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Education is the great engine of personal development. It is through education that a
daughter of a peasant can become a doctor, that the son of a mineworker can become
the head of the mine, that a child of farmworkers can become the president of a great

nation.

It is what we make out of what we have, not what we are given, that separates one

person from another.

Nelson Rolihlahla Mandela, 1994
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Summary

Chapter 1 describes the synthesis and characterisation of a series of novel ferrocene
containing polyphenylene compounds. These consist of polyphenylene molecules
containing one, two, four and six ferrocene moieties. Also described is the formation
of the first hexa-peri-benzocoronene (HBC) supporting a fully conjugated ferrocene
moiety. UV-vis spectroscopy results indicate that the cyclopentadienyl rings of the
ferrocenyl units tilt to differing degrees and this has consequences for subsequent
cyclodehydrogenation attempts. The HBC supporting a fully conjugated ferrocene
moiety undergoes an anodic shift in its redox potential when compared to ferrocene

signifying the electron-withdrawing nature of the HBC.

Chapter 2 details the synthesis of four novel fluoranthene-based compounds that also
support  ferrocenyl = moieties. Attempts to  exploit intermolecular
cyclodehydrogenation of these compounds are described as well as their
photophysical and electrochemical properties. The molecular structures of all four

compounds were confirmed by single crystal X-ray crystallographic analysis.

Chapter 3 introduces the newest member to the N-heterosuperbenzene (N-HSB)
family, a tetra substituted dodecyl derivative. Its synthesis and complete
characterisation is discussed. Through TGA and DSC analysis this compound was
shown to be thermally very stable. It has been shown to be discotic over the entire
temperature range studied (-30 - +300 °C) and is the first heteroatom containing HBC
with a quantifiable charge carrying mobility, as determined by pulse-radiolysis time-
resolved microwave conductivity technique (PR-TRMC). Absorption and emission
spectroscopy showed that the docecyl substituted N-HSB self-associates in solution

even at very low concentrations.

Chapter 4 gives a full account of the experimental details of the work undertaken.
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Un-Fused Polyphenylenes
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1.1. Introduction

1.1.1. Superbenzene

Polycyclic aromatic hydrocarbons (PAHs), which can formally be regarded as two-
dimensional graphite sections, represent one of the most intensively investigated class
of compound, alkyl substituted derivatives of these PAHs have been shown to form
discotic liquid materials and have exiting conductive properties.' Indeed one of these
compounds has been shown to have the highest ever recorded charge carrier mobility
of any organic in the crystalline phase as well as in the liquid crystalline phase.
Discotic liquid crystals will be discussed in more detail in chapter 3. Some examples

of PAHs can be seen in Figure 1.

Figure 1: Some examples of polycyclic aromatic hydrocarbons (PAHs).

PAHs have regained much interest within the electronic industry, there has been a
strategic shift towards what are termed as “soft” materials. These materials are
organic molecules which are capable of the same function as more traditional
inorganic semiconducting materials. Graphite with its network of m-electrons is still
the best organic conductor since electrons are free to move within the sheets, in the
delocalised m-orbitals formed from the unhybridised p-orbitals of the carbon atoms.
By extension it is believed that PAHs will find extensive and valuable use in the area

of molecular electronics’ > and opto-electonics.3’4

In the 1960s Kovacic et al. polymerized benzene and its derivatives to poly(p-
phenylene) under mild reaction conditions using copper(Il) chloride as an oxidant and

aluminium(III) chloride as a Lewis acid in water, as shown in Scheme 1.%
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[
n@ + 2n CuCl, L» H{—@»H + 2n CuCl + 2n HCI
n

Scheme 1: Polymerization of benzene. (i) AICI;, H>O, 35 °C, 30 min (60 %).

The reaction produced polymeric products unselectively, however it did demonstrate
that multiple C-C bond formation was possible under mild conditions and it opened
the way for creating highly selective oxidative dehydrogenation processes to convert

oligophenylenes to PAHs.

Miillen et al. have developed a route to a series of pre-defined all-carbon framework
PAHs, which are generally referred to as “superbenzenes”, by cyclodehydrogenating
polyphenylene precursors. Two such molecules are shown in Figure 2, namely (a)

hexa-peri-hexabenzocoronene (HBC) - superbenzene and (b) super naphthalene.’

R = H, tert-butyl, n-alkyl

(a) (b)
Figure 2: Two members of the “superbenzene” family.
These large PAHs often exhibit poor solubility, thus preventing their complete
characterisation. However by changing the R groups from H to rert-butyl or long
aliphatic chains this greatly increases solubility and aids an investigation of their

properties.

Miillen et al. have shown that a wide variety of reagents can be used to
cyclodehydrogenate polyphenylene systems. As well as the Kovacic conditions
which employ copper(Il) chloride/aluminium(IIl) chloride catalysts,” copper(IIl)

trifluoromethanesulfonate/aluminium(Ill) ~ chloride,*  iron(Il)  chloride’ and
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molybdenum(V) chloride'® have also been used. Such a range of reagents offers the

opportunity to modify the products and yields of such reactions.

Rathore and Burn'' developed a method to synthesise a soluble version of hexa-peri-
hexabenzocoronene by introducing fert-butyl groups on the periphery. Their method
was especially subtle since the ferr-butyl groups were introduced during the

cyclodehydrogenation step in one pot.

O + 6 tert-BuCl + 12 FeCl; —————

Scheme 2: Synthesis of a soluble HBC by introducing the tert-butyl groups during the
cyclodehydrogenation step.

+ 18 HCI + 12 FeCl,

The limitation of this route is that it is appropriate only to totally symmetric PAHs.
Obviously if groups other than tert-butyl are to be incorporated a new synthetic route

was required.

One method to generate polyphenylenes involves the cyclotrimerisation of an
acetylene using cobalt octacarbonyl as a catalyst in refluxing dioxane (Scheme 3).
This method yields the desired polyphenylene compounds in excellent yields, usually
over 90%, but produces only Rg polyphenylenes i.e. again it is only good for the

synthesis of very symmetric polyphenylene compounds.

A second method for polyphenylene formation involves a Diels-Alder reaction
between acetylenes and suitably substituted tetraphenylcyclopentadienones in a [2 +
4]-cycloaddition reaction. During this reaction carbon monoxide is evolved, to
produce the corresponding polyphenylene. Here different R groups can be introduced

into either reagent giving rise to multiple substitution patterns.
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R

=< O
Q i O :Q: = |
o Q a =

R

R = H, tert-butyl, n-alkyl :

Scheme 3: Two possible routes to synthesising symmetric polyphenylene compounds,
i.e. where all the R groups are the same, (i) via the Diels-Alder [2+4]-cycloaddition
reaction, (ii) via cyclotrimerisation.

1.1.2. Cyclodehydrogenation

Whichever method is employed to generate the polyphenylene the key step in the
synthesis of PAHs is cyclodehydrogenation whereby the polyphenylene is planarised.
The results of this reaction is the elimination of two-aryl bound hydrogen atoms for
each aryl-aryl C-C bond formed between a pair of adjacent phenyl rings on the
precursor.  Several suitable oxidant systems have been employed for these
transformations however for the cyclodehydrogenation of alkyl substituted HBCs, the
general catalyst of choice is iron(III) chloride which acts as a Lewis acid and oxidizng
agent. The iron(Ill) chloride has to be added homogeneously to the uncyclised
precursor so is dissolved in nitromethane and then added to the uncyclised precursor

usually dissolved in dichloromethane.

The condensation of polyaromatic compounds by Lewis acid-catalysed oxidative
cyclodehydrogenation is known as the Scholl reaction. Two possible reaction
mechanisms have been proposed by both empirical and computational studies: (a) the
arenium cation mechanism and (b) the radical cation mechanism, as shown in Scheme

4.
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Scheme 4: The two proposed mechanisms for dehydrogenation, (a) via the arenium
cation mechanism and (b) via the radical cation mechanism. 12
A mechanistic study of the possible routes to cyclodehydrogenation of
hexaphenylbenzene has been performed by King er al.'> 1t is generally thought that
the arenium cation mechanism'® is the most probable based on calculations of free
energy values for C-C bond formation between adjacent phenyl rings around the
hexaphenylbenzene which becomes increasingly exergonic as cyclodehydrogenation
proceeds. Comparing the different mechanisms has revealed that the intermolecular
Scholl reaction of hexaphenylbenzene most likely proceeds by protonation,
electrophilic attack, deprotonation, and subsequent oxidation. Each C-C bond-
forming step is consummated, restoring aromaticity before the next C-C bond-
forming step begins. Aryl-aryl bonds are introduced along the pathway having least-
strained, fully benzenoid intermediates, this pathway is contiguous, with the first C-C
bond formation being the slowest. After formation of the first C-C bond between
adjacent phenyl rings, newly planarised part of the molecule is protonated (a) in
Scheme 5. This is followed by electrophilic attack of the arenium cation on the
adjacent phenyl ring with (b) representing the transition state cation. Intermediate (c)
is then deprotonated and the loss of H restores aromaticity to compound (d). This
process is repeated four more times to result in complete planarisation and formation
of HBC (f). After the initial C-C bond formation, the other bonds are formed in a

- 1
cascade-like manner."
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Scheme 5: Proposed mechanism for the cyclodehydrogenation of all-carbon
polyphenylene molecules via the Scholl reaction.’ o

Since the curve representing the decrease in energy for subsequent dehydrogenation
steps is convex, the progress of the reaction is said to follow a slippery slope.
Accordingly the Scholl reaction proceeds without the accumulation of partially-

cyclised intermediates.

