.66 mmol, 4.77 eq), tribromohexahexyltruxene 2.3 (1.73 g,
1.60 mmol, 1.0 eq), tetrakis(triphenylphosphine)palladium(0) (0.48 g, 0.42
mmol, 0.26 eq) and barium hydroxide octahydrate (3.69 g, 11.68 mmol,
7.3 eq) were suspended in dry THF (40 ml) under Ar, to which degassed
distilled water (7.15 ml) was added. The reaction mixture was then
heated at 80 °C for 18 h, then cooled to rt and quenched with a saturated
aqueous solution of ammonium chloride (200 ml). The crude product was
extracted with CH2Clz (8 x 200 ml), the organic layers were combined,
dried over MgSOQOy, the solvent was evaporated and the crude product was
placed under vacuum overnight. The product was purified by silica gel
chromatography, eluting with a petroleum ether/toluene 7:1 mixture, to
afford the product as a white powder (4.47 g, 97%).

The 'H NMR spectrum was recorded;

&1 (400 MHz, CDCly): 8.53 (3H, d, J 8.0 Hz, CH), 7.88 (3H, d, ¢/ 7.6 Hz,
CH), 7.86-7.50 (33H, m, CH), 7.21-7.18 (6H, m, CH), 3.10-3.05 (6H, m,
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CHy), 2.37-2.00 (30H, m, CHy), 1.17-0.64 (198H, m, CH: & CH3), 0.35
(27H, s, CHb).

This was consistent with the previously published data.149

T2Br149

T2Br

T2Si (0.30 g, 0.10 mmol, 1.0 eq) and sodium acetate (0.024 g, 0.29 mmol,
3.0 eq) were dissolved in dry THF (10 ml) under Ar, and cooled to 0 °C.
Bromine (0.035 ml, 0.68 mmol, 7.0 eq) was added dropwise to the reaction
mixture, which was stirred at 0 °C for 30 mins with minimum exposure to
light. The reaction was quenched by addition of triethylamine (0.25 ml)
followed by addition of an aqueous solution of sodium sulfite (1M, 10 ml).
The aqueous mixture was diluted with distilled water (30 ml) and
extracted with CH2Clz (5 x 50 ml). The organic layers were then washed
with a saturated aqueous solution of sodium hydrogen carbonate (50 ml),
dried over MgSO4 and the solvent was evaporated. The crude product was
filtered through a silica plug, washing with copious amounts of toluene.
The solvent was then evaporated and the resulting oil was dissolved in

the minimum volume of CH2Cls. The addition of excess methanol resulted
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in a white precipitate, which was isolated by filtration to afford the title
compound as a white powder (0.25 g, 83 %).

The 1H NMR spectrum was recorded;

i (400 MHz, CDCly): 8.53g (3H, d, /8.0 Hz, CH), 7.80-7.61 (36H, m, CH),
7.52-7.49 (6H, m, CH), 3.09-3.06 (6H, m, CHy), 2.28-2.02 (30H, m, CH>),
1.20-0.63 (198H, m, CH2 & CHb).

This was consistent with the previously published data.14?

T3S1149

T3Si

(9,9,9',9',9",9"-Hexahexyl-7"-(trimethylsily])-9H,9'H,9"H-[2,2":7",2"-

terfluoren]-7-yDboronic acid 2.10 (1.50 g, 1.34 mmol, 4.77 eq),
tribromohexahexyltruxene 2.3 (0.31 g, 0.28 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (0.08 g, 0.07 mmol, 0.26 eq) and
barium hydroxide octahydrate (0.65 g, 2.06 mmol, 7.3 eq) were suspended
in dry THF (10 ml) under Ar, to which degassed distilled water (1.3 ml)
was added. The reaction mixture was then heated at 80 °C for 18 h,

cooled to rt and quenched with a saturated aqueous solution of
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ammonium chloride (100 ml). The crude product was extracted with
CH:Cl: (8 x 100 ml), the organic layers were combined, dried over MgSOu,
the solvent was evaporated and the crude product was placed under
vacuum overnight. The product was purified by silica gel
chromatography, eluting with a petroleum ether/toluene 10:1 mixture, to
afford the product as a white powder (1.07 g, 94 %).

The 'H NMR spectrum was recorded;

i (400 MHz, CDCls): 8.54 (3H, d, J 6.4 Hz, CH), 7.91-7.80 (27H, m, CH),
7.75-7.65 (27H, m, CH), 7.54-7.52 (6H, m, CH), 3.12-3.07 (6H, m, CH),
2.30-2.00 (42H, m, CHy), 1.02-0.65 (264H, m, CHz & CHb), 0.35 (27H, s,
CHa).

This was consistent with the previously published data.149

T3Br149

T3Br

T3Si (1.25 g, 0.31 mmol, 1.0 eq) and sodium acetate (0.076 g, 0.93 mmol,
3.0 eq) were dissolved in dry THF (10 ml) under Ar, and cooled to 0 °C.
Bromine (0.11 ml, 2.15 mmol, 7.0 eq) was added dropwise to the reaction

mixture, which was stirred at 0 °C for 30 mins with minimum exposure to
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light. The reaction was quenched by addition of triethylamine (1 ml),
followed by addition of an aqueous solution of sodium sulfite (1M, 40 ml).
The aqueous mixture was diluted with distilled water (100 ml) and
extracted with CH2Clz (5 x 200 ml). The organic layers were then washed
with a saturated aqueous solution of sodium hydrogen carbonate (200
ml), dried over MgSO4 and the solvent was evaporated. The crude product
was filtered through a silica plug, washing with copious amounts of
toluene. The solvent was then evaporated and the resulting oil was
dissolved in the minimum volume of CH:Cl:. The addition of excess
methanol resulted in a white precipitate, which was isolated by filtration
to afford the title compound as a white powder (1.11 g, 89 %).

The 'H NMR spectrum was recorded;

& (400 MHz, CDCly): 8.53 (3H, d, J 6.0 Hz, CH), 7.82-7.61 (54H, m, CH),
7.51-7.49 (6H, m, CH), 3.12-3.06 (6H, m, CHy), 2.28-1.98 (42H, m, CHo),
1.18-0.64 (264H, m, CHz & CHb).

This was consistent with the previously published data.149

3-Iodothiophene (2.12)

Copper iodide (0.71 g, 3.75 mmol, 0.05 eq) and sodium iodide (22.5 g, 150
mmol, 2.0 eq) were charged to the reaction vessel, which was backfilled
with Ar. 3-Bromothiophene 2.11 (7 ml, 75.05 mmol, 1.0 eq), N,N-
dimethylethylenediamine (0.74 ml, 7.5 mmol, 0.1 eq) and 1,4-dioxane (80
ml) were added and the suspension heated at 110 °C , under Ar, for 24 h.
The suspension was cooled to rt, diluted with hexane and filtered through
silica gel (4 cm deep), eluting with diethyl ether. The solvent was then
removed to afford the title product as a yellow liquid (11.5 g, 75 %)
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The 'H NMR of spectrum was recorded;
&1 (400 MHz, CDCls): 7.42-7.41 (1H, dd, J 3.0, 1.0 Hz, CH), 7.22-7.20 (1H,
dd, J 2.0, 3.0 Hz, CH), 7.13-7.11 (1H, dd, /5.0, 1.0 Hz, CH).

This 1s consistent with the previously published data.191

3-Perfluorohexylthiophene (2.13)192

Copper powder (14.4 g, 228 mmol, 3.2 eq) was suspended in dry DMF (100
ml) under Ar, to which 3-iodothiophene 2.12 (15 g, 71.4 mmol, 1.0 eq) and
perfluorohexyl iodide (23.2 ml, 107.1 mmol, 1.5 eq) were added. The
reaction mixture was heated at 130 °C for 20 h, after which time it was
cooled and filtered through celite to afford a purple solution. The solution
was poured into chilled conc. hydrochloric acid (75 ml acid, 75 g ice) and
decanted. The solution was then extracted with hexane (4 x 250 ml). The
organic layers were combined, washed with sodium sulphite solution (250
ml, 0.1 M) and water (250 ml), dried over magnesium sulphate and the
solvent evaporated. The product was purified by silica gel
chromatography eluting with hexane to afford the title product as a
yellow liquid (18.5 g, 64 %).

'H NMR (400 MHz, CDCly): 64 7.75-7.74 (1H, m, CH), 7.47-7.44 (1H, m,
CH), 7.26-7.24 (1H, m, CH); 1F NMR (376 MHz, CDCls): &r -80.81 (3F), -
106.07 (2F), -121.61 (2F), -122.26 (2F), -122.82 (2F), -126.12 (2F). HRMS
(ED: caled for C10H3F13S, 401.9748, found m/z 401.9752 (M*).

This was consistent with the previously published data.192
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Trimethyl-(3-(perfluorohexyl)-5-(trimethylstannyl)thiophen-2-yl)silane
(2.14)

/
S_si—

Me3Sn\<\—/z/ <

CeF13

214

n-Butyllithium (2.15 M in hexane, 0.58 ml, 1.24 mmol, 1.0 eq) was added
dropwise to a solution of 3-perfluorohexylthiophene 2.13 (0.5 g, 1.24
mmol, 1.0 eq) in dry THF (15 ml) at -80 °C, which was allowed to warm to
rt, then cooled to -90 °C and chlorotrimethylsilane (0.15 ml, 1.24 mmol,
1.0 eq) was added dropwise. The reaction mixture was allowed to warm to
rt and stir for 30 mins before cooling to -80 °C. n-Butyllithum (2.15 M in
hexane, 0.68 ml, 1.49 mmol, 1.2 eq) was added dropwise, and the reaction
mixture was allowed to warm to rt before cooling to -80 °C followed by the
addition of trimethyltin chloride (1M in THF, 1.86 ml, 1.86 mmol, 1.5 eq).
The reaction mixture was then allowed to warm to rt and stirred for 18 h
under Ar. The reaction mixture was diluted with Et20 (85 ml) and
quenched with a saturated aqueous ammonium chloride solution (100
ml). The organic layer was separated, washed with brine (100 ml) and
distilled water (100 ml), dried over MgSOs and the solvent was
evaporated to afford a brown oil. The 1H NMR was recorded and the title
compound was used without further purification.

'H NMR (400 MHz, CDCls): 6u 7.43 (1H, s, CH), 0.41 (9H, s, CHj), 0.34
(9H, s, CHs).

133



Attempted Synthesis of 2.15

C6F13
Hex Hex MesSi \ SnMes Hex Hex
4\ 0.0 Br 214 4\ 0.0 SiMe;
Hex Hex P-?C(JT:JZ?124 Hex Hex CeF13
T2Br 2.15

Trimethyl(3-(perfluorohexyl)-5-(trimethylstannyl)thiophen-2-yl)silane

2.14 (76 mg, 0.12 mmol, 3.6 eq), T2Br (100 mg, 0.033 mmol, 1.0 eq) and
tetrakis(triphenylphosphine)palladium(0) (2 mg, 0.0017 mmol, 0.05 eq)
were dissolved in dry toluene (8 ml) under Ar and heated at 80 °C
overnight. After cooling to rt the reaction mixture was diluted with Et20O
(100 ml), washed with a saturated aqueous solution of ammonium
chloride (100ml) and distilled water (100 ml), dried over MgSO4 and the
solvent was evaporated. 1H NMR and TLC analysis showed only starting

materials present.

2-Iodo-3-perfluorohexylthiophene (2.16)

CeF13

S
2.16

3-Perfluorohexylthiophene 2.13 (0.5 g, 1.24 mmol, 1.0 eq) was dissolved in
THF (40 ml) under Ar and cooled to -80 °C, to which n-butyllithium (2.4
M in hexane, 0.57 ml, 1.36 mmol, 1.1 eq) was added dropwise. The
reaction mixture was allowed to warm to rt over 30 mins, then cooled
again to -80 °C where perfluorohexyliodide (0.32 ml, 1.49 mmol, 1.2 eq)
was added, then allowed to warm to rt and stirred overnight under Ar.
The reaction mixture was quenched with distilled water (100 ml) and the

product was extracted with Et20 (3 x 100 ml). The organic layers were

134



combined, washed with sodium sulfite solution (1 M, 100 ml) and distilled
water (100 ml), dried over MgSQO4, and the solvent was evaporated.
Kugelrohr distillation (ca. 80 °C) removed starting material, and the
product was purified by silica gel chromatography eluting with hexane to
afford the product as a yellow oil (0.105 g, 16 %) with starting material
impurities. The compound was used without further purifiication.

'H NMR (400 MHz, CDCly): éx 7.53 (1H, d, J 5.6 Hz, CH), 6.99 (1H, d, ¢/
5.6 Hz, CH); 13C NMR (100 MHz, CDCls): & 133.5, 133.2, 128.5; 19F NMR
(376 MHz, CDCly): & -80.76 (3F), -105.85 (2F), -120.66 (2F), -121.65 (2F),
-122.74 (2F), -126.05 (2F).

