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ABSTRACT

A collection of 4,10-chrysene derivatives was prepared via the BHQ (Bull-Hutchings-
Quayle) reaction, their electronic and morphological properties analysed and assessed
for suitability as organic semiconductor (OSC) materials. Larger polycyclic aromatic
hydrocarbons (PAHs) such as benzo[k]tetraphenes and dinaphtho[1,2,-b:1'2'-
k]chrysenes were then prepared and similarly characterised. An acene-based OSC
material TMTES-pentacene was also prepared. It is proposed that non-linear PAH-
based OSC materials may provide an alternative to popular acene-based materials;

offering advantages in stability, diversity and handling.
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SECTION ONE — INTRODUCTION

1.1 —INORGANIC AND ORGANIC SEMICONDUCTORS

Semiconductors are an integral part of all modern electronics: from transistors,
capacitors, resistors and diodes through to miniaturised integrated circuits. Since the
1950s these electronic devices have been constructed with inorganic semiconductor
materials; most notably using the group 14 elements germanium and silicon."! These
materials may be used pure or doped with other elements to provide specific
electronic properties. Over time, a myriad of multi-component materials have
emerged to fulfill the wide range of requirements; from n-type to p-type behaviours,
with tunable work functions, energy levels and bandgaps. Constant amongst the
majority of solid-state electronic devices produced in the last 60 years are silicon-
based semiconductors and metallic copper conductors, with organic materials usually

relegated to insulating roles.
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Figure 1 — Pictured are models of two common inorganic semiconductor materials -
silicon and gallium arsenide, and two organic semiconductor materials - the

polymeric polypyrrole and the small-molecule DNTT.

The prospect of wholly organic electronics is one where organic materials must fill a
multitude of roles. They must fulfill the many requirements of both semiconductor
devices and the conductive pathways between them. The potential benefits however,
are manifold. These include: decreased cost of materials and fabrication,””’ mechanical
flexibility,”! sustainability,”’ and with unprecedented levels of control over the
electronics of the device. Organic electronics promises to be a “disruptive
technology”, but as the focus moves from inorganic lattices to molecules and

polymers — the challenges for materials science and chemistry become more complex.
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As of 2014, organic LEDs (OLEDs) are a feature of many mass-market products,
from high-resolution curved smartphone screens, to full-size monitors and displays."”’

Organic transistors (OFETs) still have some way to go before full-scale

[6]

commercialisation.” The ideal OSC material has favourable electronic properties

(charge carrier mobility etc.), is stable (oxidatively, photolytically, mechanically'™), is

] [10]

processible (vacuum deposition,” solution casting), is benign (biologically,
environmentally) and easy to produce. Stability is a major issue for current
generations of OSC materials, but heat, water and chemical resistant materials are
currently in development.""! The development of organic electronics brings with it the

1211 Conventional inorganic electronics are

enablement of printed electronics.
manufactured through expensive and complex series of deposition and lithography;
when the components of integrated circuits can be processed from solution, they can
be fabricated using inkjet printing of OSC “inks”.""! This could dramatically reduce

manufacturing costs for all manner of electronics.!"”
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Figure 2 - Two diagrams of semiconductor-based electronic devices: A thin film

field-effect transistor (TFT, top) and a light-emitting diode (LED, bottom).
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1.2 — SEMICONDUCTIVITY

A prerequisite for (semi)conductivity is the expression of an electronic energy band
structure."* ' The bonding of metals and metalloids involves a level of electron
delocalisation, resulting in a pseudocontinuum of energy states; molecular orbitals are
propagated throughout the lattice. Low energy (mostly bonding) MOs group to form
the valence band and high energy (mostly anti-bonding) MOs form the conduction
band. The Fermi level is the average level to which the MOs are filled with electrons,
for an undoped intrinsic semiconductor the Fermi level lies between the valence and
conduction band. At finite temperature there is always a degree of population above -
and depopulation below the Fermi level. The electrons in metallic materials are
delocalised to such a point that the valence and conduction bands are contiguous and
the Fermi level lies in the centre of a continuous band. Doped, or extrinsic
semiconductors rely on dopants supplying either more or fewer valence electrons than
the bulk phase. n-Type dopants are electron donors and supply electrons to the
conduction band, resulting in a net excess of negative charge carriers. p-Type dopants
are electron acceptors, withdrawing electrons from the valence band, resulting in a net

excess of positive charge carriers.

Conduction band

+_H_ Valence band

Insulator Intrinsic  Extrinsic semiconductors
semi-
Conductor  conductor n-type p-type
A Conduction

band

Fermi level

Valence
band

Figure 3 — The evolution of band structure and energy band diagrams for insulators,
conductors and semiconductors. Black dots represent electrons, white dots electron

“holes”.



n- And p- type doping results in a system where more occupied and unoccupied levels
lie together at very similar energies. Accordingly, the conductivity of these materials
is greater than the pure intrinsic system. In extreme cases the concentration of a
dopant can be increased to the point where the material behaves like a metal — a

degenerate semiconductor.

o= e(nu, + puy)

Equation 1 - (Where o = conductivity (Sm"), e = elementary charge (C), n =
number density of electrons (m™), p = number density of holes (m™), u = mobility of

electrons and holes respectively in cm?*/Vs)!"”!

Carrier mobility is considered a primary measure of an organic semiconductors
performance.'® "' The molecular order of the material must display electron
delocalisation and intermolecular MO overlap."® "' It can be seen that conductive
polymers (e.g. polyacetylene) satisfy these conditions as their MOs are contiguous
along the dimension of the backbone.” However, for a non-polymeric organic
material to be semiconductive there must be intermolecular overlap of m-bonding
systems; only with a high degree of MO overlap does the material exhibit band-like
transport (Fig. 3). Maximising this MO interaction is one of the main challenges for

materials chemistry in this field and will be discussed in section 1.8.

8 o s

(a) (b) (c)

Figure 4 — Three diagrams depicting charge transport through an inorganic solid (A,
silicon), along a conjugated polymer backbone (B, polyacetylene) and between small

organic molecules (C, anthracene).
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1.3 - ENERGY LEVELS

The three types of organic semiconductor materials are categorised by how they
transport charges. p-Type semiconductors transport charge by positive electron holes

7. 21" Ambipolar semiconductors

and n-type semiconductors by negative electrons.
feature conductance by both electrons and holes. ** **! Whether a semiconductor
displays p-type or n-type behaviour is a function of the energy levels of the material
and how they relate to the work function of the electrodes. Materials with their
valence band close to the Fermi level of the electrode will display p-type behaviour,
conversely materials with a low enough conduction band will display n-type
behaviour. Most commonly, to perform well the energy levels of the HOMO (p-type)
or LUMO (n-type) must closely match the work function of the electrode material.
The work function /' may be defined as the energy required to remove an electron at

the Fermi level of a conductor.?*

p-Type Semiconductor n-Type Semiconductor
Evac _ﬁ;D— Evac —“
¥ Evac \I D E
1 : AA vac
f .~ EA :
LUMO f i EA
IE ! !
f E
B | v hi o Tlumo
P | IE
HOMO f !
p X
\ :
HOMO
Electrode Semiconductor Electrode  Semiconductor

Figure 5 - The energy level structure of an electrode-semiconductor junction. f'is the
work function of the metal, D is the dipole across the interface, EA and IE are
electron affinity and ionisation energy respectively and f, and f, are the barriers to

electron and hole injection.*”!
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The injection barriers f, and f, are of critical importance when designing a
semiconductor device; one or the other must be minimised to achieve efficient n/p-
type semiconductivity. How these barriers are minimised will vary from device to
device. The majority of p-type OSCs have HOMO levels of 5.1 = 0.3 eV, which
matches the work function of the most popular electrode material, gold (5.1 eV).*®
The interface dipole is another complicating factor and will vary from device to
device depending on the construction of the device, electronics of the OSC, purity of
OSC and electrode and its exposure to oxygen.®) Several strategies have been
developed to control the polarity and energy levels of the interface by adsorbing

organic materials onto the electrodes.!”**!

1.4 — OSC DEVICES

The necessity for materials with a wide range of electronic energy levels becomes
apparent when considering the architecture of organic photovoltaics (OPVs); the
multitude of layers, electrodes and surface treatments used in their fabrication means

that finely tuned electronic functional materials are critical.

Conduction Bands

Cathode

&

Valence Bands

Hole Electron
transporting  transporting
material material

Figure 6 — Simple diagram of a photovoltaic cell showing exciton generation and
charge separation. In practice, photovoltaic cells may have many more layers than this
to act as barriers to current leakage and better match the work functions of the

materials, in particular indium tin oxide, a transparent anode material.*”)
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OSC materials lend themselves best to field-effect transistor operation, and of the
available architectures, thin-film transistors (TFTs) are the most amenable to organic

8391 The majority of organic field-effect transistors (OFETS)

processing techniques.
operate in p-channel mode, where the conductive path between source and drain is
mediated by electron holes (Fig. 7). In enhancement mode, application of a negative
gate bias to a p-type OSC material causes accumulation of electron holes at the
semiconductor—dielectric interface, the establishment of a conductive channel and
increase in drain current. Depending on resistivity and on/off ratio requirements, a
device may be designed to operate in depletion mode; where the device is considered
on at Vg = 0 and off when a positive gate voltage is applied, driving electron holes

away from the interface and closing the channel.”*"!

OSC materials for OFET construction need to have a high carrier mobility to compete
with silicon-based designs. They also need to be of very high purity to avoid trapping
sites and doping effects.

Enhancement mode

Semiconductor

Conductive channel
Drain ; Vo Vs Source JOMCMGNGN Drain . D

Dielectric Dielectric

Substrate Substrate
|D=LOW vg=0 |D=H|gh vg<0
Transistor off Transistor on

Depletion mode

Semiconductor r
Drain | VD vg HSource

Dielectric

Drain | Vi

D
Dielectric

Substrate Substrate
Ip = Low Vg=0 Ip =Verylow Vvg>0
Transistor on Transistor off

Figure 7 — Simple diagram of an OFET of bottom-gate p-channel TFT architecture.

Top: enhancement mode. Bottom: depletion mode.
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1.5 - p-TYPE ORGANIC SEMICONDUCTORS

Most m-conjugated polyaromatic compounds possess electron-rich aromatic cores.
They have relatively high HOMO levels and consequently display p-type

semiconductivity.['*!!

Fig. 8 contains a selection of compounds for which transistor devices have been made
with high hole mobilities. A common characteristic shared by all organic
semiconductors is the prescence of extended delocalised n-bonding systems, aromatic
or otherwise. Compound 1, pentacene, is immediately recognisable as the archetypal
polycyclic aromatic hydrocarbon OSC. Pentacene has received a large proportion of
the research attention spent in this area, but this relative proportion appears to have
been declining since 2007.°* The current highest carrier mobilities for thin-film
pentacene are between 1 and 5 cm?/Vs; compared to between 0.1 and 1 cm?/Vs for
amorphous silicon, the conventional technology for TFTs.”* **! The narrow HOMO-
LUMO gap of pentacene renders it unstable with respect to light and oxygen (Section
1.9).""] The pentacene derivative 4 (TIPS-pentacene) addresses these problems, the
peri-TIPS substituents providing protection from oxidation and a change in crystal

structure that allows for greater n-n overlap.”*”!

Picene 2 represents the arrangement of five rings with the highest HOMO-LUMO
gap; it is very stable, but has less favourable electronic properties for a
semiconductor.”” Interestingly, TFT devices have been manufactured with picene
which utilise atmospheric oxygen as a dopant. Upon exposure to oxygen the mobility
of the device increases from 0.11 to 1.1 ¢cm®/Vs.”® Rubrene 3 is another first-
generation OSC, along with pentacene. Single-crystal rubrene devices can reach
mobilities of 40 cm?/Vs,?” however, thin-film rubrene devices have been difficult to
manufacture and display poor carrier mobilities. It is suspected that this behaviour is a
result of the low planarity of the molecule, which prevents crystalline film
formation.”™ The extreme sensitivity of rubrene devices to oxygen is another impetus

for the development of “post-rubrene” devices.

17
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7u=10b

8 y=10b

Figure 8 - A sample of p-type organic semiconductors with high hole mobilities.

Units for u in cm*/Vs. * Single crystal device. ° Thin-film device. References: 1°* !
2[36] 3[37,40] 4[41] 5[42] 6[43] 7[44] 8[45]

Thiophene-based OSC materials 5 and 7 display high hole mobilities and stability.
The thiophene motif has been widely represented in recent research in both small-
molecule and polymeric guises.!*> ** ***71 Alkenes feature in materials where multiple
aromatic cores are stitched together into one contiguous conjugated backbone (e.g.
6).1"*! A wide array of organometallic OSC materials have been developed, porphyrins

and phthalocyanines (e.g. 8) are popular core choices.!*”!
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1.6 - n-TYPE SEMICONDUCTORS

For an OSC to display n-type semiconductivity it must ordinarily contain strongly
electron-withdrawing functionality.**! Carbon-based materials usually have high MO
energy levels relative to conductive electrodes, which results in n-type
semiconductors being less common. Stability is a problem for n-type materials as

materials with populated LUMOs can be readily oxidised.

A good example of the differences between p- and n-type semiconductors would be a
comparison between pentacene 1 and perfluoropentacene 9; the extreme electron

8 Common structural

deficiency causes 9 to exhibit n-type semiconductivity.*
elements in n-type semiconductors are perfluorinated groups (10), cyano groups (11),
diimides (14) and fullerenes (12).1*! The cationic polymer 13 is of particular interest

because of its water solubility.””

F F F F F
O ™
F F
F F F F F
9y =0.11

13y =384

Figure 9 - A sample of n-type organic semiconductors with high hole mobilities for
thin-film transistor devices. Units for p in cm?/Vs. References: 91*1, 1001, 1107,
1207, 13500 14541,
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1.7 - AMBIPOLAR CHARGE TRANSFER SEMICONDUCTORS

OFETs may be manufactured that display both hole and electron transport. This may
be achieved through the use of a bilayer or blend of semiconductor materials, one p-
type and one n-type (15 + 16).°°! The implementation of ambipolar devices into

electronic technology could provide benefits to efficiency and power.”"

Ambipolar devices may be constructed with a homogenous, single-component
semiconducting layer (17, 18).1’! This requires fine tuning of the energy levels of the
electrodes, dielectric and semiconductor. Theoretically it is possible for any OSC to
display hole and electron transporting behaviour, provided an electrode material could
be designed with work function to match its HOMOs or LUMOs. % However,
common electrode choices (e.g. gold) tend to divide OSCs into groups based on

which mode of charge-transport is in evidence.

(0] 0]
eV, 15
CizHz7—N ' N-Cy3Hy7 1:1 blend
d ' O 5 p(h*) = 1.x 104 cm?/Vs

p(e’) = 1.x 103 cm?/Vs
sc N s_ N\ s

N/ S N/ S \J 16

{

)5~
TP eeeey

!

S|4<
17 py(h*) = 1.x 106 cm2/Vs 18 p(h*) = 0.10 cm?/Vs
ple’) = 1.x10° cm2/Vs p(e’) = 0.13 cm?2/Vs

}

Figure 10 - A sample of semiconductor materials which have been used in the

manufacture of ambipolar transistors. References: 15, 16[57], 17[58], 18771,



1.8 — SOLID PHASE MORPHOLOGY OF SMALL MOLECULE OSCs

The structure of the semiconductor material determines the mobility of charge carriers
and the performance of the device. On the microscopic scale, charge carriers can
move freely along the conjugated backbones of OSCs with little resistance, but it is
transport between molecules that determines the carrier mobility of the bulk
material.*) The MOs of the individual molecules must align with those of their

neighbours in order to facilitate efficient charge transport.

The primary morphology of the material is the way that individual molecules are

positioned relative to one another, the four main types are shown in Fig. 11.
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Figure 11 - The four most common types of OSC packing: (a) herringbone with n-n
stacking, (b) herringbone without n-n stacking, (c) 1-D lamellar n-r stacking, (d) 2-D

lamellar 7-x stacking.'®"!

For the majority of high-mobility OSCs the molecules pack in a way that provides n-n
stacking. Achieving this by molecular design is a challenge as most aromatics prefer
to adopt edge-to-face intermolecular geometries stabilised by C-H (+ve) to m (-ve)
quadrupole interactions (Fig. 12). This results in the herringbone stacking motif

common to many planar semiconductor molecules.
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AN

Figure 12 — Three diagrams explaing the etiology of the herringbone motif in

(@) (b) (c

tetracene. Shown are the p-orbitals that combine to form the 1 MOs above and below
the plane of the molecule (a). These MOs create a quadrupole moment, with negative
regions above and below the molecule, sandwiching a positive region in the plane of

the molecule (b). These molecules orient to maximise dipole attraction (c).

Three examples of strategies employed to favour n-m stacking are steric hindrance,

dipolar interaction and C-H - © disruption:

1) Large groups can be employed to disrupt edge-face interactions such as in the
triethylsilylenyl groups of 4, which adopts 1-D n-n stacking, or the phenyl groups of

rubrene 3, which adopts a slipped-n-stack arrangement.*> %!

2) Asymmetric electron-withdrawing groups may be incorporated to induce a dipole
moment in the molecule, this can result in the molecules arranging in a top-to-toe m-
stacking arrangement. Very strongly electronegative groups may even reverse the
aromatic quadrupole, leading to strong m-m electrostatic attraction and close packing

e.g. 18.°

3) Reducing the number of C-H bonds available to interact with the @ system can

disfavor the herringbone structure, for example in the heteroaromatic 5.1*

Alternatively the quadrupole moment of the molecule may be diminished by the

judicious inclusion of electron-withdrawing groups, reducing C-H - m interactions.

4) Introduction of polarisable chalcogen elements such as S and Se (e.g. 29 and 30).
Interactions between these soft elements can result in efficient pathways for charge

transport.[63’ o4
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Figure 13 - Atomic force microscopy images of pentacene thin films prepared on
silicon wafers. Thicknesses: a) 0.5 nm, b) 1 nm, ¢) 2 nm, d) 4 nm, e) 10 nm, f) 50 nm.

AFM images from: [©°]

The mobility of a device also is also dependent on the macroscopic morphology of the
semiconductor material. The highest mobility devices are constructed from single
crystals,® but these are difficult to manufacture and it is envisaged that solvent
processed or vacuum deposited thin-films are more amenable to commercial
applications.'”) Thin-film devices typically have a layer of semiconductor material
that is composed of many grains, or crystalline regions - the size, orientation and
boundaries between these grains has a profound effect on the mobility of charge
carriers. In general, polycrystalline films exhibit greater mobilities than amorphous
films, but amorphous films are more easily and reproducibly manufactured. It has
been suggested by Scherf ez. al. that the future of high-mobility, flexible thin-films

lies with hybrid small-molecule/polymer systems or oligomeric materials."!

Drop casting, spin-coating and vapour deposition are but a few of the fabrication
techniques used in OFET production, each method with its own set of variables,
benefits and drawbacks. In terms of cost, the greatest merit of OSCs is their ability to
be processed from solution. Unfunctionalised polyaromatics such as pentacene 1 and
DNTT 29 have solubilities too low for this, so derivitisation strategies are employed

specifically to maximise solubility, TIPS-pentacene for example.!'® %!
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Surface treatment of the dielectric layer on which the OSC is deposited presents a
possible solution to macroscopic morphology issues.”” 7" " A self-assembled
monolayer of organic molecules (e.g. alkylsilanes) may be adsorbed to the dielectric

to exercise control over how the OSC molecules are deposited.

1.9 - POLYAROMATIC HYDROCARBONS AND ACENES

A major class of OSC materials are PAHs and materials based on PAH “backbones”;
such materials will form the focus of this thesis. Included in this class are the high-
performance materials pentacene 1, TIPS-pentacene 4, rubrene 3 and
buckminsterfullerene, Cep 12. The first three of these examples are based on acene
cores: linearly fused aromatic rings. Much research has concentrated on the synthesis,
derivitisation and characterisation of these compounds. Tetracene and pentacene in
particular have enjoyed a degree of success as OSCs and many examples of electronic

devices have been fabricated using them.!'® - 727!
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Figure 14 - MO diagrams for the first three acenes, benzene, naphthalene and

anthracene. The HOMO-LUMO energy gap is seen decreasing across the series.”"!
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It can be seen that as the size of the conjugation network is increased the energies of
the HOMO and LUMO are brought together. The next compounds in this series,

tetracene and pentacene, have HOMO-LUMO gaps of 2.71 and 2.23 respectively.!’*!

The increasing size of the conjugation network and good intermolecular MO overlap
results in the MO diagram approaching a band diagram in appearance.

It would appear that pentacene, hexacene or even higher acenes would make for ideal
semiconductors. However, as the HOMO-LUMO gap is diminished, so is the stability
of the compound with respect to light. As the level of the HOMO is raised, the
compound becomes oxidatively unstable. Hexacene, for example is extremely
unstable in solution due to oxidation to the quinone 22 or photo-induced dimerisation
to 20.°! Currently, the practical stability limit of acene length lies at pentacene,
which along with tetracene represents the bulk of current acene research.!'® " High-
purity single crystal pentacene and tetracene devices have achieved hole mobilities of

40 and 2.4 cm®/Vs respectively.*> 7]

200000

Dimerization /\ Oxidation
“‘qé“ 2
N (I N\ T XD

T,
n O OO‘O (J=

Figure 15 - Pathways for the decomposition of hexacene.[75 ]

The stability of acenes may be improved by derivatisation; simple acenes are
susceptible to attack by electrophiles at the central C-H centres (e.g. the 6- and 15-
positions of hexacene) because of the concentration of m-electon density there.!”®
These centres may be defended by substituents such as phenyl rings or fert-butyl
groups, but with disruption to m-overlap structure. Good examples of the efficacy of

acene derivatisation are the 6,13-bis(silylethynyl) substituted pentacenes.”” ** ®!]
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These pentacenes are more stable than their parent and some display greater n-overlap
and tighter crystal packing, for example the TIPS pentacene 4; the substitution
defends the most reactive centres, while the bulky groups held on “stalks”, force the
molecule into laminar stacking without increasing the n-n distance (Fig. 16). Hole
mobility as high as 1.8 cm?/Vs have been attained from thin-film TIPS pentacene

11 The change in structure from a herringbone packing to a m-m stacking

devices.
packing is regarded as being a desirable feature as it increases MO overlap,
decreasing the barrier to charge transfer and increasing carrier mobility.*” A further
derivitisation of the pentacene core was demonstrated with TMTES pentacene 23; a
hole mobility of 2.5 cm*/Vs and a more reproducible morphology with tighter m-n
overlap has been achieved."™! Unfortunately, introduction of the methyl groups
decreases the oxidative stability severely. This is an example of how subtle

modifications to the chemistry of an OSC candidate can have important ramifications

for its bulk properties.
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p=2.5cmaV-1s-1

Figure 16 - Comparison of the crystal structures of pentacene 1%, TIPS pentacene
4'*) and TMTES pentacene 23 (ethyl groups removed for clarity).**! Data obtained
from the Cambridge Crystallographic Data Centre.
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1.10 — NON-LINEAR POLYAROMATIC HYDROCARBONS

¥

Figure 17 — A representation of the structural diversity of PAHs of ring count 2-5.

The study of non-linear polyaromatics is less extensive than that of the acenes and a
majority of constitutional isomers have yet to be investigated fully. The electronic
properties of non-linear systems are less exotic than the linear acenes; their energy
levels lie deeper and HOMO-LUMO gap are larger than those of the acenes resulting

[74

in greater stability.”"! The application of Clar’s rule goes some way to explain this
g y pp g y

phenomenon qualitatively, the amount of benzenoid character (the number of cycles
with a sextet of m-electrons) is proportional to the stability of the polyaromatic.*®
Picene and pentacene (Fig. 18) are both composed of 5 aromatic rings, the resonance
structure allows for 3 complete sextets to be drawn for picene, compared to one for

pentacene (all acenes may only have one complete sextet).

OOOOO 1 Bandgap =1.8 eV
@p@)‘@ 2 Bandgap = 3.3 eV

Figure 18: Clar resonance structures of pentacene 1°*” and picene 2.1°%



Increasing the number of rings for a “zig-zag” PAH (phene) decreases the HOMO-
LUMO gap, but not as dramatically as for the acene isomer. In fact, the above cases

of linear and “zig-zag” PAHs occupy the two extremes of this relationship; with all

88, 89

other isomeric systems occupying the middle ground.®™ *! Similar behaviour can be

found in carbon nanoribbons, where ‘“zig-zag” nanoribbons possess metallic

conductivity and “arm-chair” nanoribbons display semiconducting behaviour."””

4.5
a ~
4 5
35 1L"'_"“'-'—-'_4|_i
3
25 —®— Acenes
2
1.5
1
0.5

0
0 2 4 6 8 10 12 14 16

- - Phenes

HOMO-LUMO (eV)

No. of rings
Figure 19: A graphical comparison of the relationships of ring count and HOMO-
LUMO (calculated from ZINDO/S for ring count >6) gap for linear acenes, non-linear

phenes.[’* *!

Non-linear polyaromatic hydrocarbons can provide extended m-overlap networks and
favourable stability properties, but are poorly-represented in semiconductor research.
Pentacene is mentioned in a total of 8680 sources on SciFinder, compared to 1515
sources for its isomer picene.”* One reason for this is the difficulty of forming good
interaction between the MOs of these irregularly shaped molecules and the
consequent reduction in carrier mobility. Another is that the deep HOMO level and
wide HOMO-LUMO gap results in a large barrier to carrier injection for Au-electrode
devices.