1.1.3. N-HSB Introduction

N-heterosuperbenzenes (N-HSBs) are a unique class of compounds synthesised by
Draper et al."* As with Miillens hexabenzocoronenes,'” these fused polyaromatic
compounds exhibit an extraordinary degree of delocalisation. However, the inclusion
of nitrogen donor atoms renders the HBC-type cores overall electron-accepting and
confers on the new N-HSBs the dual advantage of ligand functionality and increased
solubility. Such unusual characteristics offer the opportunity to study supramolecular
effects such as m-stacking and to probe the electronic behaviour of the N-HSBs as

ligands.

However the presence of the nitrogen atoms makes cyclodehydrogenation more
problematic. As well as fully-cyclised N-HSB some partially cyclised intermediates

have also been isolated during cyclodehydrogenation. One such intermediate is the
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half-cyclised N- '/;HSB where the molecule is half planarised, leaving two phenyl

rings which are free to rotate at the back of the ligand.

R = tert-buty
N-HSB N- '/,HSB N-°;HSB
Figure 3: The N-heterosuperbenzene (N-HSB) family to date.

Other partially cyclised intermediates form the N-HSB family include the two-third
cyclised product in which an additional aryl-aryl bond has been formed, leaving just
one free phenyl ring which is not part of the extended aromatic platform.'® This is in
contrast to what is observed in all-carbon HBCs, where no accumulation of partially-
cyclised intermediates is observed. However it is thought that the arenium
mechanism, as for the all-carbon analogues still applies even when heteroatoms are
introduced to the system. Although it is thought to go via arenium mechanism the
introduction of nitrogen heteroatoms onto the aromatic platform does affect the
cascade effect of the Scholl reaction which leads to the isolated partially cyclised

intermediates.'>"? It

has been proposed that the initial step in the
cyclodehydrogenation of N-doped polyphenylenes leading to the compounds shown
in Figure 3 is most likely the protonaton of the pyrimidine rings in preference to
protonation of the other phenyl rings. The protonated or doubly protonated
pyrimidine ring could act as an electrophile promoting the initial bond formation at
the pyrimidine rings towards the formation of N- '/,HSB. Protonation of the phenyl
rings on the aromatic portion of N- '/,HSB would be difficult since the basic nitrogen
sites on the pyrimidine rings will be protonated and bear a positive charge.
Alternatively if protonation of the phenyl substituents was possible, the nitrogen
protonated PAH core would be a poor nucleophile, inhibiting electrophilic attack and

thus inhibiting the formation of the aryl-aryl bonds required for complete cyclisation.

This could explain why partially-cyclised products are isolated after the oxidative
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cyclodehydrogenation to form N-HSB, while for all-carbon containing polyphenylene

precursors no intermediates accumulate.'> "3

The chelating substrate complicates the mechanistic analysis even further. It is worth
noting that different cyclodehydrogenation reagents, iron(III) chloride or

aluminium(III) chloride/copper(Il) chloride give different product distributions.

Another interesting point in this reaction is that N- '/,HSB is not converted into N-
HSB by treatment with aluminium(III) chloride/copper(Il) chloride. This would
suggest that N- '/,HSB is not an intermediate in the synthesis of N-HSB, and both

compounds are synthesised independently of each other.

R = tert-butyl

Scheme 6: The synthesis of N- !/,HSB and N-HSB. (i) FeCls, MeNO,, DCM. (i)
AICIy/CuCl,, CS,. (iii) FeCl;, MeNO,, DCM or AICI3/CuCl;, CS).

N-HSB!” and N- '/,HSB'® have been extensively studied, as have their corresponding

ruthenium and osmium bi-bipyridyl complexes. The organic ligands themselves have

interesting photophysical properties and are highly luminescent under UV irradiation.

10
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1.1.4. Ferrocenyl Containing PAHs

Carbon-rich organometallic compounds represent a rapidly growing subfield at the
interface of organic chemistry and organometallic chemistry. Carbon-rich ligands
provide important properties, such as facile electron transfer to and from the metal
surface, allowing these compounds to be used as molecular wires. As such, in recent
years organometallic fragments assembled on substituted benzenes, polyaromatics and
heteroaromatics, such as pyridines, have received immense interest as potential
models for organometallic polymers'’ and as targets for the study of electron-transfer

2
Pprocesses. 0

There is no doubt that ferrocene-based compounds represent one of the most
important classes of compounds used in the design of ligands for use in organic

synthesis.”!

The ferrocenyl moiety is a robust organometallic electron-donor group
which has been used in the preparation of new molecular materials exhibiting non-
linear optical (NLO)** and ferromagnetic properties.”> There are several reasons for
choosing the ferrocenyl group for such studies; amongst these are that it is a good
electron donor and that it has well established substitution chemistry, allowing access
to a wide variety of derivatives. The latter has been particularly important in the
design and synthesis of new molecular materials with second order NLO properties.
One of the most important features of such materials is the packing arrangement
adopted in the solid state, as this can have major influences on the bulk properties of
the molecular material. One example is in the formation of L-shaped molecules in
which the ferrocenyl donor group is linked to a planar polyaromatic moiety. The
spacing between the cyclopentadienyl rings is ~3.3 A which is comparable to the

spacing in 7 stacked structures.”

The work described in the following chapter is concerned with linking the ferrocene
moiety to large PAHs and N-doped PAHs. This was approached in two ways, firstly
the ferrocene was introduced at an early synthetic stage, to generate ferrocene
containing polyphenylenes for later cyclodehydrogenation. In such a scheme the
ferrocene must withstand all subsequent steps without decomposition, specifically it
must survive the harsh conditions associated with cyclodehydrogenation. The second

approach involved synthesising a halogen containing PAH by which to introduce the

11
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ferrocene group via a palladium catalysed coupling reaction. These new compounds
we anticipated to show attractive NLO behaviour and potentially act as molecular

redox switches.

1.1.5. Synthesis of Ferrocene Containing Polyphenylene Compounds

The synthetic strategy that has been adopted for the formation of the polyphenylene
systems in this work, is based on the Diels-Alder reaction in which acetylenes are
reacted thermally with suitably substituted tetraphenylcyclopentadienones in a [2+4]-
cycloaddition reaction. During this process carbon monoxide is evolved, to produce
the corresponding hexaphenylbenzene. The main objective of this work was to
synthesise the precursors to the polyphenylene shown in Scheme 7. At the outset of
this work the di-ferrocenyl containing 1,3-diaryl-2-propanone (shown in green), the
di-ferrocenyl 1,2-diaryl-1,2-diketone (shown in red) and di-ferrocenyl acetylene
(shown in blue) were unknown. Through the generation of these three ferrocenyl
containing precursors in combination with non-ferrocene containing analogues
polyphenylenes containing, one, two, four and six ferrocene units could be prepared.
Therefore a wide range of ferrocene containing polyphenylenes were synthesised and
heteroatoms were incorporated into these polyphenylene systems. Nitrogen atoms
were introduced in order to investigate possible coordination capabilities were
cyclodehydrogenation successful and methoxy groups were incorporated in the hope

that they would increase the solubility of the polyphenylenes and since they have been

. . 24
shown to aid cyclodehydrogenation.”
Ry R3 Ry Ry
R, ':/(M F:'\) /—/ Q : Rz :> Rz > ’_' B Ry :> R 0
= N 7 =/ Y4 ~7 " R,
C_% ~ g
\ / \ 7 — N
Ry Ry Ry Ry ) //—\\>
,>\*\'/’ \‘::—\/
R} R,
Raw 5 _R; /
R,, R, and R; = Ferrocene NSNS
(0] (0]
o
Ry Ry

Scheme 7: Retrosynthestic analysis on how to synthesise non-symmetrical
polyphenylene compounds.
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Many metallocene-containing polyphenylenes can be found in the literature, such as
(CsPhs)Fe(CO)(HC=0)PR3,** (C4Phe)Cr(CO)3,%* and [C7PheFcH][SbClg]", ** shown

in Figure 4.

Ph

Cr(CO)s Ph
Ph\é/fbh \/ i
Ph "
p’ | ph Ph P Ph "Ph "
~Fe,, Ph _I
RsP” L ‘CH .
e

Ccoll Ph Ph
)

SbCly-
Ph 6

Figure 4: Examples of metallocene containing polyphenylenes synthesised to date.

Mc. Glinchey et al have synthesised many ferrocenyl containing polyphenylene

compounds containing one ferrocene moiety as model systems in micromachines and

nanotechnology (Figure 5).2%?’