(9,9-Dihexyl-7-(3-(perfluorohexyl)thiophen-2-yl)-fluoren-2-
yDtrimethylsilane (2.17)

Hex Hex CgFq3

217

9,9-Dihexyl-7-trimethylsilylfluoren-2-ylboronic acid 2.6 (90 mg, 0.20
mmol, 1.05 eq), 2-iodo-3-perfluorohexylthiophene 2.16 (100 mg, 0.19
mmol, 1.0 eq), tetrakis(triphenylphosphine) palladium(0) (12 mg, 0.01
mmol, 0.05 eq) and barium hydroxide octahydrate (100 mg, 0.32 mmol,
1.6 eq) were suspended in THF (8 ml) and distilled water (0.3 ml) under
Ar, and heated at 80 °C for 20 h. The reaction mixture was cooled to rt,
then quenched with saturated ammonium chloride solution (50 ml) and
the product was extracted with CH2Clz (4 x 50 ml). The organic layers
were combined, dried over MgSO4 and the solvent was evaporated. The
residue was purified by silica gel chromatography eluting with distilled
petroleum ether and the product was isolated as a yellow oil (0.12 g, 80

%).
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IH NMR (400 MHz, CDCls): éu 7.71 (2H, d, J 7.6 Hz, CH), 7.51 (1H, d,
7.6 Hz, CH), 7.48 (1H, s, CH), 7.40-7.37 (3H, m, CH), 7.22 (1H, d, J 5.6
Hz, CH), 1.97-1.91 (4H, m, CHy), 1.12-1.03 (12H, m, CHy), 0.78-0.74 (6H,
m, CHj), 0.67-0.63 (4H, m, CHs), 0.327 (9H, s, CHs); 13C NMR (100 MHz,
CDCly): & 150.8, 150.6, 149.2, 142.2, 141.3, 140.1, 132.2, 130.9, 129.3,
127.9, 127.6, 125.6, 125.2, 125.0, 119.6, 119.4, 119.3, 55.5, 40.5, 31.7, 31.7,
31.6, 29.9, 23.9, 22.81, 22.78, 22.75, 14.3, 14.21, 14.18; 9F NMR (376
MHz, CDCly): & -80.85 (3F), -102.05 (2F), -120.94 (2F), -121.80 (2F), -
122.85 (2F), -126.16 2F) ; m/z (ESD 805.85 ([Ml+, 100 %). HRMS (ED):
caled for CssH43F13SSi, 806.2647, found m/z 806.2642 (M+).

2-(7-Bromo-9,9-dihexylfluoren-2-yl)-3-(perfluorohexylthiophene (2.18)

(9,9-Dihexyl-7-(3-(perfluorohexyl)thiophen-2-yl)-fluoren-2-

yDtrimethylsilane 2.17 (112 mg, 0.14 mmol, 1.0 eq) and sodium acetate
(11.5 mg, 0.14 mmol, 1.0 eq) were dissolved in THF (7 ml) under Ar. The
reaction vessel was covered in tin foil and cooled to 0 °C using an ice bath.
Bromine (0.014 ml, 0.28 mmol, 2.30 eq) was added to the reaction mixture
dropwise, which was then stirred at 0 °C under Ar for 30 mins. The
reaction mixture was quenched with triethylamine (0.1 ml) followed by a
sodium sulfite solution (1 M, 4 ml). The mixture was diluted with distilled
water (10 ml) and the product was extracted with CHzCls (5 x 20 ml). The
organic layers were combined, washed with saturated sodium hydrogen
carbonate solution (20 ml), then dried over MgSO4 and the solvent was
evaporated. The crude product was dissolved in toluene and filtered

through a silica plug, eluting with more toluene. The solvent was then
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evaporated to afford the product as a yellow oil (0.094g, 82 %). This was
used immediately without further purification.

1H NMR (400 MHz, CDCls): éu 7.67 (1H, d, J 8.4 Hz, CH), 7.59 (1H, d, J
8.4 Hz, CH), 7.48 (2H, m, CH), 7.40-7.37 (3H, m, CH), 7.22 (1H, d, J 5.6
Hz, CH), 1.97-1.93 (4H, m, CHy), 1.12-1.03 (12H, m, CHs), 0.78-0.75 (6H,
m, CHs), 0.67-0.63 (4H, m, CHy); 13C NMR (100 MHz, CDCls): & 153.7,
150.3, 141.1, 139.8, 131.3, 130.5, 129.6, 127.7, 126.6, 125.7, 125.1, 122.0,
121.7, 119.5, 55.9, 40.7, 31.8, 29.9, 24.0, 22.9, 14.2; 19F NMR (376 MHz,
CDCls): &k -80.85 (3F), -102.05 (2F), -120.94 (2F), -121.77 (2F), -122.83
(2F), -126.14 (2F).

2-(9,9-Dihexyl-7-(3-(perfluorohexyl)thiophen-2-yl)-fluoren-2-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (2.19)

Hex Hex C6F13
O
\ / \
2.19

2-(7-Bromo-9,9-dihexylfluoren-2-yl)-3-(perfluorohexyl)thiophene 2.18 (550
mg, 0.68 mmol, 1.0 eq), bis(pinacolato)diboron (208 mg, 0.82 mmol, 1.2
eq), tetrakis(triphenylphosphine)palladium(0) (38 mg, 0.03 mmol, 0.05 eq)
and potassium acetate (186 mg, 1.90 mmol, 2.8 eq) were dissolved in dry
1,4-dioxane (7ml) under Ar, and heated at 110 °C for 20 h. The reaction
mixture was cooled to rt and quenched with distilled water (50 ml), then
the product was extracted with Et20 (4 x 40 ml). The organic layers were
combined, washed with brine (50 ml), dried over MgSO4 and the solvent
was evaporated. The product was purified by silica gel chromatography,
eluting first with ethyl acetate/hexane (1:50) to remove impurities, then
with ethyl acetate/hexane (1:20) to afford the product as an orange semi-

solid (0.272 g, 46 %).
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1H NMR (400 MHz, CDCls): 61 7.84-7.81 (1H, m, CH), 7.76-7.72 (2H, m,
CH), 7.49-7.47 (1H, m, CH), 7.40-7.37 (3H, m, CH), 7.22 (1H, d, J 5.6 Hz),
2.01-1.93 (4H, m, CHy), 1.36 (12H, s, CH3), 1.11-1.02 (12H, m, CHy), 0.77-
0.73 (6H, m, CHs), 0.68-0.5 (4H, m, CHs); 13C NMR (100 MHz, CDCls): &
150.2, 150.6, 149.1, 143.7, 142.0, 135.1, 134.2, 131.3, 139.3, 139.2, 128.1,
127.6, 125.6, 125.2, 119.8, 119.6, 84.1, 55.6, 40.6, 31.8, 30.0, 25.3, 25.2,
24.0, 22.9, 14.2; 19F NMR (376 MHz, CDCls): &r -80.83 (3F), -102.08 (2F), -
120.94 (2F), -121.79 (2F), -122.82 (2F), -126.14 (2F). m/z (ESD 860.35
(IM]+, 100 %). HRMS (EID): caled for C41H4eF1302S 860.3116, found m/z
860.3104 (M™).

2-Trimethylsilyl-3-bromothiophene (2.20)193

Br

S SiMe3
2.20

3-Bromothiophene 2.11 (5 ml, 53.4 mmol, 1.0 eq) was dissolved in dry
THF (50ml) under Ar and cooled in an ice-bath, to which lithium
bis(trimethylsilyl) amide (1.0 M in THF, 58.7 ml, 58.7 mmol, 1.1 eq) was
added dropwise. The reaction mixture was stirred for 1 h, after which
time chlorotrimethylsilane (13.5 ml, 106.8 mmol, 2.0 eq) was added
dropwise and stirred for 2 h. The reaction mixture was quenched with
sat. aq. ammonium chloride solution (200 ml) and distilled water (200
ml). The aqueous layer was extracted with Et20 (350 ml), and the organic
layer was washed with water (200 ml), dried over MgSQO4 and the solvent
was evaporated. Kugelrohr distillation removed trace amounts of starting
material 2.11 and the crude product was purified by silica gel
chromatography, eluting with hexane, to afford the product as a
colourless oil (11.54 g, 90 %).

The 'H NMR spectrum was recorded;
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1H NMR (400 MHz, CDCls): éu 7.45 (1H, d, J 4.8 Hz, CH), 7.11 (1H, d, J
5.2 Hz, CH), 0.48 (9H, s, CH3).

This was consistent with the previously published data.193

2-Trimethylsilyl-3-iodothiophene (2.21)

3
SiMe,

S

2.21
with residual 2.20

Copper iodide (0.45 g, 2.4 mmol, 0.05 eq) and sodium iodide (14.65 g, 97.8
mmol, 2.0 eq) were suspended in freshly distilled dioxane (75 ml) under
Ar, to which 2-trimethylsilyl-3-bromothiophene 2.20 (11.5 g, 48.9 mmol,
1.0 eq) and N, N-dimethylethylenediamine (0.48 ml, 4.89 mmol, 0.1 eq)
were added. The reaction mixture was heated at reflux for 12 h, then
cooled to rt, and filtered through a silica plug, washing with Et20. The
solvent was removed to afford a mixture of the product and starting
material. The crude material was used without further purification (6.5 g
product, estimated by 'H NMR integrals).

The 'H NMR spectrum for 2.21 is as follows;

IH NMR (400 MHz, CDCly): éi 7.39 (1H, d, J 5.0 Hz, CH), 7.23 (1H, d, J
4.5 Hz, CH), 0.48 (9H, s, CH3).

2-Trimethylsilyl-3-perfluorohexylthiophene (2.22)
CeF13

S SiMe3

2.22

Copper powder (4.29 g, 68.03 mmol, 3.2 eq) and a mixture of 2.21 and
2.20 (6.0 g, 21.26 mmol, 1.0 eq of 2.21 assumed) were suspended in dry
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DMF (50 ml) under Ar, to which perfluorohexyliodide (6.9 ml, 31.89
mmol, 1.5 eq) was added. The reaction mixture was heated at 130 °C for
72 h, then cooled to rt, filtered over Celite and diluted with distilled water
(100 ml). The aqueous layer was extracted with hexane (3 x 200 ml), then
the organic layers were combined and washed with aq. sodium sulphite
solution (1.0 M, 200 ml) and distilled water (100 ml), dried over MgSO4
and the solvent was evaporated. The crude product was suspended in a 5
% H2O/EtOH solution (30 ml), which was extracted with
perfluorohexanes (2 x 25 ml). The fluorinated layer was dried over MgSQO4
and the solvent was evaporated to afford the product as a yellow oil (2.85
g, 28 %).

'H NMR (400 MHz, CDCly): 61 7.63-7.61 (1H, m, CH), 7.34-7.32 (1H, m,
CH), 0.38 (9H, s, CH3); 13C NMR (100 MHz, CDCly): & 145.0, 134.7,
134.4, 131.3, 129.1, 0.57; F NMR (376 MHz, CDCly): & -80.85 (3F), -
102.08 (2F), -120.21 (2F), -121.58 (2F), -122.80 (2F), -126.06 (2F); HRMS
(ED: calcd for C13H11F13SSi, 474.0143, found m/z 474.0145 (M+).

2-Trimethylsilyl-3-perfluorohexyl-5-iodothiophene (2.23)

2-Trimethylsilyl-3-perfluorohexylthiophene 2.22 (2.5 g, 5.27 mmol, 1.0 eq)
was dissolved in dry THF (100ml) under Ar and cooled to -80 °C, to which
mbutyllithium (2.37M in hexane, 2.44 m 1, 5.80 mmol, 1.1 eq) was added
dropwise and stirred for 15 mins at -80 °C, after which
perfluorohexyliodide (1.37 ml, 6.32 mmol, 1.2 eq) was added dropwise.
The reaction mixture was allowed to warm to rt and stir for 18 h, then
quenched with sat. sodium hydrogen carbonate solution (100 ml) and

diluted with distilled water (100 ml). The aqueous layer was extracted
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with Et20 (3 x 150 ml) and the organic layers were combined, dried over
MgSO4 and the solvent was evaporated. The product was purified by
filtering through a silica plug, eluting with hexane, to afford the product
as a golden oil (2.75 g, 87 %).

'H NMR (400 MHz, CDCls): &1 7.41 (1H, t, J 1.6 Hz, CH), 0.37 (9H, s,
CHs); 13C NMR (100 MHz, CDCls): éc 152.6, 138.3, 136.1, 79.0, 0.4; 19F
NMR (376 MHz, CDCly): ér -80.80 (3F), -102.77 (2F), -120.13 (2F), -121.55
(2F), -122.76 (2F), -126.04 (2F); HRMS (ED: caled for CioHi0F13ISSi,
599.9110, found m/z 599.9107 (M*)

2-Iodo-4-perfluorohexylthiophene (2.24)

2-Trimethylsilyl-3-perfluorohexyl-5-iodothiophene 2.23 (2.75 g, 4.58
mmol, 1.0 eq) was dissolved in dry (THF) under Ar, to which
tetrabutylammonium fluoride (1.0 M in THF, 4.81 ml, 4.81 mmol, 1.05 eq)
was added dropwise and stirred at rt for 4 h. The reaction mixture was
quenched with distilled water (100 ml) and the aqueous layer was
extracted with Et20 (2 x 100 ml). The organic layers layers were
combined, dried over MgSO4 and the solvent was evaporated to afford a
black oil. The crude product was filtered through a silica plug eluting
with Et20 to afford the product as a brown oil (2.01 g, 83 %).