There has however, been some success exploiting the properties of non-linear PAHs
as semiconductors; picene 2 has demonstrated reasonable mobilities of 1.3 and 1.1
cm?®/Vs for single crystal and thin-film devices respectively.”® °!! Interestingly the
hole mobility of the picene thin-film increased upon exposure to oxygen — a p-type
doping process. Picene even shares the herringbone morphology with pentacene,
although inspection of the MOs shows a more strained overlap.””!
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Consideration of Fig. 17 shows that there is a swath of largely unexplored chemical
space — just for 5-ring PAHs. Because of the complex relationship between molecular
structure and semiconductor device performance, it seems that synthesis of many of
these compounds is desirable. Fused systems may be defined in terms of
“compactness” as expressed from 0% (acenes and phenes) to 100% (peri- fused
circular systems such as 24 and 25). The stability of maximally fused polyaromatics is
again related to the ratio of Clar sextets to the ring count. Maximally fused PAHs are
of some interest in the fields of liquid crystals because of their tendency to form
columnar stacked arrays,”” but investigation of their utility as semiconductors has
had limited success.!”” Pyrene 24 and coronene 25 follow the trend shared by most
unsubstituted PAHs of adopting a herringbone arrangement; this time with a degree of
n-1 stacking. There is an apparent relationship between the C/H ratio and the degree

of this stacking; fewer C-H—n interactions allows for more complete - overlap.*®)

4[96] 5.[97]

Figure 20 - The crystal structures of picene 2, pyrene 2 and coronene 2
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1.11 - HETEROAROMATICS

Heteroatom-containing polyaromatics constitute a large proportion of materials under
investigation as OSCs. Thiophene moeity-containing molecules were amongst the
first to enjoy success and now account for a majority of p-type materials (Fig. 21).”"
The introduction of a lone-pair on the heteroatom allows for compounds that contain
S-membered rings and are isoelectronic to their carbocyclic relatives. For example,
anthra[2,3-b:6,7-b"]dithiophene 27 may be considered isoelectronic to pentacene.”
Two advantages thiophene-based materials have over their carbocyclic counterparts
are their larger HOMO-LUMO gap (2.8 eV for 27 vs 1.8 eV for 1) and tendency to
form lamellar m-;t stacked structures over the herringbone form preferred by
PAHs."™" This morphological difference can be rationalised in terms of polar
heteroatom interaction and increased C/H ratio (fewer C-H-m interactions). The low
hole mobility of 27 was attributed to the presence of inseparable syn- and anti-
isomers in the thin-film,"”"! however pure syn- and anti- isomers have been recently
isolated and the highest mobility for the isomerically pure syn- material was recorded
at only 0.12 cm?/Vs.'%! Tetrathiafulvalene 28 is a well known semiconductor
material and has spawned a large library of derivatives; it was initially brought to
attention by the 1973 discovery of the charge transfer complex TTF:TCNQ - an
intrinsic conductor."” Compare pentathioacene 31 to its isoelectronic counterpart
picene 2 — the carbocyclic compounds structure has very little st-7t stacking, being
dominated by C-H-m interaction, whereas 31 displays excellent 1-D overlap.
Unfortunately, poor overlap in the depth plane of 31 results in low mobility, a result
which ran contrary to those predicted."® Dinaphthyl-anti-NDT 32 is of interest
because it simultaneously exhibits near co-lateral st-7t stacking in the pyrene-like core
and herringbone packing in the naphthalene periphery.'” Selenophene-containing
materials have also been widely investigated and found to have comparable properties
to their thiophene relatives. They display marginally poorer oxidative stability but the

possibility of improved overlap through the “soft” selenium centres."*"
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Figure 21 — A selection of high mobility thiophene-based OSCs: BTBT 26,!'""”) ADT
27,0 TTF 28" DNTT 29,'® DNSS 301" PTA 311" and dinaphthyl-NDT
37 [105]
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Although p-type semiconductors are dominated by the elements H, C and S, other
elements that feature in OSC research include N, O, F, Cl. The use of strongly
electronegative atoms is a requirement for n-type materials, to achieve the low lying
LUMO necessary for electron injection — although both p- and n-type materials
number amongst those containing these elements. An often beneficial consequence of
the introduction of electronegative elements is the possibility for strong dipole-dipole
bonds to form, holding molecules together tightly. Whether this increases MO overlap
varies from compound to compound, for example in the naphthalenediimide 14 strong
C=0-C interactions hold © systems close together, in this case allowing for efficient
2-D charge transfer pathways and a consequent high mobility (Fig. 22)./"']

As mentioned above, TCNQ 11 is a well known electron transport material and the
dicyanomethyl group is one that features often in n-type materials, conveniently both
extending the m-system while making it electron-deficient. Phthalo blue 34 has been
demonstrated to be an efficient hole-transport material and one whose chemistry is
well understood as a pigment.''? Many organometallic complexes are being
investigated for OSC applications, particularly light-emitting devices; “Alqs;” is an
hydroxyquinoline aluminium complex currently widely used in OLED displays.'"*]
An important consideration when designing n-type materials is the level of the
LUMO; this is a function of the electronic deficiency of the m-system. Ideally this
should be as low as possible; this usually results in a smaller electron injection barrier
and increases the oxidative stability of the molecule.!''*! Negatively charged n-type

materials are susceptible to oxidation during operation and the electron affinity should

be maximised to reduce this.
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Figure 22 — A selection of high mobility p- and n-type heteroatom-incorporating

OSCs: TCNQ 11,°% perylene diimide 33.!'"*! copper phthalocyanine 34,'*! aza-

5 1" and naphthalene diimide 14.1"'") Shown is the close crystal packing

[54]

pentacene 3

of 14, held by dipole-dipole interaction.
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1.12 - OLIGOMERS

Short chain (n > 5) polymers based on aromatic subunits with conjugated backbones
have enjoyed a great deal of success as OSC materials. The subunits themselves are
usually small — this solves many of the problems that “single unit” OSC materials
experience with respect to stability, but the m-system extended across the entire
backbone can provide excellent MO overlap.''” Devices fabricated from aromatic
oligomers tend to have lower mobilities than those of small molecules. This is often
attributed to oligomer films being of lower crystallinity."""® However, crystallinity of
thin-films is an extremely unpredictable quality and in the future it may be found that

amorphous films provide greater reliability and reproducibility.”

s. U\ s. U\ s. U\ s. U\
\ /) S\ S\ S \ /) S
36: up, = 0.28 cm2V-1s-1

37: yp, = 0.34 cm2V-1s-1

o~y <O~

38: y, = 0.09 cm?2V-1s-1

CioHa1 %\ /E % /E_C10H21

39: y, =0.06 cm2V'1S'1

Figure 23 — A selection of oligomeric OSC materials: octithiophene 36,'" fer-

phenanthrene 37,""”’ phenylvinylene 38'"*"' and fer-anthrylene-cthynylene 39.!"*"!
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1.13 — SYNTHESIS OF POLYCYCLIC AROMATIC HYDROCARBONS

The synthesis of polycyclic aromatic hydrocarbons will be a focus of this thesis and is
an area which is poorly explored relative to the attention afforded to their material
properties - particularly so for acenes.”” Pentacene-based molecules are the most
extensively studied of acene OSC materials, and of these molecules a majority are
produced by the tetra-aldol condensation shown in Fig. 24. This is the most efficent
route to a substituted pentacene; the intermediate pentacenequinone 42 is poorly
soluble but a versatile intermediate in the synthesis of 6,13-pentacene derivatives."*
The majority of pentacene OSC materials carry bulky substituents in these positions,
as it is here that the acene is most reactive.”” ' An alternative route to

pentacenequinone is via a quinodimethane Diels-Alder type addition to

benzenequinone (the Cava reaction); this makes available a complimentary range of

substitution patterns (Fig. 25).!"*

@] (@)
AN H
) a1
40@H+
R
0] (@)

NaOH l EtOH

R
R
i) M-R (\ Y
- (O
ii) SnCl, S/ F %
R
R

44
R = Ph, CCSi(R"); etc.

Al / HgCl, l cyclohexanol

R
O
// =
R 43

Figure 24 — The most popular synthetic approach to pentacene and 6,13-

functionalised pentacenes.!'** >
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Figure 25 — An alternative synthesis of pentacene quinone 42 via a o-

quinodimethane.""*"!

Another widely-studied acene OSC is rubrene — its derivatives may be prepared by a
one-pot reaction from an ethynylphenyl grignard reagent 45 and a benzophenone 46 —
the intermediate propargyl alcohol 47 then reacts with a chlorinating agent to form the
chloroallene 48 which then dimerises (49) and eliminates HCI to form rubrene 50
(Fig. 26).""" The drawback of this method is the production of cyclobutene and

dihydrotetracene byproducts which are difficult to remove.

Rl

0 -
OH
RO%MgBr + m — — O R
S
R R
15 4 W

47

eny QU
=3 } P
Ph  Ph
— : ) )

Figure 26 — The most popular synthetic approach to to rubrene and its derivatives.
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A classic synthesis of phenanthrenes is by photooxidation of z-stilbenes with iodine
under UV irradiation (Fig. 27)."® A major drawback of this synthesis is that it must
be performed at very low concentration, allowing preparation of only analytical
amounts of material.'*’ Recent developments in flow chemistry however, allow

scalable synthesis of a range of fused aromatics from stilbene precursors (Fig. 28).""""!

R R'
B

52 53

Figure 27 — The classic Mallory photooxidation of z-stilbene to phenanthrene and o-

terphenyl to triphenylene."*”

jopd
MeO O UV flow reactor, I2'
99%

Figure 28 — A scalable flow chemistry UV photocyclisation.

The Diels-Alder reaction is a useful carbon-carbon bond forming reaction commonly
used in the preparation of polycyclic aromatic hydrocarbons."*"! Olefinic or aromatic
dienes may be used, most often with a quinoid dienophile. Olefinic dienes provide
routes to linear acenes (Fig. 31)!"**' while aromatic dienes provide routes to non-linear
systems (Fig. 29).""! The success of a Diels-Alder reaction is highly contingent on
the presence of electronically favourable functionality on the two reactants; as such
the substituent patterns available are sometimes limited. This can be a problem when
the diene component is activated with methoxy groups as this may result in

oxidatively unstable polyaromatic products.
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Figure 29 — Synthesis of chrysene via a Diels-Alder reaction.

| —
I
61 62 63
Figure 30 — Synthesis of coronene via a Diels-Alder reaction of perylene and
acetylene."*’
OMe O o) o) 0
= SiO, oTBS
SO0 S O
Air
TBSO o, 1BSO ,
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65
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i) TBAF, PhNTf,

i(Pr)g
ii) (Pr)3SICCH, [Pd], [Cul, EtsN

> S
=
iii) Al, HgCl,, CBr,, cyclohexanol
27% overall
. Z
(Pr)5Si 67
Figure 31 — Synthesis of a 2,9-functionalised pentacene via a Diels-Alder reaction of

Danishefsky’s diene and anthradiquinone.!**

The Haworth synthesis (Fig. 32) is a classic phenanthrene synthesis that proceeds

(361" Although it is largely intolerant of

through a double Friedel-Crafts reaction.
functionality, it may still be applied to the synthesis of polycyclic hydrocarbons -
especially for unsubstituted systems where the Diels—Alder reaction would be
inefficient. Ring-closing metathesis of biphenyl and terphenyl olefins (Fig. 33) are
potentially very general approaches to PAHs, provided that the requisite pendant

olefins are available. "> 138!
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Figure 32 — Synthesis of phenanthrene 74 by sequential Friedel-Crafts reaction of

succinic anhydride with naphthalene.[13 9, 140]

[Ru] O
92% OO‘
78

Figure 33 — Synthesis of PAHs by olefin metathesis of pendant olefins.!

137]

Benzyne chemistry has been applied in the synthesis of a range of PAHs and is a
powerful route to quickly access large polycyclic cores; the aryne precursor and its
addition partner have to be electronically tailored if the addition is to proceed
efficiently.l"*"! Ortho-TMS triflates (e.g. 79) are a very convenient source of arynes
and provide good yields at low temperatures compared to other aryne precursors (Fig.

34).114]
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Figure 34 - Trimerisation of phenanthryne precursor 79 and an electron-deficient

[143]

alkyne.

Y

340°C, 4%

Br Br
iii) + n-BulLi
Br Br
Ph

iv) n-BulLi, TiCl
7% overall

Figure 35 — Examples of the application of benzyne chemistry in the synthesis of

PAHs; addition of phenanthryne!'**
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Dehydrocyclisation of o-terphenyl-containing molecules is a useful and often-used
route to fused PAHs (Figs. 36, 37 and 38).1"*> '*"] Also known as the Scholl reaction,
it involves the use of an oxidising agent; traditionally this would be a Lewis acidic

metal chloride but more recently organic oxidants such as DDQ have become

148

commonplace.!"**! The efficiency of the Scholl reaction depends on an electron rich

substrate — quantitative yields for 6-fold cyclisations have been reported where the

]

substrate is adequately activated.'* These multiple cyclisations are thought to

proceed by a stepwise mechanism, with the generation of an arenium cation.!"*"’

BuO
O‘ O OBu i) Bry, 34%
ii) PhB(OH),
‘ OBU  Bd(PPhy),, 60%
BuO

FeC|3, CHQC'Q, 60%

Figure 36 — Application of sequential bromination, Suzuki coupling and Scholl

[151]

dehydrocyclisation in the synthesis of tribenzocoronenes.

OMe
OMe
| N O DDQ, CH,Cl,
B —
Pz MeSO;H
O 99%
OMe
OMe
88

Figure 37 — Highly efficient cyclodehydrogenation of electron-rich o-terphenyls with
DDQ/[H].["*
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Figure 38 — Preparation of alkyl hexabenzocoronenes by the Scholl

dehydrocyclisation of hexaphenylbenzenes.[m’ 152]
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Single electron processes have seen a range of applications in the synthesis of
PAHs.[""* 1% 1] The radical cyclisation of z-stilbenes is a synthetically useful
approach to phenanthrenes and helicenes - compared to the analogous
photocyclisation protocols these methods are scalable, general and high-yielding; but
they require the use of iodinated substrates and excesses of toxic organostannane
reagents (Fig. 39).!"°°! The Bergmann cyclisation is a rearrangement of an enediyne
substrate that proceeds through radical formation either at high temperatures or as part
of a radical cascade (Fig. 40). The diynes required for this reaction are often prepared
via the Sonogashira coupling as a TMS alkyne and deprotected immediately before
use.!"”” Difficulties may be encountered if substituted alkynes are used in the reaction
as the cyclisation is very sensitive to substituents that may affect the stability of the

intermediate radical.
| — Br BuySnH C
—_—
0 O mee OO
90%

60%

BU3SHH MeO O‘O
.
VAZO, 90°C MeO ‘O

Figure 39 — Organostannane-mediated radical cyclisation in the synthesis of

substituted phenanthrenes and helicenes.!'>* '>*]
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Figure 40 — Application of the Bergman cyclisation in the synthesis of PAHs.
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1.14 —~ATRC AND THE BHQ REACTION

The Kharasch reaction is a metal-catalysed anti-Markovnikov radical addition of a
trihalide to a terminal alkene.'™ Since its discovery by the addition of carbon
tetrachloride to n-octene in the prescence of a peroxide initiator it has developed into
the hugely important industrial process of Atom Transfer Radical Polymerisation
(ATRP)."1 A range of transition metals have been employed in this reaction as
single-electron reducing agents — this thesis will focus on copper(I).!"®"! Historically,
such atom transfer radical addition reactions would require almost stoichiometric
amounts of metal catalyst, but development of efficient ligand systems means the

reaction can proceed with much less.!'*

Cl R IM] Cl Cl
Cl—H—R'  + — cl R
Cl %R R' MR
103 104 105

Figure 41 — The general Kharasch addition of an organotrihalide to an alkene.!'™”!

Atom Transfer Radical Cyclisation (ATRC) is a related intramolecular process that is
a potentially general route to a range to polycyclic halogenated systems.!"®! Most

commonly this reaction is employed in the synthesis of lactones and lactams from

[164. 165, 166] 5_

trichlorocarbonyl compounds. exo selectivity is usually observed for short

chain systems (Fig. 42, n = 0) and endo cyclisation is observed for n > 1, although

steric manipulation of the ligands can change this regioselectivity.!'®”!

X\
0 N d
Ao LA oo,
n Cl 0] N
Cl Cl Cl

106 107
Cl Cl
cl /‘ \"‘ cl Cl
s Cl—CuCI[L], Oij/ + CuCI[L,
© 0
108 109

Figure 42 — The mechanism of the 7-endo ATRC reaction of an allyl trichloroacetate

to a trichloro lactone.
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The efficiency of such an ATRC reaction is dependent on the activating effect of the
carbonyl group o- to the trichloromethyl moeity. The important development that
lends ATRC to the synthesis of PAHs is the discovery of the BHQ (Bull - Hutchings -
Quayle) reaction; a benzannulation sequence from 2-allylphenyltrichloroacetate 110
to 1-chloronaphthalene 113.'°* The BHQ reaction was discovered serendipitously
when the preparation of trichlorolactone 112 was being attempted by the ATRC of
110 using a copper-NHC catalyst system; prolonged heating of the reaction yielded
complete conversion to 113 (Fig. 43). The BHQ reaction is thought to proceed
through an 8-endo atom transfer radical cyclisation mechanism (Fig. 44), leading to a
8-membered lactone intermediate 112, which then undergoes chlorine abstraction and
collapses to form a 6-membered ring with the extrusion of carbon dioxide. This triene
115 then aromatises with the loss of hydrogen chloride.!"®” """ This mechanism is
suggested to account for a “halogen scrambling” effect observed for 5-bromo
substituted substrates (Fig. 45); generation of a radical at the 5-position results in a
mixed halide 118, elimination of HX from which results in production of chloro- and
bromo- naphthalenes 119 and 120 in a ratio that is dependent on -catalyst
concentration and solvent. Performing the reaction in 1,2-dibromoethane increases the
proportion of the bromo- product 119, while using 1,2-dichloroethane favours
production of dichloride 120. This suggests that the halide source for the quenching of
the radical at C-5 can be either a catalyst or solvent molecule. The ratio of 119 to 120
however, implies that this is not the sole mechanism for this reaction, as it would be

expected that HBr would be preferentially eliminated from 118.

CltC~ O 111:CuCl (5 mol%) o
= - Cl
PhMe, 111°C
110 TT _
-COzl-ZHCI

Cl I

113

[169]

Figure 43 — Serendipitous discovery of the BHQ reaction.
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Figure 44 — A proposed mechanism for the BHQ reaction.!'%”!
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Figure 45 — Halogen scrambling at the 5-position in the BHQ reaction - evidence for

the generation of a carbon radical at this position.!'®”]
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The synthetic sequence that drew attention to the power of the BHQ reaction in the
preparation of novel PAHs was Bull’s route to 4,10-dichlorochrysene 125, performed
as proof of the generality of this reaction.' The prospect of a double BHQ
benzannulation sequence (Fig. 46) promises expedient access to novel, functionalised

PAHs — this is the premise by which this thesis was undertaken.

@)

o~

OH CCI3
3 steps OO
| 7 69%

OH CISC\H/

121 o)
124

Cl
4 111:CuCl (5 mol%) ‘
200°C, 2 h, 35 % O‘O
Cl

125

/

Figure 46 — The synthesis of 4,10-dichlorochrysene 125 via the BHQ reaction.

49



SECTION TWO — RESULTS AND DISCUSSION

2.1 — THE SYNTHESIS OF 4,10-DICHLOROCHRYSENE

1! and Lujan-Barroso,"™ the

Following on from previous work in the group by Bul
first goal of this project was the preparation of 4,10-dichlorochrysene 125 and
investigation of its electronic and morphological properties. The same four-step
synthetic protocol was employed; starting from 1,5-dihydroxynaphthalene 121 - an

inexpensive, commercially available feedstock to the dyestuff industry.""”"

OH  allyl bromide
K,COs4 OH
D s o LD
20°C, 62% 100% |
OH OH
121 122 123
O
Cl,.CCOCI CC'3
pyridine CuCl, d|glyme
Et,0, 0°C, 84% K 162°C 43%
Cl C
8 Cl
O
124 125

Figure 47 — The synthetic pathway to 4,10-dichlorochrysene 125.

Standard Williamson ether synthesis conditions were employed to effect the allylation
of 1,5-dihydroxynaphthalene 121 to afford 1,5-bis(allyloxy)naphthalene 122.""7* The
modest yield was due to a considerable amount of the monoallylated material
remaining; use of an excess of allyl bromide or prolonged heating leads to aromatic
alkylation of the substrate (Fig. 48). Whether this is an electrophilic aromatic
substitution or the result of a Claisen rearrangement is not clear. These tri- and tetra-
substituted naphthalenes (126 and 127) are difficult to separate from the desired
product and as such the reaction was performed with a moderate excess of allyl

bromide (2.4 equivalents) at room temperature.
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Figure 48 — '"H NMR of etherification reaction mixture (3 equivalents allyl bromide,
20 h, 56°C). Peaks attributable to mixture of tri- and tetra- substituted naphthalenes
labelled ¢ and d.

Claisen rearrangement of 122 was effected by microwave irradiation without solvent
in quantitative yield.!'”*! The diol 123 was found to oxidise rapidly in air to form the
red quinone compound 128. Air was bubbled through a solution of 123 in chloroform

for 3 days to prepare a sample of 128 for analysis. This oxidation is notable because it

proceeds without chemical oxidants or photosensitisers.!'’* 7!
OH O OH
VZ Air Pz
T 7 e I
OH O
123 128

Figure 49 — The atmospheric oxidation of naphthalenediol 123.
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Trichloroacetate 124 was then prepared by the application of a standard esterification
procedure. The product has a tendency to hydrolyse under aqueous workup

conditions, explaining the below-quantitative yield.!'”®

The conditions of the BHQ reaction were the subject of some investigation; the
temperature, catalyst species and loadings, solvents and heating methods were all
scrutinised with the aim of optimising the yield (Table 1). Following on from the
work of Bull, the BHQ reaction was initially performed with 111:CuCl (Fig. 50) and
1,2-DCE in a microwave reactor at 200°C for 2 hours, giving a yield of 35% (entry
1). Owing to the evolution of 6 equivalents of gas during this BHQ reaction, the scale
of this reaction is limited to ~2 mmol in order to keep pressures within safe limits
(>15 bar). Larger scale preparation of 125 requires either batchwise MW reactions or
an atmospheric pressure procedure. Lujan-Barroso developed the methodology of
BHQ reactions performed in refluxing diglyme; these conditions were applied to 124
with similar yield to Bull’s (entry 2). To test the efficacy of the ligand 111 a reaction
in diglyme was then run without it; to our surprise this improved the yield to 43%
(entry 3). A MW reaction in 1,2-DCE without 111 proceeded slowly and eventually
stopped entirely at around 5% conversion (entry 9). This suggests that the ligand 111

is required for efficient reaction in 1,2-DCE but not for the reaction in diglyme.

Diglyme itself can act as a tridentate ligand - usually for alkali metal cations, but there
are examples of diglyme:transition metal(I) complexes.!””) Stable complexes of
copper(Il) and crown ethers have been reported - 18-crown-6 in particular is a

U781 but no complex of copper(I) and diglyme is

reasonable analogue of diglyme,
known. Solubility appears to be the key factor here — CuCl has negligible solubility in
1,2-DCE, but its solubility in diglyme is assumed to be greater, due to the plausible
existence of copper:diglyme chelation. For effective reaction in non-coordinating
solvents, a solubilising ligand system is necessary and the complex must be stable at
high temperatures (such as 111:CuCl). However, whether the complex 111:CuCl is
persistent in diglyme under the conditions of the reaction is not clear. Addition of a
small proportion of diglyme to 1,2-DCE (entries 10 + 11) allows the reaction to run
as efficiently as in diglyme alone or in 1,2-DCE with 111, furthering the supposition
that diglyme is an effective coordinating agent for copper(I). In the coordinating

solvents THF and 1,4-dioxane, the reaction can be performed without 111 or diglyme

but their lower boiling points results in very high operating pressures in the



microwave (entry 12) and impracticably long reaction times when performed under

reflux (entry 13).

The diamine ligand TMEDA was investigated as an alternative coordinating solvent

to diglyme, but the reaction generated only an intractable polymeric material, likewise

did a reaction attempted without solvent (entries 14 + 15 respectively). It was decided

that the most reproducible and practical conditions for the preparative-scale BHQ

reaction was CuCl in refluxing diglyme.

16
17

Catalyst
System

111:CuCl
111:CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
CuCl
129
130

Loading
(mol%)
5
5
5
20
10

5

Solvent

1,2-DCE
Diglyme
Diglyme
Diglyme
Diglyme
Diglyme
Diglyme
Diglyme
1,2-DCE
DCE:Diglyme 10:1
DCE:Diglyme 10:1
THF
1,4-Dioxane
TMEDA
None
Diglyme
1,2-DCE

T(°C)

200 (MWI)
162
162
162
162
162
162

150 (MWI)

200 (MWI)

160 (MWI)

175 (MWI)

190 (MWI)
101
121

200 (MWI)
162

175 (MWI)

Time Yield
(min) (%)
120 35
180 34
120 43
60 24
60 38
60 28
60 18
20 39
120 ~5°
180 39
60 34
60 23
5d 30
120 0°
20 0°
2d 19
360  0°

Table 1 — Optimisation studies for the BHQ reaction of 124 to 125. “Yield estimated

by 'H NMR integration of crude reaction mixture. "Intractable polymeric material

formed.

W
W



Historically, large amounts of copper were used to achieve good yields in the ATRC
reaction.'®” However this BHQ reaction was found to be most efficient with a
catalyst loading of 5 mol% (entry 3). Almost concurrently with discovery of the BHQ

U7 employed stoichiometric amounts of CuCl:bipy catalyst to effect a

reaction, Ram
similar ATRC-decarboxylation-aromatisation sequence. This had the added
consequence of forming biaryls by Ullmann coupling of the formed
chloronaphthalenes. The Ullmann coupling of 125 was suspected as a side-reaction
responsible for the modest yield; the dichrysene material is undoubtedly extremely
poorly soluble. This agreed with the finding that no soluble by-products are formed in
this reaction or visible in the crude '"H NMR. The byproducts of this BHQ reaction
present as a fine, intractable black solid. Elemental analysis shows this material to
possess a composition similar to 124. This rules out the possibility of this material

being a product of Ullmann-type polymerisation of 125, but more likely a product of

intermolecular reaction before the extrusion of CO,.

In the interests of cost and availability the application of copper catalysis to the BHQ
reaction has been investigated most thoroughly, but other transition metal compounds
have been posited as alternative catalyst systems. To this end, ruthenium-based
Grubbs catalyst (Gen 1, 129)"* and gold-NHC 130"*"! were employed in the
reaction. Grubbs catalyst 129 displayed catalytic activity, however the reaction is two
degrees of magnitude slower (by NMR) than the copper-catalysed reaction (entry
16). Previous work in the group has shown this ruthenium complex to possess
comparable catalytic activity to 111:CuCL"*! The gold-NHC complex 130, showed
no catalytic activity whatsoever (entry 17). These results are only preliminary and
certainly do not rule out the successful optimisation of this reaction for other

transition metals.

Cy
o of
N\¢ Cl CY\IL/Cy —\
_ R+ e NYN
u=
S /N Cl~ f_\Ph Alu
P
111 Cy”| Oy )
oy 130
129

Figure 50 — Ligand/catalyst systems used for the BHQ reaction of 124.

54



J cl

07 >cClg o ‘
cl
=

ClsC O ClsC_ O ClC.__0O
a
124

Cl ci

SIS O
Cl o
Cl

cl O
Cl Cl O “ e f
d 125
a a a+b
|
| ‘
‘- a+b U
| |
bl|b it
L b'J N
S T . - A’*_‘-—L_L(I)
a,b+c (ii)

—all L“J e Jk’ e (iv)
I L.JL n —)
|
ST S Mo wll | L Y - (V|)
0o as Y Y s a0 55 80 s

‘ T!D ' E‘S
Chemical shift (ppm)

Figure 51 — '"H NMR monitoring of the BHQ reaction of 124. Proposed intermediates
are highlighted. Reaction at 162°C, 3 g 124, 3 mL diglyme, 1mol% CuCl. Total time
in contact with oil bath: (i) 2 min, (ii) 8 min, (iii) 14 min, (iv) 20 min, (v) 30 min, (vi)

40 min. Total heating time 1 h, yield of reaction 18%.
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To probe the workings of this BHQ reaction, an experiment was performed where 124
in diglyme with a low CuCl loading (1 mol%) was heated in short bursts and samples
taken for "H NMR analysis. These spectra build a picture of the intermediates that are
formed and consumed over the course of the reaction; the proposed family of
intermediates are detailed in Fig. 51. The peaks below 4 ppm are obscured by the
dominant diglyme peaks and their satellites, but one resonance attributable to the
lactone can be monitored — at 4.7 ppm. Attempts to remove diglyme from these
samples resulted in degradation of the product mixture. Indeed, attempts to isolate
some of these intermediates were unsuccessful. The lactones are seemingly unstable
and these NMR measurements must be acquired as rapidly as possible. It can be seen
that there are two small doublets that appear after 8 minutes at around 9 ppm. It is
unclear what intermediates these correspond to and they suggest that there may be
more than one mechanism at work. Later we will find that a related BHQ reaction

proceeds through a different set of intermediates.
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2.2 — THE SYNTHESIS OF 4,10-CHRYSENE DERIVATIVES

The utility of the BHQ reaction lies in its ability to make available PAHs with novel
and specific functionalisation patterns. No 4,10-derivatised chrysenes have been cited
in the literature.!'® ' Indeed, halogen derivatisation in the bay area of PAHs is less
commonly reported than for the other positions. On writing, for 1-, 2-, 3- and 9-
chlorophenanthrene there are 27, 40, 48 and 111 references respectively, but only 18
for 4-chlorophenanthrene.” For the purpose of novel OSC candidate discovery it
was hoped that the aryl chloride functionality installed by the BHQ reaction would
provide access to a small library of chrysene derivatives. As evidenced by pentacene
derivatives 4 and 23 (Fig. 16), seemingly minor alterations may have a profound

impact on the properties of an OSC.

Palladium-catalysed cross-coupling was recognised as a potentially general way of
building this library of derivatives. Aryl chlorides are not ideal participants in
palladium-catalysed cross coupling — aryl bromides, iodides or triflates are much
more acquiescent coupling partners.!'"®! The strength of the C-Cl bond retards
oxidative addition of the palladium catalyst, however electron-deficient aryl chlorides
are activated towards this insertion.!"® The Suzuki coupling was chosen as the first
method of derivatising 125 as the corresponding boronic acids are stable, non-toxic

and many are commercially available.!'®”

Reductive elimination L Oxidative addition
n
@ | X=CI, Br, | or OTf
- V P
B R
N N y /R
T L, —PdO L,—Pdo
ci-Pd-ci R X
N
]
™

131 M-X @ M = Sn, B, Zn, Mg
Transmetalation

Figure 52 — A general catalytic cycle for palladium-catalysed cross coupling.!'*
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A range of conditions were investigated for the Suzuki coupling of 125, but the
reaction was found to be problematic. The only catalyst that displayed any activity
was PEPPSI-IPr 131, a palladium-NHC pre-catalyst.!"**! The success of the reaction is
contingent on proper activation of the PEPPSI-IPr catalyst - this requires reduction by
the organometallic component and loss of the pyridiyl ligand.!"*”! The reaction is
highly sensitive to the solvent and base used. Potassium fert-butoxide was found to be
a suitable base but the success of the reaction was dependent on the high purity of this
unstable reagent. Potassium carbonate, sodium carbonate and caesium carbonate were
all found to be ineffective, as were THF and IPA as solvents. Frustratingly, the
reaction was also found to be sensitive to the choice of boronic acid; under similar
conditions only two organoboron compounds were successfully coupled. The reasons
behind this are not clear, although the unusual steric and electronic demands of 125

may have a part to play.