Figure 5: Two mono-ferrocenyl containing polyphenylene compounds synthesised by
Me. Glinchey et al.”” %

1.1.6. Synthesis by Forming PAHs and Coupling

One avenue to synthesising PAHs with ferrocene on the periphery would be to
synthesise a halogenated PAH platform and the careful synthetic replacement of the
halogen with ferrocene e.g. by a lithiation reaction. However halogenated PAHs on
lithiation and subsequent quenching generally form all-carbon PAHs in yields of up to
80 %, i.e. the lithiated species is simply protonated even in the presence of an
electrophile. This is due to the fact that upon removal of the halogen the negative
charge created is stabilised by the large n system of the PAH and upon quenching is

simply protonated.

13
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However palladium mediated couplings are an alternative. Scheme 8 shows the
formation of a PAH containing two methyl esters, which was synthesised in a
palladium catalysed carbonylation reaction with carbon monoxide and methanol under

high pressure in 62 % yield.”®

Scheme 8: Reaction of halogen containing HBCs. (i) CO, methanol, [Pd(PPh3),Cl;],
PPhs, triethylamine, THF, 100 °C, 5 days (62 %).”°

Halogen containing PAHs have also been shown to undergo Sonogashira coupling
reactions which would be more suited to introducing ferrocene groups since a number
of ferrocene acetylenes are known in the literature. In Scheme 9 is shown one
example where a di-iodo PAH undergoes a Hagihara-Sonogashira reaction in a 13 %
yield. The low yield is thought to be due to the difficulty of the work-up, which was a

consequence of strong intermolecular hydrogen bonds.*’

R = Cq2Has

Scheme 9: An example of Sonogashira coupling with halogens directly attached to a
HBC platform. (i) [Pd(PPhs),], Cul, triethylamine, THF, 50 °C, 4 days (13 %).”

14
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Therefore as has been shown there are two possible routes to achieving the end goal
of introducing the ferrocene moiety onto the periphery of a PAH system, both of

which will be explored and discussed.

Although there has been great interest in these types of molecules very little research
has been carried out into compounds with a ferrocene donor linked to a planar PAH
moiety. PAHs have a number of attributes which could make them useful as linking
groups in donor-acceptor organometallic systems. They are planar, relatively rigid
with a fixed geometry and have various isomeric positions through which
organometallic moieties can be bound. Their highly delocalised n-systems with small
HOMO-LUMO energy separations and low vacant w*-orbitals are likely to facilitate
electronic communication between donors and acceptors. Although large polycyclic
materials incorporating over 200 carbon atoms have been characterised, very few of
these systems include an organometallic moiety. The only known examples are

30-32

Bunzs® cobalt containing ethynylated cyclobutadienes, and the incorporation of

tricarbonyl chromium into a HBC system (Scheme 1oy

R = tert-butyl

Scheme 10: The synthesis of chromium tricarbonyl containing HBCs.
(i)Tricarbonyl (naphthalene)chromium, dioxane, THF, reflux, 3 h (20 % and 25 %
respectively).

There are two compounds reported”-*

where ferrocene is attached to a PAH, one is
attached to a PAH made up of four fused benzene rings whereas the other is
composed of eight benzene rings (Figure 6), still some way off the thirteen fused

benzene rings found in HBC.
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(a) (b)

Figure 6: The structures of the only two molecules to date where a ferrocene moiety is
attached to a PAH platform, (a) 1,2-ferrocenyl-pyrenyl-ethane and (b) tetra-peri-
benzo-peri-ferrocenyl-coronene.

The novel, L-shaped 1,2-ferrocenyl-pyrenyl-ethene shown as (a) in Figure 6, which
links a ferrocene donor group to a planar PAH moiety, was synthesise in 1998 and has
fascinating solid state electrical conductivity properties.”” The other example shown
as (b) was synthesised within the group in 2003.>* It has shown interesting
photophysical properties but it is unclear if there is any communication between the
ferrocene and the PAH since there is free rotation around the ferrocene-PAH bond.
Therefore for these compounds to be of real use and to be studied in detail we ideally
need to extend the size of the PAH system and to include a from of conjugated bridge
between the ferrocene and PAH to ensure communication between the donor and

acceptor.

Relevant to our long term goal of preparing ferrocene intercalated graphitic sheets,
and in continuation of our interest in the study of PAHs, the following chapter
describes the synthesis, characterisation, electronic and redox properties of a series of
novel ferrocene containing polyphenylene compounds. The ferrocene moiety will be
incorporated into the polyphenylene systems by synthesising the di-ferrocenyl 1,3-
diaryl-2-propanone, the di-ferrocenyl 1,2-diaryl-1,2-diketone as well as the di-
ferrocenyl acetylene all of which are novel. Therefore with these three building
blocks a series of ferrocene containing polyphenylene compounds will be synthesised
with varying numbers of ferrocene units, some will have nitrogen atoms introduced
and some will have methoxy groups incorporated in to them in order to increase the
solubility of the Diels-Alder [2+4]-cycloaddition product and to aid
cyclodehydrogenation.®>*® The attempted cyclodehydrogenation of these compounds

will be discussed.
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Also reported herein is the successful synthesis of the ferrocenyl containing PAH
derivative (41) and its comprehensive characterisation including electrochemical data,

which to date is the largest PAH supporting a ferrocene moiety reported.
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1.2.  Synthesis and Characterisation

1.2.1. Synthesis of hexa-tert-butyl-hexa-peri-hexabenzocoronene (3)

In order to check the synthetic conditions for the cyclodehydrogenation reaction and
to have a point of reference for the characterisation of any novel compounds
synthesised, the alkyl-substituted HBC 3 was synthesised. Before the
cyclodehydrogenation could be attempted and optimised a series of precursors had to
be synthesised in a logical manner. Acetylene 1 was synthesised via the Sonogashira
coupling reaction between 4-tert-butyl-iodobenzene and 4-fert-butylphenylacetylene
in 78 % yield. The un-cyclised polyphenylene 2 was synthesised by
cyclotrimerisation with a catalytic amount of Co,(CO)g in refluxing dioxane giving

compound 2 in 18 % yield.

It was found that 2 upon cyclodehydrogenation using FeCl; does indeed yield 3, in 62
% yield with no apparent destruction or damage to the fert-butyl groups provided that
a flow of argon through the reaction mixture is maintained throughout the course of

the reaction.

W
(5]

Scheme 11: Total synthesis of HBC 3. (i) Pd(PPh;s),Cl,, Cul, piperidine, RT, 24 h (78
%), (ii) Coy(CO)s, dioxane, reflux, 20 h (18 %), (iii) FeCl;, CH;:NO,, CH>CI,, RT, 18
h (62 %,).
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1.2.2. Ferrocenyl Containing Polyphenylene Compounds

Most of the compounds synthesised are orange/red in colour, crystalline, air-stable
solids, soluble in most chlorinated and aromatic solvents. The orange/red colour is
characteristic of ferrocene-containing compounds and is due to absorption in the A

440 nm region caused by the MLCT.

In particular ferrocenyl compounds have proven themselves to be useful building
blocks. Less common are synthetic and electrochemical investigations of sterically
hindered ferrocenes, although these have applications as molecular machines. In our
case such compounds were formed from ferrocenylacetylenes or ferrocenyl

cyclopentadienones and their subsequent Diels Alder cycloaddition.

1.2.3. Mono-ferrocenyl Containing Polyphenylenes

A common starting place for a lot of ferrocene chemistry is mono- or di-iodo
ferrocene due to its well understood coupling chemistry. In this vain 1, 1’-
iodoferrocene was synthesised by the di-lithiation of ferrocene, followed by reaction
with two equivalents of tributyltinchloride to yield 1,1°-(tri-n-butylstannyl)ferrocene

(4) in 67 % yield. Subsequent reaction with iodine gave S in 76 % yield (Scheme 12).

< LU .. TpSnBuy . e
(i) (i) (iii)
k8. — . [B§ = Ee i i
Y L —snBu;, L
4 5

Scheme 12: Synthesis of 1, 1 -iodoferrocene (4), from ferrocene. (i) n-BuLi, TMEDA,
hexane, RT, 18 h, (ii) tributyltinchloride, Et;0, 0 °C—RT, 6 h (67%,). (iii) I,, CH,Cl,,
RT, 18 h (76 %).

In order to incorporate an acetylene unit onto the ferrocene, phenylalkynyl-

trimethylstannane (6) was synthesised by the lithiation of phenylacetylene followed

by reaction with trimethyltinchloride, 6 was synthesised in 68 % yield (Scheme 13).
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< >—: H —-Q-» @ =it L < >—: SnMe3

6

Scheme 13: Synthesis of phenylalkynyl-trimethylstannane, (6). (i) n-BuLi, THF, -78
°C, 20 min, (ii) trimethyltinchloride, RT, 1 h (68 %).

5 and 6 had undergo Stille coupling using tetrakis(triphenylphosphine)palladium as a
catalyst. The di-coupling was shown to be successful with 7 synthesised in 50 %

yield (Scheme 14).

é—l+ i e O

5 6 7

Scheme 14: Synthesis of compound 7, via a double Stille coupling. (i) Pd(PPh3),,
THF, 75 °C, 20 h (50 %,).