'H NMR (400 MHz, CDCly): &1 7.74 (1H, s, CH), 7.37 (1H, s, CH); 13C
NMR (100 MHz, CDCls): & 135.0, 134.4, 132.1, 75.6; 19F NMR (376 MHz,
CDCly): 6 -80.78 (3F), -106.68 (2F), -12.54 (2F), -121.07 (2F), -122.78 (2F),
-126.02 (2F); HRMS (ED: caled for CioHeF13IS, 527.8714, found m/z
527.8710 (M*),.
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(9,9-Dihexyl-7-(4-(perfluorohexyl)thiophen-2-yl)-9H-fluoren-2-
yDtrimethylsilane (2.25)

Hex Hex C6F13

2.25

9,9-Dihexyl-7-trimethylsilylfluoren-2-ylboronic acid 2.6 (1.34 g, 2.98
mmol, 1.05 eq), 2-iodo-4-perfluorohexylthiophene 2.24 (1.5 g, 2.84 mmol,
1.0 eq), tetrakis(triphenylphosphine) palladium(0) (0.16 g, 0.14 mmol,
0.05 eq) and barium hydroxide octahydrate (1.46 g, 4.54 mmol, 1.6 eq)
were suspended in dry THF (120 ml) and distilled water (5 ml) under Ar,
and heated at 80 °C for 20 h. The reaction mixture was cooled to rt, then
quenched with saturated ammonium chloride solution (200 ml) and the
product was extracted with CH2Clz (4 x 200 ml). The organic layers were
combined, dried over MgSO4 and the solvent was evaporated. The product
was purified by silica gel chromatography eluting with distilled
petroleum ether and the product was isolated as a yellow oil (1.25 g, 55
%).

IH NMR (400 MHz, CDCls): 1 7.74-7.69 (2H, m, CH), 7.66 (1H, s, CH),
7.59-7.57 (1H, m, CH), 7.54-7.50 (2H, m, CH), 7.48 (1H, s, CH), 7.44 (1H,
s, CH), 2.03-1.99 (4H, m, CH2), 1.14-1.07 (12H, m, CHy), 0.78-0.75 (6H, t,
J 6.8 Hz, CHs), 0.70-0.66 (4H, m, CHy), 0.33 (9H, s, CHz); 13C NMR (100
MHz, CDCly): & 152.4, 150.4, 147.9, 142.1, 141.2, 140.1, 132.3, 132.2,
131.1, 128.0, 127.0, 125.4, 120.9, 120.7, 119.5, 55.6, 40.4, 31.7, 29.9, 24.0,
22.8, 14.3; 19F NMR (376 MHz, CDCly): & -80.75 (3F), -106.57 (2F), -
121.46 (2F), -121.91 (2F), -122.72 (2F), -126.02 (2F); HRMS (ED): calcd for
CssH42F13SSi, 806.2647, found m/z 806.2646 (M),
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2-(7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)-4-(perfluorohexyl)thiophene
(2.26)

Hex Hex C6F13

0

2.26

(9,9-Dihexyl-7-(4-(perfluorohexyl)thiophen-2-y1)-9H-fluoren-2-
yDtrimethylsilane 2.25 (1.25 g, 1.55 mmol, 1.0 eq) and sodium acetate
(0.127 g, 1.55 mmol, 1.0 eq) were dissolved in dry THF (50 ml) under Ar.
The reaction vessel was covered in tin foil and cooled to 0 °C using an ice
bath. Bromine (0.15 ml, 3.10 mmol, 2.0 eq) was added to the reaction
mixture dropwise, which was then stirred at 0 °C under Ar for 30 mins.
The reaction mixture was quenched with triethylamine (1 ml) followed by
a sodium sulfite solution (1 M, 50 ml). The mixture was diluted with
distilled water (100 ml) and the product was extracted with CHz2Cly (4 x
200 ml). The organic layers were combined, washed with saturated
sodium hydrogen carbonate solution (100 ml), then dried over MgSQO4 and
the solvent was evaporated. The crude product was dissolved in toluene
and filtered through a silica plug, eluting with more toluene. The solvent
was then evaporated to afford the product as a yellow oil (1.15 g, 91 %).
'H NMR (400 MHz, CDCl3): 6 7.70-7.67 (2H, m, CH), 7.61-7.57 (2H, m,
CH), 7.52 (1H, d, J 1.2 Hz, CH), 7.50-7.48 (2H, m, CH), 7.44 (1H, s, CH),
2.02-1.97 (4H, m, CHy), 1.16-1.04 (12H, m, CHy), 0.80-0.76 (6H, t, J 6.8
Hz, CHs), 0.68-0.62 (4H, m, CHy); 13C NMR (100 MHz, CDCls): & 153.5,
151.8, 147.5, 141.0, 139.7, 132.5, 131.1, 130.5, 129.4, 128.6, 127.1, 126.6,
125.6, 121.9, 121.6, 121.1, 120.7, 120.6, 56.0, 40.6, 31.8, 30.0, 24.0, 22.9,
14.3; F NMR (376 MHz, CDCly): ér -80.77 (3F), -106.58 (2F), -121.46
(2F), -121.90 (2F), -122.74 (2F), -126.00 (2F); HRMS (ED: calcd for
Cs5Hs4BrF13S, 812.1357, found m/z 812.1347 (M*).
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2-(9,9-Dihexyl-7-(4-(perfluorohexyl)thiophen-2-yl)-9H-fluoren-2-yl)-
4,4.5,5-tetramethyl-1,3,2-dioxaborolane (2.27)

2-(7-bromo-9,9-dihexyl-9H-fluoren-2-yl)-4-(perfluorohexyl)thiophene
thiophene 2.26 (1.15 g, 1.41 mmol, 1.0 eq), bis(pinacolato)diboron (0.43 g,
1.69 mmol, 1.2 eq), tetrakis(triphenylphosphine)palladium(0) (81 mg, 0.07
mmol, 0.05 eq) and potassium acetate (0.39 g, 3.95 mmol, 2.8 eq) were
dissolved in dry dioxane (14 ml) under Ar, and heated at 110 °C for 20 h.
The reaction mixture was cooled to rt and quenched with distilled water
(100 ml), then the product was extracted with Et20 (4 x 100 ml). The
organic layers layers combined, washed with brine (100 ml), dried over
MgSO4 and the solvent was evaporated. The product was purified by
silica gel chromatography, eluting first with ethyl acetate/hexane (1:50) to
remove impurities then with ethyl acetate/hexane (1:20) to afford the
product as a brown oil (0.35 g, 30 %).

'H NMR (400 MHz, CDCl3): éu 7.86-7.84 (1H, d, J 7.6 Hz, CH), 7.79-7.71
(3H, m, CH), 7.67 (1H, d, J 7.6 Hz, CH), 7.61-7.59 (1H, m, CH), 7.53 (1H,
s, CH), 7.46 (1H, s, CH), 2.08-2.01 (4H, m, CHy), 1.41 (12H, s, CHs) 1.14-
1.02 (12H, m, CH»), 0.78-0.75 (6H, t, J 6.8 Hz, CHs), 0.69-0.62 (4H, m,
CHa); 13C NMR (100 MHz, CDCl3): é&c 152.8, 150.48, 147.8, 143.6, 142.0,
134.3, 132.5, 131.1, 129.3, 129.2, 127.1, 125.4, 121.0, 120.6, 119.6, 84.2,
55.7, 41.6, 31.8, 30.0, 25.3, 24.0, 22.9, 14.3; 19F NMR (376 MHz, CDCly):
& -80.79 (3F), -106.58 (2F), -121.47 (2F), -121.91 (2F), -122.74 (2F), -
126.05 (2F); HRMS (ED): caled for Cs1H16BF1302S, 860.3116, found m/z
860.3099 (M™).
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T1-3FTh

T1-3FTh

2-(9,9-Dihexyl-7-(3-(perfluorohexyl)thiophen-2-yl)-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane 2.19 (210 mg, 0.24 mmol, 4.77 eq),
tribromohexahexyltruxene 2.3 (54.2 mg, 0.05 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (17.3 mg, 0.015 mmol, 0.3 eq)
and barium hydroxide octahydrate (115 mg, 0.37 mmol, 7.3 eq) were
suspended in THF (5 ml) under Ar, to which degassed distilled water
(0.65 ml) was added. The reaction mixture was then heated at 80 °C for
18 h, then cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (50 ml). The crude product was extracted with
CH2Clz (6 x 50 ml), the organic layers were combined, dried over MgSOy,
the solvent was evaporated and the crude product was placed under
vacuum overnight. The product was loaded onto silica and eluted with a
petroleum ether/toluene (10:1) mixture to afford the product as a white

powder (110 mg, 72%).
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H NMR (400 MHz, CDCls): éu 8.52 (3H, s, CH), 7.87 (3H, d, J 7.6 Hz,
CH), 7.81-7.76 (12H, m, CH), 7.53 (3H, d, J 8.0 Hz, CH), 7.50-7.41 (9H, m,
CH), 7.25 (3H, d, J 5.2 Hz, CH) 3.08-3.07 (6H, m, CHy) 2.28-2.26 (6H, m,
CHy), 2.10-2.08 (12H, m, CHy), 1.14-1.07 (36H, m, CHs), 0.98-0.87 (36H,
m, CHs), 0.80-0.77 (30H, m, CHs), 0.66-0.62 (30H, m, CHy); 13C NMR (100
MHz, CDCly): & 154.8, 152.3, 150.9, 149.2, 145.6, 142.0, 141.1, 140.1,
140.0, 139.8, 138.5, 130.8, 129.5, 127.7, 126.5, 125.6, 125.3, 125.2, 125.0,
121.6, 120.9, 120.7, 119.4, 56.3, 55.8, 40.9, 37.5, 31.9, 31.8, 30.0, 29.9,
24.4, 24.1, 22.9, 22.7, 14.2; 19F NMR (376 MHz, CDCl5): & -80.83 (9F), -
102.00 (6F), -120.889 (6F), -121.75 (6F), -122.81 (6F), -126.15 (6F);
MALDI-TOF MS : m/z 2959.39 (IM-CeHuslt, 100 %), 2981.01 ([M-
CeH13+Nal, 70 %), 3044.50 ([M]*+, 35 %).

RAP%
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T1-4FTh

T1-FTh

2-(9,9-Dihexyl-7-(4-(perfluorohexyl)thiophen-2-y1)-9H-fluoren-2-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2.27 (350 mg, 0.407 mmol, 4.77
eq), tribromohexahexyltruxene 2.3 (92 mg, 0.085 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (29 mg, 0.0255 mmol, 0.3 eq)
and barium hydroxide octahydrate (196 mg, 0.62 mmol, 7.3 eq) were
suspended in THF (8 ml) under Ar, to which degassed distilled water (1
ml) was added. The reaction mixture was then heated at 80 °C for 18 h,
then cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (50 ml). The crude product was extracted with
CH2Cl2 (6 x 50 ml), the organic layers were combined, dried over MgSOy,
the solvent was evaporated and the crude product was placed under
vacuum overnight. The product was loaded onto silica and eluted with a
petroleum ether/toluene (15:1) mixture to afford the product as a sticky

yellow solid (195 mg, 75 %).
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'H NMR (400 MHz, CDCls): 61 8.52 (3H, d, J 8.4 Hz, CH), 7.86 (3H, d, J
8.0 Hz, CH),7.80 (12H, d, / 6.4 Hz, CH), 7.76 (3H, s, CH), 7.69 (3H, s,
CH), 7.64 (3H, d, J 8.0 Hz, CH), 7.60 (3H, s, CH) 7.48 (3H, s, CH) 3.10-
3.08 (6H, m, CHy), 2.27-2.24 (6H, m, CHy), 2.14-2.11 (12H, m, CHy), 1.17-
1.11 (36H, m, CHy), 1.00-0.92 (36H, m, CHj), 0.81-0.78 (30H, m, CHy),
0.69-0.62 (30H, m, CHy); 13C NMR (100 MHz, CDCls): & 154.8, 152.5,
152.1, 147.8, 145.6, 141.9, 141.0, 140.1, 140.0, 139.8, 138.5, 132.1, 131.1,
127.0, 126.6, 125.6, 125.3, 121., 121.0, 120.6, 56.3, 55.9, 40.8, 37.5, 31.9,
31.8, 30.0, 29.9, 24.4, 24.2, 22.86, 22.69, 22.7, 14.32, 14.27, 14.2; 1F NMR
(376 MHz, CDCls): & -80.73 (3F), -106.57 (2F), -121.46 (2F), -121.90 (2F),
-122.73 (2F), -126.03 (2F); MALDI-TOF MS: m/z 2959.39 ([M-CsH13]*+, 100
%), 2981.01 ([M-CeH15+Nal, 70 %), 3044.50 ([M]*+, 35 %).
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T4-4FTh

T4-*FTh

2-(9,9-Dihexyl-7-(4-(perfluorohexyl)thiophen-2-y1)-9H-fluoren-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2.27 (54 mg, 0.063 mmol, 6.0 eq),
T38Br (46 mg, 0.011 mmol, 1.0 eq), tetrakis(triphenylphosphine)-
palladium(0) (16 mg, 0.014 mmol, 1.2 eq) and barium hydroxide
octahydrate (59 mg, 0.19 mmol, 17.0 eq) were suspended in THF (5 ml)
under Ar, to which degassed distilled water (0.12 ml) was added. The
reaction mixture was then heated at 80 °C for 24 h, then cooled to rt and
quenched with a saturated aqueous solution of ammonium chloride (50
ml). The crude product was extracted with CH2Cls (6 x 50 ml), the organic
layers were combined, dried over MgSQ4, the solvent was evaporated and
the crude product was placed under vacuum overnight. The product was
loaded onto silica and eluted with a petroleum ether/dichloromethane
(7:1) mixture to afford a yellow solid. The product was precipitated from
the minimum volume of CH2Cl2 by the addition of methanol to afford the
title product as an off white solid (57.9 mg, 85 %).
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H NMR (400 MHz, CDCls) 8u, 8.70-8.40 (1H, d, broad), 8.00-7.56 (27H,
m, CH), 7.47 (1H, s, CH), 3.30-2.90 (2H, s, broad, CH>), 2.48-1.90 (18H, m,
CHy), 1.30-0.60 (110H, m, CHs and CH3); 3C NMR (CDCls, §, 100 MHz)
154.6, 152.3, 152.0, 151.9, 147.6, 145.4, 141.6, 141.2, 140.8, 140.7, 140.5,
140.3, 140.3, 140.2, 140.13, 139.8, 139.7, 139.6, 138.4, 131.8, 130.9, 126,5,
126.4, 125.4, 121.7, 121.5, 120.7, 120.4, 56., 55.61, 55.55, 55.51, 40.5, 31.4,
31.7, 31.66, 31.63, 29.9, 29.8, 29.7, 24.2, 24.0, 23.9, 22.8, 22.7, 22.5, 14.2,
14.12, 14.10; F NMR (376 MHz, CDCly): & -80.73 (3F), -106.56 (2F), -
121.45 (2F), -121.88 (2F), -122.71 (2F), -126.01 (2F); MALDI-TOF MS: m/z
6037(M*), 5952(IM—CsH13]*). Anal. Caled for CsosHa77Fs9Ss: C, 78.17; H,
7.96. Found: C, 77.92; H, 7.85.