O’ MeO
() oen
sedlipsS “
125
60%
OMe
O 74 % 1 34

( |

137

S/

Figure 53 - The Suzuki coupling of 125. Conditions: RB(OH), (2.2 equiv), KO'Bu
(2.2 equiv), PEPPSI-IPr (1-5 mol%), EtOH (1 mL per 100 mg of 125), R.T., 30 min.
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The Kumada-Corriu coupling is less popular than other coupling protocols in
synthetic organic chemistry because of the functional group intolerance of Grignard
reagents.! ! For a substrate such as 125 this is clearly not a problem; in fact the K-C
coupling has been found to provide the most reliable and efficient means of
derivatising this PAH system. Methyl and aryl magnesium bromides are coupled in
consistently high yields (Fig. 54). The coupling of PhMgBr and 125 was repeated 5
times, on a range of scales from 50 — 500 mg with similar yields. The
organomagnesium reagents are easily available from their corresponding bromides
and magnesium metal. Use of an excess of the organomagnesium ensures activation
of the PEPPSI-IPr catalyst even if a small amount of oxygen remains in the reaction
mixture. Coupling with hexylmagnesium bromide yielded a small proportion of 140,
formed as a mixture with the reduced species formed by competing p-hydride
elimination reactions (Fig. 55)."!! Similarly, the synthesis of isopropyl derivative
141 featured complete consumption of 125, but with a large number of intractable

reduced species formed.!"**

140

133

l OMe

I @)

135

134

Figure 54 — The Kumada-Corriu coupling of 125. Conditions: RMgBr (2.2 — 4
equiv), PEPPSI-IPr (5 mol%), THF (2 mL per 100 mg of 125), R.T., 30 min.
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Several of the above coupling reactions produce an amount of the dehalogenated
reduced species over their course. This is particularly pronounced in the Suzuki
reaction when conducted in a protic solvent, especially isopropyl alcohol. This is a
known reaction and in itself a piece of synthetically useful methodology.!”* "** As
mentioned above, Kumada-Corriu coupling with a f-hydride containing species (140,
141) also results in a degree of dehalogenation. The main product of the coupling of

hexylmagnesium bromide is chrysene 143. Unfortunately, the desired product 140

was inseperable from 142, however 143 was isolable.

‘ /\/\/\MgBI‘
PEPPSI-IPr, THF

140 142 143
Ratio (from TH NMR): 10% 21% 69%

125

Figure 55 - B-Hydride elimination in the coupling reaction of hexylmagnesium

bromide and 125.

In addition to the Suzuki and Kumada couplings, copper-free Sonogashira coupling
was effected with 125 and 1-octyne. This coupling was somewhat reluctant and
required prolonged heating at 110°C. Several catalyst systems were investigated
including PEPPSI-IPr, Pd(PPh;3)s/CuCl and Pd(dppf)Cl, but the only successful
system was PdCly(PPhs), reduced in situ by tricyclohexylphosphine.!'” Use of
copper co-catalysts promoted the formation of several inseperable species; MS data
suggests that these are the result of alkyne - CH coupling directly onto the PAH. A
by-product of the successful coupling was the ene-yne compound 145. This type of
Pd-catalysed alkyne dimerisation is known to the literature and was easily seperable
by chromatography.!"® The '"H NMR of hydrocarbon 144 is notable because of the
extremely deshielded H-Cs at 10.22 ppm.
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Figure 56 — The copper-free Sonogashira coupling of 125 and 1-octyne.

Copper-catalysed Ullmann coupling was also performed with 125 and simple phenol
to afford 146.!"°”! This required even more forcing conditions than the Sonogashira
coupling, requiring 2 days at 150°C. Diglyme was again employed as a solvent,
having previously proved its suitability for high-temperature copper-catalysed
reactions. A minor by-product of the coupling was a dehalogenated mono-ether
species formed in ~5% yield. Fortunately, no C-Cl Ullmann dimerisation was

observed.

Displacement of the aryl chloride with a thiolate nucleophile proved to be a general
means of derivatising 125, providing access to both aryl (147, 148) and alkyl (149)
thioethers (Fig. 57). The synthesis of 148 was initially run using carbonate base and it
was found that oxidation of the thiol to the symmetric disulfide was a problem. This
was solved by employing an excess of sodium hydride, which serves both to generate
the thiolate, but also to reduce any disulfide back to the thiol.."”®! The modest yields
reported for 147 and 148 reflect the difficulties of handling and purifying these quite
insoluble products. The crude reaction 'H NMR shows the reactions to run quite
cleanly. Unlike most other chrysene derivatives, the mono- displacement by-product

of 149 was easily seperable (150).
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Cl
‘ PhOH, Cs,CO3, diglyme
O‘O Cul, 150°C, 48 h, 78%
Cl

125

2-NpSH, DMF, NaH,

100°C (MWI), 30 min, 41%

PhSH, DMF, K,COg,

100°C, 6 h, 43%

CyoH05SH, DMF
Cs,CO3, 100°C (MWI)

30 min, 67%

Figure 57 — Derivatisation of 125 by nucleophilic substitution with thiolates and

Ullmann coupling.

C1 2H25/

m-CPBA, DCM
R.T., 38%

149

Figure 58 — Oxidation of thioether 149 to sulfone 151.
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Thioether 149 was oxidised by m-CPBA to the corresponding sulfone or sulfoxide in
an attempt to extend the m-conjugation network and model the oxidation of 8-ring
sulfide 190 (Fig. 92).""! It was found that this oxidation proceeds smoothly to the
sulfone 151 (Fig. 58). This sulfone is a major product even when one equivalent of m-
CPBA per sulfur is used; the starting sulfide 149 is recovered in 52% yield. This
suggests that the second oxidation (of the sulfoxide to the sulfone) is faster than the

first.

Owing to the reluctance of 4,10-dichlorochrysene 125 to undergo certain coupling
and displacement reactions, the dibromo- analogue 153 was sought. The synthesis
from diol 121 is relatively facile, but tribromoacetyl chloride is a prohibitively
expensive reagent, either to source or to prepare from tribromoacetic acid. It was
found that (with persistence) 4,10-dichlorochrysene 125 adequately cooperates with
most derivatisation protocols. Cuprous bromide was substituted for this BHQ
reaction, to avoid any complications of halogen scrambling. The reaction proceeded
similarly to its chloro- analogue; in 2 h in refluxing diglyme. Interestingly, the
hydrobromic acid produced in this reaction cleaves the solvent diglyme, producing an

[200]

equivalent of 1,2-dibromoethane. This side reaction does not seem to adversely

affect the course of the reaction.

O
BrsCCOCI CBrs CuBr
pyrldlne dlglyme
OO KT
28%
Br3C
121 O
152 153

Figure 59 — The synthesis of 4,10-dibromochrysene 151.
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2.3 — ANALYSIS AND PROPERTIES OF 4,10-DISUBSTITUTED CHRYSENES

2.3.1 —- ELECTRONIC SPECTROSCOPY AND HOMO-LUMO GAP

An advantage of molecular electronics is the potential for "fine-tuning" of its energy
levels so they closely match those of the device electrodes. It is hoped that
derivatisation of a PAH backbone with groups of variable electronic character may
provide the means to perform such tuning. The UV-vis spectra of the chrysene

derivatives synthesised here are shown below for comparison (Fig. 60).

Entry Amax Aepce (Enomo-Lumo)
No. R= nm eV nm eV
143 H 270 4.59 338 3.67
125 Cl 278 4.46 380 3.26
132 Me 274 4.52 359 3.45
133 Ph 288 4.31 376 3.30
146 OPh 280 4.42 383 3.24
138 3-Th 288 4.31 387 3.20
147 SPh 285 4.35 400 3.10
148 S(2-Np) 288 4.31 401 3.09
144 Octynyl 293 4.23 427 2.90
149 S(C12) 301 412 400 3.10
151 SO,(Ci2) 289 4.29 404 3.07
153 Br 285 4.35 374 3.32

Range 31 nm 0.47 eV 89 nm 0.77 eV

Table 2 — UV-vis absorption data — wavelengths of maximum absorption peaks and

absorption edges are presented with their corresponding energies.

Each spectrum is clearly divided into two sections; it is convenient to define the

features of these spectra as belonging to the f or p - bands:**!

-The P - band contains the intense absorptions of symmetry-permitted 1 — =n*
transitions (250 — 300 nm, € ~ 10°) These absorptions correspond to higher energy
transitions than that of the HOMO-LUMO.
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-The p - band contains symmetry-forbidden n — ©* lower energy transitions with a
characteristic vibronic fine structure and the PAH bandgap (300 — 400 nm, & ~
10*).2%21 The HOMO-LUMO gap is estimated as Agpge — the wavelength where a line
of gradient equal to the absorption edge intersects the axis (Fig. 61).

g
| O
Z R

149 R = S(Cy5Ho5)
148 R = S-(2-Np)
147 R = S-Ph
138 R = 3-Th
133 R =Ph
144 R = Octynyl
151 R = SO,(C15H25)

153 R =Br
146 R = O-Ph
125 R =Cl

132 R =Me
143 R =H

| [ | | I I [ [
255 275 295 315 335 355 375 395
Wavelength (nm)

Figure 60 — UV-vis absorption spectra of 4,10-derivatised chrysenes in DCM. All

maximum absorptions normalised to 1, vertically offset for clarity.
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It can be seen that both the high and low € bands may be shifted by derivatisation in
these positions.””! The impact a substituent has on the HOMO-LUMO gap of a
material is not only a function of its electron withdrawing or donating nature, as

stability of both the HOMO and the LUMO are influenced.*** **”!

The relationship between substituent character and Ayax and Agpge is complex. An
apparent range of 0.47 eV for Avax and a range of 0.77 eV for Agpge is made
available by this strategy of derivatisation. Compare the chloro- derivative 125 with
methyl- derivative 132; inductively antithetical, yet their spectra are nearly identical.
This is an example where the HOMO and LUMO are shifted to similar degrees.
Heavier atoms cause a greater bathochromic shift than lighter ones (147 vs 146, 153
vs 125) due to improved extension of the chromophore through their large, diffuse

MOs.2%!

Aromatic substituents (133, 138) that could be expected to greatly extend the
chromophore are largely inert due to their orthogonal geometry — m orbitals are
directional and can only be communicated through coplanar bonds. Compounds with
greater conformational freedom of the substituents have broadened spectra, without
resolution of the vibrational detail in the p — band, for example 133 and 147. The
comparison of vibronic structure between oxyether 146 and thioether 148 highlights a
difference in how efficiently the MOs are communicated through the heteroatom to

the flexible periphery. Liul"*"!

recently reported a study of the effects of tetra-
derivatisation of chrysene cores, finding that aryl derivatives exert quite a small effect
on the HOMO-LUMO gap (0.11 eV over a series where R = phenyl, naphthyl and
anthracyl). Alkyne-substituted chrysenes display a large bathochromic shift, as the
PAH core is effectively conjugated through the coplanar © bonds (1.04 eV relative to

chrysene 143).

For most of the derivatives, the remnants of the a - band can be seen as a very low
intensity (¢ ~ 10°) absorption on the red edge of the p — band (Fig. 61). This
corresponds to the lowest energy m1 — m* bands, but are strongly forbidden and for
PAH systems larger than benzene are subsumed into the p — band.*®! The Agpgg is
measured from where a tangent drawn from this final absorption intersects Abs =
0.1I There is a low-energy, low-intensity absorption of 144 that has no analogue for

the other derivatives; it is expected that this is extension of the chromophore to the

alkyne groups.!' The very low intensity of this peak may have conformational
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causes: the alkyne groups are expected to be distorted out of the plane of the PAH —

regrettably no crystals of 144 could be grown for x-ray analysis.

149 R = S(C12H25)

148 R = S-(2-Np)

147 R = S-Ph
—~— _ 151 R = SO,(C1,H25)
144 R = Octynyl
146 R = O-Ph
138 R = 3-Th

133R =Ph
153 R = Br
125R = Cl
, \ _132R =Me
EDGE ~~143R =H
3(I)0 3%0 4(I)0 45l0 5(|)0

Wavelength (nm)

Figure 61 — Expansion of the normalised UV-vis absorption curves, Abs =0 —0.1.
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2.3.2 —- ELECTROCHEMISTRY AND HOMO ENERGIES

Cyclic voltammetry was used to measure the oxidation potentials of the chrysene
derivatives; this would provide a means to estimate the level of the HOMO. The
energy of the HOMO can be estimated relative to the oxidation of ferrocene — this
provides at least a qualitative picture of the effects that derivatisation has on the

]

electronics of the compound.””). It is noted that oxidation of these chrysene

derivatives is irreversible; this is either due to the formed cations reacting or
precipitating out of solution. Notably, 4,10-thienylchrysene appears to polymerise

upon oxidation, forming a purple film over the working electrode.”**"!
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Figure 62 — Cyclic voltammetry curves of 4,10-substituted chrysenes. Black traces
correspond to the numbered analyte alone, red traces are acquired with the inclusion
of a ferrocene standard. Acquired in DCM, analyte concentration 10 mM with 100

mM tetrabutylammonium hexafluorophosphate electrolyte. Continued in Fig. 63.
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Figure 63 — Further cyclic voltammograms of chrysene derivatives. “138 reacted

upon oxidation to form a purple film over the working electrode.



In the absence of a reverse reduction potential with which to calculate E;j, the
oxidation potentials were estimated from the current maxima. This was then
expressed relative to the Fc/Fc™ couple which was set as having an absolute electrode
potential of -4.8 eV.”*™ The HOMO-LUMO gap as measured by UV-vis
spectrometry may then be combined with this figure to provide a rough estimate of
the energy level of the LUMO. The LUMO was not estimable from the reduction
potentials of these materials as they lie beyond -2.5 V. It is worth stressing that these
methods for estimating energy levels are not appropriate for their accurate
quantitation, but they are sufficient in their constistency to provide qualitative

analysis.

E om0 =-Vox +V -4.38

Fc/Fc*

ELUMO = EHOMO + EBANDGAP

Equation 2 — The estimation of Egomo and ELymo from CV and UV-vis data.

Entry Oxidation potential Estimated Estimated
No. R= wrtzero  wrt Fc/Fct  Enomo (€V) ELumo (eV)
143 H 1.347 1.053 -5.85 -2.18
125 Cl 1.574 1.253 -6.05 -2.79
132 Me 1.285 0.974 -5.77 -2.32
133 Ph 1.439 1.042 -5.84 -2.54
146 OPh 1.203 0.896 -5.70 -2.46
138 3-Th 1.440 0.966 -5.77 -2.57
147 SPh 1.261 0.823 -5.62 -2.52
148 S(2-Np) 1.191 0.852 -5.65 -2.56
144 Octyne 1.274 0.947 -5.75 -2.85
149 S(C12) 0.913 0.555 -5.36 -2.26
151 SO2(C12) 1.445 1.196 -6.00 -2.93
153 Br 1.721 1.408 -6.21 -2.89

Range 0.853V 0.85eV 0.75eV

Table 3 — Cyclic voltammetry data and estimated frontier orbital energy levels.
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Figure 64 — Graph of oxidation potential Vox versus Hammett substituent parameter

Opara fOr chrysene derivatives.

To test the hypothesis that the oxidation potential is related to the electronic character
of the substituent, a graph (Fig. 64) was drawn to check for correlation between Vox
and the Hammett substituent parameter, Opara — an empirical measure of the electronic
character of aryl substituents. The poor correlation suggests that such measures are
not good predictors of oxidation potential for this system. Unsurprisingly, the
alkylsulfide 149 possesses the lowest oxidation potential of the series, owing to the
strongly electron-donating effect of the substituent groups. The dibromide 153
displays a much greater Vox than the dichloride 125, the reasons for this are
unknown, but it may be a function of the very twisted geometry of dibromide 153
(Section 2.3.3).

The energy levels estimated for this system are quite deep compared to other well-
known PAH-based OSCs, for example pentacene 1, and its derivatives 4 and 23 (Fig.
65 and Table 4). Picene 2 displays similar electronic character to these chrysene
derivatives and is known for its oxidative and photolytic stability.”*®! The reduction
potential of oxygen is 5.67 V - molecules with HOMO levels lower than this are air-
stable.”'”) However, this low-lying HOMO level is not ideal for hole injection from
gold electrodes; a higher HOMO, closer to -5 ¢V is more suited for p-type devices.”"!
On the other hand, successful n-type operation requires much deeper energy levels,
for example cyclohexyl perylenebisimide 33 has a LUMO at -3.9 eV, a full electron
volt lower than the most electron deficient chrysene derivative 151. In summary, the

energy levels of these chrysene derivatives promise good stability of the material with

respect to light and oxygen, but are suboptimal from a device physics perspective.
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The highest energy HOMO level of the cohort is that of the thiododecyl- chrysene
149; yet compared with the p-type materials of Table 4, it is still relatively low.

Strongly electron-donating substitutents are expected to raise the energy levels — this
strategy could be employed for future chrysene derivatives. Some effort was
expended attempting to perform Hartwig-Buchwald coupling of 4,10-
dichlorochrysene and diphenylamine. Unfortunately, preparation of this electron-rich
triarylamine system has not yet been achieved. From consideration of the energy
levels of anthracene, tetracene and pentacene, it is clear that extension of the fused
conjugated backbone will bring the energy levels together; the chrysene derivatives
detailed here possess electronics intermediate between naphthalene and anthracene.
Extension of the conjugated backbone is favourable for device suitability, but a
balance must be made with stability. The electronics of larger PAH backbones are

explored in section 2.6.

-6.50

-7.50

Figure 65 — Frontier molecular orbital energies of chrysene derivatives (blue),
common PAH materials (red), common sulfur-containing materials (gold) and n-type
materials (lilac). The work function of gold (5.1 eV) is highlighted. Data from tables
3 and 4.
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Compound HOMO LUMO HOMO-

No- Name (eV) (eV) LUMO (eV)
2 picene -5.5 -2.2 3.3
anthracene -5.55 -2.43 3.12
tetracene -5.21 -2.75 2.57
1 pentacene -5.0 -3.2 1.8
4 TIPS-pent -5.11 -3.42 1.69
23 TMTES-pent -5.19 -3.32 1.87
3 rubrene -5.36 -3.15 2.21
28 TTF -5.09 -2.33 2.76
29 DNTT -5.44 -2.44 3.0
33 PBI -6.3 -3.9 24
12 Ceo -6.2 -4.5 1.7

Table 4 — Energy level data for selected high-mobility OSC materials.

Ref

[36]
[211]
[212]

[87]
[122]

[83]

[40]
[108]
[213]
[115]

[214]



2.3.3 — X-RAY CRYSTALLOGRAPHY AND MORPHOLOGY

As detailed in section 1.8, solid phase morphology and crystal packing is of
paramount importance in the design of OSC materials. Efficient charge-transfer
behaviour is reliant on a high degree of MO overlap — specifically = —  overlap. The
nature of this © — m overlap is dependent on the type of packing the material exhibits —
the archetypal packing motifs are pictured in Fig. 11 and include herringbone (with or
without m-stacking), 1-D n-stacking and 2-D brickwork 7-stacking.**’ Although there
are many examples of high-mobility OSC materials which adopt a herringbone
packing motif, it is generally regarded that close lamellar m — m stacking is

desirable [26, 82, 85, 215]

It is difficult to predict the crystal packing of an OSC material even with intensive

computational analysis. Empirically however it is known that:*%!

- Cata-fused PAHs such as pentacene 1 and picene 2 adopt a C-H — & stabilised
herringbone structure.

- Peri-fused PAHs such as pyrene 24 and coronene 25 have a high C/H ratio
and display more n — w overlap.

- Electron-deficient polycyclics with weaker aromatic quadrupoles tend to adopt
lamellar © — & stacking.

- Polar groups can promote close packing through dipole attraction.

The 4,10-disubstituted chrysenes were analysed by x-ray crystallography to determine
their solid-phase morphology and the effects of changing substituents. Intriguingly, it
was found that these chrysene derivatives possess a dramatic variability in both their

molecular and intermolecular morphologies.

4,10-Dichlorochrysene 125 displays a remarkable consequence of substitution in the
bay area — asymmetric twisting of the core (Fig. 66a). For a C,-symmetric molecule
(at least on paper) it would be expected that any distortion from planarity would be
similarly symmetric. Fig. 66b shows the molecule as viewed down the C4"" — C10"
bond; its unequal torsion is visibly significant. Compound 125 crystallises very
readily from solution, much more easily than its derivatives; it is suggested that this
asymmetry induces a dipole moment across the short axis of the molecule, in turn
promoting crystallisation. Intermolecularly, 125 possesses a 1-D lamellar n-stacking
morphology with a measured © — © distance of 3.48 A — just 0.08 A larger than twice
the VAW radius for carbon.””'® This suggests good MO contact and the possibility of
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high charge mobility along this axis. However, MO interaction in the other two
dimensions appears poor. There is a hydrogen bond short-contact between the
chlorine atoms and H; in the neighbouring molecule, but it is not expected that charge
transport can propagate through such interactions. This n-stacking motif is indicative
of a system where the aromatic quadrupole has been lessened by electronegative
substituents in the plane of the molecule. This reduces the strength of edge-face C-H —
n interactions while reducing the repulsion of the negatively charged m-bond clouds

[62, 217

above and below the plane. 1125 appears to represent a balancing point; further

electronegative substitution may invert the quadrupole, leading to resumption of a

herringbone packing.**!

- R - m—T Torsion® Space Density
Distance? group g/cm?®
125 Cl 3.48 A 159.7° P 24/n 1.586
132 Me 3.75A 158.2° P 2:/n 1.306
133 Ph 3.65 A 165.2° P -1 1.283
146 OPh 3.36 A 180° Pbca 1.372
138 3-Th 3.49 A 180° P 2:/n 1.408
147 SPh 3.36 A 180° P 2i/c 1.409
149 S(Ci2Hzs) >6A 158.1° Pna 2 1.146
153 Br 3.58 A 154.1° Pc 1.882

Table 5 — Selected important parameters derived from the x-ray crystallography of
chrysene derivatives. “As measured from the shortest C-C contact between two

aromatic cores. "As measured from C5-C4"'-C10"-C11.

4,10-Dimethylchrysene 132 shows a similar deviation from planarity to 125, with a
marginally greater torsion angle (Fig. 67a). A methyl group has greater steric bulk
than a chlorine atom, but the shorter C-Cl bond seems to compensate, resulting in
comparable geometries. Consideration of the solid phase structure reveals an atypical
lamellar system defined by CH; — 7 interaction (Fig. 67¢). Although the molecules
align in the same plane, there is little © - m overlap and what overlap there is has a

large m — 7 distance of 3.75 A.



4,10-Diphenylchrysene 133 is again asymmetrically twisted, but to a lesser extent
than 125 and 132. This is indeed surprising, considering the great steric bulk of the
phenyl group, which unsurprisingly adopts an orthogonal configuration (Fig. 68a).
Compound 133 exhibits a dimeric form of herringbone packing — individual
molecules form face-to-face pairs 3.65 A apart, which then arrange as units in
herringbone fashion. It is notable that the phenyl groups of these pairs almost align
with each other, pushing the PAH cores apart. The distance between the phenyl group
protons is just 2.59 A; this steric encumbrance is the reason for the large © — 7
distance and low density of the material. The tips of the phenyl groups also separate
the members of their neighbouring pair (Fig. 68c). This mode of crystal order has
been reported before - for 5,14-bis(triisopropylsilylethynyl)pentacene. It was noted

for its poor charge transfer potential.*”’

4,10-Bis(phenyloxy)chrysene 146 has a fundamentally different morphology to the
above derivatives; there is no torsion about the backbone and the substituents order
themselves symmetrically on either side of the PAH core (Fig. 69). Its crystal packing
may be described as a double-herringbone; individual herringbone arrays form, but
interactions between the pendant phenyloxy- groups cause the next herringbone stack
to form orthogonally. Within the herringbone stack there is a modest degree of =-

overlap, but with a very close-contact of 3.36 A - less than the VAW distance.

Reassuringly, 4,10-bis(3-thienyl)chrysene 138 adopts a familiar herringbone
morphology (Fig. 70). A degree of uncertainty in the solution for the diffraction
pattern was found — the conformation of the thiophene group is variable. There is a
strong interaction between the thiophene sulfur and the PAH core of the neighbouring
molecule. The contact distance is only 3.34 A — much shorter than the VdW distance
of 3.5 A. This short-contact with the soft, electron rich sulfur atom is very
encouraging, although it is unlikely that much MO coupling can exist between
orthogonal aromatic systems. In addition to this, there is a small degree of n-overlap

between PAH units in the herringbone stack and a relatively small & — © distance of

3.49 A,

The phenylthioether derivative 147 displays a similar morphology to oxyether 146.
Two 1-D herringbone phases alternate, separated by interlacing pendant phenyl
groups (Fig. 71). Again, there is a fair degree of m-overlap between molecules in the
herringbone stack, with a close contact of 3.36 A, but it is not expected that this is an

appropriate morphology for long-range charge-transport.
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1,4-Bis(dodecylthio)chrysene 149 demonstrates a very inappropriate morphology for
an OSC, the PAH cores are interdigitated with the alkyl groups, resulting innon — =«

contact whatsoever (Fig. 72).

1,4-Dibromochrysene 151 has a similar molecular morphology to its chloro- analogue
125, albeit with an even greater torsion caused by the greater steric bulk of the
bromine atom (Fig. 73). It was noted that 149 also forms crystals very readily,
growing well-defined crystals even from rotary evaporation. The mode of crystal
packing is very unusual; it is stabilised by a mixture of 7 — m and C-H — & interactions,
though it is the extensive m-overlap that is most striking. This stacking is arranged so
that the bromine groups face in opposite directions, inducing a dipole-dipole
attraction, which propagates into an infinite 1-D stack with & — 7 distance of 3.58 A. It
should be mentioned that this distance is measured between the two closest PAH
carbon atoms and not between the two planes, which for this arrangement is slightly
shorter. The edge-face interactions of the other half of the molecule have a length of
3.63 A and an interfacial angle of 60°. For comparison the edge-face interactions of
pentacene have a C - C length of 3.65 A.*™ Depending on the magnitude of this
interaction, this stacking morphology could be described as 2-dimensional, which is

an indicator of high carrier mobility.[''

This selection of chrysene derivatives possesses an extraordinary morphological
diversity. It seems that the most encouraging morphologies of these 4,10-disubstituted
chrysenes are those of the halogenated derivatives 125 and 151. These materials show
the greatest degree of m — m stacking and demonstrate the greatest propensity for
crystallisation. The facility with which a material forms ordered crystalline phases is
also of some importance when considering device manufacture and thin film
morphology. On the other hand, the high oxidation potentials and correspondingly

deep energy levels of these two materials are not ideal for p-type function.
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Figure 66 — X-ray structure and crystal packing of 4,10-dichlorochrysene 125.
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Figure 67 — X-ray structure and crystal packing of 4,10-dimethylchrysene 132.
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Figure 68 — X-ray structure and crystal packing of 4,10-diphenylchrysene 133.
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Figure 69 — X-ray structure and crystal packing of 4,10-bis(phenyloxy)chrysene 146.
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Figure 70 — X-ray structure and crystal packing of 4,10-bis(3-thienyl)chrysene 138.
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Figure 71 — X-ray structure and crystal packing of 4,10-bis(phenylthio)chrysene 147.
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Figure 72 - X-ray structure and packing of 4,10-bis(dodecyl-1-thio)chrysene 149.
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Figure 73 - X-ray structure and packing of 4,10-dibromochrysene 151.