The next logical step was the double [4+2] cycloaddition of tetraphenyl-
cyclopentadienone with 7 (Scheme 15). Usually within our group and in the literature
it is stated that Diels-Alder reactions of this type take place best in refluxing
benzophenone (330 °C), however at these temperatures ferrocene readily decomposes,
therefore 7 was reacted with 2.2 equivalents of tetraphenylcyclopentadienone in a
benzophenone melt and the temperature was raised slowly, while the disappearance of
the starting material was monitored by TLC. The optimum temperature that was
found to give reaction in a good yield but not cause decomposition of 7 was 175 °C.
After 2 days at this temperature no 7 was evident in the reaction mixture and two new
orange products were observed by TLC. After separation, the two new compounds

were found to be 8 and 9 respectively.
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Scheme 15: Synthesis of compounds 8 and 9 via the Diels-Alder [2+4]-cycloaddition
reaction. (i) benzophenone, 175 °C, 2d, (8 44 %), (9 18 %).

Table 1 shows the proton assignments for compounds 8 and 9.

7.45-7.44 m ortho phenyl protons (ring A)
7.38-7.36 m 3 meta and para phenyl protons
(ring A)
7.19-7.07 m 10 ortho phenyl protons
6.83-6.79 m 15 meta and para phenyl protons
4.11 t, 3JHH =1.8Hz 2 Cp protons
3.94 t, %% = 1.8 Hz 2 Cp protons
3.78 t,>Jyu = 1.8 Hz 2 Cp protons
3.68 t,*Jyn= 1.8 Hz 2 Cp protons
9 7.00 m 20 ortho phenyl protons
6.78 m 30 meta and para phenyl protons
3.43 brs 4 Cp protons
3.19 brs 4 Cp protons

Table 1: 'H NMR spectral data and assignments for the mono-ferrocenyl
polyphenylene compounds 8 and 9.

One interesting feature of the proton NMR spectrum of 8 is that the protons on the
substituted cyclopentadienyl rings appear as four distinct triplets, since all four pairs
of cyclopentadienyl protons are non-equivalent and there is free rotation about the
ferrocene axis. In the 'H NMR spectrum of 9 two cyclopentadienyl signals are
observed as expected, but in this case the signals are unresolved and broadened. This
is a result of the large polyphenyl systems on both cyclopentadienyl rings of which

hinder free rotation about the ferrocene axis.
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Although for simplicity the phenyl rings of 8 and 9 are represented as being planar in
Scheme 15 in reality work done by Mc.Glinchey et al.** as well as other members of
the group show that they will be propeller-like. The result is that in the case of 9 there
is little or no chance that the bulky polyphenyl groups can rotate about the ferrocene

hence the signals appear as broad singlets.

Attempts to cyclodehydrogenate 8 and 9 proved unsuccessful. Two methods were
employed, CuCl, and AICl; in CS; as well as FeCl; in MeNO,, both of which yielded

un-characteriseable black material.

After this initial disappointment a number of polyphenylene systems containing more
than one ferrocene groups were synthesised. As well as ferrocene, groups such as
tert-butyl, methoxy groups and heteroatoms were also incorporated into these
ferrocene containing polyphenylene systems in order to investigate if these groups

would aid characterisation and cyclodehydrogenation.

1.2.4. Di-ferrocenyl Containing Polyphenylenes

1.2.4.1.  Synthesis and Characterisation of 1,2-bis(4-
pheynlferrocene)ethane-1,2-dione (13)

In order to incorporate two ferrocene moieties into the polyphenylene systems a di-
ketone containing two ferrocene units was synthesised. The novel 1,2-diaryl-1,2-
diketone 13, shown in Scheme 16 was synthesised in 4 steps from ferrocene. The first
step in this synthesis involved a diazotization reaction between ferrocene and 4-
aminobenzonitrile’” and yielded 10 in 35 % yield, which was then converted to 11 in
almost quantitative yield by reaction with DIBAL in toluene. Both these compounds
were known in the literature, however the keto-alcohol 12 was novel and was
synthesised via the benzoin condensation between two molecules of 11 in 59 % yield.
This was then oxidized using manganese dioxide in chloroform to yield 13 in 88 %

yield.
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Scheme 16: The total synthesis of compound 15, starting from ferrocene. (i)
H>SO,/H>0, sodium nitrite, 4-aminobenzonitrile, HCI, Cu powder, 24 h (35 %). (ii)
DIBAL, toluene, RT, 6 h (91 %). (iii) NaCN, water/ethanol, reflux 1 h (59 %). (iv)

MnQO,, CHCI;, reflux, 24 h (88 %). (v) Ca(OH),, BuyN(HSOy), Fe(CO)s,
CH>CIy/H>0, 5.5 h (65 %). (vi) KOH, EtOH, reflux, 3 h (64 %).

Novel compounds 12 and 13 were both fully characterised by 'H, *C NMR
spectroscopy and mass spectrometry. The '"H NMR spectrum of 13 can be seen in
Figure 7, and shows the characteristic AA’XX" splitting pattern for the two aromatic
protons (H6 and H7) at 6 7.93 and 7.57 ppm with a coupling constant of 8.5 Hz. Also
shown in Figure 7 are the substituted ferrocenyl cyclopentadienyl protons (H2 and
H3) at 6 4.77 and 4.47 ppm as well as the ten unsubstituted cyclopentadienyl
ferrocene protons (H1) at  4.07 ppm.
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Figure 7: The 'H NMR spectrum of the 1,2-diaryl-1,2-diketone 13 (CDCl3, RT, 400
MHz).

1.2.4.2.  Synthesis and Characterisation of 2,5-bis-(3,5-dimethoxy-
phenyl)-3,4-bis-(4-phenylferrocene)- cyclopenta-2,4-dienone
15)

The methoxy-substituted 1,3-diaryl-2-propanone 14 (shown in Scheme 16) was
prepared in 65 % yield from 3,-5-dimethoxybenzyl bromide using iron pentacarbonyl
in a biphasic system. The two-fold Knoevenagel condensation between 13 and 14 in
an ethanolic potassium hydroxide solution yielded the tetraarylcyclopentadienone 15
in 64 % yield. Compound 15 was fully characterised by 'H and *C NMR

spectroscopy and mass spectrometry. The 'H NMR spectrum is shown in Figure 8.

The '"H NMR spectrum of 15 (Figure 8) is greatly simplified by the C, axis of
symmetry that runs through the molecule. The doublets corresponding to the two
aromatic protons on phenyl ring A are clearly visible with a 3Jun coupling of 8.5 Hz.
The aromatic protons on phenyl ring B are also very distinctive; they appear as a
doublet (& 6.51 ppm) and a triplet (8 6.39 ppm) with an integral ratio of 4:2,
corresponding to H12 and H14 respectively. The coupling constant between these
signals in only 2.0 Hz as it represents *Jy; coupling. In the ferrocenyl region we see
the characteristic signals due to the ferrocene moiety and the methoxy protons. At
4.64 and 6 4.34 ppm the characteristic ferrocenyl pseudo-triplets can be seen due to
H2 and H3, both integrating to 4. The remaining ferrocenyl protons corresponding to

the unsubstituted cyclopendadienyl ring (H1) can be seen at 6 4.01 ppm with an
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integration of 10. Finally the methoxy protons with an integration of 12 appear at 6

3.66 ppm as a singlet.

CDCly
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Figure 8: The 'H NMR spectrum of 15 with the aromatic and ferrocenyl region
magnified for clarity (CDCls, RT, 400 MHz).

1.2.4.3.  Synthesis of dipyrimidyl acetylene (18)

The synthesis of dipyrimidyl acetylene (18) was accomplished by a series of
Sonogashira coupling reactions (Scheme 17). In the first step S-bromopyrimidine was
coupled with 2-methyl-3-butyn-2-ol to give 2-methyl-4-pyrimidin-5-yl-but-3-yn-ol
(16) in 59 % yield. After deprotection of the triple bond with sodium hydroxide in
toluene, the acetylene 5-ethynylpyrimidine (17) (formed in 43 % yield) was coupled
with 5-bromopyrimidine, yielding the symmetrical substituted building block 18 as an
air-stable, light yellow crystalline compound in 37 % yield. Compounds 16, 17, and
18 were characterised by 'H and C NMR spectroscopy and corresponded to the

reported literature values.
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Scheme 17: The synthesis of dipyrimidine acetylene 18. (i) Pd(PPh3);Cl,, Cul,
Et;NH, RT, 3 h (59 %). (ii) NaOH, toluene, reflux, 2 h (43 %). (iii) Pd(PPh3),Cl,,
Cul, Et;N, DMF, 55 °C, 90 min (37 %).