2,7-Dibromo-9,9-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-fluorene
(2.29)

CsF13 CeF13

2.29

Lithium diisopropyl amide (1.7M in hexane, 1 ml, 1.7 mmol, 1.1 eq) was
added dropwise to a solution of 2,7-dibromo-9H-fluorene (0.5 g, 1.55
mmol, 1.0 eq) in dry THF (20 ml) under Ar at -60 °C, which was allowed
to warm to rt, then cooled to -60 °C and a solution of 1H,1H,2H,2H-
perfluorooctyliodide (0.73 g, 1.55 mmol, 1.0 eq) in dry THF (5 ml) was
added dropwise. The reaction mixture was allowed to warm to rt and
stirred at this temperature for 1.5 h, then cooled to -60 °C and lithium
diisopropyl amide (1.7M in hexane, 1 ml, 1.7 mmol, 1.1 eq) added
dropwise. The reaction mixture was allowed to warm to rt then cooled
again to -60 °C where a solution of 1H,1H,2H,2H-perfluorooctyliodide
(0.88 g, 1.86 mmol, 1.2 eq) in dry THF (5 ml) was added dropwise.
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Finally, the reaction mixture was allowed to warm to rt and stirred
overnight under Ar. The mixture was filtered through a silica plug,
eluting with copious amounts of THF, and the solvent was then
evaporated. The crude mixture was purified by silica gel chromatography
eluting with 5 % CHaClz/hexane to afford a white powder, which was
dissolved in the minimum amount of hot hexane and placed in a freezer
overnight. The product was then obtained as white crystals by
precipitation (0.79 g, 50 %).

'H NMR (400 MHz, CDCls) 8n, 7.62-7.57 (4H, m, CH), 7.51-7.50 (2H, m,
CH), 2.36-2.32 (4H, m, CHs), 1.36-1.22 (4H, m, CHz); 13C NMR (CDCls, §,
100 MHz): 6c 148.4, 139.4, 132.4, 126.2, 123.0, 122.3, 53.6, 30.7, 26.3,
26.1; YF NMR (376 MHz, CDCly): 6 -80.83 (6F), -113.75 (4F), -122.12
(24), -122.92 (8F), -126.15 (4F), -126.05 (2F); MALDI-TOF MS: m/z
MALDI-TOF MS: m/z 1015.25 ([M]*, 100 %), 1870.97 (IM-Brls*, 74 %),
668.41 ([M-CzH4(CeF13)*. HRMS (ED: caled for CasHi14BraFas, 1015.9027,
found m/z 1015.9029 (M*).

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (3.6)194

(0]
Il
\O/\/O\/\O/\/o_g@

3.6

A solution of ptoluenesulfonyl chloride (47.66 g, 250 mmol, 1.0 eq) in dry
CH2Clz (200 ml) was added via cannula to a solution of triethylene glycol
monomethyl ether (40 ml, 250 mmol, 1.0 eq) and triethylamine (70 ml,
500 mmol, 2.0 eq) in dry CH3Clz at 0 °C under Ar. The solution was
allowed to warm to rt and stir for 18h, where a precipitate was observed.
The reaction mixture was then quenched with distilled water (500 ml).
The organic fraction was removed and the aqueous fraction was extracted

with CH2Cl; (2 x 250 ml). The organic fractions were combined, washed
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with distilled water (250 ml), dried over MgSO4 and the solvent was
evaporated to afford a pale yellow oil (77.96g, 98 %). The product was
used without further purification.

The 1H NMR spectrum was recorded;

IH NMR (400 MHz, CDCl): éu 7.79 (2H, d, J 8.0 Hz, CH), 7.34 (2H, d, J
8.0 Hz, CH), 4.16 (2H, t, J 4.8 Hz, CH>), 3.68 (2H, t, /4.8 Hz, CHa), 3.62-
3.59 (6H, m, CHy), 3.54-3.51 (2H, m, CHy), 3.37 (3H, s, CHs), 2.44 (3H, s,
CHs).

This was consistent with the previously published data.194

1-Bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (3.7)

\O/\/O\/\o/\/ Br
3.7

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 3.6 (8.82
g, 27.7 mmol, 1.0 eq) and lithium bromide (6.01 g, 69.25 mmol, 2.5 eq)
were dissolved in butanone (80 ml) and heated at 80 °C for 18 h, over
which time a precipitate was formed. The reaction mixture was cooled to
rt and filtered to remove the precipitate. The solvent was evaporated from
the filtrate, which was dissolved in CH2Clz (1 L) and washed with
distilled water (2 x 500 ml) and sodium thiosulfate (500 ml). The organic
fraction was dried over MgSOs and the solvent was evaporated.
Kugelrohr distillation at 85 °C afforded the product as a colourless oil
(5.75 g, 91 %).

The 'H NMR spectrum was recorded;

'H NMR (400 MHz, CDCl3): éu 3.82 (2H, t, J 6.4 Hz, CH»), 3.70-3.65 (6H,
m, CHy), 3.57-3.55 (2H, m, CHy), 3.48 (2H, t, J 6.4 Hz, CH>), 3.39 (3H, s,
CHbs).

This was consistent with the previously published data.195
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2,7-Dibromo-9 H-fluorene (2.28)

Br Q.O Br

2.28

9 H-Fluorene (22.75g, 136.9 mmol, 1.0 eq) and iodine (0.39 g, 1.54 mmol,
0.01 eq) were dissolved in CH3Clz and cooled to 0 °C, to which a solution
of bromine (15.8 ml, 306.4 mmol, 2.3 eq) in CH2Clz (20 ml) was added
dropwise over 1 h, after which the solution was allowed to warm to rt and
stirred with the minimum exposure to light for 18h. The reaction mixture
was quenched with an aqueous solution of sodium sulfite (1 M, 100 ml)
and diluted with CH2Clz (200 ml). The organic fraction was removed and
the aqueous layer was extracted with CH2Clz (2 x 100 ml). The organic
layers were combined, washed with distilled water (150 ml), dried over
MgSO4 and the solvent was evaporated to afford the product as an off-
white solid (41.68 g, 94 %).

The 1H NMR spectrum was recorded;

'H NMR (400 MHz, CDCly): éu 7.66 (2H, s, CH), 7.59 (2H, d, J 8.4 Hz,
CH), 7.50 (2H, 8.0 Hz, CH), 3.85 (2H, s, CH2).

This was consistent with the previously published data.19

Attempted Synthesis of 9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-
fluorene (3.1)

TEG TEG

‘|' TEGOTs
OO —wotoma (L0
1.20 3.1

A suspension of potassium of potassium tertbutoxide (1.68 g, 15 mmol,

2.5 eq) in dry THF (10 ml) was added dropwise to a solution of 9H-
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fluorene 120 (1.0 g 6 mmol, 1.0 eq and 2-2-(2-
Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (7.26 g, 22.8
mmol, 3.8 eq) in dry THF (15 ml) under Ar. The reaction mixture was
allowed to warm to rt and stirred under Ar for 4 h, then filtered through a
silica plug washing with copious amounts of THF. 1H NMR of the crude

mixture showed evidence of compounds from incomplete alkylation only.

9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene (3.1)

TEG TEG

3.1

A suspension of potassium of potassium tert-butoxide (8.4 g, 75 mmol, 2.5
eq) in dry THF (65 ml) was added dropwise to a solution of 9 H-fluorene
120 (5 g 30 mmol, 1.0 eq and 1-bromo-2-(2-(2-
methoxyethoxy)ethoxy)ethane (25.9 g, 114 mmol, 3.8 eq) in dry THF (60
ml) under Ar. The reaction mixture was allowed to warm to rt and stirred
under Ar for 4 h, then filtered through a silica plug washing with copious
amounts of THF. The solvent was evaporated and Kugelrohr distillation
at 85 °C removed excess 1-bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane.
The compound was purified by silica gel chromatography to afford the
compound as a yellow oil (8.41 g, 61 %).

'H NMR (400 MHz, CDCly): éx 7.68 (2H, d, /6.4 Hz, CH), 7.41 (2H, d, /
6.4 Hz, CH), 7.36-7.27 (4H, m, CH), 3.56-3.51 (4H, m, CHy), 3.49-3.46 (4H,
m, CHs), 3.42-3.39 (4H, m, CHy), 3.34 (6H, s, CHs), 3.23-3.21 (4H, m,
CHs), 2.76 (4H, t, J 7.2 Hz, CHy), 2.39 (4H, t, J 7.2 Hz, CHy). 13C NMR
(100 MHz, CDCly): 13C NMR (100 MHz, CDCls): & 149.1, 140.7, 127.7,
127.6, 123.4, 120.1, 72.2, 70.8, 70.7, 70.2, 67.4, 59.3, 51.4, 40.0, 39.9;
MALDI-TOF MS: m/z 458.27 (IM]*, 100 %). 481.20 ([M+Nal*, 48 %).
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Attempted synthesis of 2,7-Dibromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene (3.8)

TEG TEG TEG TEG

9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.1 (1.0 g, 2.18
mmol, 1.0 eq) was dissolved in dry CH2Clz (10 ml), to which I (5.6 mg,
0.02 mmol, 0.01 eq) was added. The reaction vessel was equipped with a
drying tube containing CaCls, followed by a NaOH trap. Bromine (0.26
ml, 5.01 mmol, 2.3 eq) was then added dropwise over 1 h. The solution
was left to stir for 18 h at rt, under N2, with minimum exposure to light.
The solution was then cooled in an ice bath for 10 mins, then added to a
solution of sodium sulfite in water (50 ml) and cooled by adding ice. The
solution was then extracted with CH2Cls (2 x 100 ml), washed with a
saturated solution of sodium hydrogen carbonate in water (50 ml) and
then washed with water until the pH was neutral (2 x 50 ml). The organic
layers were dried over magnesium sulfate and the solvent was
evaporated. The 'H NMR spectrum of the crude material showed no

evidence of the title compound.

2,7-Dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene
(3.8)

TEG TEG

[ﬁ\waluilllbr/Br
3.8
A suspension of potassium of potassium tert-butoxide (17.31 g, 154.3

mmol, 2.5 eq) in dry THF (200 ml) was added dropwise to a solution of
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2,7-dibromo-9 H-fluorene 2.38 (20 g, 61.7 mmol, 1.0 eq) and 1-bromo-2-(2-
(2-methoxyethoxy)ethoxy)ethane 8.7 (53.26 g, 234.5 mmol, 3.8 eq) in dry
THF (300 ml) under Ar. The reaction mixture was allowed to warm to rt
and stirred under Ar for 4 h, then filtered through a silica plug washing
with copious amounts of THF. The solvent was evaporated and Kugelrohr
distillation at 85 °C removed impurities. The residual yellow oil was
dissolved in the minimum volume of Et:O and cooled to -20 °C to
precipitate the product, which was isolated as a white powder by
filtration (32.47 g, 86 %).

The 1H NMR spectrum was recorded;

'H NMR (400 MHz, CDCly): &x 7.54-7.46 (6H, m, CH), 3.56-3.52 (4H, m,
CH2), 3.50-3.46 (4H, m, CHy), 3.40 (4H, dd, J 5.2, 4.8 Hz, CHa), 3.35 (6H,
s, CHy), 3.22 (4H, dd, J 5.2, 4.8 Hz, CHa), 2.79 (4H, t, J 7.3 Hz, CH2), 2.34
(4H, t, J 7.3 Hz, CHy).

This was consistent with the previously published data.170

Attempted synthesis of Hexa-TEG-truxene (3.9)

i) n-BuLi
O ii) TEGBr
. iii) n-BuLi
iv) TEGBr
QT —=
. . THF

Truxene 1.42 (1.66 g, 4.84 mmol, 1.0 eq) was suspended in dry THF (40
ml) under Ar, and the suspension was chilled in an ice bath. n-
Butyllithium (2.0 M in hexane, 9.1 ml, 18.15 mmol, 3.75 eq) was added
dropwise over 15 mins, affording a deep-red coloured solution, which was
stirred at rt for 30 mins. 1-Bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane
(4.12 g, 18.15 mmol, 3.75 eq) was added dropwise to the solution over 10

mins, which was then stirred for 4 h. The solution was then chilled again
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in an ice bath, nbutyllithium (2.0 M in hexane, 9.1 ml, 18.15 mmol, 3.75
eq) was added dropwise over 15 mins, and the solution stirred for a
further 30 mins. 1-Bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (4.12 g,
18.15 mmol, 3.75 eq) was added dropwise over 10 mins, and the solution
was stirred at rt for 18 h under N2. TLC and 'H NMR analysis showed

multiple products from incomplete alkylation.