85



2.3.4 — COMPUTATIONAL ANALYSIS

In collaboration with the group of Dr Joe McDouall at UoM, computational analysis
of selected 4,10-disubstituted chrysenes was undertaken. The structures were
optimised at the B3LYP/6-31G(d,p) level using the Gaussian09 suite of programs.
Computational studies are invaluable tools for OSC discovery as it allows
visualisation of the MOs responsible for charge transport and computation of their
energies. To determine the accuracy of these computational methods, the UV-vis
absorption spectra were obtained using time-dependent DFT with the B3LYP
functional and a 6-311G(d,p) basis set; these were then compared with the

experimentally acquired UV-vis and found to have a good match (Fig. 74).

As these materials are being evaluated for potential p-type charge transport, the most
important molecular orbital to consider is the HOMO as the electron hole migrates

' %8 The chrysene derivatives all

from molecule to molecule through this orbital.!
possess a similar 7-lobed HOMO geometry in the PAH core. Of the derivatives that
possess a high degree of m — & stacking 125 is expected to have good MO contact as
the molecules align without any slip. For 151 the molecules are rotated ~165° relative

to each other - how well the MOs will align with each other is less certain.

1.2 1.2
1 1 /

08 125 08 133
' R =Cl ' R =Ph
0.6 0.6
0.4 0.4
0.2 0.2
o +A 0
220 270 320 370 420 220 270 320 370 420
ERRY 12
1 H 1
0.8 132 0.8 125
R =Me R = SPh
06 0.6
0.4 0.4
0.2 0.2
0 0
220 270 320 370 420 220 270 320 370 420

Figure 74 — Comparison of computed (black trace) and experimentally acquired (red

trace) UV-vis curves for selected 4,10-disubstituted chrysenes.
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125 R =Cl 132 R =Me

»

133 R=Ph 146 R = OPh

147 R = SPh 151 R=1Br

Figure 75 — Renders of the calculated HOMOs of 4,10-disubstituted chrysenes.
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Figure 76 — Render of the calculated HOMO of 149.

From Figs. 75 and 76 it is clear that these chrysene derivatives show variable amounts
of MO coupling between the PAH core and the periphery. A high orbital population
on the substituents is desired as it represents extension of the chromophore and
increases the area for possible charge-transfer. The halogenated species 125 and 151
show coupling with the o-orbitals on the halogen atoms. As could be expected, the
orthogonal phenyl groups of 133 make no contribution to the HOMO - the
chromophore is entirely localised to the core. This is comparable to rubrene, which
possesses no 7m-conjugation from the core to the peripheral phenyl groups.*'®! The
phenyloxy- derivative 146 exhibits a contribution from the oxygen atoms, but none
from the pendant phenyl groups. This may be compared to 147, where a large
contribution from the sulfur is present and, more importantly, there is a modest
population on the phenyl groups as well. This is an important finding as it suggests
thiother linkages could be a means to flexibly increase the area available for MO
overlap. No examples of small-molecule thioether-based OSC materials could be
found in the literature, but the thermoplastic poly(4-phenylene sulfide) (PPS) is
known to exhibit semiconducting behaviour when doped with metal ions.*'”! The
UV-vis spectra (Fig. 60) of the aryl thioether derivatives 147 and 148 show an
absorption mode at 300 nm, presenting as a shoulder to the a-band. This is not
present for the other derivatives — it could represent extension of the chromophore to

the periphery by conjugation through the lone pairs on the sulfur atom. If this is the
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case, then the usage of such thioether linkages could be a fertile area for further

exploration.

The calculated energy levels are displayed in Table 6. There are systematic
discrepancies between the two data sets: the calculated HOMOs are on average 400
meV higher than those acquired by CV and the bandgaps are around 640 meV larger
than measured by spectroscopy, resulting in considerably dissimilar estimates of
Erumo. This is a moderately constant disparity across the data set, a systematic error
between calculated and experimental data sets is to be expected as it is an artifact of

how energies are estimated from spectral and electrochemical data.

Calculated Acalc-Exp
Cpd. R= Evomo Erumo  Egap  Enomo Ewumo  Egap
125 Cl -5.67 -1.71 3.95 0.38 1.08 0.69
132 Me -5.31 -1.33 3.98 0.46 0.99 0.53
133 Ph -5.34 -1.37 3.96 0.50 1.17 0.66
144 OPh -5.30 -1.33 3.97 0.40 1.13 0.73
145 SPh -5.14 -1.43 3.71 0.48 1.09 0.61

147 S(CioHzs)  -5.09 -1.34 3.74 0.27 0.91 0.65
151 Br -5.89 -1.99 3.90 0.32 0.90 0.58

Mean -5.39 -1.50 3.89 0.40 1.04 0.64

Table 6 — Energy level data for the above chrysene derivatives as calculated at the
B3LYP/6-31G(d,p) level and its comparison with data acquired by UV-vis and CV.

All energies in eV.
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2.4 — THE SYNTHESIS OF 7-CHLOROBENZO|[K]TETRAPHENE

After the synthesis and derivatisation of 4,10-dichlorochrysene 125 it was envisaged
that a similar synthetic strategy could be employed in the synthesis of more complex
PAH backbones. Notionally, this methodology can be applied to any phenol, leading
to extended chlorinated systems. In this case, allyl bromide was replaced with o-
bromotetralone 154, leading to a benzannulation sequence that simultaneously installs
an extra fused benzene ring. Benzo[k]tetraphenes remain largely unstudied, other than
in their role as environmental pollutants.”””’ A recent patent””'! however, has

established interest in their applications as functional organic materials.

O 1-naphthol O
Et20 K2003 O
Br2 acetone
154 156

88% 67%

q‘ e 0
KoBu CH itsc

OH
Et20 100% O‘
55%

157 158
Cl;CCOCI OO CuCl
pyridine diglyme
—_—

CCly — >

o
Et20 bl 162°C
40% 0 50%

159

DDQ
TFA
DCM

45% 3% overall Y|e|d

Figure 77 — The synthetic pathway to 7-chlorobenzo[k]tetraphene.
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The bromination of 1-tetralone 154 proceeds without difficulty - if due consideration
is given to the lachrymatory nature of the a-bromo ketone 155.*** This bromination
installs a chiral centre at Cy; this is of no consequence here as this chirality is lost after
the Claisen rearrangement. The Williamson ether synthesis of 156 was effected using

similar conditions to those used previously, and in reasonable yield.

It was decided to delay installation of the terminal olefinic group to this stage;
presence of the carbonyl moiety is required for efficient bromination and an attempted
Wittig reaction of 155 was unsuccessful. The olefination of 156 with

methyltriphenylphosphorane proceeded with moderate yield.

During this olefination an unexpected side reaction involved the generation of the
styrene 162, diene 163 and 1-ethylnaphthalene 164 (Fig. 78 - 80). It was possible that
styrene 162 is the olefination product of a small proportion of 1-tetralone 154 still
present in the keto-ether 156. The diene 163 has been reported only a few times, but

(2231 Tautomeric aromatisation of

its '"H NMR compares well to that from the literature.
this diene then affords 164. This conversion proceeds over time — its proportion was
measured at 4% in the crude product mixture, but as 27% of the olefin byproduct
fraction after chromatography. Reaction of this olefinic by-product mixture with

maleic anhydride results in a mixture containing at least 5 components, indicating the

o
A

prescence of a diene.

156
MePPhBr | KOBu
Et,O
I -
CH, N N
: i 0 + +( + (

= =
157 162 163 164
Ratio from TH NMR: 67% 17% 12% 4%

Figure 78 — The Wittig olefination and side-reactions. Product ratio measured from

crude 'H NMR.
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Figure 80 — 'H NMR of by-product fraction of the olefination reaction of 156.
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It is tentatively proposed that the formation of diene 163 proceeds through an epoxide
formation analogous to a Corey-Chaykovsky reaction (165).*** There have been no
cited examples of phosphorane-induced epoxide formation; the driving force for the
Wittig reaction is the energetically favourable formation of triphenylphosphine

[225

oxide.**! It could be that the sterically congested nature of 165 is a cause for this

reactivity.
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© /@Ph o ®
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Figure 81 — A proposed mechanistic etiology of diene 163.

The APCI-MS of the crude product mixture shows mass peaks corresponding to the
by-products 162, 163 and 164 (Fig. 79). In addition, a peak at m/z = 143 is seen
which may correspond to 1-methylnaphthalene formed by aromatisation of 162, no
benzylic methyl peak is detectable by "H NMR, so it is thought this aromatisation

may occur under ionisation conditions.
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Claisen rearrangement of 157 to 158 was initially attempted under conditions
developed by Bull (1 h in N,N-diethylaniline at 217°C). These conditions resulted in
complete decomposition. While attempting to purify olefinic ether 157 it was
observed that recrystallisation from boiling n-hexane caused a 50% conversion to the
Claisen rearrangement product. Thus a low-temperature, solvent-free Claisen
rearrangement was attempted; heating at 130°C for 30 min with microwave
irradiation yielded the spirocyclised compound 171 (Fig. 82). A similar cyclisation
was noted for 122, and was found to be suppressed by the use of an amine or amide
solvent. This 5-member cyclisation is known to be catalyzed by Brensted or Lewis

[226, 227, 228]

acids. In addition, an in-situ acylation is preferred due to the tendency of

the produced naphthol 158 to oxidise (c.f. 123).**! As such, pyridine was selected as
both solvent for this reaction and base for the subsequent acylation reaction. This

obviates the need for a workup.

OO no solvent
157 AN 130°C (MW o 171
£ 0 30 min N
I
J: H+

SO
158
Cry”

” Pyridine (2 eq) OO
15°C (MWl (MWI) OH
2 h, 100% O‘

157 158

Figure 82 — The Claisen rearrangement of 157. Top: neat reaction leading to
spirocycle 171. Bottom: successful rearrangment in pyridine.
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The trichloroacetylation reaction proceeded as before (124) but the product 159 was
found to be exceedingly susceptible to hydrolysis.'’! Application of a traditional
aqueous workup resulted in the formation of a large proportion of hydrolysis product
158. It was found that the best method for workup was the treatment of the reaction
mixture with solid NaHCOs, filtration and washing of the ethereal solution with
water. Column chromatography provided yet more hydrolysed 158. It was then

conceded to use this material in its crude state in the next reaction.

CISCCOCI
pyrldlne CC|3 OH
Et,O

40% 20%
159 158

Figure 83 — The trichloroacetylation of naphthol 158.

(1) g

diglyme
CCls 162 t62°C

COT & C

50°/o =

159

Figure 84 — The BHQ reaction of 159 and subsequent oxidation with DDQ to 161.

The BHQ reaction was effected using the same conditions and in much the same
manner as optimised for 124. However, the 'H NMR of BHQ product 160 was the
cause of some confusion (Fig. 85). An extremely downfield doublet corresponding to
the bay area proton is present, similar to 125, as is an expected singlet corresponding
to the proton para- to the chlorine. However, there is an unexpected singlet which is
equivalent to two protons at 7.70 ppm as well as two second-order multiplets
equivalent to two and one protons at 7.61 and 7.37 ppm. Through COSY and HMQC,
the singlet at 7.70 ppm was surmised to correspond to H-C;, and H-C;3 and that these
two protons on the g-edge of the molecule are magnetically equivalent. The unusual
multiplicities of the signals in spectra could be caused by the hindered conformational
flexibility about the tethered biaryl bond. The 8-ring precursor 180 also displays a

similar complex multiplet at 7.34 ppm.
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Figure 85 — 'H NMR of the BHQ product 160.

It was anticipated that 160 would undergo aromatisation under the conditions of the
reaction to directly yield 161. This was not the case, however, and a separate
oxidation procedure had to be developed. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) is commonly used for dehydrogenative aromatisations.** ! ! We had
previously employed DDQ as an oxidant in a Scholl reaction (section 3.2); similar
conditions were applied to 160, affording 161 in acceptable yield. It was later found
that these conditions are sub-optimal and inclusion of an acid favours production of a
cation radical species and DDQ-H,.""* This radical species can undergo a wide range
of unwanted reactions. The reaction mixture was purified by direct evaporation onto
silica and column chromatography. Elution of the column continuously with toluene
resulted in the elution of an intense blue band which appears identical to 161 by 'H
NMR. This blue colouration is due to the prescence of a charge-transfer complex of
161 and DDQ.I"*! The blue solution was concentrated to yield a black solid,
trituration of which with ethanol liberated the desired product 161 as a white

precipitate and produced a red ethanolic solution of DDQ-Ho.

- er ©

172
Figure 86 — The blue charge-transfer complex of 161 and DDQ.
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A small selection of derivatisation strategies were selected to be applied to 161, to
demonstrate its reactivity compared to 125 (Fig. 87). Kumada-Corriu cross coupling
with phenylmagnesium bromide was successful, affording 7-
phenylbenzo[k]tetraphene 173 in good yield. By this point, it was found that it was
necessary to avoid aqueous workup for the heavier PAHs, as their poor solubility
promotes problematic emulsions. An improved workup procedure involved direct
concentration of the reaction mixture onto silica, followed by column

chromatography.

PhMgBr
PEPPSI-IPr
THF
—_—
1h,RT.
71%

C1 2H258H
CS2CO3, DMF
_—

3h,100°C

On workupl 25%

L

175

Figure 87 — Derivatisation of 7-chlorobenzo[k]tetraphene 161.
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The possibility of nucleophilic substitution with a thiolate was then explored for 161.
By analogy to 149, the aryl chloride was reacted with 1-thiododecane and base in
DMF (Fig. 87). After 3 h at 100°C the desired product had been formed in apparently
high yield, as monitored by 'H NMR (Fig 88, trace b). Intruigingly, after aqueous
workup the major product formed was found to be reduced species 175. After column
chromatography only 175 was isolated (Fig 88, trace ¢) in 25% yield; no thioether
174 was recovered from the column. It is known that reductive C-S cleavage usually
requires strongly reductive conditions e.g. Raney nickel.”*”! Inspection of the crude
'H NMR (b) reveals the prescence of a small (>5%) amount of 175; it is suspected
that 175 is produced under the conditions of the reaction, but the magnitude of its
production is underrepresented in the NMR due to poor solubilty. Similar work in the
group involving thioether PAH derivatives suggests that the probable fate of 174

involves oxidation to a sulfoxide or sulfone, followed by retention on silica.

e ——— s s e e -—'l I-..__,.,,_\,,_-'I'.\__ I (S Pl N e (C)

100 85 9.0 85 B.D 75
Chemical shift (ppm)

Figure 88 — The '"H NMR spectra of starting material 161 (a), crude product before
workup 173 (b), and final product after workup and column chromatography 174 (c).
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2.5 — THE SYNTHESIS OF
7,17-DICHLORODINAPHTHO[1,2,-b:1',2'-k| CHRYSENE

To further the methodology set down by the syntheses of chrysene and
benzol[k]tetraphene backbones, the synthesis of an 8-ring system was investigated.
Several constitutional isomers are made available by these methods, but it was
decided that replacement of the 1-naphthol of the previous synthesis by 1,5-
dihydroxynaphthalene is the most straightforward option (Figure 89). It is known that
PAHs with >5 rings run into problems with handling and solubility; this proved to be

of some importance from the start.!'®!

The Williamson ether synthesis of 1,5-dihydroxynaphthalene and bromotetralone 154
was exceedingly problematic due to the very poor solubility of the product. Attempts
to perform the reaction in acetone and acetonitrile failed, furnishing only the mono-
ether product. The low solubility of the bis-ether 176 is evidenced by the work-up
procedure which involves dilution of the reaction mixture with an excess of diethyl
ether, collection of the precipitate by filtration and trituration of the mass with water
and hot acetone. The dual Wittig reaction proceeded smoothly to afford 177 in
reasonable yield. The olefinic product was found be more tractable than 176,
demonstrating good solubility in common solvents. This olefination reaction resulted
in production of similar by-products as reported before (162, 163 and 164), albeit as a

smaller proportion.

The next step, a Claisen rearrangement caused some problems. Similar conditions
were used to those for 157: relatively low temperatures with pyridine as a solvent.
The product 178 was found to be quite unstable; attempts to prepare a sample for
NMR resulted in decomposition of the diol - both by evaporation in vacuo and
aqueous HCI extraction. TLC analysis showed complete consumption of the olefin
177 and mass spectrometry showed the presence of a compound of the correct mass.
It was decided then to truncate the two steps into a one-pot reaction; a telescoped
Claisen-acetylation protocol. The bis-trichloroacetate 179 was produced in 91% yield

from 177 over these two steps.
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181 12% overall yield
Figure 89 — The synthetic pathway to 7,17-dichlorodinaphtho[1,2,-b:1',2'-k]chrysene
181.
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Figure 90 — 'H NMR of the BHQ reaction of 179 in diglyme (CuCl, 200°C, MWI) (i)

starting material 179. (ii) After 20 min. (iii) After 3 h. (iv) Pure 180 after column
chromatography.
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The BHQ reaction of 179 was first attempted using the same conditions as for 159;
with cuprous chloride in refluxing diglyme. It was found that this reaction proceeds
slowly, even with prolonged heating (>6 h) the reaction could not be driven to
completion. When closely monitored by 'H NMR it is revealed that olefinic
intermediates are formed over the course of the reaction (Fig. 90, cpds. 183 and 184,
peaks [a] and [b]). This contrasts with other BHQ reactions where no such species
can be observed.

It is proposed that this BHQ reaction requires longer heating because the formed
olefinic intermediates are more reticent to undergo 4-exo ATRC (Fig. 91). Another
option is that 183 is unable to undergo ATRC and instead extrudes CO; via a second
dehydrochlorination and subsequent electrocyclisation (Fig. 92). Either way, these
observations represent a fundamentally different mechanism for this reaction to those

proposed previously.

186 187

Figure 91 — Proposed dehydrochlorination of 185 of stilbenoid intermediate 183.



188

Figure 92 — Possible partial mechanism for the BHQ of 179 via double

dehydrochlorination and 6-m electrocyclisation.

Increasing the reaction temperature to 225°C still resulted in the retention of a large
proportion of these intermediates (183 and 184). Also, unwanted side reactions appear
to occur at these temperatures. Different reaction solvents and catalysts were then
explored; including some previously untested. It was found that the copper-NHC

complex 182 developed by Nolan**

was the most effectual. This new protocol
features a return to 1,2-DCE as solvent of choice and small-scale batchwise synthesis
in the microwave at 200°C. Remarkably, this reaction runs in much higher yield
(81%) than the previous two systems. This could be due either to the amenability of
the substrate 179 or the increased efficiency of the catalyst. To test this, a BHQ
reaction with 4,10-dichlorochrysene precursor 124 was performed, under the same
conditions (5 mol% NHC-CuCl 182, 1,2-DCE, 200°C, 2 h). This reaction ran with a
33% yield — no improvement over the CuCl-catalysed reaction in diglyme. This
implies that a BHQ mechanism that proceeds through olefinic intermediates such as
183 results in a much higher yield compared to a mechanism where no such

intermediates are detectable. Copper-NHC complex 182 was prepared by adaptation
of known methods (Fig. 93). [235,236]
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Figure 93 — The preparation of copper-NHC 182.1°> 2

In like manner to the BHQ of the 5-ring system, the formed 8-ring system 180 is not
wholly aromatic and requires oxidation. DDQ was again employed as the oxidant.
Using the same conditions as before (DDQ and TFA at low temperatures), little
conversion was observed by 'H NMR and no product was isolable. It was then
decided to attempt this oxidation at 90°C which resulted in the formation of a number
of products, a small proportion of which was the desired 181. Upon further
consultation of the literature it was learned that the prescence of acid is not necessary

(2391 The oxidation was then attempted

for a successful aromatisation with DDQ.
without TFA, with prolonged heating at 100°C in 1,2-DCE. This reaction was

successful and a slight increase in reaction temperature to 105°C appears optimal.

This reaction, and its recalcitrant product 181 present some very serious challenges;
first amongst which is the extreme insolubility of the product. This confounds any
attempt to monitor the reaction - by TLC or NMR for example. The work-up of this
reaction involves dilution with an excess of ether, collection and washing of the
precipitate. The brown solid obtained may be analysed by NMR with sufficient scans,
but is so insoluble in common NMR solvents that the solution only takes on a pale
yellow colour. It was found that 1,2-dichlorobenzene is the preferred solvent for this
material, thanks in some small part to its high boiling point. Gold-coloured crystals
suitable for x-ray crystallography were grown from a concentrated solution of 181 in
boiling (180°C) 1,2-DCB with no apparent decomposition or oxidation of the

material.
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Figure 94 — Thioetherification of 180 and apparent reduction to 191 and 192.
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Figure 95 — 'H NMR of product mixture for the thioetherification of 180.
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It was desired to derivatise 181 further in order to improve its handling
characteristics. Palladium-catalysed coupling appeared to be unavailable to such an
insoluble substrate. Nucleophilic substitution with a thiolate was investigated first, as
it can be conducted at high temperatures, abating the solubility problem somewhat.
The displacement progresses as intended but, unusually, two reduced thioether
products 191 and 192 are seemingly produced (Fig. 94). Regardless of the choice of
base, solvent or temperature, the same product mixture is observed and no mechanism
for this reduction could be found. Instead it is reasoned that the reduced species 180
must be present in the starting material. This is perplexing as this reduced species is
many times more soluble in NMR solvents than 181 and would be proportionally
overrepresented in the spectrum. 'H NMR of saturated solutions of 181 must be
conducted with a high number of scans; even so only a minute proportion of the
reduced species is observable. The underrepresentation of these impurities could be

(2371 Repeated

the result of distortion of the NMR by an aggregation mechanism.
attempts to purify a synthetically useful amount of 181 by recystallisation were
unsuccessful. Purification by ultra-high vacuum sublimation was attempted, but only
the reduced species 180 was isolable. See section 3.2 for a further example of the

“appearance” of these reduced species.
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Figure 96 — Typical "H NMR of saturated solutions of 181 in (a) DMSO-Ds and (b)
CDClI;. Resonances assigned to reduced species highlighted at 3.05 and 3.45 ppm.
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Figure 97 — Nucleophilic substitution of 180 and subsequent attempted oxidative

aromatisation with DDQ to 190 and quinone 193.
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Figure 98 — Excerpts from the 'H and >C NMR for quinone 193.

To circumvent the issues presented by handling 181, it was then decided to perform
this derivatisation reaction on the “tetrahydro” species 180 itself, and then to oxidise
the formed thioether 192 (Fig. 97). The displacement reaction progresses cleanly, and
the product is isolable in reasonable yield. The oxidation with DDQ results in the
formation of the desired aromatic 190, but also a multitude of by-products. Primary
amongst these is the quinone 193. Further attempts to purify 190 leads to further
production of 193; this oxidation occurs with atmospheric oxygen and appears to
accelerate on silica. The quinone 193 is a stable red compound and is easily isolated
and characterised, even though it is produced in quite small amounts. It is
disappointing that sulfide 190 - which possesses excellent solubility in most

commonly used solvents, is so unstable.
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2.6 — ANALYSIS AND PROPERTIES OF THE 5-RING AND 8-RING PAH

MATERIALS

2.6.1 —- ELECTRONIC PROPERTIES

The electronic properties of the 4,10-chrysene derivatives reveal them to be high-
HOMO-LUMO, high Vox materials — stable with respect to light and air, but with
energy levels which are slightly too deep for p-type operation and much too shallow
for n-type operation. Substitution of the chrysene core induces subtle changes in the
electronics, but extension of the PAH chromophore itself enables the most dramatic
manipulation of energy levels. The UV-vis spectra of 161 and 181 share the same
basic form as that of 125 — a very high extinction (¢ ~ 100,000) o-band, a lower
intensity p-band with 4 distinct peaks and a low-intensity -band. Similarly to before,

Aepce 1s defined the longest wavelength edge of the absorption curve.

= 125 4-ring-Cl
= 161 5-ring-Cl
172 5-ring-Ph
~— 181 8-ring-Cl
190 8-ring-S(C4oH5s5)

0.6

Normalized Absorption

o
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— —
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Figure 99 — Normalised absorption UV-vis spectra of 5-ring and 8-ring PAHs. Top:

for comparison with 4-ring 125. Bottom: close-up of p- and -bands.
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Figure 100 — Cyclic voltammograms of 5- and 8-ring PAH derivatives. Black traces

190

are for analyte alone, red traces acquired with the inclusion of a ferrocene standard.
CV for 161, 173 and 190 acquired as 10 mM solution in DCM with 100 mM
tetrabutylammonium hexafluorophosphate electrolyte. CV for 181 acquired as

saturated solution in 1,2-DCB.?*¥
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Entry Amax AebcGe Vox
Enomo  Erumo
No. nm eV nm eV -Vke
125  4-ring Cl 270 4.59 380 3.26 1574 1253 -6.05 -2.79
161 5ring Cl 303 4.09 410 3.02 1.479 1.076 -5.88 -2.86
173 5-ring Ph 302 4.11 409 3.083 1.197 0.930 -5.73 -2.70

181 8ringCl 341 3.64 454 273 1329 0.737 -5.54 -2.81

8-rin
190 8(013 343 3.61 470 264 0.941 0.627 543 279

Range 73 0.98 91 0.63 0.626 0.62 0.16

Table 7 — UV-vis and CV data for 4-ring PAH compound 125, 5-ring compounds 161
and 173 and 8-ring compounds 181 and 190. ELymo estimated by combination of

HOMO and HOMO-LUMO energies.

The absorption curves of 161 and 181 have a large bathochromic shift relative to 125.
This effect is greater than for any of the chrysene derivatives analysed in section 2.3,
although the HOMO-LUMOs of some of the electron-rich chrysene derivatives
approach those of the 5-ring system. Compound 173 has a larger HOMO-LUMO than
161, proving that aromatic groups orthogonally coupled to the core have little impact
on the primary chromophore; contributions from the p-orbitals on chlorine make a

greater contribution.

The cyclic voltammetry traces for 161 and 173 show that the first oxidation is at least
partially reversible, in contrast with the 4-ring materials. Acquisition of the CV for
181 presented some difficulties because of the poor solubility of the analyte in DCM.
The solvent was changed to 1,2-dichlorobenzene - a saturated solution in which gave
a measurable oxidation potential. 1,2-DCB is commonly used as a voltammetry
solvent for fullerenes and provides a clear potential window for this range.*** **! The
LUMO energies remain quite stable across this series, in contrast to the acene
anullation series anthracene — tetracene — pentacene where the MOs contract by

roughly equal amounts. The HOMO energies of the 5-ring and 8-ring materials are

greater than for the chrysene derivatives, approaching the work function of gold.
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Compare the energy levels of 5-ring PAHs 161 and 173, picene 2 and pentacene 1 -
the novel materials presented here possess characteristics intermediate between the
two, with comparable HOMO-LUMO:s to picene but with much deeper energies (Fig.
101). The similar HOMO levels of 181, 190, rubrene 3 and DNTT 29 is encouraging
as both rubrene and DNTT are proven high mobility p-type OSC materials.
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Figure 101 - Frontier molecular orbital energies of 125 (blue), 5-ring materials 161
and 173 (light green), 8-ring materials 181 and 190 (dark green), popular PAH
materials (red), common sulfur-containing materials (gold) and n-type materials

(lilac). The work function of gold (5.1 eV) is highlighted.
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2.6.2 — MORPHOLOGICAL PROPERTIES

Crystals suitable for x-ray analysis were successfully grown for 161, 173 and 181.
161 displays an almost planar molecular morphology (Fig. 102), which is surprising
considering that an identical CI — proton buttressing to 125 is present. The molecules
then form tight dimers with a © — 7 stacking distance of 3.38 A. It is expected that this
stacking could result in high charge-transport between these partners, however these
dimers then arrange to form a long-axis herringbone packing. A feature of this dimer-
herringbone packing is the relatively short edge-to-face C — C distance between the
molecules of 3.54 A. The edge-to-face distance of pentacene 1 measured in the same
way is 3.65 A; it is this contact that is responsible for the charge-transport capacity of

pentacene and as such this comparison with 161 is promising.'™

The structure of compound 173 is more twisted than its parent 161, with the phenyl
ring almost orthogonal at 69° and the greatest torsion in the core at 167° (Fig. 103).
The packing resembles a herringbone packing with interlacing phenyl substituents
and is dominated by C—H — m attraction. The edge-face distance is 3.83 A and there is
a reasonably short contact between the phenyl substituents of 3.50 A, approaching the
VAW distance. It is not expected that this packing is conducive to efficent charge-

transport.