1.2.4.4. Synthesis and Characterisation of Polyphenylene 19

Central to the work was the introduction of heteroatoms into a polyphenylene
precursor, introduction of methoxy groups to hopefully aid cyclodehydrogenation and
finally to introduce ferrocene groups to further increase the solubility of these
systems. Polyphenylene 19, was synthesised in 58 % yield, in a stepwise manner via
the Diels-Alder [2+4]-cycloaddition reaction between 15 and 18 (Scheme 18). The
careful choice of starting materials and the established stereochemistry of the [2+4]-
cycloaddition reaction meant that the system was chemioselective, ensuring the ortho-
arrangement of the pyrimidine subunits on the generated benzene core of 19. Careful
consideration when synthesising the precursors to 19 has also allowed the
introduction of four methoxy groups and two ferrocene moieties into the system for

the reasons outlined earlier.

19

Scheme 18: The synthesis of polyphenylene 19, via the Diels-Alder [2+4]-
cycloaddition. (i) benzophenone, 200°C, 18 h (58 %).

The full '"H NMR spectrum of 19 can be seen in Figure 9, the presence of a C, axis of
symmetry greatly simplifies the assignment of this spectrum. The two most

downfield signals with an integral ratio of 2:4, respectively can be readily assigned as
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the protons of the pyrimidine ring. The most downfield proton at 3 8.86 ppm can be
assigned to H18, located between the two electron-withdrawing nitrogen atoms. The
other proton of the pyrimidine ring H17 can be seen at & 8.33 ppm. The characteristic
AA’XX’ splitting pattern for the two aromatic protons (H6 and H7) at 6 7.05 and 6.80
ppm, with a coupling constant of 8.0 Hz is also observed. At 6 6.05 ppm there is a
singlet which has been assigned as the overlapping signals of H12 and H14, usually
these appear as a doublet and a triplet respectively with small coupling constants since
they are “Jyu couplings, but in this case they appear as one overlapping signal.
Protons of the substituted ferrocenyl cyclopentadienyl rings (H2 and H3) at 6 4.55 and
4.26 ppm as well as the ten unsubstituted cyclopentadienyl ferrocene protons (H1) at &
3.89 ppm are also observed. There is one further singlet at & 3.52 ppm which is

attributed to the twelve protons of the four equivalent methoxy groups (H19).
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Figure 9: The 'H NMR spectra of the aromatic and ferrocenyl region of 19 (CDCl,
RT, 600 MHz).
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1.2.5. Tetra-ferrocenyl Containing Polyphenylenes

1.2.5.1.  Synthesis and Characterisation bis(4-
ferrocenylphenyl)acetylene (24)

In order to try and incorporate four ferrocene moieties into the polyphenylene system
an acetylene containing two ferrocene moieties was successfully synthesised. It is
worth noting that this acetylene was novel but during the course of my PhD another
group published independently a different method for synthesising this compound.*®
Before the desired acetylene could be synthesised a number of precursors had to be
synthesised. First of all 4-iodophenylferrocene (20) was synthesised by diazotization
in 33 % yield. Then 4-ethynylphenylferrocene (23) was synthesised in a modified
version of the Rosenblum method.*  This involved first synthesising 4-
acetylphenylferrocene (21) by diazotization followed by treatment with an excess of
phosphorous oxychloride and DMF to yield a-chloro-B-formyl-p-ferrocenylstyrene
(22). This was then carefully purified and heated in a basic aqueous solution and

transformed into 23 in 93 % yield.

Acetylene 24 was synthesised by the Sonogashra coupling between 20 and 23 in 94 %
yield as a bright orange microcrystalline solid. It is worth noting that Pd(PPh;3)s was
used as a catalyst in the Sonogashira coupling so as to halt the synthesis of the
homocoupled di-acetylene which proved to be inseparable from the product 24 by
column chromatography and via selective recrystallisation. When Pd(PPh3),Cl, was
used a roughly one-to-one mixture of 24 and the undesired di-acetylene (formed by
the homocoupling of two molecules of 23) was formed because copper(I) iodide is

used as a co-catalyst.
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Scheme 19: The total synthesis of acetylene 24 from ferrocene. (i) H:SO4/H>O,
sodium nitrite, 4-iodoaniline, HCI, Cu powder, 24 h (33 %). (ii) H.SO4/H>0, sodium
nitrite, 4-aminoacetophenone, HCI, Cu powder, 25 h (34 %,). (iii) POCl3;, DMF, 0
°C—15 min, RT—5.5 h (50 %). (iv) dioxane, aq. NaOH, reflux, 5min (93 %). (v)
Pd(PPh3),, Et;NH/DMF (2/1), 55°C, 2 d (94 %).

J

The 'H and ">C NMR spectra of 24 can be seen in Figure 10, along with assignments

which correspond to the data published independently from this work.*®
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Figure 10: The 13C NMR (150 MHz) and' H NMR (600 MHz) spectra of the aromatic
and ferrocenyl region of acetylene 24 (CD,Cl,, RT).

The assignment of both the 'H and 3C NMR spectra were achieved through a series
of HMBC, *C-'"H COSY and NOE experiments. The quaternary ferrocenyl carbon
(C4) was easily identified from the long range coupling between it and the two
ferrocenyl protons of the substituted cyclopendadienyl ring (H2 and H3). However
the key to full assignment was the HMBC experiment which showed that the proton at
d 7.52 ppm had a three bond interaction with carbon atoms at & 84.0 ppm (known to
be C4) and 3 120.3 ppm which can be concluded to be C8, thus making the proton at 6
7.52 ppm, H6. The acetylene carbon atom (C9) was shown to have a long range
interaction with the proton at & 7.49 ppm, known to be H7, which in turn had a long
range interaction with C5 at 8 140.6 ppm. The signal due to H3 was shown to be at &
4.73 ppm from an NOE interaction with H6, thus all the remaining signals could by

easily assigned by elimination and from the >C-'"H COSY experiment.
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1.2.5.2.  Synthesis and Characterisation of Polyphenylene 25

The tetra-ferrocenyl polyphenylene 25 was synthesised by the Diels-Alder [2+4]-
cycloaddition reaction between 15 and 24 at 190 °C in a benzophenone melt. The
yield for this reaction (18 %) was very poor in comparison to other reactions of this

type mentioned thus far.

24

Scheme 20: Diels-Alder [2+4]-cycloaddition reaction yielding polyphenylene 25.
(i) benzophenone, 190°C, 18 h (18%,).

In Figure 11 the full proton NMR spectrum of 25 can be seen and is simplified by the
presence of a C, axis of symmetry. The characteristic AA’XX" splitting pattern for
the two aromatic protons (H6 and H7) at 6 7.06 and 6.83 ppm, with a coupling
constant of 8.0 Hz is clearly observed. At & 6.14 ppm the doublet corresponding to
H12 can be seen which is coupled via a *Jy;; coupling to the H14 triplet at 8 6.02 ppm,
with a coupling constant of 2.0 Hz. Protons of the substituted ferrocenyl
cyclopentadienyl rings (H2 and H3) at & 4.54 and 4.23 ppm as well as the ten
unsubstituted cyclopentadienyl ferrocene protons (H1) at 8 3.91 ppm are also
observed. There is one further singlet at & 3.48 ppm which is attributed to the twelve

protons of the four equivalent methoxy groups (H15).
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Figure 11: 'H NMR spectrum of the aromatic and ferrocenyl region of polyphenylene
25. (C,D,Cly, 60 °C, 400 MHz).

1.2.5.3.  Synthesis and Characterisation of 2,3,4,5-tetra-(4-
ferrocenyl-phenyl)cyclopenta-2,4-dienone (29)

In order to complete the series of these ferrocene containing polyphenylene systems
with both nitrogen atoms and methoxy groups it was decided to synthesise the novel
tetra-ferrocenyl containing cyclopentadienone 29. This was synthesised in eight steps
(including the four steps required to synthesise 13, discussed earlier) as shown in

Scheme 21.
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Scheme 21: The total synthesis of compound 29 starting from ferrocene (i)
H>SO/H>0, sodium nitrite, 4-aminobenzylalcohol, HCI, Cu powder, 24 h (31 %). (ii)
PBr;, CH>CI,, 0°C, 30 min (94 %). (iii) Ca(OH),, Buy,N(HSO,), Fe(CO)s,
CH>CIy/H>0, 6 h (38 %). (iv) KOH, EtOH, reflux, 18 h (63 %).

The synthesis of 27 and the hydroxymethyl-substituted ferrocene 26 have been
reported in the literature. The synthesis of 26 by Roth er al.** was achieved by the
reduction of the corresponding ester. The treatment of this benzyl alcohol with PPhs

and CBr; in diethylether yielded 27 in 46 % yield.*'

The synthesis of 26 and 27 was improved by generating 26 from ferrocene. Therefore
26 was synthesised by diazotization in 31 % yield in one step as opposed to the two
steps reported elsewhere. The bromination was done using phosphorous tribromide in

dichloromethane and yielded 27 in quantitative yield.
The novel di-ferrocenyl containing 1,3-diaryl-2-propanone 28 was prepared from 27

using iron pentacarbonyl in a biphasic system in 58 % yield. The product was fully

was characterised by "H and *C NMR spectroscopy as well as mass spectrometry.
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The proton NMR spectrum of 28 can be seen in Figure 12, and it shows the expected
number and types of signals. The most downfield signals are attributed to the
aromatic protons H6 and H7 at & 7.45 and 7.11 ppm yielding the characteristic
AA’XX’ splitting pattern, with a coupling constant of 8.0 Hz. Protons of the
substituted ferrocenyl cyclopentadienyl rings (H2 and H3) at 6 4.65 and 4.34 ppm as
well as the ten unsubstituted cyclopentadienyl ferrocene protons (H1) at 6 4.07 ppm
are also observed. There is one further singlet at & 3.75 ppm which is attributed to the
benzylic proton H9. The full *C NMR spectrum can be seen in the experimental
section and contains the characteristic downfield carbonyl carbon (C10) signal at 6
205.5 ppm as well as the expected number of aromatic, ferrocenyl and benzylic CHs

and the expected number of quaternary carbons.