(9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-y1)-9H-fluoren-2-yl)trimethylsilane (3.11)

TEG TEG
O
Me;Si . B,
o)
3.11

n-Butyllithium (2.4 M in hexane, 0.68 ml, 1.63 mmol, 1.0 eq) was added
dropwise to a solution of 2,7-dibromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (1.0 g, 1.63 mmol, 1.0 eq) in
dry THF (15 ml) at -80 °C, which was allowed to stir for 10 mins then
cooled to -90 °C and chlorotrimethylsilane (0.21 ml, 1.63 mmol, 1.0 eq)
was added. The solution was then allowed to warm to r.t. over 30 mins,
then cooled back to -80 °C and n-butyllithium (2.4 M in hexane, 0.82 ml,
1.96 mmol, 1.2 eq) was added dropwise. The solution was then cooled
further to -100 °C, triisopropylborate (1.31 ml, 4.89 mmol, 3.0 eq) was
added dropwise, and the solution was warmed to rt and stirred under N2
for 18 h. Distilled water (500 ml) was used to quench the solution, which
was then extracted with diethyl ether (3 x 100 ml). The organic layers
were combined and washed with distilled water (500 ml), dried over
magnesium sulfate, and the solvent was evaporated. The crude product
was dissolved in dry toluene (50 ml) under Ar, to which pinacol (230 mg
1.96 mmol, 1.2 eq) was added. The reaction mixture was stirred at rt

overnight, then washed with distilled water (3 x 50 ml). The aqueous
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fractions were combined and washed with CH2Clz (3 50 ml). The organic
fractions were then combined, washed with distilled water (100 ml), dried
over MgS0O4 and the solvent was evaporated. Silica gel chromatography
eluting with a 30 % hexane in EtOAc mixture afforded the product as a
pale yellow oil with slight impurities (257 mg, 24 %). This compound was
not purified further.

TH NMR (500 MHz, CDCls): én 7.84 (1H, s, CH), 7.81 (1H, d, J 7.5 Hz,
CH), 7.68 (1H, d, J 7.5 Hz, CH), 7.54 (1H, s, CH), 7.50 (1H, d, J 7.5 He,
CH), 3.55-3.50 (4H, m, CHy), 3.49-3.45 (4H, m, CHy), 3.40 (4H, t, 4.0 Hz,
CH>), 3.34 (6H, s, CH3), 3.20 (4H, m, CH»), 2.73 (4H, m, CHy), 2.40 (4H,
m, CHs), 1.36 (12H, s, CHs), 0.32 (9H, s, CH3)

2-Bromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene (3.13)

TEG TEG

a0

3.13

A suspension of potassium tert-butoxide (6.23 g, 51.0 mmol, 2.5 eq) in dry
THF (60 ml) was added dropwise to a solution of 2-bromo-9H-fluorene
(5.0 g, 20.40 mmol, 1.0  eq and 1-bromo-2-(2-(2-
methoxyethoxy)ethoxy)ethane 3.6 (12.97 g, 12.97 mmol, 3.8 eq) in dry
THF (65 ml) under Ar. The reaction mixture was allowed to warm to rt
and stirred under Ar for 4 h, then filtered through a silica plug washing
with copious amounts of THF. The solvent was evaporated and Kugelrohr
distillation at 85 °C removed impurities. The residual yellow oil was
dissolved in the minimum volume of Et:O and cooled to -20 °C to
precipitate the product, which was isolated as a white powder by
filtration (8.35 g, 75 %).

'H NMR (400 MHz, CDCly): &a 7.66-7.64 (1H, m, CH), 7.55 (1H, s, CH),
7.54 (1H, d, J10.0 Hz, CH), 7.46 (1H, dd, J 8.0 Hz 1.6 Hz, CH), 7.41-7.38
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(1H, m, CH), 7.33 (2H, m, CH), 3.56-3.51 (4H, m, CHy), 3.50-3.46 (4H, m,
CHy), 3.40 (4H, t, J 4.0 Hz, CH>), 3.34 (6H, s, CH3), 3.21 (4H, q, J 4.8 Hz,
CHy), 2.76 (4H, t, J 7.3 Hz, CHy), 2.36 (4H, t, J 7.3 Hz, CHy); 13C NMR
(100 MHz, CDCl3): & 151.6, 148.9, 139.8, 130.7, 128.1, 127.8, 126.9,123.5,
21.5, 120.2, 72.2, 70.8, 70.3, 67.2, 59.3, 51.9, 40.1; MALDI-TOF MS: m/z
575.02 (IM+KI+, 100 %), 495.14 (IM-Br+KI, 45 %), 558.96 (IM+Nal*, 35 %).
Anal. Caled for C27Hs7BrOg: C, 60.33; H, 6.94; Br, 14.87 Found: C, 60.12;
H, 6.43; Br, 14.77.

Attempted synthesis of 2-(9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-
9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane by lithiation
(3.14)

iii) Pinacol
Toluene

TEG TEG ) n-BuLi TEG TEG
ii) (i-OPr)3B o
D2 L @
o
3.13

3.14

nButyllithium (2.4 M in hexane, 0.43 ml, 1.02 mmol, 1.1 eq) was added
dropwise to a solution of 2-bromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.13 (500 mg, 0.93 mmol, 1.0
eq) in dry THF (15 ml) at -80 °C, which was allowed to stir for 10 mins
then cooled to -90 °C. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.21 ml, 1.02 mmol, 1.1 eq) was added dropwise, then the
reaction mixture was then allowed to warm to rt and stir for 18 h under
Ar. The reaction mixture was quenched with distilled water (50 ml), and
the aqueous mixture was extracted with Et20 (3 x 50 ml). The organic
layers were washed with distilled water (50 ml), dried over MgSO4 and
the solvent was evaporated. Purification by silica gel chromatography,
eluting with a EtoO/THF 5:1 mixture, afforded the target molecule with
slight impurities of 9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-

fluorene due to poor separation (215 mg combined).
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2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (3.14)

* Efoﬁ

2,7-Dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene

3.13 (250 mg, 0.47 mmol, 1.0 eq), bis(pinacolato)diboron (295 mg, 1.16
mmol, 2.5 eq), tetrakis(triphenylphosphine)palladium(0) (26 mg, 0.023
mmol, 0.05 eq) and potassium acetate (160 mg, 1.63 mmol, 3.5 eq) were
dissolved in dry 1,4-dioxane (5 ml) under Ar and heated at 90 °C for 18 h.
The reaction was then cooled to rt, and diluted with water (30 ml). After
extraction with Et20 (3 x 30 ml) the organic layers were combined,
washed with water (30 ml), dried over MgSO, and the solvent was
evaporated. The crude product was purified by silica gel chromatography
eluting with 2 % MeOH in Et:0 to afford a white solid (170 mg, 60 %).

H NMR (400 MHz, CDCls): éx 7.84 (1H, s, CH), 7.81 (1H, d, J 7.2.Hz,
CH), 7.72-7.67 (2H, m, CH), 7.44-7.72 (1H, m, CH), 7.35-7.32 (2H, m, CH),
3.53-3.50 (4H, m, CHy), 3.50-3.47 (4H, m, CHy), 3.40 (4H, dd, 6.0, 5.2
Hz, CHy), 3.39 (6H, s, CH3), 3.20 (4H, dd, J 6.0, 5.2 Hz, CHy), 2.79-2.67
(4H, m, CHo), 2.48-2.39 (4H, t, J 7.3 Hz, CHy); 13C NMR (100 MHz,
CDCly): 6c 149.8. 148.3, 143.7, 140.6, 134.4, 129.5, 128.2, 127.6, 123.5,
120.6, 119.4, 84.1, 72.2, 70.8, 70.3, 67.3, 59.3, 51.4, 39.9, 25.3; MALDI-
TOF MS: m/z 607.19 (IM+Nal*, 100 %); Anal. Calcd for CssH49BOs: C,
67.81; H, 8.45 Found: C, 67.64; H, 8.70.
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Attempted synthesis of (9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-
fluoren-2-yDtrimethylsilane (3.15)

TEG TEG TEG TEG
|)nBuU
ISiM
OO~ 5 GO
3.15

nButyllithium (2.38 M in hexane, 0.23 ml, 0.55 mmol, 1.2 eq) was added
dropwise to a solution of 2-bromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.13 (250 mg, 0.46 mmol, 1.0
eq) in dry THF (10 ml) at -80 °C, which was allowed to stirred for 10 mins
then cooled to -90 °C. Chlorotrimethylsilane (0.07 ml, 0.55 mmol, 1.2 eq)
was added dropwise, then the reaction mixture was then allowed to warm
to rt and stir for 18 h under Ar. The reaction mixture was quenched with
distilled water (50 ml), and the aqueous mixture was extracted with Et20
(3 x 50 ml). The organic layers were washed with distilled water (50 ml),
dried over MgSO4 and the solvent was evaporated. Analysis by TLC and
IH NMR of crude mixture gave evidence of multiple, inseparable

products.

Attempted synthesis of 7-bromo-9,9,9',9"-tetrakis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H,9'H-2,2"-bifluorene (3.16)

TEG TEG

PRt

General method by Suzuki-Miyaura Coupling:

2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane, 2,7-dihalo-9,9-bis(2-(2-(2-methoxy-
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ethoxy)ethoxy)ethyl)-9H-fluorene, tetrakis(triphenylphosphinepalladium
(0) and base were dissolved in solvent and heated at reflux. The reaction
mixture was then cooled to rt and added to water. The aqueous
suspension was extracted with EtOAc until the extractions were no
longer fluorescent under long wave UV light, then the organic layers were
dried over MgSO4 and the solvent was evaporated. TLC and 'H NMR
analysis were used and compared to starting material to determine

whether the reaction had gone to completion.

Attempt 1:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (250 mg, 0.43 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8
(786 mg, 1.28 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0)
(15 mg, 0.013 mmol, 0.03 eq) and an aqueous solution of sodium
carbonate (2M, 1.1 ml, 2.15 mmol, 5.0 eq) were dissolved in dry toluene
(10 mD) and heated at 80 °C for 18 h under Ar. Analysis gave no evidence

of product, showing only starting materials present.

Attempt 2:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (462 mg, 0.79 mmol, 1.0 eq), 2,7
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8
(1.45 g, 2.37 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (27
mg, 0.024 mmol, 0.03 eq) and an aqueous solution of sodium carbonate
(2M, 0.88 ml, 1.75 mmol, 2.3 eq) were dissolved in dry THF (10 ml) and
heated at 70 °C for 18 h under Ar. Analysis showed poor conversion to the
product and the crude mixture contained mainly starting materials with
other impurities, from which the desired product was inseparable. From

'H NMR peak the yield of desired product was approximately 25 %.
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Attempt 3:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (366 mg, 0.63 mmol, 1.0 eq), 2,7
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8
(1.16 g, 1.89 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (22
mg, 0.019 mmol, 0.03 eq) and an aqueous solution of sodium carbonate
(2M, 0.73 ml, 1.45 mmol, 2.3 eq) were dissolved in dry 1,4-dioxane (10 ml)
and heated at 90 °C for 18 h under Ar. Analysis showed poor conversion
to the product and the crude mixture contained mainly starting materials
with other impurities, from which the desired product was inseparable.

From 'H NMR peak the yield of desired product was approximately 25 %.

Attempt 4:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (250 mg, 0.43 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (786
mg, 1.28 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (15 mg,
0.013 mmol, 0.03 eq) and an aqueous solution of sodium carbonate (2M,
4.3 ml, 8.60 mmol, 20 eq) were dissolved in dry DME (10 ml) and heated
at 90 °C for 18 h under Ar. Analysis showed poor conversion to the
product and the crude mixture contained mainly starting materials with
other impurities, from which the desired product was inseparable. From

'H NMR peak the yield of desired product was approximately 25 %.

Attempt 5:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (500 mg, 0.86 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8
(1.58 g, 2.58 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (30
mg, 0.025 mmol, 0.03 eq) and an aqueous solution of sodium carbonate

(2M, 0.99 ml, 1.98 mmol, 2.3 eq) were dissolved in dry DMF (10 ml) and
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heated at 90 °C for 18 h under Ar. Analysis showed poor conversion to the
product and the crude mixture contained mainly starting materials with
other impurities, from which the desired product was inseparable. From

1H NMR peak the yield of desired product was approximately 25 %.

Attempt 6:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (250 mg, 0.43 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (786
mg, 1.28 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (15 mg,
0.013 mmol, 0.03 eq) and an aqueous solution of sodium carbonate (2M,
1.1 ml, 2.15 mmol, 5.0 eq) were dissolved in dry DME (10 ml) and heated
at 90 °C for 72 h under Ar. Analysis showed poor conversion to the
product and the crude mixture contained mainly starting materials with
other impurities, from which the desired product was inseparable. From

1H NMR peak the yield of desired product was approximately 25 %.