The morphology of 181 is redolent of that of 4,10-dichlorochrysene 125, with a
torsion angle of 161° about the central bond and a tight 1-D & — & stacking (Fig. 104).
The interplanar distance is 3.56 A, which is slightly greater than that of 125.
Molecules in the same layer share Cl — H)o interactions with a short contact of 2.91 A,
but there is no m — m contact in the two long dimensions of the crystal axis. This type
of crystal packing results in anisotropic charge mobility; the material would be highly

(291 Design of an OSC material that possesses -

insulating in these two dimensions.
stacking in three dimensions is a challenging prospect and 2-D MO overlap is
considered a requirement for next-generation OSC materials. A good example of the
effect of 1-D vs. 2-D lamellar stacking are naphthalene diimides, the cyclohexyl
derivative 14 displays 2-D stacking and thin-film electron mobility of 7.5 cm?/Vs,

whereas the n-hexyl derivative adopts 1-D stacking and mobility of 0.7 cm*/Vs.I'']



() (b)

(d) (e)

Figure 102 - X-ray structure and packing of 7-chlorobenzo[k]tetraphene 161. = — &t
dimer stacking distance: 3.38 A. Herringbone C — C distance 3.54 A.
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(@) (b)

Figure 103 - X-ray structure and packing of 7-phenylbenzo[k]tetraphene 173.
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Figure 104 — X-ray structure and packing of 7,17-dichlorodinaphtho[1,2,-5:1°,2’-

k]chrysene 181.
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2.6.3 — CALCULATED PROPERTIES

As for the chrysene derivatives, the molecular orbitals and energies of 161 and 181
were modelled with a B3LYP functional and 6-311G(d,p) basis set. The HOMOs are
pictured in Fig. 105. The calculated HOMO of 161 possesses a large contribution
from the p-orbitals on chlorine — a greater amount than for 125. The increased
planarity of this system is a possible cause for this greater coupling. Relative to 125,
4,10-diphenylchrysene 133 has a slightly smaller HOMO-LUMO gap, but relative to
161, 7-phenylbenzo[k]tetraphene 173 has an increased HOMO-LUMO; it is suspected
that the increased coupling to the chlorine atom in 161 is responsible for this effect.
This provides further weight to the rationale that planarity is crucial for chromophore

extension.

161 181
Figure 105 — Renders of the HOMOs of 161 and 181.

Calculated Experimental Acaic-Exp
Cpd

Evomo Erumo  Egap  Enomo ELumo Egsp Ehomo Eiumo  Egap

161 -5.72 -1.99 3.73 -5.79 -2.77 3.02 -0.05 -0.78  0.71

181 -5.24 -2.13 3.1 -5.48 -2.75 273 -0.24 -0.62 0.38

Table 8 — Comparison of experimentally acquired and calculated energy level data

for 161 and 181.

The terminal rings of the backbone of 161 make less contribution to the HOMO than
does the central anthracene unit — this is a function of anullation geometry. Acenes

240

demonstrate equal MO distribution along their length®*! whereas armchair-type non-

linear geometries interrupt the propagation of the MOs. 8-Ring PAH 181
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demonstrates this well; the HOMO is essentially two anthracene chromophores,
incompletely coupled together. The terminal rings afford very little contribution to the
MO. The central chromophore between Cs and C;s still covers a length of 13.49 A,
compared to 12.27 A for pentacene.® This invalidates a supposition that HOMO-
LUMO gap is a function of chromophore length; indeed the HOMO-LUMO of 181
lies between that of anthracene and tetracene, yet its chromophore length lies between
that of pentacene and hexacene. This mode of PAH geometry presents the opportunity
for the area for MO overlap to be increased, while maintaining a reasonable HOMO-

LUMO and photolytic stability.
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2.7 — THE PREPARATION OF TM-TES PENTACENE

As part of a collaboration with Prof. Henning Sirringhaus of Cambridge University,
1,4,8,11-tetramethyl-6,13-triethylsilylethynylpentacene 23 was prepared. As an OSC
candidate 23 is drawing a considerable amount of interest, for its reproducible, high-

mobility devices.®> 241> 2422431

Etgo 0 0
H,S0, (95%)

O + ﬁ O —— @]
“oon -10°C, 2.5 h,

67% 0 80% o
195 196 197
LiAIH , PBrj;
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197 — > - >
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198 199
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199 —2 O
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Figure 106 — The synthesis of 1,4,8,11-tetramethyl-6,13-triethylsilylethynylpentacene

23 via Cava reaction.

This synthesis provides a contrast with those detailed previously; as with other
pentacene derivatives 23 is an unstable material and is prepared by a method

commonly applied to acene synthesis. Most often, 6,13-pentacene derivatives are
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prepared by four-fold aldol condensation of phthalaldehyde and 1,4-cyclohexanedione

and subsequent Grignard reaction and reduction of the formed pentacenequinone.'®

244 245]

I The work of Rincon-Llorente!***! concluded that 23 could not be prepared by these

methods and instead required application of the Cava reaction: condensation of a

. . : 126, 246
quinodimethane precursor and 1,4-benzoquinone.!'** >*!

The first step in this reaction sequence, the Diels-Alder reaction of 2,4-dimethylfuran
194 and maleic anhydride 195 was effected without difficulty. This reaction was
found to be reversible, and as such, dependent on concentration — the minimum
amount of solvent must be used to favour equilibrium towards the desired product.
Dissolution of the formed colourless crystals in NMR solvents induces the retro-
Diels-Alder reaction, making NMR analysis of the pure product impossible. The
product itself is formed as a mixture of two isomers, 196a and 196b; their ratio shows

a thermodynamic selectivity for the exo- product.!*”!

0 H O
io 5 e
o) H o
194 195 196a exo 196b endo
TH NMR ratio: 20 20 5 1

Figure 107 — Product ratio of the Diels-Alder reaction of 194 and 195 as measured by
'H NMR integration.

The formation of the two isomers 196a and 196b is not problematic as the subsequent
dehydration with concentrated sulfuric acid affords the non-chiral product 197.2*!
This 3,6-dimethylphthalic anhydride was then reduced to the corresponding diol 198

(2% Attempts to perform this reaction without heating

with lithium aluminium hydride.
resulted in the selective formation of an intermediate hydroxy-acid; full reduction
requires heating overnight. This diol was then brominated with phosphorus tribromide
to form the lachrymatory bis(bromomethyl)-4-xylene 199.%°"! This dibromide is the
substrate for the Cava reaction — an iodide anion induces a debromination to the
quinodimethane intermediate 202, which undergoes a Diels-Alder reaction with 1,4-
benzoquinone to form tetrahydroanthraquinone 203.1°"! This species is then either
oxidised to the anthracenequinone 204 or undergoes a second Diels-Alder to the 5-

ring reduced species 205 which then is oxidised to 200. The order in which these
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(221 specify a requirement for a discrete

reactions occur is not clear. Some sources
oxidation step of 205 with bromine, but it was found that with prolonged heating, this
oxidation occurs under the reaction conditions via proton abstraction by a halide

anion.

Figure 108 — The Cava reaction — condensation of the quinodimethane precursor 199

with 1,4-benzoquinone.

The formed 1,4,8,11-tetramethyl-6,13-pentacenequinone 200 is a stable, highly
insoluble material which is the substrate for addition of an alkynyllithium reagent.
This reaction requires the use of a large excess of the organolithium (>8 equivalents),
use of less organolithium results in almost exclusive production of the mono-alkynyl
product. The desired bisalkynyl product is formed as a mixture of two isomers — 201a
and 201b (Fig. 109). Care must be taken when purifying the products of this reaction,
the diols are prone to oxidation to the fully aromatic system. This is oxidation is
accelerated in the prescence of acid and solutions of 201 will rapidly turn from yellow
to intense green as the pentacene 23 is formed and subseqently decomposes
photochemically. The terminal products of this oxidation and decomposition are
likely the dimeric species 206 and 207 (Fig. 108).*>°! Some preparations of 6,13-
alkynylpentacenes employ a “one-pot” procedure for the organometallic addition and

[125

aromatisation with SnCl,.l'*! Others specify work-up and purification steps after the
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alkyne addition.” Due to the difficulties of handling and purifying TM-TES
pentacene 23 and the clean-running nature of the SnCl, aromatisation step it was
decided that purification of 201 by column chromatography is the most efficient
route. A large amount of green material is generated upon column chromatography —
it is an intractable mixture of decomposition products. Given the small proportion of
byproducts in the 'H NMR of the monitored reaction mixture it is suspected that the
decomposition of 201 on silica is the cause of the poor yield. A “one-pot” preparation
of 23 as per the syntheses of Anthony was attempted, but the product was heavily

contaminated with the asymmetric monoalkyne-ketone.

TH NMR ratio: 91%

Figure 109 — The isomeric products of the reaction of 200 with

triethylsilylethynyllithium.

Figure 110 — The products of photo-induced dimerisation of TM-TES pentacene
232531



The only purification procedure that was applied to 23 was a hasty flush through a
silica plug; conventional chromatography results in complete decomposition of the
product. The TM-TES pentacene 23 is an intensely blue material and is quite stable
when stored under inert atmosphere away from light, but solutions of 23 will rapidly
turn green in light, or if the solvent was not carefully degassed. The solvent choice
has a large impact on the lifespan of the material; more polar, more efficient solvents
result in faster decomposition.”>” As measured by Abu-Sen, the half-life of 23 in
anoxic, illuminated solution ranges between 720 and 1060 minutes. Analysis of 23 is
therefore difficult, solutions for NMR quickly degrade and a satisfactory C NMR
has been thusfar elusive. Despite these compromises and with the help of Dr. John
Morrison, a sample of 23 sufficient in quality and quantity for materials analysis was
prepared and supplied to Prof. Sirringhaus. From the experience of working with both
non-linear PAH materials and with cutting-edge acene-based OSC materials it was
noted that stability is of primary concern; even upstream of device manufacture. Very
high purity is a requirement for OSC materials, in research settings and commercial
manufacture. Poor stability makes rigorous purification extremely challenging — 181
may be recrystallised from boiling (180°C) 1,2-DCB in the presence of oxygen, while
23 must be handled very carefully and as little as possible.
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SECTION THREE — CONCLUDING REMARKS

3.1 — CONCLUSIONS OF THIS THESIS

A new family of PAH OSC candidate materials has been synthesised and analysed.
The phenol allylation — Claisen rearrangement — trichloroacetylation - BHQ protocol
has been proven to be a general and effective method for making accessible a wide
range of functionalised PAH geometries. Further derivatisation of the formed
chloroaromatics is remarkably facile, considering the stability of the C-Cl bond.
Double Suzuki, Kumada-Corriu, Sonogashira and Ullmann couplings are all
demonstrated, along with nucleophilic aromatic substitution. A novel bromo-BHQ is
demonstrated and applied for the synthesis of 4,10-dibromochrysene. A short article
titted An Approach to the Synthesis of Functionalised Polycyclic Aromatic
Hydrocarbons detailing the syntheses of these novel chrysene derivatives has been

published in the European Journal of Organic Chemistry.*>*!

The 4,10-chrysene derivatives prepared here display very high stability with respect
to light and oxygen, they display electronic tunability and they display varied and
unusual morphologies, some of which are unreported in the field of OSC research.
The morphologies of the halogenated derivatives 125, 151, 161 and 181 are of
particular interest — these electronegative substituents are effective at promoting © —

stacking.

A BHQ protocol was then applied to the synthesis of larger PAH materials,
benzol[k]tetraphenes and dinaphtho[1,2,-b:1',2'-k]chrysenes, the latter of which is a
previously unsynthesised system. These new materials possess exciting electronic and
morphological properties. A blend of linear and angular backbone geometries allows
for materials with properties bridging the gap between acenes (e.g. pentacene) and

phenacenes (e.g. picene).
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A series of new chemical insights have also been gained:

- Further mechanistic probing of the BHQ reaction, which is now understood to
have two plausible and competing pathways;

- An unusual side-reaction of the Wittig olefination to form a diene;

- Unexpected chemistry of aryl alkyl sulfides - Selective oxidation to a sulfone,
reductive cleavage under work-up conditions and an oxidation to a quinone;

- Cyclisation of 2-allylphenols to furan derivatives.

A comparison of the synthesis of non-linear PAHs with acenes can be drawn. The
stable, non-linear PAHs synthesised here are amenable to derivatisation after
formation of the backbone, allowing for efficient, divergent synthesis of libraries of
PAH-based materials. The higher acenes however, are not complaisant to a majority
of chemical procedures, necessitating the installation of functionalisation at the start
of the synthetic process. The purification and handling of such materials is then a

major challenge, compared to their non-linear relatives.

PAHs have far-reaching applications throughout science and technology — as

(184, 257, 258] (146, 259]

fluorescent emitters, discotics and liquid crystals, graphene

[260] [261] [262] [263]

exfoliants, bioimaging, carcinogen models, dyes and asphaltene

models?**

amongst other things. The synthetic methodologies developed in this thesis
produce PAH scaffolds that have potential not only as OSC materials, but in any of

the above mentioned fields.
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3.2 —=ONGOING WORK

A recurring but unattained goal of this project has been the synthesis of condensed
PAHs by the Scholl reaction of aryl substituted chrysenes"*" >\, A wide variety of
oxidising agents and conditions were investigated. Metal chlorides were found to
cause uncontrolled chlorination.”* DDQ/[H*] was found to react with simple 4,10-
diphenylchrysene 133 to afford an orange material which is insoluble, unstable and
difficult to analyse (Fig. 111). An unusual '"H NMR was acquired with very broad
peaks, but the sample degraded quickly in solution (Fig. 112). The broadness of these
peaks is theorised to be the product of either a dynamic aggregation effect,””
polymerisation of the material or the prescence of paramagnetic singlet character.
EPR analysis was performed, but returned only a very weak signal, not enough to

prove the latter hypothesis. It is anticipated that this synthesis will be returned to in

the near future and answers found to these questions.

DDQ, [H*]
SN
FeCI3
o i
g

133

f
fi
N\

Figure 112 — "H NMR of the product of the above Scholl reaction.
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PEPPSI-IPr
(CgH17)PhMgBr

THF, R.T., 18 h

181

Figure 113 — Kumada-Corriu cross-coupling of 181 with a solubilising 4-octylphenyl
group.

An expeditionary palladium-catalysed coupling of 8-ring dichloride 181 and 4-
octylphenylmagnesium bromide was recently attempted. Although 181 has virtually
no solubility in THF, treatment with a large excess (10 equiv.) of Grignard reagent
resulted in the turbid suspension becoming clear over the course of 18 h. The products
of this reaction exhibit a similar pattern to those of the thioetherification reaction
detailed above, with a proportion of reduced material making an appearance, and in
the same ratios. This implies a large proportion of the reduced species in the shared

substrate material — but the causes of its indetectability by NMR remain a mystery.
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3.3 — FUTURE WORK

It is envisaged that further exploration of the chemical space made available by this
benzannulation strategy will provide materials with suitable electronics and
morphologies for efficient charge-transport, without compromising stability as
determined by HOMO-LUMO gap and oxidation potential. The key goals for the
future design of OSC candidates are — moderately large HOMO-LUMO gap, Exomo

at or just below 5.1 eV and 2-dimensional © — « stacking.

Device manufacture is a priority of this project in the future. Very high OSC purities
are a requirement for this, however the stability of these materials makes this less of a
challenge than for many other OSCs. There are a multitude of variables that play a
part in device manufacture and operation - thin-film or single-crystal; spin-casting,
drop-casting or vapour deposition, dielectric and electrode materials and surface
treatments, device geometry, binder formulations, solvent or thermal annealing
procedures and so on. Preliminary device manufacture has provided some
encouraging results, but a significant volume of research must be undertaken to draw
reasonable conclusions on the value of materials as OSCs. It is important that only the

materials with the most favourable properties are selected for further appraisal.

Further derivitisation strategies for PAHs are to be explored, particularly the effects of
strongly electron-withdrawing or donating- groups. Electron-withdrawing groups are
expected to promote stacking interactions, by dipole interactions and by diminishing
the aromatic quadrupole. Electron-donating groups are expected to raise the HOMO
and decrease the HOMO-LUMO gap. The combination of EWGs and EDGs into
push-pull compounds is an exciting prospect currently under investigation in the
group. The utility of connecting aromatic units by thioether linkage is to be explored
further, the chrysene derivatives 147 and 148 possess electronic and computed

properties suggesting sulfide-based oligomeric materials may be of some interest.
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SECTION FOUR - EXPERIMENTAL

4.1 — INDEX OF COMPOUNDS

4.3 — CHRYSENES

1,5-Bis(allyloxy)naphthalene (122) p- 131
2,6-Diallyl-1,5-dihydroxynaphthalene (123) 133
2,6-Diallyl-1,5-bis(2,2,2-trichloroacetyl)naphthalene (124) 134
4,10-Dichlorochrysene (125) 135
4,10-Dimethylchrysene (132) 136
4,10-Diphenylchrysene (133) 137
4,10-Bis(4-methoxyphenyl)chrysene (134) 138
4,10-Bis(1-naphthyl)chrysene (136) 139
4,10-Bis(3-thienyl)chrysene (138) 140
Chrysene (143) 141
4,10-Bis(oct-1-yn-1-yl)chrysene (144) 142
4,10-Bis(phenyloxy)chrysene (146) 143
4,10-Bis(phenylthio)chrysene (147) 144
4,10-Bis(2-naphthylthio)chrysene (148) 145
4,10-Bis(dodecylthio)chrysene (149) 146
4-Chloro-10-dodecylthiochrysene (150) 147
4,10-Bis(dodecylsulfonyl)chrysene (151) 148
2,6-Diallyl-1,5-bis(2,2,2-tribromoacetyl)naphthalene (152) 149
4,10-Dibromochrysene (153) 150

4.4 -BENZO|K]TETRAPHENES

2-Bromo-1-tetralone (155) 151
2-(Naphthalene-1'-yloxy)-1-tetralone (156) 152
2'-(Naphthalene-1'-yloxy)-1-methylene-2,3,4- 153
trihydronaphthalene (157)

2'-((3,4-Dihydronaphthalen-1-yl)methyl) 155
naphthalen-1'-ol (158)

2'-((3,4-Dihydronaphthalen-1-yl)methyl) 156
naphthalen-1'-trichloroacetate (159)

7-Chloro-5,6-dihydrobenzo[k]tetraphene (160) 157
7-Chlorobenzo[k]tetraphene (161) 158
7-Phenylbenzo[k]tetraphene (173) 159
Benzo[k]tetraphene (174) 160
7-(dodecylthio)benzo[k]tetraphene (174) 160



4.5 — DINAPHTHO[1,2,-B:1',2'-K] CHRYSENES

1,5-Bis(2-tetralonoxy)naphthalene (176) p. 161
1',5'-Bis((1-methylene-1,2,3,4-tetrahydronaphthalen-2-yl)oxy) 162
naphthalene (177)

2',6'-Bis((3,4-dihydronaphthalen-1-yl)methyl) 163
naphthalene-1',5'-diol (178)

2',6'-Bis((3,4-dihydronaphthalen-1-yl)methyl) 164
naphthalene-1',5'-bistrichloroacetate (179)
7,17-Dichloro-5,6,15,16-tetrahydrodinaphtho 165
[1,2,-b:1',2'-k]chrysene (180)

Chloro[1,3-bis(2,6-diisopropylphenyl) 167
imidazol-2-ylidene]copper(I) (182)
7,17-Dichlorodinaphtho[1,2,-b:1',2'-k]chrysene (181) 168
7,17-Bis(dodecylthio)-5,6,15,16-tetrahydrodinaphtho 169
[1,2,-b:1',2'-k]chrysene (192)
7,17-Bis(dodecylthio)dinaphtho[1,2,-b:1',2'-k|chrysene (190) 170
17-(Dodecylthio)benzo[ k]phenanthro[3,2-c] 171

tetraphene-7,20-dione (193)

4.6 — TM-TES PENTACENE

4,7-Dimethyl-3a,4,7,7a-tetrahydro-4,7- 172
epoxyisobenzofuran-1,3-dione (196)

3,6-Dimethylphthalic anhydride (197) 173
2,3-Di(hydroxymethyl)-p-xylene (198) 174
2,3-Di(bromomethyl)-p-xylene (199) 175
1,4,8,11-Tetramethylpentacene-6,13-dione (200) 176
1,4,8,11-Tetramethyl-6,13-bis((triethylsilyl)ethynyl)- 177
6,13-dihydropentacene-6,13-diol (201)
1,4,8,11-Tetramethyl-6-13-bis((triethylsilyl) 178

ethynyl)pentacene (TMTES pentacene) (23)



4.2 - GENERAL EXPERIMENTAL CONSIDERATIONS

All reactants and reagents were purchased from Sigma-Aldrich, assayed by '"H NMR

2671 Solvents used were purified

and purified by standard procedures where necessary.!
by standard distillation methods.**”! All reactions were carried out under nitrogen
using flame-dried glassware. MWI-assisted reactions were performed with a Biotage
Initiator microwave reactor. NMR spectra were acquired with B400 Bruker Avance
IIT 400 MHz or B500 Bruker Avance II+ 500 MHz spectrometers, using residual non-
deuterated solvent as the standard. Chemical shifts (0) are quoted in parts per million
downfield from tetramethylsilane (0.00 ppm). Signal splitting patterns are described
as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) or any combination of
the above. Mass measurements were acquired with a Micromass Trio 200
spectrometer, using electrospray (ES), atmospheric pressure chemical ionisation
(APCI) or matrix-assisted laser desorption ionisation (MALDI) techniques, as stated.
High resolution mass spectra were recorded on a Kratos Concept IS spectrometer.
Ultraviolet-visible (UV-Vis) spectra were recorded on a Varian Cary 50 spectrometer
from dilute (~10 uM) solutions in DCM. Cyclic Voltammetry (CV) was performed
with a BASi Epsilon potentiostat and C3 cell stand, with 100 mM
tetrabutylammonium hexafluorophosphate electrolyte, 10 mM analyte concentration
in ~ 10 mL DCM. Potential was scanned from -1800 to 2000 mV on a 1 pA scale,
potentials were estimated from current maxima relative to a ferrocene standard. Flash
column chromatography was carried out using Sigma-Aldrich silica gel, pore size 60
A, 230-400 mesh particle size. Thin-layer chromatography (TLC) was carried out
with Machery-Nagel Polygram SIL G/UV,ss plates and visualised by UV absorption

and fluorescence (254 and 365 nm).
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4.3 — PREPARATION OF CHRYSENE DERIVATIVES

1,5-Bis(allyloxy)naphthalene 122.['7?! Allyl bromide (32.19 mL, 375 mmol) was
added to a stirring suspension of 1,5-dihydroxynaphthalene (25 g, 156.25 mmol) and
K,COs (51.75 g, 375 mmol) in dry acetone (400 mL) and stirred for 22 h at room
temperature. The inorganic components were separated by filtration and the solvent
removed in vacuo to afford a brown solid. Diethyl ether (500 mL) was added and the
solution extracted with 1M NaOH solution (2 x 150 mL), followed by water (150 mL)
and brine (150 mL). The organic phase was dried over MgSO,4 and concentrated in
vacuo. The crude product was then recrystallised from methanol to afford the product
1,5-bis(allyloxy)naphthalene as a golden solid (23.28 g, 62%). MP 89-91°C. 'H
NMR (400 MHz, Chloroform-d) 6 7.83 (2H, d, H-Ars, J = 8.6 Hz), 7.31 (2H, dd, H-
Ars, J = 8.3, 7.6 Hz), 6.78 (2H, d, H-Ar,, J = 7.6 Hz), 6.11 (2H, ddt, C-CH=C, J =
17.4,10.5, 5.1 Hz), 5.45 (2H, dq, C=CH», J=17.3, 1.6 Hz), 5.26 (2H, dq, C=CH,, J =
10.6, 1.5 Hz), 4.64 (4H, dt, O-CH,-C, J = 5.0, 1.0 Hz) ppm. *C NMR (101 MHz,
Chloroform-d) & 154.1 (CAr;), 133.3 (-CH=), 126.8 (CArs,), 125.1 (CAr3), 117.3
(=CH,), 114.5 (CAry), 105.8 (CAr,), 68.9 (O-CH,) ppm. MS (APCI") m/z 241
([M+H]", 100%), 200 ([M-C3Hs]", 40%). HRMS (EI") CisH 60, requires 240.1145,
found 240.1140.
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268

1-Allyloxy-5-hydroxynaphthalene.”*® Formed as the major by-product (21% by
NMR) of the above Williamson ether synthesis. Yellow solid. "H NMR (400 MHz,
Chloroform-d) 6 7.89 (1H, d, J= 8.5 Hz), 7.80 (1H, d, J = 8.5 Hz), 7.37 (1H, dd, J =
8.5,7.6 Hz), 7.31 (1H, dd, J = 8.5, 7.5 Hz), 6.89 (1H, d, J= 7.5 Hz), 6.85 (1H, d, J =
7.7 Hz), 6.38 (1H, bs, OH), 6.19 (1H, ddt, -CH=, J = 17.3, 10.4, 5.1 Hz), 5.54 (1H,
dq, =CH,, J = 17.3, 1.6 Hz), 5.35 (1H, dq, =CH», J = 10.6, 1.4 Hz), 4.73 (2H, dt, O-
CH,, J= 5.1, 1.5 Hz) ppm. *C NMR (101 MHz, Chloroform-d) & 154.2, 151.7, 133.3
(-CH=), 127.1, 125.6, 125.2, 125.0, 117.3 (=CH,), 114.4, 114.1, 109.3, 105.6, 68.9

(O-CH;) ppm.

132



2,6-Diallyl-1,5-dihydroxynaphthalene 123.1'"% 1 5-Bis(allyloxy)naphthalene was
heated neat to 210°C for 2 h under N, affording the product as an orange-brown solid
in quantitative yield. No further handling of the material was performed due to the
title compound's sensitivity to oxidation. MP 135-136°C. '"H NMR (500 MHz,
Chloroform-d) ¢ 7.73 (2H, d, H-Ar4, J = 8.5 Hz), 7.24 (2H, d, H-Ar;, J = 8.5 Hz),
6.06 - 6.15 (2H, m, -CH=), 5.51 (2H, s, OH), 5.24 - 5.30 (4H, m, =CH>), 3.60 (4H, dt,
Ar-CH,, J=6.6, 1.7 Hz) ppm. *C NMR (126 MHz, Chloroform-d) & 149.5 (CAr)),
136.2 (-CH=), 127.9, 125.2, 117.9, 117.0, 113.7 (=CH,), 35.7 (Ar-CH;) ppm. MS
(ET") m/z 240 (M", 100%). HRMS (ES") C;sH;7;0, ([M+H]") requires 241.1223,
found 241.1224.