H1
| \
2 :
< | @) J
Fe 4\546\7 , Fe |
o KA O
1 Ry ers
: | Ho

H6/7\ ¢ ’H6/7 | l
L)l
I \“ i

s 70 65 6.0 555 50 45 4.0 35
(ppm

Figure 12: 'H NMR spectrum of the aromatic and ferrocenyl region of the 1 ,3-diaryl-
2-propanone 28 (CDClIs;, RT, 400 MHz).

The two-fold Knoevenagel condensation between 28 and the di-ferrocenyl 1,2-diaryl-
1,2-diketone 13 (Scheme 21) in an ethanolic potassium hydroxide solution yielded the
tetra-ferrocenyl containing cyclopentadienone 29 as a purple solid in 63 % yield.
Compound 29 was characterised by 'H and >C NMR spectroscopy, and was found to

be quite unstable as a solid and particularly unstable in solution.

The proton NMR spectrum of the tetraphenyl cyclopentadienone 29 can be seen in
Figure 13. In the aromatic region two AA’XX’ systems can be clearly observed
attributed to the two different phenyl ring environments. A 'H-'"H COSY experiment
made it was possible to assign which protons are coupled to each other in the two

separate spin systems but not to determine which was which. The protons at & 7.39
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and 7.30 ppm are shown to make up one aromatic spin system whilst those at 6 7.34
and 6.94 ppm make up the other. In the ferrocenyl region, the four different sets of
protons of the substituted ferrocenyl cyclopentadienyl rings can be seen clearly as
four distinct pseudo-triplets at d 4.67, 4.64, 4.35 and 4.33 ppm all with small coupling
constants of 2.0 Hz. As well as these four ferrocenyl tripltets, two singlets
corresponding to the two different unsubstituted cyclopentadienyl ferrocene proton

environments are observed at 8 4.05 and 4.04 ppm.
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Figure 13: "H NMR spectrum of 29 (CDCl;, RT, 600 MHz).

1.2.5.4. Synthesis and Characterisation of Polyphenylene 30

The N-doped tetra-ferrocenyl polyphenylene 30 was synthesised by the Diels-Alder
[2+4]-cycloaddition reaction between 18 and 29 at 200 °C in a benzophenone melt.
The desired product was purified by column chromatography as an orange crystalline
solid in 54 % yield.

Scheme 22: The synthesis of the N-doped tetra-ferrocenyl polyphenylene 30. (i)
benzophenone, 200 °C, 18 h (54 %)
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30 as can be seen in Figure 14 has a C, axis of symmetry. The two most downfield
signals integrate 2:4, respectively, in the '"H NMR spectrum and were assigned as the
protons of the pyrimidine ring. The signal at 3 8.81 ppm is due to the resonance of
H22, located between the two electron-withdrawing nitrogen atoms. The assignment
of the other proton of the pyrimidine ring H21 to the signal at 6 8.32 ppm is key to the
full assignment of the 'H spectrum. The remaining aromatic signals are represented
by four doublets. An NOE on H21 shows an interaction with a proton at § 6.78 ppm
which is thus identified as due to H12. This from the '"H-'"H COSY experiment is
coupled to H13 at 6 7.07 ppm.
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Figure 14: The 'H NMR of 30 (CDCls, RT, 600 MHz).
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A long-range HMBC allowed all the other proton signals to be assigned along with

their associated "°C signals (Table 2).

421 C2 84.2 (C4)

426 Cl17 83.6 (C15)

4.48 €3

4.53 Cl6

6.78 €12 141.5 (C10), 137.5 (C14)
6.81 c7 136.7 (C5), 142.4 (C9)
7.07 Cé6 84.2 (C4), 136.9 (C8)
7.12 C13 83.6 (C15), 136.04(C11)
8.32 c21 133.1 (C19), 133.9 (C20)
8.81 C22 133.9 (C20)

Table 2: Assignment of the "C signals for compound 30 by HMBC experiment.

1.2.6. Hexa-ferrocenyl Containing Polyphenylene

1.2.6.1.  Synthesis and Characterisation of hexa(4-
ferrocenylphenyl)benzene (31)

With the two tetra-ferrocenyl polyphenylenes 25 and 30 synthesised the next logical
step was to try and synthesise a hexa-ferrocenyl polyphenylene in order to complete a
series of ferrocene containing polyphenylene compounds ranging from one to six
ferrocene units. This could be done in one of two ways. Firstly the tetra-ferrocenyl
cyclopentadienone (29) could be reacted in a Diels-Alder [2+4]-cycloaddition
reaction with 24 yielding 31. This was not done since in the synthesis of 25 it was
seen that 24 does not yield Diels-Alder products in comparable yields to those

obtained with non-ferrocene containing acetylenes.

A more efficient route toward the synthesis of 31 was via the cyclotrimerisation of 24.
When acetylene 24 was reacted with a catalytic amount of cobalt octacarbonyl in
refluxing dioxane the hexa-ferrocenyl polyphenylene compound 31 was indeed

synthesised in 25 % yield. As with the synthesis of 24, 31 was also synthesised
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independently and simultaneously by Rathore er al.*® They did not report any

attempted cyclodehydrogenation however.

Scheme 23: Cyclotrimerisation of 24 yielding the hexa-ferrocenyl polyphenylene 31.
(i) Cox(CO)s, dioxane, reflux, 3 h (25 %).

The 'H and "*C NMR spectra of compound 31 can be seen in Figure 15. The high
degree of symmetry within the molecule yields only five signals in the proton
spectrum. The most downfield signals are attributed to the aromatic protons H6 and
H7 at 8 7.07 and 6.84 ppm yielding the characteristic AA’XX"’ splitting pattern, with a
coupling constant of 8.0 Hz. Protons of the substituted ferrocenyl cyclopentadienyl
rings (H2 and H3) at 8 4.51 and 4.20 ppm as well as the ten unsubstituted

cyclopentadienyl ferrocene protons (H1) at & 3.94 ppm are also observed.
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Figure 15: The 'H NMR (600 MHz) and the >C NMR (150 MHz) spectra of the
aromatic and ferrocenyl region of 31 (CDCl3, RT).

The quaternary aromatic carbons C5, C8 and C9 can be seen at 6 139.8, 138.1 and

135.3 ppm, and are the most downfield carbon signals in the >C NMR spectrum. The

aromatic CHs C6 and C7 appear at 8 131.4 and 123.5 ppm. The quaternary ferrocenyl

C4 is seen at & 84.0 ppm at a very similar chemical shift to the quaternary ferrocenyl

carbon in 24. The main difference between the carbon spectra of 24 and 31 is the

disappearance of the acetylene carbon signal at 6 89.5 present in 24 and the

appearance of a new aromatic quaternary carbon, indicating that cyclotrimerisation

has indeed occurred. These values concur with the values reported in the literature.”®
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1.2.7. Cyclodehydrogenation of Ferrocenyl Polyphenylenes

The attempted cyclodehydrogenation of compounds 3, 8, 9, 19, 25, 30 and 31 proved
unsuccessful. It was shown that after the attempted cyclodehydrogenation of 8 and 9
all that was recovered after work-up was un-characteriseable black material, and no
starting material, most probable was that complete decomposition of 8 and 9 had
taken place. However in the cases of compounds 19, 25, 30 and 31 no decomposition
was observed and only starting material was recovered. This will be discussed fully

in the discussion of the UV-vis spectra of these compounds in section 1.2.10.

1.2.8. Synthesis of ferrocenyl-HBC

1.2.8.1.  Synthesis and Characterisation of iodo-polyphenylene (37)

Due to the unsuccessful cyclodehydrogenation of the ferrocene  containing
polyphenylenes 3, 8, 9, 19, 25, 30 and 31 a change of tactic was required if a large
PAH will ferrocene on the periphery was going to by synthesised. Miillen er al.*® %
have shown that halogen atoms incorporated into PAH are labile enough to undergo
palladium catalysed coupling reactions. It was decided to undertake the synthesis of
iodo containing HBC which once cyclised should yield a site where the ferrocene

moiety could be introduced.