Attempt 7:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (250 mg, 0.43 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (786
mg, 1.28 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (15 mg,
0.013 mmol, 0.03 eq) and an aqueous solution of sodium hydrogen
carbonate (1M, 8.56 ml, 8.56 mmol, 20 eq) were dissolved in dry 1,4-
dioxane (10 ml) and heated at 90 °C for 18 h under Ar. Analysis gave no

evidence of product, showing only starting materials present.

Attempt 8:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (257 mg, 0.44 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (811
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mg, 1.32 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (15 mg,
0.013 mmol, 0.03 eq) and barium hydroxide (208 mg, 0.66 mmol, 1.5 eq)
were dissolved in dry THF (8 ml) and water (1 ml) and heated at 70 °C for
18 h under Ar. Analysis showed poor conversion to the product and the
crude mixture contained mainly starting materials with other impurities,
from which the desired product was inseparable. From 'H NMR peak the
yield of desired product was approximately 25 %.

Attempt 9:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (250 mg, 0.43 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (786
mg, 1.28 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (15 mg,
0.013 mmol, 0.03 eq) and sodium acetate (105 mg, 1.28 mmol, 3.0 eq)
were dissolved in dry THF (10 ml) and heated at 70 °C for 18 h under Ar.
Analysis gave no evidence of product, showing only starting materials

present.

Attempt 10:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (300 mg, 0.51 mmol, 1.0 eq), 2,7-
dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (940
mg, 1.53 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (23 mg,
0.022 mmol, 0.03 eq) and tribasic potassium phosphate (248 mg, 1.17
mmol, 2.3 eq) were dissolved in dry DMF (10 ml) and heated at 90 °C for
18 h under Ar. Analysis showed poor conversion to the product and the
crude mixture contained mainly starting materials with other impurities,
from which the desired product was inseparable. From 'H NMR peak the
yield of desired product was approximately 25 %.
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Attempt 11:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (220 mg, 0.38 mmol, 1.0 eq), 2,7-
diiodo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 38.18 (803
mg, 1.13 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (12.7
mg, 0.011 mmol, 0.03 eq) and an aqueous solution of sodium carbonate
(2M, 0.44 ml, 0.87 mmol, 2.3 eq) were dissolved in dry THF (5 ml) and
heated at 70 °C for 18 h under Ar. Analysis showed poor conversion to the
product and the crude mixture contained mainly starting materials with
other impurities, from which the desired product was inseparable. From

'H NMR peak the yield of desired product was approximately 25 %.

Attempt 12:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 3.14 (150 mg, 0.26 mmol, 1.0 eq), 2,7-
diiodo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.18 (470
mg, 0.78 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (9.4 mg,
0.008 mmol, 0.03 eq) and caesium fluoride (79.0 mg, 0.52 mmol, 2.0 eq)
were dissolved in dry DMF (5 ml) and heated at 90 °C for 18 h under Ar.
Analysis showed poor conversion to the product and the crude mixture
contained mainly starting materials with other impurities, from which
the desired product was inseparable. From 'H NMR peak the yield of

desired product was approximately 25 %.

Attempt 13:
2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (193 mg, 0.33 mmol, 1.0 eq), 2-bromo-7-
i0do-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene (268 mg,
0.40 mmol, 1.2 eq), tetrakis(triphenylphosphine)palladium(0) (12 mg, 0.01
mmol, 0.03 eq) and an aqueous solution of sodium carbonate (2M, 0.38 ml,

0.76 mmol, 2.3 eq) were dissolved in dry THF (10 ml) and heated at 70 °C
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for 18 h under Ar. Analysis showed poor conversion to the product and
the crude mixture contained mainly starting materials with other
impurities, from which the desired product was inseparable. From 'H

NMR peak the yield of desired product was approximately 25 %.

Attempt by Kumada coupling 1:

Isopropyl magnesium chloride.lithium chloride complex (1.3M in THF,
0.33 ml, 0.43 mmol, 1.0 eq) was added dropwise to a solution of 2-iodo-9,9-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.21 (250 mg, 0.43
mmol, 1.0 eq) in dry THF (3 ml) under Ar at -20 °C and stirred for 1 h.
The reaction mixture was then added to a solution of 2,7-dibromo-9,9-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.8 (792 mg, 1.29
mmol, 3.0 eq) and [1,3-bis(diphenylphosphino)propane]dichloronickel(II)
(12 mg, 0.02 mmol, 0.05 eq) in dry THF (2 ml) under Ar at -20°C. The
reaction mixture was allowed to warm to rt then and stir for 18 h, then
added to distilled water (50 ml). The aqueous mixture was extracted with
CH2Clz (4 x 50 ml), and the organic layers were washed with distilled
water (50 ml), dried over MgSO.s and the solvent was evaporated.
Analysis showed poor conversion to the product and the crude mixture
contained mainly starting materials with other impurities, from which
the desired product was inseparable. From 'H NMR peak the yield of

desired product was approximately 25 %.

Attempt by Kumada coupling 2:

Isopropyl magnesium chloride.lithium chloride complex (1.3M in THF,
0.33 ml, 0.43 mmol, 1.0 eq) was added dropwise to a solution of 2-iodo-9,9-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.21 (250 mg, 0.43
mmol, 1.0 eq) in dry THF (3 ml) under Ar at -20 °C and stirred for 1 h.
The reaction mixture was then added to a solution of 2,7-diiodo-9,9-bis(2-
(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 8.18 (916 mg, 1.29 mmol,
3.0 eq) and [1,3-bis(diphenylphosphino)propane]dichloronickel(II) (12 mg,

167



0.02 mmol, 0.05 eq) in dry THF (2 ml) under Ar at -20°C. The reaction
mixture was allowed to warm to rt then and stir for 18 h, then added to
distilled water (50 ml). The aqueous mixture was extracted with CHzCls
(4 x 50 ml), and the organic layers were washed with distilled water (50
ml), dried over MgSO,4 and the solvent was evaporated. Analysis showed
poor conversion to the product and the crude mixture contained mainly
starting materials with other impurities, from which the desired product
was inseparable. From 1H NMR peak the yield of desired product was
approximately 25 %.

2,7-Diiodo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene (3.18)

TEG TEG

~ 0

3.18

Todine (0.91 mg, 3.46 mmol, 0.8 eq) and periodic acid (0.40 mg, 1.74 mmol,
04 eq were added to a solution of  9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.1 (2.0 g, 1.86 mmol, 1.0 eq) in
a mixture of acetic acid (10 ml), sulfuric acid (0.3 ml) and water (1 ml),
which was then heated at 55 °C overnight. The reaction mixture was
diluted with an aqueous solution of sodium sulfite (1 M, 100 ml) and
extracted with CH2Clz (4 x 100 ml). The organic layers were dried over
MgSO4 and the solvent was evaporated. The crude product was purified
by silica gel chromatography, eluting first with CH2Clg, then with Et20 to
afford a yellow oil, which was precipitated from Et20 at -15 °C to afford
the product as a white powder (1.82g, 60 %).

'H NMR (400 MHz, CDCly): &1 7.74 (2H, d, J/ 1.2 Hz, CH), 7.67 (2H, dd,
8.0, 1.2 Hz, CH), 7.40 (2H, d, J/ 8.0 Hz, CH), 3.57-3.53 (4H, m, CHy), 3.51-
3.47 (4H, m, CHy), 3.41 (4H, dd, J 5.2, 4.8 Hz, CH>), 3.36 (6H, s, CHay),
3.23 (4H, dd, J 5.2, 4.8 Hz, CHy), 2.79 (4H, t, J 7.6 Hz, CHy), 2.33 (4H, t, J
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7.6 Hz, CHy). 3C NMR (100 MHz, CDCly): & 151.1, 139.4, 136.8, 132.8,
121.9, 93.56, 72.2, 70.81, 70.77, 70.3, 67.1, 59.3, 52.0, 39.8; MALDI-TOF
MS: m/z 733.06 ([M+Nal*, 100 %), 749.05 (IM +KI*, 40 %); HRMS (ED:
caled for Cg7Hsel206 (IM+NH4Y), 728.0940, found m/z 728.0930
(IM+NH4]*),

2-Bromo-7-iodo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene
(3.19)

TEG TEG

3.19

Todine (228 mg, 0.88 mmol, 0.8 eq) and periodic acid (100 mg, 0.44 mmol,
0.4 eq) were added to a solution of 2-bromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.13 (1 g, 1.86 mmol, 1.0 eq) in
a mixture of acetic acid (5 ml), sulfuric acid (0.15 ml) and water (0.5 ml),
which was then heated at 55 °C overnight. The reaction mixture was
diluted with an aqueous solution of sodium sulfite (1 M, 50 ml) and
extracted with CH2Clz (4 x 50 ml). The organic layers were dried over
MgSO4 and the solvent was evaporated. The crude product was purified
by silica gel chromatography, eluting with Et20, to afford the product as a
yellow oil (600 mg, 49 %). The compound was placed under vacuum and
used without precipitation or further purification.

The 'H NMR spectrum was recorded;

'H NMR (400 MHz, CDCl»): 6 7.73 (1H, d, J 1.2 Hz, CH), 7.67 (1H, dd, J
8.0, 1.6 Hz, CH), 7.56-7.45 (3H, m, CH), 7.40 (1H, d, J 7.6 Hz, CH), 3.71-
3.51 (4H, m, CHa), 3.49-3.47 (4H, m, CHy), 3.40-3.37 (4H, m, CHy) 3.35
(6H, s, CHy), 3.22-3.20 (4H, m, CH»), 2.78 (4H, t, J 7.2 Hz, CH), 2.33 (4H,
t, J 7.2 Hz, CHy).
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9,9,9',9"-Tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H,9'H-2,2'-
bifluorene (3.20)

TEG TEG

TEG TEG
3.20

2-Bromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.13
(250 mg, 0.46 mmol, 1.0 eq), 2-(9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-y1)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane 38.14 (321 mg, 055 mmol, 1.2 eq and
tetrakis(triphenylphosphine)palladium(0) (23 mg, 0.02 mmol, 0.05 eq)
were dissolved in dry THF (5 ml), to which an aqueous solution of sodium
carbonate (2M, 0.65 ml, 1.29 mmol, 2.8 eq) was added. The reaction
mixture was heated at 70 °C overnight, then cooled to rt and added to
brine (50 ml). The aqueous fraction was extracted with EtOAc (5 x 30 ml),
then the organic layers were washed with brine (50 ml), dried over
MgSO4 and the solvent was evaporated. The crude product was purified
by silica gel chromatography, eluting first with 5 % MeOH/Et20, then 10
% MeOH/Et20 to afford the product as a yellow powder. Precipitation
from Et20 at -20 °C then gave the product as a white powder (299 mg, 71
%).

'H NMR (400 MHz, CDCl3): 6 7.78-7.72 (4H, m, CH), 7.68-7.64 (4H, m,
CH), 7.46 (2H, d, J 7.2 Hz, CH), 7.39-7.33 (4H, m, CH), 3.55-3.51 (8H, m,
CHb), 3.47-3.45 (8H, m, CHy), 3.43-3.41 (8H, m, CH») 3.32 (12H, s, CHy),
3.27-3.23 (8H, m, CHy), 2.90-2.76 (8H, m, CHy), 2.50-2.46 (8H, m, CHy):
13C NMR (100 MHz, CDCls): &c 149.9. 149.4, 140.8, 140.4, 140.0, 127.71,
127.67, 126.9, 123.5, 121.8, 120.5, 120.2, 72.1, 70.79, 70.76, 70.72, 70.3,
67.4, 59.3, 51.6, 40.1; MALDI-TOF MS: m/z 914.58 (IM]*, 100 %); HRMS
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(ED: caled for CssH74012 [M+NH4* 932.5519, found m/z 932.5510
(IM+NH.4]*).

2-Todo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluorene (3.21)

TEG TEG

at9s

3.21

Todine (374 mg, 1.44 mmol, 0.33 eq) and periodic acid (169 mg, 0.74 mmol,
0.17 eq) were added to a solution of 9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene 3.1 (2.0 g, 4.36 mmol, 1.0 eq) in
a mixture of acetic acid (10 ml), sulfuric acid (0.3 ml) and water (2 ml)
and heated at 55 °C for 4 h. After cooling to rt, the reaction mixture was
added to an aqueous solution of sodium sulfite (1M, 50 ml) and extracted
with CH2Cls (4 x 50 ml). The organic layers were washed with a saturated
aqueous solution of sodium hydrogen carbonate (50 ml) and distilled
water (50 ml), dried over MgSO4 and the solvent was evaporated. The
product was purified by silica gel chromatography, eluting with 10 %
EtOAc/Et20, to afford a yellow oil, which was dissolved in Et20 and
cooled to -20 °C to precipitate the title product as a white powder, which
was isolated by filtration (1.01 g, 37 %).

1H NMR (400 MHz, CDCls): 6u 7.75 (1H, d, J 1.2, CH), 7.68-7.64 (2H, m,
CH), 7.43 (1H, d, J 6.4 Hz, CH), 7.40-7.38 (1H, m, CH), 7.36-7.33 (2H, m,
CH), 3.57-3.52 (4H, m, CHy), 8.50-3.47 (4H, m, CH»), 3.40 (4H, t, /4.0 Hz,
CH2), 3.35 (6H, s, CH3), 3.25-3.18 (4H, m, CH2), 2.76 (4H, t, J 6.0 Hz,
CHby), 2.37-2.34 (4H, m, CH2); 13C NMR (100 MHz, CDCls): 13C NMR (100
MHz, CDCls): & 151.6, 148.63, 140.4, 139.8, 136.6, 132.8, 128.3, 127.8,
123.4, 121.8, 120.3, 92.9, 72.2, 70.8, , 70.3, 67.2, 59.3, 51.7, 39.9; MALDI-
TOF MS: m/z607.05 ([M+Nal*, 100 %), 623.03 (IM+K]*, 35 %) 482.18 ([M-
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(CH2CH20)2Me)]*, 10 %). Anal. Caled for C27H37106: C, 55.48; H, 6.38
Found: C, 55.39; H, 6.45.