2,6-Diallyl-1-hydroxynaphthalene-5,8-dione. Formed as the product of oxidation of
compound 123 in chloroform. Red solid. '"H NMR (500 MHz, Chloroform-d) & 12.28
(1H, s, OHp.bond), 7.52 (1H, d, H-Ars, J = 7.7 Hz), 7.41 (1H, d, H-Ar3, J = 7.7 Hz),
6.68 (1H, s, H-C), 5.92 (1H, ddt, -CH=, J=17.8, 9.3, 6.7 Hz), 5.81 (1H, ddt, -CH=, J
=17.0, 10.2, 6.7 Hz), 5.19 - 5.12 (2H, m, =CHy), 5.10 - 5.03 (2H, m, =CH,), 3.42
(2H, d, Ar-CH,, J = 6.6 Hz), 3.25 (2H, dd, Ar-CH,, J = 7.0, 1.5 Hz) ppm. C NMR
(126 MHz, Chloroform-d) 6 190.7 (O=Cs), 184.1 (O=Cs), 159.3 (CAr), 151.4 (Co),
136.6, 135.9 (CAr), 134.9 (C;), 134.8 (-CH=), 132.8 (-CH=), 130.3 (CArs,), 119.3
(CArn;), 119.2 (=CHy), 117.1 (=CH), 114.4 (CAr4,), 33.7 (Ar-CH,), 33.5 (Ar-CH,)
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2,6-Diallyl-1,5-bis(2,2,2-trichloroacetyl)naphthalene 124.'"]
2,6-diallyl-1,5-dihydroxynaphthalene (15 g, 62.5 mmol) and pyridine (12.22 mL, 150
mmol) in dry diethyl ether (500 mL) were cooled to 0°C. To this solution was added
trichloroacetyl chloride (16.74 mL, 150 mmol) dropwise with rapid stirring. After 2 h
the reaction was quenched by the slow addition of water (200 mL), the organic layer
was collected and washed with sat. NaHCOj soln. (2 x 100 mL), water (2 x 100 mL)
and brine (100 mL). The organic fraction was then dried over MgSO; and
concentrated in vacuo to afford the title compound as a pale yellow solid (27.88 g,
84%). MP 132-133°C. '"H NMR (500 MHz, Chloroform-d) & 7.74 (2H, d, H-Ar,,
J=8.5 Hz), 7.42 (2H, d, H-Ar3, J/=8.5 Hz), 5.82 - 5.91 (2H, m, -CH=), 5.04 - 5.17 (4H,
m, =CH>), 3.39 - 3.51 (4H, m, Ar-CH,) ppm. *C NMR (126 MHz, Chloroform-d) &
160.2 (C=0), 143.6 (CAr), 134.6 (-CH=), 129.4, 129.2, 126.6 (CAr3), 119.9 (CAry),
117.5 (=CH,), 89.5 (CCls), 34.1 (Ar-CH,) ppm. MS (APCI") m/z 530 (IM{’°Cl, +
CLYTY, 100%). HRMS (EI) Ca0H1404Cls requires 527.9018, found 527.9028.
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4,10-Dichlorochrysene 125.'%! Compound 124 (3 g, 7.58 mmol) and cuprous
chloride (5 mol%, 38 mg, 0.38 mmol) were dissolved in diglyme (3 mL) and the
solution purged with nitrogen for 30 mins. The solution was then heated to reflux
(162°C) with gentle stirring for 2 h. The crude product mixture was then directly
loaded onto a flash chromatography column and the product eluted with 1:5
DCM:hexane. The title compound was isolated as colourless needles (856 mg, 38%).
Crystals suitable for x-ray diffraction analysis were grown by the slow evaporation of
DCM. MP 159°C. "H NMR (500 MHz, Chloroform-d) § 9.45 (2H, d, H-Ars, J = 9.1
Hz), 7.83 (2H, dd, H-Ar,, J=7.9, 1.3 Hz), 7.77 (2H, d, H-Ars, J = 9.1 Hz), 7.69 (2H,
dd, H-Ar3, J = 7.6, 1.6 Hz), 7.46 (2H, t, H-Ars, J = 7.7 Hz) ppm. *C NMR (126
MHz, Chloroform-d) ¢ 134.6, 131.4, 130.2, 129.9, 127.6, 127.5, 126.6, 126.4, 125.0
ppm. MS (APCI") m/z 296 (IM{’°CL}]", 100%) 298 (IM{*Cl + *'CI}]", 85%).
HRMS (ES") C13H,(Cl, requires 296.0148, found 296.0154.
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4,10-Dimethylchrysene 132. 4,10-Dichlorochrysene (50 mg, 0.17 mmol) and
PEPPSI-IPr (5 mol%, 4 mg, 6.1 umol) were added to a Schlenk tube and purged with
nitrogen. Thoroughly degassed THF (2 mL) was then added via cannula. With rapid
stirring, 1.4 M methylmagnesiumbromide in THF (0.49 mL, 0.68 mmol) was added
dropwise, with attention paid to the evolution of a red colour indicative of the
activated catalyst species. The crude product was filtered though silica with DCM to
remove inorganic residues and recrystallised from hexane to afford the title compound
as colourless crystals (40 mg, 91%). MP 102°C. "H NMR (500 MHz, Chloroform-d)
0 8.59 (2H, d, H-Ars, J = 9.1 Hz), 7.75 - 7.79 (4H, m), 7.46 (4H, d, J = 5.0 Hz), 3.05
(6H, s, CH3) ppm. *C NMR (126 MHz, Chloroform-d) & 135.0, 132.8, 131.0, 130.8,
130.7, 126.5, 126.0, 125.8, 125.4, 26.4 (CH3) ppm. MS (MALDI-Dithranol) m/z 256
(M", 19%). HRMS (EI") CyoH ¢ requires 256.1247, found 256.1233.
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4,10-Diphenylchrysene 133. 4,10-Dichlorochrysene (200 mg, 0.68 mmol) and
PEPPSI-IPr (2 mol%, 9 mg, 13.1 umol) were added to a Schlenk tube and dissolved
in degassed THF (1 mL). Magnesium turnings (328 mg, 13.52 mmol) and THF (5
mL) were stirred vigorously, to which was added bromobenzene (0.287 mL, 2.70
mmol). Stirring was continued until colour change was complete and the mixture had
cooled. The Grignard reagent solution was then transferred by cannula to the reaction
flask and the mixture stirred under nitrogen at ambient temperature. After 30 min the
reaction mixture was diluted with DCM (50 mL) and filtered though silica plug to
remove palladium residues and recrystallised from hexane to afford the title
compound as colourless crystals (217 mg, 84%). MP 204°C. "H NMR (400 MHz,
Chloroform-d) & 7.80 (2H, dd, J=7.8, 1.5 Hz), 7.72 (2H, d, J=9.1 Hz), 7.59 (2H, t,J
= 7.3 Hz), 7.38 - 7.54 (10H, m, Ph) ppm. *C NMR (101 MHz, Chloroform-d) &
145.0, 140.4, 133.0, 130.6, 130.6, 129.2, 129.0, 129.0, 127.7, 127.7, 127.0, 125.8,
124.4 ppm. MS (MALDI-Dithranol) m/z 380 (M", 95%). HRMS (EI') C3oHy
requires 380.1560, found 380.1565.
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4,10-Bis(4'-methoxyphenyl)chrysene 134. 4,10-Dichlorochrysene (200 mg, 0.68
mmol) and PEPPSI-IPr (2 mol%, 9 mg, 13.1 wmol) were added to a Schlenk tube
equipped with a magnetic stirrer bar and purged with nitrogen. Thoroughly degassed
THF (1 mL) was then added via cannula. Magnesium turnings (328 mg, 13.52 mmol)
and THF (5 mL) were stirred vigorously, to which was added 4-bromoanisole (0.338
mL, 2.70 mmol) and 1,2-dibromoethane (0.233 mL, 2.70 mmol). Stirring was
continued until colour change was complete and the mixture had cooled to ambient
temperature. The Grignard reagent solution was then transferred by cannula to the
first reaction flask and the mixture stirred. After 30 min the crude product was filtered
though silica with DCM to remove inorganic residues and recrystallised from hexane
to afford the fitle compound as colourless crystals (207 mg, 69%). MP 206°C. 'H
NMR (400 MHz, Chloroform-d) & 7.70 (4H, d, J = 8.8 Hz), 7.48 (2H, t, J = 7.5 Hz),
7.42 (2H, d, J= 7.1 Hz), 7.32 (3H, m), 6.92 (4H, d, J= 8.1 Hz), 3.83 (6H, s) ppm. *C
NMR (101 MHz, Chloroform-d) & 158.8 (C4'-0), 140.0, 137.4, 133.1, 130.7, 130.5,
130.2, 129.1, 127.5, 127.4, 125.8, 124.3, 114.4, 55.4 (OMe) ppm. MS (APCI) m/z
441 (IM + H]", 100%). HRMS (EI") C3,H,40, requires 440.1771, found 440.1753.
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4,10-Bis(1’-naphthyl)chrysene 136. PEPPSI-IPr (I mol%, 4 mg, 6.8 wmol) and
KOBu (197 mg, 1.78 mmol) were added to a Schlenk tube equipped with a magnetic
stirrer bar and purged with N,. Thoroughly degassed anhydrous ethanol (3 mL) was
added via cannula and the mixture stirred until a colour change from yellow to red
was observed, signifying the activation of the catalyst. Without stirring and under a
blanket of nitrogen, 4,10-dichlorochrysene (200 mg, 0.68 mmol) and 1-
naphthylboronic acid (277 mg, 1.62 mmol) were added. The tube was then resealed
and stirred under N, for 30 min. The product formed as a precipitate which was
isolated by vacuum filtration and washed with water (10 mL), methanol (10 mL),
DCM (5 mL) and toluene (5 mL). The solid (268 mg, 82%) was dried under vacuum
to yield the title compound as a white powder, sparingly soluble in DCM, CHCl; and
toluene. The poor solubility of the compound in NMR solvents precludes °C NMR
analysis. MP >300°C. "H NMR (400 MHz, Chloroform-d) & 7.86 - 7.97 (4H, m),
7.70 (2H, dt, J = 7.7, 1.9 Hz), 7.36 - 7.59 (14H, m), 7.07 - 7.24 (4H, m) ppm. MS
(MALDI-DCTB) 481 ([M + H]", 100%). HRMS (EI") C;sHy4 requires 480.1873,
found 480.1867.
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4,10-Bis(3’-thienyl)chrysene 138. PEPPSI-IPr (2 mol%, 3 mg, 3.6 umol) and KO'Bu
(45 mg, 400 umol) were added to a Schlenk tube and purged with nitrogen.
Thoroughly degassed anhydrous isopropyl alcohol was added via cannula and the
mixture stirred until a colour change from yellow to red was observed, signifying the
activation of the catalyst. Without stirring and under a blanket of N,, 4,10-
dichlorochrysene (50 mg, 0.18 mmol) and 3-thienylboronic acid (51 mg, 0.40 mmol)
were added. The tube was then resealed and stirred under N, for 30 min or until
complete conversion was observed by '"H NMR. The mixture was concentrated in
vacuo, dissolved in DCM (25 mL) and washed with sat. NaHCOjs soln. (2 x 25 mL),
water (25 mL) and brine (25 mL). The crude product was then purified by
crystallisation from hexane:toluene. The fitle compound was isolated as colourless
crystals (42 mg, 60%). MP 195°C. '"H NMR (400 MHz, Chloroform-d) & 7.72 - 7.91
(4H, m), 7.55 - 7.69 (4H, m), 7.50 (2H, d, J = 9.0 Hz), 7.38 - 7.44 (4H, m, H-Thy, H-
Ths), 7.07 (2H, dd, H-Thy, J = 3.9, 1.9 Hz) ppm. C NMR (101 MHz, Chloroform-d)
o 145.3, 134.9, 133.0, 130.7, 130.3, 129.4, 128.0, 126.8, 126.0, 125.8, 124.5, 121.7,
119.9 ppm. MS (MALDI-Dithranol) m/z 392 (M', 65%). HRMS (EI") CysH S,
requires 392.0688, found 392.0671.
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Chrysene 143.°°! A solution of hexylmagnesium bromide (1.35 mmol) in THF (5
mL) was added to a stirring solution of 4,10-dichlorochrysene (100 mg, 338 pmol)
and PEPPSI-IPr (5 mol%, 11 mg, 17 umol) in THF (5 mL) at ambient temperature.
The reaction mixture was stirred under N, for 30 min before being quenched by the
addition of water (10 mL). The mixture was diluted with diethyl ether (100 mL) and
washed with water (3 x 50 mL) and brine (50 mL). The organic solution was dried
over MgS0O, and concentrated in vacuo. The resultant oil was then subjected to
column chromatography (1:19 Et,O:hexane). The desired di-coupled product was
found to be inseperable from the asymmetric reduced species — the only isolable
product of the reaction was chrysene which was formed as colourless crystals (26 mg,
34%). MP 249°C. "H NMR (400 MHz, Chloroform-d) & 8.78 (2H, d, J = 8.4 Hz),
8.72 (2H, d, J=9.0 Hz), 8.00 (2H, d, J = 8.7 Hz), 7.99 (2H, d, J = 7.8 Hz), 7.70 (2H,
ddd, J = 6.9, 6.9, 1.4 Hz), 7.63 (2H, ddd, J = 6.9, 6.9, 1.4 Hz) ppm. *C NMR (101
MHz, Chloroform-d) & 133.8, 130.6, 129.2, 128.7, 128.2, 127.8, 127.0, 1264, 125.9
ppm. MS of reaction mixture (APCI) m/z 397 ([140 + H]", 100%), 313 ([142 + H]",
15%), 229 ([143 + H]', 5%).
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4,10-Bis(oct-1'-yn-1'-yl)chrysene 144. 4,10-Dichlorochrysene (50 mg, 170 umol), 1-
octyne (52 uL, 0.36 mmol), cesium carbonate (121 mg, 380 upmol),
bis(triphenylphosphine)palladium(IT) dichloride (6 mol%, 7 mg, 10 umol),
tri(cyclohexyl)phosphine (15 mol%, 7 mg, 25 umol) and dry DMF (0.5 mL) were
added to a Schlenk tube and purged with nitrogen. The mixture was then heated to
110°C in a sand-bath for 40 h, until 100% conversion by 'H NMR. The product
mixture was then diluted with DCM (10 mL), filtered through a plug of silica and
concentrated in vacuo. The title compound was isolated as a white solid (76 mg, 61%)
after column chromatography (5% Et,O:hexane). MP 50°C. 'H NMR (400 MHz,
Chloroform-d) 6 10.22 (2H, d, H-Ars, J=9.1 Hz), 7.77 - 7.86 (6H, m), 7.46 (2H, t, H-
Ar, J=17.7 Hz), 2.56 (4H, t, H,C5', J = 7.1 Hz), 1.70 (4H, quin, H,C4', J = 7.3 Hz),
1.52 (4H, quin, J = 7.3 Hz), 1.25 - 1.38 (4H, m), 1.19 (4H, m), 0.76 - 0.92 (6H, m)
ppm. *C NMR (125 MHz, Chloroform-d) & 134.7, 133.0, 130.2, 129.8, 128.4, 125.8,
125.5, 125.2, 120.6, 96.4 (C,'), 83.4 (C"), 31.5 (C5'), 28.9, 28.6, 22.7, 20.2, 14.2
(CH3) ppm. MS (APCI) m/z 445 (IM + H]", 100%), 477 (M + Na]", 85%). HRMS
(ET") C34H36 requires 444.2812, found 444.2826.

N

(E)-Hexadec-7-en-9-yne.””” Colourless oil formed as the major by-product of the
above Sonogashira coupling. "H NMR (400 MHz, Chloroform-d) & 6.03 (1H, dt, H-
Cs, J=15.6, 7.3 Hz), 5.43 (1H, d, H-Cg, J = 15.6), 2.26 (2H, t, H-Cy;, J = 7.6), 2.26
(2H, q, H-C¢, J=7.3) ppm.



4,10-Bis(phenoxy)chrysene 146. 4,10-Dichlorochrysene (50 mg, 0.17 mmol), cesium
carbonate (143 mg, 0.44 mmol), phenol (38 mg, 0.40 mmol), copper iodide (75 mg,
0.40 mmol) and diglyme (2 mL) were added to a Schlenk tube equipped with a
magnetic stirrer bar and purged under N,. The tube was then heated to 150°C in a
sand-bath for 48 h, until 100% conversion by 'H NMR. The product mixture was then
diluted with DCM (10 mL) and filtered through a plug of cotton wool. The ftitle
compound was isolated as a white solid (55 mg, 78%) after column chromatography
with 1:9 EtOAc:hexane. MP 216°C. "H NMR (400 MHz, Chloroform-d) & 9.51 (2H,
d, H-Ars, J = 9.3 Hz), 7.83 (2H, d, H-Are, J = 9.3 Hz), 7.67 (2H, dd, H-Ar,, J = 8.1,
1.5 Hz), 7.45 (2H, t, H-Ar,, J = 7.82 Hz), 7.20 - 7.29 (4H, m, O-Ph), 7.14 (2H, dd, H-
Ar;, J = 7.7, 1.4 Hz), 6.95 - 7.06 (6H, m, O-Ph) ppm. *C NMR (101 MHz,
Chloroform-d) & 157.6, 155.3, 134.6, 129.9, 129.6, 127.1, 126.7, 126.6, 124.4, 118.6,
118.3, 116.5 ppm. MS (APCI) m/z 413 ([M + H]", 26%). HRMS (EI") C3H,0,
requires 412.1458, found 412.1451.
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4,10-Bis(phenylthio)chrysene 147. 4,10-Dichlorochrysene (100 mg, 0.34 mmol),
potassium carbonate (141 mg, 1.01 mmol), thiophenol (83 uL, 0.81 mmol) and dry
DMF (1 mL) were added to a Schlenk tube and the suspension purged with nitrogen.
The tube as then heated to 100°C in a sand-bath for 6 h, until 100% conversion by 'H
NMR. The product mixture was then diluted with DCM (10 mL), filtered through a
plug of cotton wool and concentrated in vacuo. The title compound was isolated as a
white solid (65 mg, 43%) after recrystallisation from methanol. MP 178°C. '"H NMR
(400 MHz, Chloroform-d) 6 9.36 (2H, d, H-Ars, J = 8.8 Hz), 7.89 (2H, dd, J="7.8, 1.5
Hz), 7.84 (2H, d, H-Are, J = 8.8 Hz), 7.66 (2H, dd, J = 7.4, 1.5 Hz), 7.50 (2H, t, H-
Ar,, J=17.6 Hz), 7.18 - 7.31 (10H, m, S-Ph) ppm. *C NMR (101 MHz, Chloroform-
d) 136.0, 132.6, 132.0, 129.8, 129.3, 128.2, 126.9, 126.0, 126.0, 125.3, 120.0 ppm.
MS (MALDI-Dithranol) m/z 444 (M', 100%). HRMS (EI') C3HxS; requires
444.1001, found 444.0994.
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4,10-Bis(naphth-2'-ylthio)chrysene 148. 4,10-Dichlorochrysene (200 mg, 0.68
mmol), sodium hydride (60 % w/w in mineral oil, 134 mg, 3.36 mmol), 2-
thionaphthol (322 mg, 2.01 mmol) and dry DMF (3 mL) were added to a 5 mL
microwave vial and the suspension purged with nitrogen. Some effervescence was
observed upon addition of DMF to the dry reagents. The reaction mixture was heated
to 100°C by MWI for 30 min. The reaction was then quenched by the slow addition
of water (5 mL), the resulting organic precipitate collected by vacuum filtration and
washed with more water (50 mL) to yield the crude product. This solid was then
purified by recrystallisation from toluene to afford fitle compound as off-white
crystals (152 mg, 41%). MP 203°C (decomp). '"H NMR (500 MHz, Chloroform-d) &
9.27 (2H, d, H-Ars, J = 8.8 Hz), 7.79 (4H, t, H-Ar,, J = 9.1 Hz), 7.61 - 7.74 (6H, m),
7.58 (2H, dd, J = 7.3, 1.3 Hz), 7.55 (2H, dd, J = 8.7, 2.1 Hz), 7.36 - 7.41 (6H, m),
7.17 (2H, dd, J = 8.5, 1.9 Hz) ppm. *C NMR (126 MHz, Chloroform-d) & 134.5,
133.9, 133.6, 133.5, 133.2, 132.3, 130.9, 130.4, 129.8, 129.0, 128.6, 127.9, 127.8,
127.5, 127.1, 126.6, 126.4, 126.2, 125.1 ppm. MS (APCI) m/z 545 ([M + H]", 100%).
HRMS (EI") C33H,4S; requires 544.1314, found 544.1335.
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4,10-Bis(dodecylthio)chrysene 149. 4,10-Dichlorochrysene (50 mg, 168 umol) and
cesium carbonate (327 mg, 840 pumol) were dissolved in dry DMF (3 mL) in a
microwave vial and the solution purged with nitrogen for 30 mins. 1-Dodecanethiol
(121 pL, 504 umol) was slowly added with rapid stirring. The vial was then sealed
and heated to 100°C for 30 min in a microwave reactor. Upon cooling, the reaction
mixture was diluted with hexane (50 mL) and washed with NaOH solution (2 M, 3 x
25 mL), water (3 x 25 mL) and brine (25 mL), the organic fraction dried over
anhydrous MgSO, and the solvent removed in vacuo. The oily residue was then
purified by column chromatography (2:8 DCM:hexane) to afford the title compound
as a white solid (71 mg, 67%). In addition, an 8% yield of the mono- substituted
product 150 was also isolated. Colourless crystals suitable for x-ray analysis were
grown by the slow evaporation of chloroform-d. MP 45-48°C. '"H NMR (400 MHz,
Chloroform-d) 6 9.35 (2H, d, H-Ars, J = 9.0 Hz), 7.74 (2H, d, H-Are, J = 9.0), 7.73
(2H, dd, J = 7.5, 1.0 Hz), 7.66 (2H, dd, J = 7.5, 1.0 Hz), 7.45 (2H, t, H-Ar,, J = 7.7
Hz), 2.85 (4H, t, H»-C-S, J = 7.4 Hz), 1.51 - 1.43 (4H, m), 1.32 - 1.05 (36H, m), 0.80
(6H, t, H3C, J = 6.8 Hz) ppm. “C NMR (101 MHz, Chloroform-d) & 135.0, 133.4,
130.4, 130.3, 129.3, 126.7, 126.4, 125.9, 123.0, 36.1, 32.0, 29.7, 29.7, 29.6, 29.5,
29.4,29.2, 29.0, 28.7, 22.7, 14.2 ppm. MS (MALDI-Dithranol) m/z 628 (M", 100%).
HRMS (EI") C42HgoS: requires 628.4131, found 628.4110.
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4-Chloro-10-(dodecylthio)chrysene 150. Formed in 8% yield from the above
thioetherification as a colourless solid. "H NMR (500 MHz, Chloroform-d) & 9.42
(1H, dd, J = 8.7, 0.9 Hz), 9.40 (1H, dd, J = 8.4, 0.9 Hz), 7.82 (1H, dd, J = 8.0, 1.3
Hz), 7.77 - 7.73 (3H, m), 7.69 (1H, dd, J = 8.4, 1.3 Hz), 7.68 (1H, dd, J = 8.2, 1.3
Hz), 7.47 (1H, t, J = 7.7 Hz), 7.44 (1H, t, J = 7.8 Hz), 2.83 (2H, t, H,-C-S, J = 7.5
Hz), 1.45 (2H, q, H,-CB, J = 7.5 Hz), 1.29 - 1.10 (18H, m), 0.80 (3H, t, H;C, J = 7.0
Hz) ppm. C NMR (126 MHz, Chloroform-d) & 134.0, 133.5, 132.5, 130.4, 129.7,
129.3, 129.0, 128.7, 128.5, 126.6, 126.4, 126.3, 125.4, 125.2, 125.1, 124.8, 124.4,
123.4, 35.2 (CH»-S), 30.9, 28.6 (2 x C), 28.5, 28.4, 28.3, 28.1, 27.8, 27.6, 21.7, 13.1
(CH3) ppm. MS (MALDI-Dithranol) m/z 462 ((M{**C1}1", 100%).
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4,10-Bis(dodecylsulfonyl)chrysene 151. A solution of 4-chloroperoxybenzoic acid
(22 mg, 127 pmol) in DCM (1 mL) was added to a solution of compound 149 (40 mg,
64 pmol) in DCM (1 mL) and the mixture stirred under nitrogen for 18 h. The
reaction mixture was then diluted with DCM (50 mL) and stirred with aqueous
sodium thiosulfate solution (1 M, 50 mL). The organic fraction was then washed with
NaOH solution (2 M, 3 x 25 mL), water (3 x 25 mL) and brine (25 mL), dried over
anhydrous MgSOj4 and concentrated in vacuo. The crude product mixture was purified
by column chromatography (15% EtOAc:hexane) to afford the title compound as a
white solid (16 mg, 38%). The starting material was also recovered in 52% yield. 'H
NMR (500 MHz, Chloroform-d) 6 9.47 (2H, d, H-Ars, J = 8.9 Hz), 8.56 (2H, dd, J =
7.6, 1.3 Hz), 8.14 (2H, dd, J = 8.0, 1.3 Hz), 7.86 (2H, d, H-Are, J = 8.9 Hz), 7.75 (2H,
t, H-Ar,, J = 7.8 Hz), 3.14 (4H, dd, H,C-S=0, J = 7.9, 5.5 Hz), 1.49 — 1.40 (4H, m),
1.30 - 0.88 (40H, m), 0.87 - 0.72 (6H, m) ppm. *C NMR (126 MHz, Chloroform-d)
0 138.2,133.9, 133.7, 130.8, 130.0, 130.0, 127.5, 126.1, 125.3, 55.0 (CH,-S=0), 34.1,
31.9,29.6, 29.5,29.4, 29.3, 29.1, 28.8, 28.1, 22.7, 14.1 ppm. MS (MALDI-Dithranol)
m/z 716 ([M+Na]", 100%), 693 ([M+H]", 20%). HRMS (EI") C4,Hs04S; requires
692.3928, found 692.3894.
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2,6-Diallyl-1,5-bis(2,2,2-tribromoacetyl)naphthalene 152.
2,6-Diallyl-1,5-dihydroxynaphthalene (5 g, 20.83 mmol) and pyridine (3.86 mL,
47.92 mmol) in dry diethyl ether (150 mL) were cooled to 0°C. To this solution was
added tribromoacetyl chloride (9.30 mL, 47.92 mmol) dropwise with rapid stirring.
After 2 h solid NaHCO; (20 g) was added and the mixture stirred for 5 mins. The
inorganic materials were then removed by filtration and the filter cake rinsed with
diethyl ether (50 mL). The solvent was then removed in vacuo to afford the ftitle
compound as a brown solid (4.65 g, 28%). MP 154-160°C. '"H NMR (400 MHz,
Chloroform-d) 6 7.92 (2H, d, J = 8.6 Hz), 7.47 (2H, d, J = 8.6 Hz), 5.88 — 6.00 (2H,
m, -CH=), 5.09 - 5.18 (4H, m, =CH,), 3.54 (4H, dt, Ar-CH,, J = 6.5, 1.2) ppm. *C
NMR (101 MHz, Chloroform-d) 6 160.2 (C=0), 143.9 (Ca-O), 134.8, 129.3 (x 2),

126.8, 120.0, 117.5 (=CH,), 34.1 (Ar-CH), 27.5 (CBr3) ppm. MS (APCI") m/z 800
(IM(”Br3 + ¥'Br3)]", 100%).