The halogenated PAHs synthesised by Miillen er al. have been shown to be very
insoluble, requiring a mixture of CS; and chloroform even for analysis by NMR
spectroscopy. In order to avoid any future solubility problems after
cyclodehydrogenation the fert-butyl substituted cyclopentadienone was synthesised as
the diene for the Diels-Alder reaction with the iodo containing acetylene. The 1,2-
diaryl-1,2-diketone synthesis by Muller-Westerhoff,** and the synthesis of 1,3-diaryl-

43-45

2-propanones, based on the synthesis of des Abbayes, permit the formation of

alkyl-substituted cyclopentadienones (Scheme 24).
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Scheme 24: The synthesis of tert-butyl substituted tetraphenylcyclopentadienone 35.

(i) n-BulLi, THF, -78 °C, 90 min. (ii) DMPD (32), THF, -78 °C—RT, 4 h (45 %). (iii)

Ca(OH); Bus;N(HSOy), Fe(CO)s, CH:Cly/H>0, 5 h (67 %). (iv) KOH, EtOH, 25 min
(62 %).

Treatment of 4-fert-butyl-bromobenzene with n-butyllithium at -78 °C, followed by
addition of DMPD afforded the 1,2-diaryl-1,2-diketone, (33) in 45 % yield as a white
crystalline solid. 4-fert-butyl-bromobenzylbromide was converted to the 1,3-diaryl-2-
propanone (34), using iron pentacarbonyl in a biphasic system. The two-fold
Knoevenagel condensation of 33 and 34 in refluxing ethanol with potassium
hydroxide, yielded the cyclopentadienone building block 35 as a dark red/purple solid
in 62 % yield.

Central to this work is the introduction of a halogen atom into a polyphenylene
precursor. It made logical sense to introduce the halogen into the acetylene. The iron
pentacarbonyl method for the synthesis of 1,3-diaryl-2-propanone is generally
restricted to symmetric molecules although some work has been done on asymmetric
1,2-diaryl-2-propanones.*® The same is true of the 1,2-diaryl-1,2-diketone synthesis,

in that only symmetric diketones are synthesised via lithiation and reaction with
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DMPD, however mixed diketones can be synthesised via a mixed benzoin

condensation.?’

Therefore the halogen was incorporated into the acetylene in one step. 4-tert-butyl
phenylacetylene was coupled with 1,4-diodobenzene in a Sonogashira coupling
reaction which yielded 36 as an yellow-white crystalline solid in 65 % yield. The
Diels-Alder [2 + 4]-cycloaddition reaction between 35 and 36 yielded 37 as a white

crystalline solid in 63 % yield with the evolution of carbon monoxide."

-’_< —=—H * 1) L+H = Q)

( :
OOO O L0

OOO D

37 35

4

Scheme 25: The synthesis of 36 via a Sonogashira coupling reaction, followed by

Diels-Alder [2+ 4]-cycloaddition, yielding the polyphenylene 37. (i) PdCI>(PPh3),

Cul, THF, diisopropylamine, RT, 18 h (65 %) (ii) diphenyl ether, 280 °C, 18 h (63

9).13

Compound 37 contains a C, axis of symmetry. The 'H NMR spectrum of 37 (Figure
16) consists of eight aromatic doublets some of which are overlapping, and full
assignment of the '"H NMR spectrum was more problematic as a result. The aromatic
signals due to the iodo-phenyl group are the most distinguishable since H2 at 6 7.18
ppm is the most downfield signal and H3 at 8 6.60 ppm is the most upfield aromatic
signal. The coupling constant between H2 and H3 is 8.0 Hz and they both integrate as
expected for 2. The remaining signals integrate to 20 aromatic protons corresponding
to H5-H10. HS, H7 and H9 i.e. the protons which are closest to the central phenyl
ring are the most upfield in their respective spin systems whereas the protons H6, H8
and H10, which are at the periphery are the most downfield."”> The five rers-butyl

groups represent a total of 45 protons and the C, symmetry should translate to three
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non-equivalent proton environments for the tert-butyl protons. However in the 'H
spectrum of 37 there are just two singlets corresponding to the fert-butyl groups. A
singlet at & 1.15 ppm that integrates to 18 protons and a singlet at 6 1.12 pm that
integrates to 27 protons, due to the overlapping of the fert-butyl protons labelled H11
and H12.

| H11+12
H5 + 9

s H10

H6 |

H2

72 7.0 6.8 6.6 6.4 6.2 6.0
(ppm)

Figure 16: The 'H NMR spectrum for 37, with the aromatic region and the aliphatic
region highlighted (CDCI;, RT, 600 MHz).

The carbon NMR spectrum of 37 shows the expected number of signals, 20 non-
equivalent aromatic carbon atoms (eight aromatic CHs and twelve quaternary), in
addition to the carbon signals of the zert-butyl groups. The most upfield signal was
observed at & 90.4 ppm corresponding to the quaternary signal at C1, adjacent to the

iodine group.

1.2.8.2. Cyclodehydrogenation and Characterisation of iodo-HBC
(38)

Subsequent cyclodehydrogenation of 37 with iron(III) chloride yielded the iodo-HBC
38, as a yellow/orange solid in 85 % yield after purification by column
chromatography on silica eluting with hexane:dichloromethane (4:1). The presence of

five tert-butyl groups as well as the large iodine atom makes 38 readily soluble even
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in hexane. The excellent yield reflects the Scholl mechanism since for all-carbon

HBCs there is no accumulation of partially cyclised products.'’

Scheme 26: Synthesis of iodo-HBC 38. (i) FeCl;, CH;:NO>, CH>CI,, RT, 45 min
(85 %)."°
The 'H NMR spectrum of 38 consists of six well defined singlets in the aromatic
region due to the presence of a C, axis of symmetry in the molecule. Figure 17 shows
that these signals are shifted downfield when compared to the aromatic protons in the
uncyclised precursor 37, due to the enhanced aromaticity and electron delocalisation
of the HBC platform. As well as this, the signals due to the fers-butyl groups in 38 are
better separated than they were in the uncyclised precursor 37, appearing this time as
three distinct singlets. These signals were assigned using long range 'H-'H COSY
experiments and NOE experiments. The tert-butyl group labelled H7 was readily
assigned which then allowed for the assignment of H6 using an NOE experiment. A
TOCSY (long-range 'H-'"H COSY) experiment then allowed observation of the long
range interactions between protons on adjacent rings, and the full assignment of the

aromatic protons as well as the fert-butyl protons."

The carbon NMR spectrum of 38 shows the expected number of signals, 23 non-

equivalent aromatic carbon atoms (6 aromatic CHs and 17 quaternary), in addition to

the carbon signals of the fers-butyl groups.
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Figure 17: The aromatic and aliphatic regions of the 'H NMR spectrum for 38,
(CDCl3, RT, 600 MHz).

1.2.8.3.  Synthesis of ferrocenyl-HBC

The iodo-HBC now synthesised provided an excellent platform to try and introduce
the ferrocene moiety onto the periphery of the PAH. Many reactions could have been
employed here such as Stille coupling or Suzuki coupling. However the ferrocene
moiety is an electron donating group whereas the PAH with its extended delocalised
m-system is electron accepting. For good electronic communication between the
donating ferrocene and the electron accepting PAH there needs to be conjugation

between the two groups.

Alkynes are reactive building blocks for organic and organometallic synthesis. There
has been huge interest recently in ferrocenylacetylenes as they offer a wide range of
potential application in NLO, catalysis, as models of charge transfer and in the
synthesis of more complex molecules with well-defined magnetic and electronic

. 8
properties.’* 474

So it was thought that ethylylferrocene (40) would be an excellent candidate.
Ferrocene itself could be introduced from ferroceneboronic acid to the PAH via a
Suzuki type reaction but the ferrocene would be free to rotate around the ferrocenyl-

PAH bond which would effect detrimentally the communication between the two
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groups. Ethynylferrocene on the other hand has a triple bond which can act as an

excellent electronic bridge between the ferrocene and the PAH.

Since ethynylferrocene is a common starting material for more complicated molecules
incorporating acetylene units, its synthesis has been widely investigated. It can be
synthesised via the Rosenblum method,”® ** which involves treating acetylferrocene
with an excess of phosphorous oxychloride and DMF to give the (a-chloro, B-
formyl)ferrocene which can then be converted to ethynylferrocene by heating in a

basic aqueous solution. However it can also be synthesised as shown in Scheme 27.

0
?—{H (i) ?&m iy == H
e —>© Br —> Fe
39 40

Scheme 27 The synthesis of ethynylferrocene (40). (i) PPhs, CBr, CH>CL, 0°C, 15
min (93 %). (ii) n-BuLi, THF, -78 °“C—RT, 2 h (83 %).

The reaction of ferrocenecarboxaldehyde with triphenylphosphine and carbon

tetrabromide in a Wittig type reaction, yielded the dibromoolefin (39) in almost

quantitative yield, as a brown solid. Treatment of 39 with two equivalents of n-

butyllithium in THF at -78 °C, followed by recrystallisation from hexane yielded

ethynylferrocene (40) as orange needles again in high yield (83 %).%

HBCs have been shown to be very difficult to purify, not only because of their
insolubility but because HBCs tend to streak on a column. More than one HBC
present usually results in a inseparable mixture even if they contain very different
peripheral functional groups.”®  Coupling between 38 and 40 needed to be
quantitative. In the Sonogashira coupling of 38 and 40 Pd(PPh;),; was employed as a
catalyst as opposed to Pd(PPh3),Cl,/Cul to avoid homocoupling previously observed
in the synthesis of 24. Secondly, the reaction was heated to 70 °C for 18 hours,
usually Sonogashira couplings on iodo-substrates are carried out at room temperature

or below. Thirdly an excess of 40 was used.
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Scheme 28: The synthesis of 41 via Sonogashira coupling. (i) Pd(PPhj3),,
Et;N/toluene (1/2), 70°C, 18 h (77%).