T 1Polar

TpoLar

2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 8.14 (1.50 g, 2.57 mmol, 4.77 eq),
tribromohexahexyltruxene 2.3 (0.58 g, 0.54 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (0.16 g, 0.14 mmol, 0.3 eq) and
barium hydroxide octahydrate (1.2 g, 3.94 mmol, 7.3 eq) were suspended
in THF (8 ml) under Ar, to which degassed distilled water (1 ml) was
added. The reaction mixture was then heated at 70 °C for 18 h, then
cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (100 ml). The crude product was extracted with
CH2Cl2 (8 x 100 ml), the organic layers were combined, dried over MgSOy4,
the solvent was evaporated and the crude product was placed under
vacuum overnight. The product was loaded onto silica and eluted with a
2% MeOH/Et20 mixture to afford the product as a sticky white solid (850
mg, 70 %).
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IH NMR (400 MHz, CDCly): &u 8.52 (3H, d, /8.8 Hz, CH), 7.84-7.75 (18H,
m, CH), 7.48 (3H, d, /6.8 Hz, CH), 7.41-7.38 (6H, m, CH), 3.55-3.53 (12H,
m, CHy), 3.49-3.44 (24H, m, CH»), 3.34 (18H, s, CH3), 3.28 (12H, t, J 4.8
Hz, CHy), 3.10-3.07 (6H, m, CHy), 2.93-2.83 (12H, m, CHy), 2.52 (12H, t, J
7.8 Hz, CHa), 2.30-2.20 (6H, m, CHy), 1.03-0.90 (36H, m, CH>), 0.65-0.61
(30H, m, CHz & CHs3); 13C NMR (100 MHz, CDCls): & 154.7, 149.9, 149.3,
145.5, 140.8, 140.5, 140.1, 139.3, 138.4, 127.6, 126.8, 125.6, 125.2, 123.4,
121.6, 120.6, 120.4, 120.1, 70.7, 76.9, 67.4, 59.2, 56.2, 51.5, 29.9, 24.3,
22.6, 14.2; MALDI-TOF MS: m/z 2152.65 (IM-Ce¢His+Nal*, 100 %),
2131.00 (IM-CeHusl* 64 %), 2217.04 (IM]*, 40 %); Anal. Caled for
C144H19801s: C, 78.01; H, 9.00 Found: C, 78.27; H, 8.92.

T 1po]_arI

T1poLarl

T1polar (475 mg, 0.21 mmol, 1.0 eq) was dissolved in a mixture of acetic
acid (4.1 ml), sulfuric acid (0.12 ml) and water (0.81 ml) and heated to 60
°C, then iodine (53 mg, 0.21 mmol, 1.0 eq) and periodic acid (48 mg, 0.21

mmol, 1.0 eq) were added and the reaction mixture was heated at 60 °C
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for 18 h. The reaction mixture was cooled to rt and diluted with brine (50
ml) then extracted with EtOAc (8 x 30 ml). The organic layers were
washed with water (2 x 50 ml) and brine (50 ml), dried over MgSO4 and
the solvent was evaporated. The product was purified by silica gel
chromatography eluting with Et2O, resulting in a yellow oil which was
dissolved in the minimum volume of THF. The solution was added
dropwise to hexane, cooled at -40 °C, to afford a white suspension. The
suspension was placed in a freezer overnight, then the title compound
was 1solated as a white powder, with slight impurities from incomplete
iodination, by filtration (172 mg, < 30 %).

'H NMR (400 MHz, CDCly): éu 8.51 (3H, d, /8.8 Hz, CH), 7.82-7.62 (18H,
m, CH), 7.72 (3H, d, /6.4 Hz, CH), 7.50 (3H, d, J 8.0 Hz, CH), 3.57-3.53
(12H, m, CHy), 3.51-3.49 (12H, m, CH>), 3.45 (12H, t, J 4.8 Hz, CH>), 3.34
(18H, s, CHy), 3.30-3.27 (12H, m, CH»), 3.11-3.06 (6H, m, CHy), 2.94-2.84
(12H, m, CHy), 2.48 (12H, t, J 7.8 Hz, CH»), 2.31-2.21 (6H, m, CH»), 1.01-
0.91 (36H, m, CHy), 0.68-0.61 (30H, m, CHz & CHs); MALDI-TOF MS: m/z
2530.11 ([M-CsH13+Nal*, 100 %), 2593.75 (IM]*, 60 %), 2404.15 ([M-CeH 13-
I+Nal*, 42 %), 2467.78 (IM-1]+, 36 %).
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Attempted Synthesis of Tpolar2

Pd(PPhs),, Ba(OH),
THF/H,0

™ POLARI

2-(9,9-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane 3.14 (111 mg, 0.19 mmol, 4.77 eq),
T1porarl (100 mg, 0.039 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) ( 11.6 mg, 0.01 mmol, 0.3 eq)
and barium hydroxide octahydrate (88.4 mg, 0.28 mmol, 7.3 eq) were
suspended in dry THF (5 ml) under Ar, to which degassed distilled water
(0.65 ml) was added. The reaction mixture was then heated at 70 °C for
18 h, then cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (50 ml). The crude product was extracted with
CH2Cl: (8 x 30 ml), the organic layers were combined, dried over MgSOy,
the solvent was evaporated and the crude product was placed under
vacuum overnight. TLC analysis showed multiple inseparable products
were present, which was also observed by 1H NMR of the crude product,
which were attributed to incomplete coupling. Attempted purification by
silica gel chromatography did not afford the title compound free from by-

products.
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Attempted Synthesis of T3-tricarbaldehyde (4.1)

i)n-BuLi
ii) DMF
T3Br

Solvent

41

Attempt 1:

nButyllithium (2.35 M in hexane, 0.14 ml, 0.33 mmol, 9.0 eq) was added
dropwise to a solution of T8Br (150 mg, 0.037 mmol, 1.0 eq) in dry Et20
(15 ml) under Ar at -80 °C, which was then stirred for 30 mins before
allowing to warm to rt. The reaction mixture was then cooled back to -80
°C and N, N-dimethylformamide (0.035 ml, 0.44 mmol, 12.0 eq) was added
dropwise. The reaction mixture was then allowed to warm to rt and
stirred under Ar for 18 h. The reaction was quenched by addition of
distilled water (50 ml), and the resulting suspension was extracted with
Et:0 (4 x 50 ml). The organic layers were washed with water (50 ml),
dried over MgSO4 and the solvent was evaporated. TLC analysis showed
multiple inseparable products present and comparison of the aldehyde
peak in the 'H NMR with that of aromatic peaks showed that poor

conversion had taken place.
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Attempt 2:

n-Butyllithium (2.35 M in hexane, 0.14 ml, 0.33 mmol, 9.0 eq) was added
dropwise to a solution of T3-3Br (150 mg, 0.037 mmol, 1.0 eq) in dry Et20
(5 ml) under Ar at -80 °C, which was then stirred for 30 mins before
allowing to warm to rt. The reaction mixture was then cooled back to -80
°C and N, N-dimethylformamide (0.035 ml, 0.44 mmol, 12.0 eq) was added
dropwise. The reaction mixture was then allowed to warm to rt and
stirred under Ar for 18 h. The reaction was quenched by addition of
distilled water (50 ml), and the resulting suspension was extracted with
Et20 (4 x 50 ml). The organic layers were washed with water (50 ml),
dried over MgSO4 and the solvent was evaporated. TLC analysis showed
multiple inseparable products present and comparison of the aldehyde
peak in the 'H NMR with that of aromatic peaks showed that poor

conversion had taken place.

7-Bromo-9,9-dihexyl-9H-fluorene-2-carbaldehyde (4.5)

Hex Hex
(0]
e
H
4.5

mButyllithium (2.27 M in hexane, 4.72 ml, 10.71 mmol, 1.05 eq) was
added dropwise to a solution of 2,7-dibromo-9,9-dihexylfluorene 2.5 (5.0 g,
10.2 mmol, 1.0 eq) in dry THF (100 ml) under Ar at -80 °C. After stirring
at -80 °C for 1 h, N, N-dimethylformamide (1.12 ml, 15.3 mmol, 1.5 eq)
was added to the reaction mixture, which was then allowed to warm to rt
and stirred for 18 h under Ar. The reaction mixture was quenched with
distilled water (100 ml) and the organic phase was separated. The
aqueous phase was extracted with Et20 (2 x 100 ml), and the organic

phases were combined and washed with brine (2 x 100 ml), dried over
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MgSOs and the solvent was evaporated. Purification by silica gel
chromatography, eluting with 25 % CH2Cls/hexane, afforded the product
as a yellow oil (3.26 g, 72 %). The 'H NMR spectrum was recorded;

'H NMR (400 MHz, CDCl3): 61 10.07 (1H, s, CHO), 7.88-7.80 (1H, m, CH),
7.65 (2H, d, J 8.8 Hz, CH), 7.53-7.51 (2H, m, CH), 2.03-1.93 (4H, m, CH»),
1.14-1.00 (12H, m, CHy), 0.77 (6H, t, J 7.2 Hz, CHs), 0.60-0.54 (4H, m,
CHy).

This was consistent with the previously published data.197

(7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)methanol (4.6)

Hex Hex

4.6

7-Bromo-9,9-dihexyl-9H-fluorene-2-carbaldehyde 4.5 (2.0 g, 4.53 mmol,
1.0 eq) was dissolved in THF (20 ml) and diluted with MeOH (30 ml), to
which sodium borohydride (363 mg, 9.06 mmol, 2.0 eq) was added in
portions. The reaction mixture was stirred for 18 h at rt, then quenched
with water (100 ml) and extracted with Et:O (4 x 100 ml). The organic
layers were washed with water (100 ml), dried over MgSOs and the
solvent was evaporated to afford the product as a yellow oil (1.9 g, 95 %).
The product was used without further purification. The 'H NMR
spectrum was recorded;

'H NMR (400 MHz, CDCls): éu 7.65 (1H, d, J 8.0 Hz, CH), 7.55 (1H, d,
7.2 Hz, CH), 7.46-7.44 (2H, m, CH), 7.34-7.32 (2H, m, CH), 4.78 (2H, s,
CHy), 2.01-1.92 (4H, m, CHy), 1.15-1.03 (12H, m, CH»), 0.78 (6H, t, J 7.2
Hz, CHs), 0.65-0.55 (4H, m, CHa).

This was consistent with the previously published data.198
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2-Bromo-7-(bromomethyl)-9,9-dihexyl-9H-fluorene (4.7)

Hex Hex

4.7

(7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)methanol 4.6 (2.0 g, 4.51 mmol, 1.0
eq) was dissolved in dry THF (60 ml) under Ar and cooled to 0 °C, to
which phosphorus tribromide (0.47 ml, 4.96 mmol, 1.1 eq) was added
dropwise. The reaction mixture was allowed to warm to rt and stirred for
18 h. The reaction mixture was then quenched with distilled water (100
ml) and extracted with Et20 (4 x 100 ml). The organic layers were washed
with distilled water (100 ml), dried over MgSO4 and the solvent was
evaporated. The crude product was purified by silica gel chromatography
eluting with 10 % CH2Clg/hexane to afford the product as a colourless oil
(1.20 g, 52 %). The TH NMR spectrum was recorded;

'H NMR (400 MHz, CDCl3): 61 7.62 (1H, d, J 7.6 Hz, CH), 7.55 (1H, d, J
8.8 Hz, CH), 7.47-7.45 (2H, m, CH), 7.38-7.34 (2H, m, CH), 4.60 (2H, s,
CHs), 2.00-1.88 (4H, m, CHy), 1.15-1.05 (12H, m, CHa), 0.78 (6H, t, J 7.2
Hz, CHs), 0.66-0.56 (4H, m, CHy).

This was consistent with the previously published data.199

2-((7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)methyl)isoindoline-1,3-dione (4.8)

4.8

2-Bromo-7-(bromomethyl)-9,9-dihexyl-9H-fluorene 4.7 ( 1.2 g, 2.37 mmol,
1.0 eq) and potassium phthalimide (0.46 g, 2.49 mmol, 1.05 eq) were
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dissolved in dry DMF under Ar, which was heated at 120 °C for 18 h. The
reaction mixture was cooled to 0 °C and added slowly to a mixture of ice
and water (100 ml). The aqueous suspension was extracted with Et20 (3 x
50 ml), and the organic layers were washed with distilled water (2 x 50
ml), dried over MgSO,4 and the solvent was evaporated. The product was
purified by silica gel chromatography, eluting with 30 % Et20/hexane, to
afford the title compound as an off-white solid (0.99 g, 73 %).