149



I Br

4,10-Dibromochrysene 153. Compound 152 (2 g, 2.51 mmol) and cuprous bromide
(5 mol%, 18 mg, 125 pumol) were dissolved in diglyme (2 mL) and the solution
purged with nitrogen for 30 mins. The solution was then heated to reflux (162°C)
with gentle stirring for 2 h. The crude product mixture was then diluted with DCM (5
mL) and passed through a 10 cm column of silica with 1:5 DCM:hexane. The title
compound was isolated as colourless crystals (300 mg, 31%). Crystals for x-ray
diffraction analysis were grown by the slow evaporation of DCM. MP 175°C. '"H
NMR (500 MHz, Chloroform-d) 6 9.39 (2H, d, H-Ars, J = 9.0 Hz), 7.91 (2H, dd, H-
Ary, J=17.7,13 Hz), 7.84 (2H, dd, H-Ars, J=7.7, 1.2 Hz), 7.71 (2H, d, H-Ars, J=9
Hz), 7.35 (2H, t, H-Ar,, J = 7.7 Hz) ppm. “C NMR (126 MHz, Chloroform-d) &
134.6, 134.0, 130.4, 128.8, 128.0, 127.0, 126.5, 124.3, 119.7 ppm. MS (APCI") m/z
386 ([M{"’Br + *'Br}", 100%), 388 (IM{*'Br,}]", 50%), 384 (IM{”’Br,}]", 45%).
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221 Bromine (21.89 g, 137 mmol) was added dropwise to a

2-Bromo-1-tetralone 155.!
stirring solution of 1-tetralone (20 g, 137 mmol) in sodium dried diethyl ether (100
mL) at 0°C. After 20 minutes to reaction was quenched by the sequential addition of
ice water (100 mL) and aqueous sodium thiosulfate solution (I M, 100 mL). The
ethereal layer was collected, washed with water (2 x 50 mL), brine (50 mL), dried
over anhydrous MgSO4 and concentrated in vacuo to yield the title compound as a
brown oil in 88% yield (with I-tetralone present as a 10% impurity). No further
purification was performed due to the lachrymatory nature of the compound. 'H
NMR (500 MHz, Chloroform-d) ¢ 8.10 (1H, dd, H-Ars, J= 7.9, 1.2 Hz), 7.53 (1H, td,
H-Are, J = 7.5, 1.2 Hz), 7.36 (1H, t, H-Ar;, J = 7.6 Hz), 7.29 (1H, d, H-Ars, J = 7.7
Hz), 4.74 (1H, dd, H-C,, J = 5.0, 3.5 Hz), 3.32 (1H, ddd, H,-C4, J = 17.2, 10.1, 4.7
Hz), 2.93 (1H, dt, H-C4 J = 17.2, 4.4 Hz), 2.60 - 2.39 (2H, m, H,-C;) ppm. °C NMR
(125 MHz, Chloroform-d) & 190.7 (C,), 143.2, 134.4, 130.1, 129.0, 128.8, 127.3, 50.8
(C2), 32.1 (C3), 26.3 (C4) ppm.
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2-(Naphthalene-1'-yloxy)-1-tetralone 156. 2-Bromo-1-tetralone (15.41 g, 68.5
mmol) was added to a stirring suspension of 1-naphthol (9.86 g, 68.5 mmol) and
K,COs (18.91 g, 137 mmol) in dry acetone (200 mL) and the mixture stirred under N,
for 16 h at ambient temperature. The inorganic materials were then removed by
vacuum filtration, the solid was washed with acetone and the solvent removed to
afford a brown mass which was then dissolved in Et;O (200 mL) and washed with
NaOH solution (1 M, 5 x 50 mL), water (3 x 50 mL) and brine (50 mL). The organic
extract was dried over anhydrous MgSO, and concentrated in vacuo to afford the title
compound as a brown solid (13.23 g, 67%). MP 95°C. '"H NMR (400 MHz,
Chloroform-d) & 8.38 - 8.31 (1H, m, Ar), 8.09 (1H, dd, Ar, J = 7.9, 1.4 Hz), 7.84 -
7.78 (1H, m, Ar), 7.54 (1H, td, Ar, J = 7.5, 1.5 Hz), 7.51 - 7.44 (3H, m, Ar), 7.41 -
7.34 (2H, m, Ar), 7.32 (1H, d, Ar, J= 7.6 Hz), 6.97 (1H, d, Ar, J=7.7), 5.15 (1H, dd,
H-C,, J=10.4, 5.0 Hz), 3.30 (1H, dt, H»-C4, J=17.1, 4.9 Hz), 3.19 (1H, ddd, H,-C,4,
J =171, 9.7, 5.3 Hz), 2.69 - 2.53 (2H, m, H,-C3) ppm. *C NMR (101 MHz,
Chloroform-d) 6 194.9 (C), 153.9 (Np-O), 143.3 (Ar), 134.7 (Ar), 133.9 (Ar), 131.9
(Ar), 128.7 (Ar), 128.0 (Ar), 127.5 (Ar), 127.0 (Ar), 126.4 (Ar), 126.2 (Ar), 125.7
(Ar), 125.4 (Ar), 122.2 (Ar), 121.3 (Ar), 107.5 (Ar), 79.4 (Cy), 30.0 (Cs3), 27.5 (Ca4)
ppm. MS (APCI) m/z 289 ([M + H]+, 65%). HRMS (ES") CyH;60,Na; requires
311.1043, found 311.1041.
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2'-(Naphthalene-1'-yloxy)-1-methylene-2,3,4-trihydronaphthalene 157 .
Methyltriphenylphosphonium bromide (28.17 g, 69.4 mmol) and KO'Bu (7.77 g, 69.4
mmol) were suspended in freshly distilled diethyl ether (400 mL) at 0°C and the
resultant turbid yellow mixture allowed to warm to ambient temperature with stirring
under N,. After 20 minutes the solution became clear yellow, signifying consumption
of the phosphonium salt. 2-(Naphthalene-1'-yloxy)-1-tetralone 156 (10 g, 34.7 mmol)
was suspended in diethyl ether (200 mL) with sonication and the ylide solution
transferred to it by cannula. After stirring at ambient temperature for 20 h, the
reaction mixture was filtered through celite, silica (50 g) was added and the solvent
removed in vacuo. The impregnated silica was then eluted through a 10 cm silica plug
with hexane, removing byproducts (162, 163 and 164). The silica was then washed
with 5% DCM : hexane and the pale yellow solution concentrated in vacuo to afford
the title compound as yellow crystals (10.93 g, 55%). MP 101°C. '"H NMR (500
MHz, Chloroform-d) & 8.14 (1H, dd, Ar, J = 8.4, 1.3 Hz), 7.72 (1H, d, Ar, J = 8.1
Hz), 7.56 (1H, dd, Ar, J= 7.7, 1.5 Hz), 7.41 - 7.22 (4H, m, Ar), 7.19 - 7.09 (3H, m,
Ar), 6.89 (1H, d, Ar, J = 7.5 Hz), 5.58 (1H, s, H,-Cs), 5.29 (1H, s, Hy-Cs), 5.16 (1H,
dd,, H-C,, J= 8.4, 3.1, Hz), 3.14 (1H, dt, H-C4, J=17.0, 6.3 Hz), 2.92 (2H, dt, H-C4,
J=17.0,6.7 Hz), 2.36 - 2.21 (2H, m, H-C3) ppm. °C NMR (125 MHz, Chloroform-
d) 8 153.7, 142.9, 135.9, 134.7, 133.5, 128.9, 128.0, 127.5, 126.5, 126.3, 126.3, 125.8,
125.2, 125.2, 122.3, 120.6, 110.1, 107.5, 77.2, 29.4, 26.9 ppm. MS (APCI) m/z 287
(IM +H]", 100%). HRMS (EI") C,;H ;50 requires 286.1352, found 286.1341.
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Separation of 162, 163 and 164 was not achieved — as such the aromatic resonances

between 8 and 7 ppm are not assigned.
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(@) (b) ©
162 163 164
@)
(@ (a) (@)
® v ©) (a)(b)
' (o | (C)
el 71| L
SN NN

5!0 4‘5 4‘0
Chemical shift (ppm)

1-Methylene-1,2,3,4-tetrahydronaphthalene (162).”7"1TH NMR (400 MHz,
Chloroform-d) 6 5.38 (1H, s, Hy) 4.85 (1H, s, Ha), 2.74 (2H, t, H>-C4, J = 6.4 Hz),
2.44 (2H, m, H,-Cy), 1.78 (2H, m, H,-C3) ppm. MS (APCI) m/z 145 (M + H]", 41%).

4-Vinyl-1,2-dihydronaphthalene (163).°*! "H NMR (400 MHz, Chloroform-d) &
6.53 (1H, dd, H,, J = 17.4, 10.9 Hz), 6.08 (1H, t, H-C,,4.9 Hz), 5.43 (1H, d, H., J =
17.4 Hz), 5.10 (1H, d, Hy, J = 10.9 Hz), 2.64 (2H, t, H,-C4, J = 8.2 Hz), 2.20 (2H, m,
H,-C3) ppm. MS (APCI) m/z 157 (M + H]", 43%).

1-Ethylnaphthalene (164).*7) "TH NMR (400 MHz, Chloroform-d) & 3.01 (2H, q,

Ar-CHa, J = 7.5 Hz), 1.29 (3H, t, -CHj, J = 7.5 Hz) ppm. MS (APCI) m/z 157 ([M +
H]', 43%).
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2'-((3,4-Dihydronaphthalen-1-yl)methyl)naphthalen-1'-0l 158. Compound 157
(2.66 g, 9.38 mmol) and dry pyridine (3 mL) were added to a 5 mL microwave vial,
the mixture purged with nitrogen for 20 mins, the vial capped and then heated in a
microwave reactor to 115°C for 2 h. Pyridine was then removed from the product in
vacuo to yield the pure title compound as an orange solid in quantitative yield.

MP 165°C (decomp.). '"H NMR (400 MHz, Chloroform-d, {appears second order —
multiplicities are complex}) 6 8.59 (1H, dt, J=4.2, 1.6 Hz), 8.30 (1H, d, /= 8.3 Hz),
7.86 —7.81 (1H, m), 7.53 — 7.43 (2H, m), 7.41 — 7.08 (5H, m), 5.76 (1H, t, H-C,, J =
4.5 Hz), 3.97 (2H, s, H,-C-Np), 2.76 (2H, t, H>-C4, J = 8.23 Hz), 2.27 — 2.20 (2H, m,
H,-C3) ppm. *C NMR (101 MHz, Chloroform-d) & 149.1, 148.7, 136.4, 134.5, 134.3,
133.2, 128.1, 127.2, 127.1, 126.4, 125.9, 125.2, 124.7, 123.7, 122.6, 121.3, 119.3,
32.4 (CH2-Np), 27.5 (Cy), 22.6 (C3) ppm. MS (APCI) m/z 285 ([M - H], 100%).
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2'-((3,4-Dihydronaphthalen-1-yl)methyl)naphthalen-1'-trichloroacetate 159.
Compound 158 (2.5 g, 8.74 mmol) and dry pyridine (2.82 mL, 34.96 mmol) were
dissolved in dry diethyl ether (100 mL) under nitrogen and the solution cooled to 0°C.
Trichloroacetyl chloride (1.47 mL, 13.11 mmol) was added dropwise with vigorous
stirring. After 1 h, solid sodium hydrogen carbonate (10 g) was added and the
suspension stirred for 5 mins, after which the inorganics were removed by filtration
and the filter cake washed with diethyl ether (100 mL). The ethereal solution was then
washed with water (5 x 100 mL) and brine (100 mL), dried over anhydrous MgSO4
and concentrated in vacuo to afford the title compound in 40% yield as a colourless
oil with 20% of the parent naphthol as an inseperable impurity resulting from
hydrolysis of the ester. MP 124°C (decomp.). "H NMR (400 MHz, Chloroform-d) &
7.79 (1H, d, Ar, J = 8.6 Hz), 7.74 (1H, d, Ar, J = 7.5 Hz), 7.61 (1H, d, Ar, J = 8.7
Hz), 7.46 (1H, ddd, Ar, J = 8.3, 6.9, 1.3 Hz), 7.39 (1H, ddd, Ar, J= 8.1, 6.9, 1.3 Hz),
7.27 (1H, d, Ar, J = 8.5 Hz), 7.09 - 6.98 (4H, m, Ar), 5.70 (1H, t, H-2, J = 4.5 Hz),
3.79 (2H, s, H>-5), 2.69 (2H, t, H-4, J = 8.0 Hz), 2.20 (2H, H-3, m). *C NMR (101
MHz, Chloroform-d) & 160.3 (C=0), 143.8 (Np-0O), 136.6, 134.6, 133.6, 133.3, 128.6,
128.5, 128.1, 127.6, 127.5, 127.3, 127.3, 127.0, 126.6, 126.3, 122.9, 120.3, 89.8
(CCl3), 33.0 (Cs), 28.3 (C4), 23.3 (C3). MS (APCI) m/z 431 (IM{*Cl3} + H]", 15%),
433 (IM{FCl, + *'Cl} + H]", 8%). HRMS (EI') CyH,7CL30; requires 394.0522,
found 394.0522.
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7-Chloro-5,6-dihydrobenzo|k]tetraphene 160. Compound 159 (1.90 g, 4.40 mmol)
and cuprous chloride (5 mol%, 22 mg, 220 pmol) were dissolved in dry diglyme (2
mL), the solution purged with nitrogen for 20 mins and then heated to reflux (162°C)
for 2 h. After cooling, the product was isolated by column chromatography (1:9
DCM:hexane) to yield the title compound as a white solid (693 mg, 50%). MP 133°C.
'"H NMR (500 MHz, Chloroform-d) (Resonances appear shadowed due to hindered
conformational interconversion, consult Fig. 83 for image) 6 9.90 (1H, d, H-Ars, J =
8.2 Hz), 8.16 (1H, s, H-Ar14), 7.91 (1H, d, J= 7.8 Hz), 7.88 — 7.86 (1H, m), 7.70 (2H,
s, H-Ar,, H-Ary3), 7.65 — 7.58 (2H, m), 7.39 — 7.34 (1H, m), 7.32 — 7.29 (2H, m),
3.36 (2H, dd, H>-Cg, J = 7.3, 5.4 Hz), 2.98 (2H, dd, H-Cs, J = 7.3, 5.4 Hz) ppm. *C
NMR (125 MHz, Chloroform-d) & 137.5, 136.2, 134.0, 133.8, 133.7, 133.5, 130.7,
129.8, 128.6, 128.1, 127.9, 127.7 (Cy), 127.2, 126.7, 125.7, 124.5, 122.8 (C14), 27.07
(Cs), 28.70 (Co) ppm. MS (EI') m/z 314 ((M{°C1}T", 100%), 316 (IM{*'CI}1", 35%).
HRMS (EI") CH;5Cl, requires 314.0865, found 314.0857.
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7-Chlorobenzo|k|tetraphene 161. A solution of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (994 mg, 4.38 mmol) and trifluoroacetic acid (1 mL) in DCM
(5 mL) was added to a solution of compound 160 (690 mg, 2.19 mmol) in DCM (15
mL) at -20°C and was allowed to warm to room temperature over 2 h. The reaction
mixture was then concentrated in vacuo and loaded directly onto a column. After
elution of the column with 1:9 DCM:hexane to remove byproducts, the charge
transfer complex of the desired product was removed from eluted from the column
with toluene as an intense blue solution. After concentration in vacuo the DDQ was
liberated from this complex by trituration with ethanol, affording the title compound
as an off-white solid (308 mg, 45%). Large colourless crystals for x-ray diffraction
analysis were grown by vapour diffusion of toluene/hexane. MP 181°C. '"H NMR
(400 MHz, Chloroform-d) & 9.88 (1H, dd, H-Ars, J = 8.0, 1.7 Hz), 8.95 (1H, s, H-
Arys), 8.73 (1H, d, J = 8.1 Hz), 8.52 (1H, d, J = 9.4 Hz), 7.86 - 7.72 (4H, m), 7.67 -
7.50 (5H, m) ppm. *C NMR (101 MHz, Chloroform-d) & 133.8, 132.4, 131.6, 129.8,
129.7, 129.6, 129.4, 128.6, 128.6, 128.2, 128.1, 127.9, 127.7, 127.6, 127.3, 127.3,

127.2, 126.6, 125.8, 123.7, 123.19, 121.83. MS (EI') m/z 312 (IM{*’CI}]", 100%),
314 (M{'CI}T, 35%). HRMS (EI") C2,H3Cl, requires 312.0700 found 312.0700.
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7-Phenylbenzo|k]tetraphene 173. A solution of phenylmagnesium bromide (120
pmol) in THF (2 mL) was added to a stirring solution of 7-chlorobenzo[k]tetraphene
161 (25 mg, 80umol) and PEPPSI-IPr (5 mol%, 3 mg, 4 umol) in THF (2 mL) at
ambient temperature. After stirring under nitrogen for 1 h, silica (2.5 g) was added
directly to the reaction mixture and the solvent removed in vacuo. The impregnated
silica was then loaded onto a column and the product purified by chromatography
(15% DCM/hexane) to afford the title compound as a white solid (20 mg, 71%). A
colourless cubic crystal suitable for x-ray analysis was grown by the slow evaporation
of chloroform. MP 202°C. '"H NMR (500 MHz, Chloroform-d) 6 9.23 (1H, s, H-
Ars), 8.92 (1H, d, J=8.3 Hz), 7.97 (1H, d, J= 8.9 Hz), 7.85 (1H, d, /= 7.9 Hz), 7.81
(1H, d, J =79 Hz), 7.74 — 7.70 (2H, m), 7.66 — 7.59 (3H, m), 7.57 (1H,d , J=9.5
Hz), 7.50 (1H, d, J=9.5 Hz), 7.49 (1H, d, /= 9.0 Hz), 7.45 — 7.41 (3H, m), 7.09 (1H,
ddd, J = 8.6, 7.0, 1.5 Hz, H-Ph,;,) ppm. C NMR (125 MHz, Chloroform-d) & 143.1,

138.2, 134.1, 131.9, 131.7, 131.2, 131.0, 130.8, 130.2, 129.9, 129.8, 128.8, 128.7,
128.6, 128.5, 128.1, 127.9, 127.8, 127.4, 127.1, 126.4, 125.8, 125.7, 123.4, 123.1
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Benzo[k|tetraphene 175."*) A suspension of 7-chlorobenzo[k]tetraphene 161 (50
mg, 160 umol) and cesium carbonate (130 mg, 400 pmol) in DMF (3 mL) was purged
with nitrogen for 20 min in a microwave vial. With stirring, 1-dodecanethiol was
added, the mixture purged with nitrogen for a further 20 min, the vial sealed and the
mixture heated to 100°C for 3 h. After this time, the crude reaction mixture was
sampled, the solvent removed in vacuo and the residue analysed by 'H NMR (see
below). The reaction mixture was then diluted with diethyl ether (50 mL) and washed
with water (3 x 25 mL) and brine (25 mL). The ethereal fractions were then dried over
MgSO;4 and concentrated in vacuo to yield a white solid which was then subjected to
column chromatography (20% DCM:hexane) to afford the title compound as a white
solid (11 mg, 25%). '"H NMR (400 MHz, Chloroform-d) & 9.15 (2H, s, H-Ary), 8.87
(2H, d,J=8.2 Hz), 7.96 (2H, d,J=9.0 Hz), 7.90 (2H, d, J=8.0 Hz), 7.75 (2H, d, J =
9 Hz), 7.71 (2H, ddd, J = 8.1, 7.0, 1.4 Hz), 7.63 (2H, ddd, J = 7.6, 6.9, 1.3) ppm. *C
NMR (101 MHz, Chloroform-d) 6 132.1, 131.0, 130.4, 129.2, 128.7, 127.8, 127.3,
127.2,127.0, 122.9, 122.1 ppm.

0
= CioHos

7-(dodecylthio)benzo|k|tetraphene 174. Formed prior to workup of the above
reaction. Unstable with respect to oxygen and silica. '"H NMR (400 MHz,
Chloroform-d) & 10.09 — 10.03 (1H, m), 9.08 (1H, s, H-Ar4), 9.04 (1H, d, J = 9.3
Hz), 891 (1H, d, J = 7.9 Hz), 7.98 (1H, d, J = 7.8 Hz), 7.95 — 7.85 (3H, m), 7.81 —
7.66 (5H, m), 2.75 — 2.69 (2H, m), 1.50 - 1.42 (2H, m), 1.29 - 1.00 (18H, m), 0.82
(3H, t, H;C, J= 7.0 Hz) ppm.
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4.5 — PREPARATION OF DINAPHTHO[1,2,-b:1',2'-k]| CHRYSENE DERIVATIVES

1,5-Bis(2-tetralonoxy)naphthalene 176. 2-Bromotetralone 155 (30.70 g, 136.4
mmol) was added to a stirring suspension of 1,5-dihydroxynaphthalene (7.64 g, 47.7
mmol) and potassium carbonate (18.82 g, 136.4 mmol) in dry DMF (100 mL) and
heated to 50°C under nitrogen for 24 h. The reaction mixture was then diluted with
diethyl ether (900 mL) and the precipitate collected by vacuum filtration. The filter
cake was then washed with water (1 L) to afford a black solid which was then
suspended in hot acetone (200 mL) and the product precipitated with cold methanol
which was then collected by filtration. The title compound was isolated as a brown
solid (6.63 g, 31%). MP 140°C. '"H NMR (400 MHz, DMSO-d¢) 8 7.91 (2H, d, Ar, J
=7.2 Hz), 7.81 (2H, d, Ar, J = 8.5 Hz), 7.64 (2H, t, Ar, J= 7.5 Hz), 7.48 — 7.35 (6H,
Ar, m), 7.12 (2H, d, Ar, J = 7.7 Hz), 5.59 (2H, dd, H-C,, J = 12.2, 4.6 Hz), 3.40 —
3.29 (2H, m, H-C,), 3.18 (2H, dt, H-C4, J = 17.5, 4.1 Hz), 2.64 — 2.56 (2H, m, H-C3),
2.49 — 2.36 (2H, m, H-C3) ppm (splitting of H-C4 due to diastereomers). *C NMR
(101 MHz, Chloroform-d) 6 194.8 (C), 153.8 (Cxp-O), 143.3, 133.8, 131.9, 128.7,
128.0, 127.50, 126.9, 125.1, 115.7, 108.3, 79.5 (C,), 30.0 (C3), 27.4 (Cy).
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1',5'-Bis((1-methylene-1,2,3,4-tetrahydronaphthalen-2-yl)oxy)naphthalene 177.
Methyltriphenylphosphonium iodide (9.88 g, 24.34 mmol) and potassium tert-
butoxide were suspended in dry THF (100 mL) and the yellow mixture stirred under
nitrogen for 10 minutes. The ylide solution was then transferred to a suspension of
compound 176 (4.20 g, 9.36 mmol) in THF (100 mL) and the resultant brown mixture
stirred at ambient temperature for 44 h. The reaction mixture was then diluted with
hexane (600 mL), the insoluble components removed by filtration and the organic
solution washed with water (2 x 300 mL), brine (150 mL), dried over MgSO4 and
concentrated in vacuo. Triphenylphosphine oxide was removed from this crude
product by repeated trituration with methanol (5 x 10 mL) to afford the title
compound as a cream solid (2.50 g, 60%). MP 200°C. '"H NMR (400 MHz,
Chloroform-d) ¢ 7.73 (2H, d, J= 8.6 Hz), 7.54 (2H, dd, J= 7.7, 1.3 Hz), 7.21 (2H, dd,
J=28.5,7.6 Hz), 7.16 — 7.06 (6H, m), 6.88 (2H, d, J = 7.6 Hz), 5.56 (2H, s, H,-C=C),
5.27 (2H, s, H,-C=C), 5.11 (2H, dd, H-C,, J = 8.0, 3.4 Hz), 3.11 (2H, dt, H-C4, J =
17.2, 6.2 Hz), 2.89 (2H, dt, H-C4, J = 17.1, 6.9 Hz), 2.33 - 2.18 (4H, m, H-C;) ppm
(splitting of H-C4 due to diastereomers). *C NMR (101 MHz, Chloroform-d) & 153.5
(Cxp-0), 142.9, 135.9, 133.6, 128.9, 128.0, 127.8, 126.3, 125.2, 125.0, 115.0, 110.1,
108.3, 77.2 (C,), 41.4 (C3), 29.1 (C4) ppm. MS (APCI") m/z 445 ([M+H]", 100%).
HRMS (EI") C3,H,00, requires 445.2168 found 445.2166.



2',6'-Bis((3,4-dihydronaphthalen-1-yl)methyl)naphthalene-1',5'-diol 178.
Compound 177 (3.10 g, 6.97 mmol) and dry pyridine (6 mL) were added to a 10 mL
microwave vial, the mixture purged with nitrogen for 20 mins, the vial capped and
then heated in a microwave reactor to 115°C for 2 h. Attempts to completely isolate
diol 178 from pyridine resulted in its complete decomposition - '"H NMR acquired as
1:1 mixture with pyridine. "H NMR (400 MHz, Chloroform-d) & 7.73 (2H, d, H-Np,,
J=28.4Hz), 7.37 (2H, m), 7.31 (2H, d, H-Nps, J = 8.4 Hz), 7.20 — 7.15 (6H, m), 5.92
(2H, t, H-C,, J=4.5 Hz), 5.67 (2H, bs, OH) 3.67 (4H, s, Ar-CH,-C=), 2.82 (4H, t, H-
Cs4, J = 8.3 Hz), 2.38 — 2.27 (4H, m, H-C3) ppm. MS (APCI") m/z 445 ([M+H]’,
100%), 446 (IM{"C}+H]", 35%). HRMS (ES") C3,H,00, requires 445.2168 found
445.2152.
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2',6'-Bis((3,4-dihydronaphthalen-1-yl)methyl)naphthalene-1',5'-
bistrichloroacetate 179. Compound 178 (3.00 g, 6.75 mmol) and dry pyridine (5.80
mL, 72 mmol) were dissolved in dry DCM (50 mL) under nitrogen and the solution
cooled to 0°C. Trichloroacetyl chloride (2.27 mL, 20.25 mmol) was added dropwise
with vigorous stirring. The mixture was stirred for 30 min, after which the reaction
was quenched by the addition of ice-water (100 mL), diluted with DCM (200 mL) and
the organic fraction washed with water (5 x 100 mL). The solution was then
concentrated in vacuo. Toluene (100 mL) was added to aid azeotropic evaporation of
the remaining pyridine. The title compound was produced as a golden yellow solid
(4.52 g, 91%) and required no further purification. MP 211°C (decomp.). '"H NMR
(400 MHz, Chloroform-d) 6 7.78 (2H, d, J = 8.7 Hz), 7.46 (2H, d, J= 8.7 Hz), 7.29 -
7.23 (2H, m), 7.21 - 7.09 (6H, m), 5.84 (2H, t, H-C,, J = 4.7 Hz), 3.88 (4H, s, Ar-
CH,-C=), 2.81 (4H, t, Hy-C4, J = 8.0 Hz), 2.36 - 2.27 (4H, m, H,-C3) ppm. *C NMR
(101 MHz, Chloroform-d) 8 160.1 (C=0), 143.8 (Cxp-0), 136.5, 134.3, 133.0, 129.4,
128.9, 127.6, 127.1, 126.6, 126.6, 122.8, 119.7, 89.5 (CCls), 32.8 (CH»-Np), 28.2
(Cs), 23.3 (C4) ppm.
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7,17-Dichloro-5,6,15,16-tetrahydrodinaphtho|1,2,-5:1',2'-k]chrysene 180.
Compound 179 (500 mg, 0.68 mmol) and copper-NHC 182 (17 mg, 34 umol) were
dissolved in 1,2-dichloroethane (5 mL) in a 10 mL microwave vial and the solution
purged with nitrogen for 20 minutes. The vial was then sealed and heated to 200°C
for 2 h. After cooling, the reaction mixture was diluted with ethanol (200 mL), cooled
to 0°C and the precipitate collected by vacuum filtration. The brown solid was
washed with water and cold ethanol to afford the title compound (297 mg, 8§7%). MP
242-245°C. "H NMR (400 MHz, Chloroform-d) & 9.26 (2H, d, H-Cs, J = 9.1 Hz),
8.18 (2H, H-Cyy, s), 7.90 (2H, d, J = 7.6 Hz), 7.75 (2H, d, H-Cy, J = 9.1 Hz), 7.34
(2H, dt, J = 8.0, 4.3 Hz), 7.27 (6H, 1d, J = 4.0 Hz), 3.32 (4H, dd, J = 8.3, 5.8 Hz),
2.95 (4H, dd, J = 8.3, 5.8 Hz) ppm. *C NMR (101 MHz, Chloroform-d) & 137.6,
136.0, 134.3, 133.7, 133.0, 130.3, 130.0, 128.2, 128.1, 127.5, 127.2, 126.7 (Cy),
124.6, 124.4 (Cy), 121.7 (Cyo), 28.7, 27.1 ppm.
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Preparation of Copper-NHC catalyst. The copper (I) IPr-NHC was prepared

[235] [236]

according to procedures reported by Hintermann*""" and Cazin.

31 An aqueous solution of

1,4-Bis(2’ ,6' -diisopropylphenyl)glyoxal imine 186.!
glyoxal (40% w/w, 50 mmol) and methanol (10 mL) was added to a stirring solution
of 2,6-diisopropylaniline (17.73 g, 100 mmol) and acetic acid (0.2 mL) in methanol
(10 mL) and the reaction stirred at ambient temperature for 20 h. The yellow
precipitant crystals were then collected by vacuum filtration, washed repeatedly with
methanol and dried under vacuum to afford the intermediate diazadiene as bright

yellow crystals (16.01 g, 85%).

1,3-bis(2',6'-diisopropylphenyl)-imidazolium chloride 187.1**! Glyoxal imine 186
(10 g, 26.60 mmol) and paraformaldehyde (811 mg, 27 mmol) were dissolved in
distilled ethyl acetate (100 mL). A solution of trimethylsilylchloride (3.43 mL, 27
mmol) in ethyl acetate (10 mL) was then added dropwise and the resultant yellow
suspension heated to reflux for 2 h. After cooling of the reaction mixture to 0°C, the
suspended solid was collected by vacuum filtration, washed with ethyl acetate (100
mL) and dried in vacuo to yield the title compound as bright yellow flakes (4.15 g,
40%).
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Chloro[1,3-bis(2',6' -diisopropylphenyl)imidazol-2-ylidene]copper(I) 182,12
Copper (I) oxide (656 mg, 4.59 mmol) and imidazolium salt 187 (3 g, 7.06 mmol)
were dissolved in distilled DCM (20 mL), the suspension purged with nitrogen for 5
min and then heated to reflux for 22 h. After this time the solvent was removed in
vacuo, the resultant solid suspended in water with sonication and the solid collected
by filtration and washed with excess water to afford the title compound as an off-
white solid (2.82 g, 82%). '"H NMR (400 MHz, acetone-ds) & 7.49 (2H, t, H-Cy4, J =
7.7 Hz), 7.29 (4H, d, H-Cs, J=7.7 Hz), 7.12 (2H, s, H-C4), 2.56 (4H, hpt, H-C-Me,, J
= 6.8 Hz), 1.30 (12H, d, H3C, J= 6.8 Hz), 1.21 (12H, d, H3C, J = 6.8 Hz) ppm.

167



7,17-Dichlorodinaphtho[1,2,-b:1',2'-k]chrysene 181. Compound 180 (550 mg, 1.09
mmol), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (743 mg, 3.27 mmol) and
1,2-dichloroethane (15 mL) were added to a 20 mL microwave vial, the solution
purged with nitrogen for 20 minutes, the vial sealed and heated to 105°C for 4 hin a
microwave reactor. After cooling, the mixture was diluted with methanol (100 mL)
and water (20 mL) and the precipitate collected by vacuum filtration. The filter cake
was then washed with water (50 mL), methanol (50 mL), acetone (50 mL) and DCM
(50 mL) to afford the title compound (439 mg, 81%) as an insoluble fine brown solid.
Crystallisation from boiling 1,2-dichlorobenzene afforded small golden crystals
suitable for x-ray diffraction analysis. MP >350°C. "H NMR (500 MHz, DMSO-ds) &
9.70 (2H, s, H-CAr)9), 9.41 (2H, d, J=9.2 Hz), 9.15 (2H, d, J = 8.3 Hz), 8.57 (2H, d,
J=94Hz), 832 (2H, d, /=93 Hz), 8.13 (4H, d, J=9.0 Hz), 7.88 2H, t, J = 7.3
Hz), 7.82 (2H, t, J= 7.2 Hz) ppm. MS (MALDI-DCTB) m/z 461 ([M-C1]", 30%), 495
([M-H]", 100%), 529 (IM+CI-2H]", 20%).
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7,17-Bis(dodecylthio)-5,6,15,16-tetrahydrodinaphtho[1,2,-b:1',2'-k]chrysene 192.
Dodecanethiol (288 puL, 1.20 mmol) was added to a stirring suspension of compound
180 (200 mg, 399 umol), cesium carbonate (652 mg, 2.00 mmol) and DMF (15 mL)
in a 20 mL microwave vial. The mixture was purged with nitrogen for 20 minutes, the
vial sealed and heated to 100°C for 3 h. After cooling, the mixture was diluted with
diethyl ether (100 mL) and washed with aqueous NaOH solution (1 M, 5 x 50 mL),
water (2 x 50 mL) and brine (50 mL). The ethereal solution was then dried over
anhydrous MgSO, and concentrated in vacuo to afford a brown oil which was further
purified by column chromatography (1:9 DCM:hexane). The title compound was
isolated as a yellow oil (238 mg, 72%). '"H NMR (400 MHz, Chloroform-d) & 9.47
(2H, d, H-CArs, J = 9.0 Hz), 8.14 (2H, s, H-CAry), 7.89 (2H, d, J = 7.7 Hz), 7.67
(2H, d, H-CAry, J=9.0 Hz), 7.32 (2H, ddd, /= 7.8, 6.0, 2.8 Hz), 7.29 - 7.22 (2H, m),
3.50 (4H, dd, H»-C¢, J = 8.4, 5.4 Hz), 2.92 (4H, dd, H,-Cs, J = 8.1, 5.6 Hz), 2.48 -
2.41 (4H, m, H,-C-S), 1.68 - 1.51 (2H, m), 1.35 - 0.73 (21H, m) ppm. *C NMR (126
MHz, Chloroform-d) 6 142.1, 138.1, 134.6, 133.4, 132.3, 131.4, 131.3, 131.0, 127.9,
127.8, 127.1, 127.1, 124.6, 124.4, 123.2, 36.6, 31.9, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3,
29.1,29.0, 28.4, 24.7, 22.7, 14.1 ppm.
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7,17-Bis(dodecylthio)dinaphtho[1,2,-b:1',2'-k]chrysene 190. Compound 192 (340
mg, 410 pmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (233 mg, 1.03
mmol) were dissolved in degassed 1,2-dichloroethane (10 mL) in a 20 mL microwave
vial and the mixture purged with nitrogen for 20 minutes. The vial was then sealed
and heated to 90°C for 2h. After cooling, the reaction mixture was diluted with
hexane (50 mL) and filtered through a silica plug with hexane to remove aliphatic by-
products, then with 1:9 DCM:hexane to elute the desired aromatic products. The
yellow oil was then purified by column chromatography (1:9 DCM:hexane) to afford
the title compound as a yellow oil (139 mg, 41%). "H NMR (500 MHz, Chloroform-
d) 8 9.40 (2H, d, H-CArs, J = 8.9 Hz), 9.10 (2H, s, H-CAr)9), 8.92 (2H, d, /= 9.4 Hz),
8.81 (2H, d, J= 8.0 Hz), 7.90 (2H, d, /= 8.9 Hz), 7.85 (2H, d, /= 7.7 Hz), 7.78 (2H,
d,J=9.4 Hz), 7.66 2H, t, J= 7.5 Hz), 7.60 (2H, t, J = 7.4 Hz), 2.52 (4H, t, H>-C-S, J
= 6.9 Hz), 1.16 - 0.73 (46H, m) ppm. “C NMR (101 MHz, Chloroform-d) & 134.2
(CAry), 132.0, 131.6, 131.3, 131.2, 131.0, 130.5, 129.3, 128.5 (CArg), 128.4, 127.9,
127.2, 126.9, 126.0, 124.5, 123.3, 122.1 (Cyo), 37.9 (CH2-S), 31.9, 29.6, 29.6, 29.5,
29.4,294,29.1, 28.9, 28.4,22.7, 14.2 (CH3) ppm.
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17-(Dodecylthio)benzo[k]phenanthro[3,2-c|tetraphene-7,20-dione 193. Intensely
red oxidation product of above compound 192. This oxidation appears to be
accelerated by silica — repeated attempts to purify bis-thioether 192 results in
consistent production of this quinone. "H NMR (500 MHz, Chloroform-d) & 9.95
(1H, dd, J=8.7, 0.8 Hz), 9.62 (1H, dt, J = 8.8, 0.9 Hz), 9.36 (1H, dd, /=9.2, 0.8 Hz),
9.01 (1H, s, H-Cy), 8.90 (1H, d, J = 9.4 Hz), 8.79 (1H, d, /= 8.1 Hz), 8.42 (1H, d, J
=8.7 Hz), 8.34 (1H, d, J= 8.5 Hz), 8.15 (1H, d, /= 8.5 Hz), 8.01 (1H, d, /= 9.4 Hz),
7.85 (2H, d,J="7.8 Hz), 7.82 (1H, d, J=9.4 Hz), 7.72 (1H, ddd, /= 8.5, 6.8, 1.4 Hz),
7.67 (1H, ddd, J = 8.3, 7.1, 1.5 Hz), 7.61 (2H, m), 2.50 (2H, t, J = 6.5 Hz) ppm. *C
NMR (126 MHz, Chloroform-d) 6 186.5 (Cguinone), 186.2 (Cquinone), 136.1, 135.9,
135.7, 135.0, 135.0, 134.5, 134.3, 132.8, 132.0, 131.8, 131.8, 131.6, 130.9, 130.2,
130.1, 129.9, 129.8, 128.6, 128.5, 128.5, 128.5, 128.4, 128.1, 127.6, 127.1, 126.7,
126.2, 124.8, 123.3, 122.8, 122.4, 122.0 ppm. (Aliphatic '"H + "*C peaks are not
reported due to the prescence of dodecylsulfinic acid and dodecylsulfonic acid caused

by ongoing oxidation).

Dodecylsulfinic acid and dodecylsulfonic acid. By-products of the oxidation of
compound 192. "TH NMR (500 MHz, Chloroform-d) & 3.22 (1H, t, H-Ca, J = 8.1 Hz),
3.06 (1H, t, H-Ca, J = 7.4 Hz), 1.84 (1H, dt, H-CB, J = 15.6, 7.7 Hz), 1.66 (1H, p, H-
Cp,J=7.4Hz), 1.42 - 0.68 (21H, m) ppm.
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4.6 —PREPARATION OF TM-TES PENTACENE

0]

(o o
O
4,7-Dimethyl-3a,4,7,7a-tetrahydro-4,7-epoxyisobenzofuran-1,3-dione 196.**
2,5-Dimethylfuran (28.1 mL, 260 mmol) was added to as suspension of maleic
anhydride (25.5 g, 260 mmol) in diethyl ether (40 mL) and the mixture stirred under
nitrogen at ambient temperature. After 20 minutes the solid had dissolved and a clear
yellow solution had formed. This solution was then stirred for 20 h, after which time a
white precipitate formed. The mixture was cooled to 0°C, the solid collected by
filtration and washed with a small amount of cold diethyl ether (~20 mL) to afford the
title compound as colourless crystals (33.83 g, 67%). NMR data is presented as a
1:5:20 ratio (endo-product (D): exo-product (C): starting materials (A + B) due to the

compounds tendency to undergo a retro-Diels-Alder reaction in solution. MP 60-

62°C.
o) y O
Eéo Qo 'a 0
o) H o
A B D - endo
IH NMR ratio 20 20 5 1

"H NMR (500 MHz, Chloroform-d) & 6.96 (2H, s, B), 6.33 (2H, s, D), 6.28 (2H, s,
C), 5.75 (2H, s, A), 3.45 (2H, s, D), 3.09 (2H, s, C), 2.17 (6H, s, A), 1.74 (6H, s, D),
1.69 (6H, s, C) ppm.



3,6-Dimethylphthalic anhydride 197.°**! Compound 196 (33.8 g, 174 mmol) was
slowly added to concentrated sulfuric acid (95%, 300 mL) at -8°C with vigorous
stirring. The reaction was then allowed to warm to room temperature over the course
of 1 h, after which the solids had completely dissolved. The reaction mixture was
quenched by pouring onto ice (2 L) and upon melting the pale precipitate was
collected by vacuum filtration and washed with water (1 L) and phosphate buffer
solution (pH 7.2, 250 mL) to remove organic acids. The cream solid mass was then
dissolved in acetone (100 mL) and precipitated with sodium hydrogen carbonate
solution (1 M, 1 L). The precipitate was collected, washed with water (1 L) and dried
in air to afford the title compound as a free-flowing white powder (24.52 g, 80%). MP
143°C. 'H NMR (500 MHz, Chloroform-d) 8 7.50 (2H, s, H-Ca,), 2.67 (6H, s, Me).
BC NMR (Chloroform-d) & 163.6 (O-C=0), 138.3, 138.2, 129.0 (Cs), 17.8 (CH3)
ppm. MS (APCI") m/z 177 ((IM+H]", 100%).
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2,3-Di(hydroxymethyl)-p-xylene 198.%° A solution of 3,6-dimethylphthalic
anhydride 197 (24.4 g, 138.6 mmol) in THF (300 mL) was added to a suspension of
LiAlH4 (12.64 g, 332.5 mmol) in THF (100 mL) at 0°C over the course of 1 h,
allowing time for the effervescence to subside between each addition. The reaction
was then stirred at ambient temperature for 20 h before being heated to reflux for 24
h. The reaction mixture was then cooled to 0°C, quenched by the slow addition of
water (100 mL), diluted with diethyl ether (300 mL) and washed with hydrochloric
acid (2 M, 2 x 250 mL) and brine (2 x 100 mL). The organic extracts were then dried
over anhydrous MgSO4 and concentrated in vacuo to afford a yellow oil which
crystallised upon cooling. The title compound was produced as pale yellow crystals
(10.60 g, 46%). MP 68-70°C. "H NMR (500 MHz, Chloroform-d) & 7.07 (2H, s, H-
Car), 4.70 (4H, s, H,C-0), 3.60 (2H, bs, OH), 2.39 (6H, s, H3C-Ar;2) ppm. *C NMR
(126 MHz, Chloroform-d) & 138.0, 134.9, 130.3 (Cass), 59.1 (CH,-OH), 19.5 (CH3-
Ar) ppm. MS (ES") m/z 165 ([IM-H]", 100%).
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Br

2,3-Bis(bromomethyl)-p-xylene 199.”°°! A solution of phosphorous tribromide
(11.42 mL, 120.34 mmol) in toluene (50 mL) was transferred by cannula to a stirring
solution of diol 198 (10 g, 60.17 mmol) in toluene (150 mL) at -20°C. The mixture
was stirred at this temperature for 30 min before being allowed to warm to ambient
temperature. After 30 min the mixture was then heated to 40°C and the mixture
appeared to separate into two distinct phases. After another 30 min the reaction was
quenched by pouring onto ice (200 g), diluted with diethyl ether (150 mL) and the
organic solution washed with water (200 mL) and brine (2 x 200 mL), dried over
anhydrous MgSO, and concentrated in vacuo to afford the title compound as a white
solid (15.99 g, 91%). This compound is a powerful lachrymator and as such analysis
was limited to "H NMR. 'H NMR (500 MHz, Chloroform-d) & 7.09 (2H, s, H-Ca,),
4.70 (2H, s, CH»-Br), 2.42 (6H, s, CH3-Ar,) ppm.
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1,4,8,11-Tetramethylpentacene-6,13-dione 200.*! Dibromide 199 (16 g, 54.79
mmol) and benzoquinone (2.96 g, 27.39 mmol) were dissolved in DMF (300 mL) and
the solution purged with nitrogen and cooled to 0°C. Sodium iodide (41.1 g, 273.95
mmol) was slowly added, with a constant bubbling stream of nitrogen and vigorous
stirring. The brown solution was then heated to 110°C for 48 h, over which time a
yellow precipitate had formed. Upon cooling to room temperaure, the entire reaction
mixture solidified. The mixture was then diluted with water (200 mL), the precipitate
collected by filtration and washed sequentially with water (100 mL), acetone (100
mL) and DCM (100 mL) to yield the title compound as a bright yellow solid (1.10 g,
11%). The poor solubility of the title compound in NMR solvents precludes analysis
by C NMR.*¥! MP 271-272°C. '"H NMR (500 MHz, CDCl3) & 9.13 (2H, s, H-
CArs) , 7.42 (2H, s, H-CAn), 2.85 (6H, s, CH3-Ar;) ppm. MS (MALDI-DCTB) m/z
363 ([M-H]', 25%).
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1,4,8,11-Tetramethyl-6,13-bis((triethylsilyl)ethynyl)-6,13-dihydropentacene-6,13-
diol 201."™! x-Butyllithium solution in hexane (1.6 M, 1.80 mL, 2.88 mmol) was
added to a stirring solution of triethylsilylacetylene (589 pL, 3.29 mmol) in dry,
degassed THF (100 mL) and the solution stirred for 30 minutes at ambient
temperature. Pentacenequinone 200 (150 mg, 412 pmol) was then added under a
constant stream of nitrogen and the yellow suspension stirred for 16 h. The resultant
orange solution was then treated with saturated ammonium chloride solution (50 mL)
and water (50 mL), stirred for 10 min and the bulk of the THF removed in vacuo.
Diethyl ether (200 mL) was then added, the aqueous component removed and the
ethereal solution washed with water (3 x 50 mL) and brine (50 mL) and dried over
MgSO,. Silica (5 g) was then added directly to the solution, the solvent removed in
vacuo and the product isolated by column chromatography (2:1 DCM:hexane). The
title compound was isolated as a white solid (mixture of cis and trans isomers) (53

mg, 20%). Solutions of this compound will oxidise and become green over 1 h.

Cis- (9%) Trans- (91%)

Cis- isomer: "H NMR (500 MHz, Chloroform-d) & 8.83 (4H, s, H-CArs), 7.28 (4H, s,
H-CAn), 3.58 (2H, OH), 2.72 (12H, s, Me-Ar), 0.99 (18H, t, J = 7.9 Hz), 0.67 (12H,
q,J=7.9 Hz) ppm.
Trans- isomer: "H NMR (500 MHz, Chloroform-d) & 8.68 (4H, s, H-CArs), 7.04 (4H,
s, H-CAn), 3.58 (2H, OH), 2.75 (12H, s, Me-Ar), 0.99 (18H, t, J = 7.9 Hz), 0.67
(12H, q, J= 7.9 Hz) ppm.
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1,4,8,11-Tetramethyl-6-13-bis((triethylsilyl)ethynyl)pentacene 202.**! Diol 201
(120 mg, 186 pumol) was dissolved in degassed THF (35 mL) and the resultant
solution purged with nitrogen for a further 30 minutes. The flask was then isolated
from the light and tin (II) chloride dihydrate (126 mg, 558 umol) was added under a
stream of nitrogen. The solution was then stirred in the dark at ambient temperature
for 30 min, after which silica (10 g) was added and the solvent removed in vacuo. The
product was eluted from the dry-load through a 5 cm silica plug with degassed hexane
(300 mL) to afford an intense violet/purple solution which was then concentrated. At
all times care was taken to minimise exposure of this compound and its solutions to
light and air. The title compound was produced as a black solid (81 mg, 71%) with a
3% pentacene-related impurity. "H NMR (400 MHz, Chloroform-d) § 9.34 (4H, s, H-
CArs), 7.09 (4H, s, H-CAn), 2.76 (12H, s), 1.23 (18H, t, /= 7.9 Hz), 0.87 (12H, q, J

= 7.9 Hz) ppm. Analytical data as reported in the literature. >+
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SECTION FIVE — APPENDIX
5.1 — 'H AND *C NMR SPECTRA FOR KEY COMPOUNDS
Cl I

I Cl

4,10-Dichlorochrysene 125
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4,10-Dimethylchrysene 132
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4,10-Diphenylchrysene 133
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4,10-Bis(4-methoxyphenyl)chrysene 134
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4,10-Bis(1-naphthyl)chrysene 136

;.S

2034{
100

— —
S >
N b
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Note: The low solubility of 4,10-bis(1-naphthyl)chrysene in common NMR solvents
precluded analysis by °C NMR.
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4,10-Bis(phenylthio)chrysene 147
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4,10-Bis(2-naphthylthio)chrysene 148
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4,10-Bis(dodecylsulfonyl)chrysene 151
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4,10-Dibromochrysene 153
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7-Chloro-5,6-dihydrobenzo[k]tetraphene 160
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7-Chlorobenzo[k]tetraphene 161
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7-Phenylbenzo[k]tetraphene 173
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7,17-Dichlorodinaphtho[1,2,-b:1',2'-k]chrysene 181
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7,17-Bis(dodecylthio)dinaphtho[1,2,-b:1',2'-k]|chrysene 190
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7,17-Bis(dodecylthio)-5,6,15,16-tetrahydrodinaphtho[1,2,-b:1',2'-k]chrysene 192
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7-(dodecylthio)dinaphtho[1,2,-b:1',2"-k]chrysene-10,17-dione 193
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5.2 — X-RAY CRYSTAL STRUCTURE DETAIL

Crystal data for 4,10-dichlorochrysene 125.

Structure code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 26.33
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

s3517m

C18 H10 CI2
297.16
100(2) K
0.71073 A

Monoclinic, P21/n
a=16.903(5) A
b=3.7551(12) A
c=20.759(6) A
1244.9(7) A™3

4, 1.586 Mg/m"3
0.504 mm~*-1

608

0.50x 0.32x0.15 mm
2.08 to 26.33 deg.

alpha =90 deg.

beta = 109.136(6) deg.

gamma = 90 deg.

-21<=h<=16, -4<=k<=4, -25<=1<=24

6480 /2522 [R(int) = 0.0621]
99.4 %

None

Full-matrix least-squares on F"2

2522/0/181

0.926

R1=0.0504, wR2=0.1129
R1=0.0720, wR2 =0.1220
0.620 and -0.344 e.A"-3
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Crystal data for 4,10-dimethylchrysene 132.

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

$3527n

C20 H16

256.33

1002) K

0.71073 A
Monoclinic, P2(1)/c
a=17.3762(16) A
b=11.836(3) A
c=14.9473) A

1303.9(5) A™3

4, 1.306 Mg/m"3
0.074 mm~*-1

544

0.25x0.20x 0.10 mm
2.20 to 28.29 deg.

alpha =90 deg.
beta = 92.311(4) deg.
gamma = 90 deg.

-9<=h<=9, -10<=k<=15, -18<=I<=19

8001 /3051 [R(int) = 0.0937]
100.0 %

None

0.9927 and 0.9818

Full-matrix least-squares on F"2
3051/0/183

0.744

R1=0.0572, wR2 =0.0728
R1=0.1512, wR2 = 0.0944
0.194 and -0.234 e.A"-3
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Crystal data for 4,10-bis(phenyloxy)chrysene 133.

Structure code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

$3524m
C30 H20
380.46
100(2) K
0.71073 A

Triclinic, P-1

a=10.2889(13) A  alpha=70.719(2) deg.
b=11.8850(15) A  beta=75.589(2) deg.
c=17.653(2) A gamma = 82.236(2) deg.

1970.2(4) A™3

4, 1.283 Mg/m"3
0.073 mm~*-1

800

0.30x 0.25 x 0.20 mm
2.05 to 26.40 deg.

-12<=h<=12, -14<=k<=14, -22<=1<=22

15686 /7916 [R(int) = 0.0534]
98.9 %

None

0.9856 and 0.9786

Full-matrix least-squares on F2
7916/ 0/ 541

0.888

R1=0.0580, wR2 =0.1043
R1=0.1049, wR2=0.1214
0.228 and -0.199 e.A"-3
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Crystal data for 4,10-bis(3-thienyl)chrysene 138.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

s3519m

C26 H16 S2
392.51

1002) K

0.71073 A
Monoclinic
P2(1)/n
a=11.194(2) A
b=5.8796(12) A
c=14.431(3) A
925.7(3) A"3

2, 1.408 Mg/m"3
0.297 mm~*-1

408

0.25x0.20x 0.15 mm
2.61 to 26.39 deg.

alpha =90 deg.

beta = 102.944(4) deg.

gamma = 90 deg.

-12<=h<=13, -7<=k<=7, -17<=1<=10

5076 /1891 [R(int) = 0.0667]
99.9 %

None

0.9569 and 0.9295

Full-matrix least-squares on F"2
1891/3/134

0.959

R1=0.0500, wR2 =0.0919
R1=0.0740, wR2 = 0.1000
0.279 and -0.269 e.A"-3
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Crystal data for 4,10-bis(phenyloxy)chrysene 146.

Structure code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

s36450

C30 H20 02

412.46

100(2) K

0.71073 A

Orthorhombic, Pbca

a=9.8449(15) A alpha = 90 deg.
b=7.6635(11) A beta = 90 deg.
c=26.467(4) A gamma = 90 deg.
1996.8(5) A™3

4, 1.372 Mg/m"3

0.085 mm~*-1

864

0.30 x 0.25 x 0.05 mm

2.58 to 28.28 deg.

-12<=h<=12, -10<=k<=8, -35<=I<=19
11646 / 2402 [R(int) = 0.0972]

99.9 %

None

0.9958 and 0.9751

Full-matrix least-squares on F"2
2402/0/145

0.701

R1=0.0513, wR2=0.1032
R1=0.1167, wR2=0.1314

0.213 and -0.227 e.A"-3
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Crystal data for 4,10-bis(phenylthio)chrysene 147.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

$3610m
C30 H20 S2
444.58
100(2) K
0.71073 A

Monoclinic

P2(1)/c
a=9.9295(10) A
b=7.6579(8) A
c=27.576(3) A
2095.5(4) A™3

4, 1.409 Mg/m"3
0.271 mm~*-1

928

0.28 x 0.25 x 0.22 mm
2.05 to 25.02 deg.
-11<=h<=11, -9<=k<=9, -32<=1<=32
14455 /3686 [R(int) = 0.0541]

99.9 %

alpha =90 deg.
beta = 92.074(2) deg.
gamma = 90 deg.

None

0.9427 and 0.9279

Full-matrix least-squares on F2
3686 /0/289

1.230

R1=0.0661, wR2 =0.1586
R1=0.0771, wR2 = 0.1646
0.486 and -0.322 e.A"-3
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Crystal data for 4,10-bis(dodecylthio)chrysene 149.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions\

Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.60°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

s3914ma

C42 H60 S2

629.02

100(2) K

1.54178 A

Orthorhombic

Pna2(1)

a=18.8838 (6) a=90°.
b=17.6308 (2) B=90°.
¢ =25.2991 (7) ¥ =90°.
3645.56 A3

1.146 Mg/m?

1.509 mm-!

1376

0.28 x 0.25 x 0.05 mm?

3.49 to 72.43°

-22<=h<=17, -9=k<=9, -30<=I<=31
20503

6756 [R(int) = 0.0210]

99.6 %

0.9145 and 0.642796

Full-matrix least-squares on F?

6756 /1/399

1.048

R1=10.0245, wR2 = 0.0654
R1=10.0249, wR2 = 0.0657

0.232 and -0.164 e.A-3
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Crystal data for 4,10-dibromochrysene 153.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions\

Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.60°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

$3667a
C18 H10 Br2
386.08
100(2) K
1.54178 A

Monoclinic

Pc

a=21.7761 (18)
b=28.3139 (7)

¢ =7.5478 (7)
1362.3 (2) A3
1.882 Mg/m?
7.406 mm-!

752

0.25 x 0.25 x 0.10 mm?
2.03 to 69.52°

a=90°.
B=94.477 (5)°.
¥ = 90°.

-22<=h<=26, -8=k<=10, -9<=I<=7

5736

3327 [R(int) = 0.0494]

93.7 %

Full-matrix least-squares on F?
3327 /14 /362

1.096

R1=10.0540, wR2 = 0.1422
R1=10.0548, wR2 = 0.1430
1.211 and -1.368 ¢.A3
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Crystal data for 7-chlorobenzo[k]tetraphene 161.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions\

Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

s3774ma
C22 H13 C1
312.77
100(2) K
1.54178 A

Monoclinic

P2(1)/c

a=17.7610 (3)
b=11.2321 (5)
c=16.5854 (8)
1445.78 (11) A3

1.437 Mg/m?3

2.276 mm!

648

0.22 x 0.18 x 0.04 mm?
4.75t0 72.19°
-9<=h<=9, -13=k<=13, -19<=I<=18
9080

2783 [R(int) = 0.0307]

98.4 %

0.9145 and 0.642796

a=90°.
B =90.228 (2)°.
¥ = 90°.

Full-matrix least-squares on F?
2783/0/208

1.067

R1=10.0374, wR2 =0.1002
R1=10.0387, wR2=10.1016
0.410 and -0.321 e.A"3
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Crystal data for 7-phenylbenzo[k]tetraphene 173.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions\

Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

$3969ma

C28 H18

354.42

100(2) K

1.54178

Orthorhombic

Pbca

a=10.4773(3) o =90°.
b= 17.8272(5) B = 90°.
¢ = 18.9595(6) ¥ =90°,
3541.27(18) A3

1330 Mg/m’

0.571 mm-!

1488

0.29 x 0.27 x 0.10 mm?

4.96 to 72.54°

-12<=h<=12, -22<=k<=20, -22<=1<=18
17139

3452 [R(int) = 0.0591]

99.2 %

0.9451 and 0.654899

Full-matrix least-squares on F?
3452/0/254

1.055

R1=10.0475, wR2 =0.1290
R1=0.0519, wR2 =0.1333

0.0016(3)

0.274 and -0.201 e.A"3
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Crystal data for 7,17-dichlorodinaphtho[1,2,-b:1',2"-k]chrysene 181.

Structure code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.50°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

xrgpl02

C34 HI8 CI2

497.38

100(2) K

0.71073 A

Monoclinic

P2,/c

a=23.152(6) A a=90°.

b=3.763(2) A B =100.81(3)°.

¢ = 24.879(9) A ¥ =90°.
2129.3(16) A2

4

1.552 Mg/m?

0.330 mm!

1024

0.15 x 0.06 x 0.02 mm?

2.96 to 25.50°.

-28<=h<=19, -4<=k<=4, -26<=1<=30
8949

3945 [R(int) = 0.2823]

98.8 %

0.9934 and 0.9521

Full-matrix least-squares on F?

3945 /204 /325

0.967

R1=0.1166, wR2 = 0.1464
R1=10.3636, wR2 =0.2370

0.397 and -0.346 e. A"
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