'H NMR (400 MHz, CDCly): & 7.87-7.84 (2H, m, CH), 7.72-7.70 (2H, m,
CH), 7.60 (1H, d, /8.4 Hz, CH), 7.51 (1H, d, /8.0 Hz, CH), 7.44-7.40 (4H,
m, CH), 4.91 (2H, s, CHy), 1.96-1.84 (4H, m, CHy), 1.10-0.97 (12H, m,
CHy), 0.74 (6H, t, J 7.2 Hz, CH3), 0.63-0.54 (4H, m, CHy); 13C NMR (100
MHz, CDCls): & 168.3, 153.6, 151.3, 140.1, 140.0, 136.0, 134.3, 132.5,
130.3, 128.0, 126.5, 124.0, 123.7, 121.4, 120.2, 55.7, 42.3, 40.4, 31.7, 29.9,
24.0, 22.8, 14.3; MALDI-TOF MS: m/z 571.02 (IMI,, 100 %); HRMS (EI):
caled for CssHssBrNOs (IM+H]+¥) 572.2159, found m/z 572.2152 ([M+H]+).

2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9H-
fluoren-2-yl)methyl)isoindoline-1,3-dione (4.9)

O%“L * _ Efoi

2-((7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)methyl)isoindoline-1,3-dione 4.8
(800 mg, 1.40 mmol, 1.0 eq), bis(pinacolatodiboron) (889 mg, 3.5 mmol,
2.5 eq), tetrakis(triphenylphosphine) palladium(0) (81 mg, 0.07 mmol,
0.05 eq) and potassium acetate (1.37 g, 14.0 mmol, 10 eq) were suspended
in dry 1,4-dioxane (15 ml) under Ar and heated at 90 °C for 24 h. After
cooling to rt the reaction mixture was added to distilled water (100 ml)

and the aqueous suspension was extracted with Et:O (4 x 100 ml). The
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organic fractions were washed with water, dried over MgSO4 and the
solvent was evaporated. The crude product was purified by silica gel
chromatography, eluting with 30 % Et2O/hexane, affording an off-white
powder which was precipitated from CH2Clz by adding MeOH to afford
the target compound as a white powder which was isolated by filtration
(520 mg, 60 %).

'H NMR (400 MHz, CDCls): 6 7.87-7.84 (2H, m, CH), 7.78 (1H, d, J 7.2
Hz, CH), 7.73 (1H, s, CH), 7.72-7.67 (2H, m, CH), 7.66 (2H, d, J 8.0 Hz
CH),7.44 (1H, s, CH) 7.41 (1H, d, J8.4 Hz) 4.92 (2H, s, CH), 1.96 (4H, t, J
8.0 Hz, CHy), 1.38 (12H, s, CHs), 1.12-0.99 (12H, m, CH2), 0.72 (6H, t, /
7.0 Hz, CHs), 0.62-0.55 (4H, m, CHy); 13C NMR (100 MHz, CDCls): &
152.2, 150.6, 143.9, 141.0, 136.0, 134.3, 134.0, 123.6, 129.2, 127.8, 124.0,
123.6, 120.6, 119.3, 84.0, 55.4, 42.4. 40.3, 31.7, 29.9, 25.3, 24.0, 22.8, 14.3;
MALDI-TOF MS: m/z 619.28 (IM], 100 %); HRMS (ED: caled for
C10H50BNO4.NH, (IM+NH4]*) 637.4178, found m/z 637.4168 (IM+NH,]*).

Attempted synthesis of T4-trimethylenephthalimide (4.10)

Hex_ Hex Hex Hex

N O
Pd(PPh;),, Base 4
Hex Hex Solvent Hex Hex O
T3Br 4.10
Attempt 1:

2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

fluoren-2-yl)methyl)isoindoline-1,3-dione 4.x (100 mg, 0.16 mmol, 4.77
eq), T3-3Br (130 mg, 0.032 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (11.5 mg, 0.01 mmol, 0.3 eq)

and barium hydroxide octahydrate (75.7 mg, 0.24 mmol, 7.5 eq) were
suspended in THF (5 ml) under Ar, to which degassed distilled water
(0.15 ml) was added. The reaction mixture was then heated at 70 °C for
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18 h, then cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (50 ml). The crude product was extracted with
CH:Cl: (6 x 50 ml), the organic layers were combined, dried over MgSOy,
the solvent was evaporated and the crude product was placed under
vacuum overnight. Attempts to purify the product by silica gel
chromatography eluting with 20 % CH2Clo/hexane afforded small
quantities of starting materials only. TLC and 'H NMR analysis showed

evidence of by-products not consistent with the title product.

Attempt 2:
2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9H-
fluoren-2-yl)methyl)isoindoline-1,3-dione (100 mg, 0.16 mmol, 4.77 eq),
T3-3Br (130 mg, 0.032 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (11.5 mg, 0.01 mmol, 0.3 eq)
and caesium fluoride (36 mg, 0.24 mmol, 7.5 eq) were dissolved in THF (5
ml) under Ar. The reaction mixture was then heated at 70 °C for 18 h,
then cooled to rt and quenched with a saturated aqueous solution of
ammonium chloride (50 ml). The crude product was extracted with
CH2Clz (6 x 50 ml), the organic layers were combined, dried over MgSOy,
the solvent was evaporated and the crude product was placed under
vacuum overnight. TLC and 'H NMR analysis showed evidence of by-

products not consistent with the title product.

Attempt 3:
2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9H-
fluoren-2-yl)methyl)isoindoline-1,3-dione (100 mg, 0.16 mmol, 4.77 eq),
T3-3Br (130 mg, 0.032 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (11.5 mg, 0.01 mmol, 0.3 eq)
and tribasic potassium phosphate (51 mg, 0.24 mmol, 7.5 eq) were
dissolved in THF (5 ml) under Ar. The reaction mixture was then heated

at 70 °C for 18 h, then cooled to rt and quenched with a saturated
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aqueous solution of ammonium chloride (50 ml). The crude product was
extracted with CH2Clz (6 x 50 ml), the organic layers were combined,
dried over MgSOy, the solvent was evaporated and the crude product was
placed under vacuum overnight. TLC and 'H NMR analysis showed only

starting materials present.

Attempt 4:
2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
fluoren-2-yl)methyl)isoindoline-1,3-dione (50 mg, 0.08 mmol, 4.77 eq), T3~
3Br (65 mg, 0.016 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (6 mg, 0.005 mmol, 0.3 eq) and
caesium fluoride (18 mg, 0.12 mmol, 7.5 eq) were dissolved in THF (5 ml)
under Ar. The reaction mixture was then heated in a microwave reactor
at 120 °C for 1 h. TLC and 'H NMR of a sample of the reaction mixture
showed only starting material present. The reaction was heated in the
microwave at 140 °C, again for 1 h. TLC and 'H NMR of a sample of the
reaction mixture again showed only starting material present. The
reaction mixture was heated in a microwave reactor at 160 °C for a
further 1 h, after which TLC and 'H NMR of a sample of the reaction
mixture showed evidence of by-products not consistent with the title

product.

Attempt 5:
2-((9,9-Dihexyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9H-
fluoren-2-yl)methyl)isoindoline-1,3-dione (50 mg, 0.08 mmol, 4.77 eq), T3-
3Br (65 mg, 0.016 mmol, 1.0 eq),
tetrakis(triphenylphosphine)palladium(0) (6 mg, 0.005 mmol, 0.3 eq) and
tribasic potassium phosphate (25 mg, 0.12 mmol, 7.5 eq) were dissolved in
THF (5 ml) under Ar. The reaction mixture was then heated in a
microwave reactor at 120 °C for 1 h. TLC and 'H NMR of a sample of the

reaction mixture showed only starting material present. The reaction was
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heated in the microwave at 140 °C, again for 1 h. TLC and 'H NMR of a
sample of the reaction mixture again showed only starting material
present. The reaction mixture was heated in a microwave reactor at 160
°C for a further 1 h, after which TLC and 'H NMR of a sample of the

reaction mixture showed only starting materials present.

2-Bromo-7-(chloromethyl)-9,9-dihexyl-9H-fluorene (4.11)

Hex Hex

4.11

Thionyl chloride (0.57 ml, 7.88 mmol, 3.5eq) was added dropwise to a
solution of (7-bromo-9,9-dihexyl-9H-fluoren-2-yl)methanol 4.6 (1.0 g, 2.25
mmol, 1.0 eq) and dry DMF (1 drop) in dry CH2Cls (15 ml) under Ar, and
stirred for 18 h. The reaction was quenched with a saturated aqueous
solution of NaHCO3 (50 ml), and the resulting aqueous suspension was
extracted with CH2Clz (3 x 50 ml). The organic layers were washed with
distilled water (50 ml), dried over MgSO4 and the solvent was evaporated.
Purification by silica gel chromatography, eluting with 10 %
CH:Cly/hexane afforded the target compound as a yellow oil (850 mg, 82
%).

IH NMR (400 MHz, CDCls): éu 7.65 (1H, d, J 7.6 Hz, CH), 7.56 (1H, d,
8.8 Hz, CH), 7.48-7.45 (2H, m, CH), 7.38-7.35 (2H, m, CH), 4.69 (2H, s,
CHs), 2.00-1.91 (4H, m, CHy), 1.16-1.05 (12H, m, CHa), 0.79 (6H, t, J 7.2
Hz, CH3), 0.66-0.58 (4H, m, CHs); 13C NMR (100 MHz, CDCls): & 153.6,
151.3, 140.7, 139.8, 137.1, 130.4, 128.0, 126.6, 123.5, 121.7, 121.5, 120.3,
55.8, 47.1, 40.5, 31.8, 29.9, 24.0, 22.9, 14.3; MALDI-TOF MS: m/z 425.7
(IM-Cll*, 100 %) 418.45 (IM-Br+Kl*, 66 %). HRMS (ED: caled for
C26H34BrCl (IM+H]*) 460.1527, found m/z 460.1518 ([M+H]+).
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Attempted synthesis of (7-bromo-9,9-dihexyl-9H-fluoren-2-yl)methyl 4-
methylbenzenesulfonate (4.12)

Hex Hex O:B—Bio Hex Hex
g o o
Br B,
O

C' Pd(PPh;),, KOAG cl Q.O

4.11 1,4-dioxane 412

2-Bromo-7-(chloromethyl)-9,9-dihexyl-9H-fluorene 4.11 (650 mg, 1.41
mmol, 1.0 eq), bis(pinacolatodiboron) (447 mg, 1.76 mmol, 1.25 eq),
tetrakis(triphenylphosphine) palladium(0) (81 mg, 0.07 mmol, 0.05 eq)
and potassium acetate (702 mg, 7.05 mmol, 5 eq) were suspended in dry
1,4-dioxane (15 ml) under Ar and heated at 90 °C for 24 h. After cooling to
rt the reaction mixture was added to distilled water (50 ml) and the
aqueous suspension was extracted with Et2O (3 x 50 ml). The organic
fractions were washed with water, dried over MgSO4 and the solvent was
evaporated. TLC and H NMR analysis gave evidence of multiple

products present, most of which were inseparable from each other.

Attempted synthesis of (7-bromo-9,9-dihexyl-9H-fluoren-2-yl)methyl 4-
methylbenzenesulfonate (4.13)

Hex Hex Il Hex Hex
ﬁ—CI
4% O-8
HO Base, CH,CI,

4.6 N 413

Base = Ety,N or | A
Z

Attempt 1:

A solution of p-toluenesulfonyl chloride (0.65 g, 3.38 mmol, 1.5 eq) in dry
CH2Clz (5 ml) was added dropwise to a solution of triethylamine (0.62 ml,
4.50 mmol, 2.0 eq) and (7-bromo-9,9-dihexyl-9H-fluoren-2-yl)methanol 4.6
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(1.0 g, 2.25 mmol, 1.0 eq) in dry CH2Clz (5 ml) under Ar, which was cooled
in an ice bath. The reaction mixture was allowed to warm to rt and
stirred for 18 h. The reaction was quenched by addition of distilled water
(50 ml), and extracted with CH2Cls (3 x 50 ml). The organic layers were
dried over MgSO4 and the solvent was evaporated. TLC analysis in a
range of solvents showed that the main spot would not move from the
baseline and silica gel chromatography, eluting with 25 % Et2sO/hexane

afforded only small amounts of starting material.

Attempt 2

A solution of ptoluenesulfonyl chloride (448 mg, 2.35 mmol, 1.1 eq) in dry
CH2Cl: (5 ml) was added dropwise to a solution of pyridine (0.35 ml, 4.28
mmol, 2.0 eq) and (7-bromo-9,9-dihexyl-9H-fluoren-2-yl)methanol 4.x (950
mg g, 2.14 mmol, 1.0 eq) in dry CH2Clz (5 ml) under Ar, which was cooled
in an ice bath. The reaction mixture was allowed to warm to rt and
stirred for 18 h. The reaction was quenched by addition of distilled water
(50 ml), and extracted with CH2Cls (3 x 50 ml). The organic layers were
dried over MgSO4 and the solvent was evaporated. TLC analysis in a
range of solvents showed that the main spot would not move from the
baseline and silica gel chromatography, eluting with 25 % Et2sO/hexane

afforded only small amounts of starting material.

Tetrakis(triphenylphosphine) palladium(0)

Palladium dichloride (0.50 g, 2.8 mmol, 1.0 eq) and triphenylphosphine
(3.70 g, 14.10 mmol, 5.0 eq) were suspended in dry DMSO (40 mL) under
Ar, and were heated until complete dissolution occured, ca. 130 °C.
Hydrazine monohydrate (0.55 ml, 11.28 mmol, 4.0 eq) was then added
rapidly to afford a dark solution which was allowed to cool to rt, where
precipitation was observed. The reaction mixture was filtered under Ar

and the precipitate was washed with dry MeOH (2 x 20 mL) and dry Et:0
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(2 x 20 mL) to afford the product as a bright yellow solid (3.03g, 93%).

This compound was routinely used without analysis.
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