With all these precautions orange/red microcrystalline ferrocenyl-HBC 41 was
successfully synthesised as the sole product in 77 %. It was purified by column
chromatography and further purified by being extracted into chloroform and

recrystallised from cold methanol.

1.2.8.4. NMR Characterisation of ferrocenyl-HBC

The 'H NMR spectrum of 41 consists of six well-defined singlets in the aromatic
region due a C, axis of symmetry rendering half the protons magnetically equivalent.
The ferrocenyl region exhibits the expected three signals corresponding to the two
non-equivalent proton environments of the substituted cyclopentadienyl ring and the
one environment of the unsubstituted cyclopentadienyl ring. In the aliphatic region
the three distinct methyl signals are clearly visible, integrating in the correct 1:2:2

ratio.
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Figure 18: The 'H NMR spectrum of 41 with the aromatic region, ferrocenyl region
and the aliphatic region expanded (CDCl;, RT, 600 MHz).
The tert-butyl group labelled H13 at & 1.98 ppm was easily assigned which then
allowed for the assignment of H12 using an NOE experiment. A TOCSY (long-range
'H-'"H COSY) experiment then allowed observation of the long range interactions
between protons on adjacent rings, and full assignment of the aromatic and fert-butyl

protons.

The DEPT experiment in Figure 19 shows the aromatic CH signals of 41. The full
'3C NMR spectrum shows the expected 18 quaternary carbon carbons as well as the

acetylene and ferrocenyl carbon signals.
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Figure 19: The >C DEPT spectrum of 41 showing the assignment of the aromatic
CHs (CDCl3, RT, 600 MHz).
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A HMBC experiment allowed all these signals to be assigned as well as confirming
the assignments of the aromatic protons, discussed earlier. The *C NMR spectrum
contains the two methyl carbon signals corresponding to the three rerr-butyl groups
with C13 and C14 overlapping. The ferrocenyl proton H3 at § 4.85 ppm was readily
assigned since it had a three bond interaction with C5 at 6 89.2, the other acetylene
carbon at 6 87.4 ppm (C6) was shown to have a three bond interaction with H7 as
expected. The quaternary ferrocenyl carbon (C4) at 6 91.5 ppm was assigned from its

three bond interaction with H2 at & 4.46 ppm.

1.2.8.5. NMR Concentration Dependence of Ferrocenyl-HBC (41)

It has been well-documented that aromatic groups prefer to associate in either an
edge-to-edge or a face-to-face orientation.”’ Face-to-face or m-m stacking interactions
have been the subject of a number of investigations.”' ™ These studies have addressed
the role of molecular geometry™> * and electrostatic factors in promoting aromatic
association.”*>’” Desiraju and Gavezzotti proposed that the packing of PAHs in solids

52,33 Their model does correlate the molecular

is dictated by the molecular shape.
shape and packing mode for a number of PAHs, but it does not take into consideration

the electrostatic factors due to substituents, which are also known to be important.

Substituents strongly influence m-m stacking tendencies, though these effects cannot
always be explained in terms of intuitive donor-acceptor concepts. This is illustrated
by the surprisingly high association constant of complexes of 1, 3, 5-trinitrobenzene
with aromatic substrates having strong electron withdrawing groups.” Donor-
acceptor concepts also fail to explain why aromatic hydrocarbons associate strongly

with aromatic fluorocarbons in a face-to-face orientation.

It is apparent from Figure 20 that the chemical shifts of the aromatic protons of 41 are
very dependent on concentration, especially protons H7, H8 and H9, which are closest
to the ferrocene moiety. At ambient temperature in chloroform the chemical shift for
H7 varied greatly. At a concentration of 7.40 mmol dm™ H7 has a chemical shift of
8.90 ppm whereas at 0.06 mmol dm™ the same proton has a chemical shift of 5 9.19

ppm. This suggests that 41 self-associates in chloroform solutions.
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Figure 20: The concentration dependence of the 'H NMR aromatic signals of
compound 41 (CDCls, RT, 600 MHz), (i) 0.06 mmol dm™, (ii) 0.12 mmol dm>, (iii)
0.23 mmol dm, (iv) 0.46 mmol dm™, (v) 0.93 mmol dm™, (vi) 1.85 mmol dm™, (vii)

3.70 mmol dm, (viii) 7.40 mmol dm”.

Figure 21 also demonstrates in a graphical manner how the chemical shifts of protons
H7-H12 are dependent on concentration, and that the three protons of the HBC
platform closest to the ferrocene moiety (H7-H9) are most affected. Although there
are significant shifts in all the aromatic protons, the signals due to the tert-butyl

groups and the ferrocenyl signals remained relatively unchanged.

It has been shown by Moore ef al.*® that acetylene groups can form n-7 interactions
with PAHs and macrocycles. The greatest overlap of © orbitals in the molecule will
be in the region closest to the electron donating ferrocene since it is here that the =
orbitals due to the PAH and the acetylene are to be found. The movement of the
proton signals in the '"H NMR would suggest that these are located in the region of

greatest intermolecular overlap in the aggregated molecular system.
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Figure 21: Plot showing the concentration dependence on the chemical shifts of the
aromatic protons in compound 41, (i) H12, (ii) H1 1, (iii) H10, (iv) H9, (v) HS, (vi)
H7. '

In order to understand the nature of this aggregation more fully an X-ray crystal
structure is required since it would show how these molecules are stacking in the solid
state. To date repeated attempts to grow crystals suitable for X-ray crystallographic

analysis have proved unsuccessful.

1.2.9. Spectral Comparisons of Derivatives

Table 3 summarises the main spectroscopic data for the ferrocene containing
polyphenylenes synthesised during the course of this work. In all cases, mass spectra
were obtained by electro-spray ionisation (ESI) or MALDI-TOF spectrometry. Under
these conditions a single peak corresponding to the [M]" ion was obtained for each

complex except for 31..
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742.2297 - 3.68,3.78,3.94,4.11,
9 1098.3873 --- 3.19,3.43
19 1026.2560 3.89 4.26,4.55
25 1390.2739 3.91 4.23,4.54
30 1274.2003 3:91,.3192 421,4.26,4.48,4.53
31 ---¥ 3.94 4.20,4.51
41 1010.4509 4.50 4.46,4.85

Table 3: Spectroscopic data for complexes 8, 9, 19, 25, 30, 31 and 41, ---* accurate
mass not obtained, complex not observed in ESI-MS nor MALDI-TOF MS.

All the ortho- and meta- protons of the substituted cyciopentadienyl rings should
appear as pseudo-triplets, corresponding to the AA’BB’ system, but some appear as
singlets, due to broadening caused by steric constraints about the substituted

cyclopentadienyl ring.

The table highlights the electron withdrawing effect of the fully cyclised PAH
platform. It can be seen in Table 3 that the substituted cyclopentadienyl protons of 41
are the most downfield in the series at & 4.46 and 4.85. This is due to the electron

withdrawing effect of the PAH facilitated by the conjugated acetylene linker.

1.2.10. UV-visible Absorption Spectroscopy

It has been shown in past studies of the electronic absorption spectra of ferrocene and
substituted ferrocenes that in ferrocene the metal centred d,> orbital is generally the
HOMO, and the combination of the dy, and dy, is the LUMO.% ¢! The absorption
around A 440 nm in ferrocene is thus assigned as the lE1g<—1A1g ligand field (LF)
transition and the higher energy band at around A 325 nm as the 1E2g<—1A1g LF
transition. Substitution of the cyclopentadienyl ring with conjugated acceptor groups
is generally followed by drastic changes in the absorption spectrum.sg’ Sl )
otherwise known as “d-d” transitions, correspond to electronic transitions between the
d-orbitals on the metal. Organometallics are highly covalent, so these metal centred

d-orbitals actually have considerable ligand character and since they are involved in
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metal-ligand bonding, the electronic transitions involving d-orbitals are sensitive to

ligand binding.** ®'

The electronic absorption spectra of the non-ferrocene containing PAH (3) and all the
ferrocene containing compounds, 8, 9, 19, 25, 30, 31 and 41 were recorded in toluene
and the data is presented in Table 4. Excluding 41, each of the ferrocenyl containing
compounds displays two or three prominent absorption bands in the region A 300-460
nm. Similar to other ferrocenyl compounds, they exhibit a weak low energy band
attributable to the d-d transition arising from the ferrocene moiety. These broad, low

energy features account for the orange to red colours of these compounds.

Fc 326 (0.05) 441 (0.1)
3 330 (sh) (28.1), 344 (77.7), 362 (181.1),
391 (70.5)
8 358 (3.1) 460 (0.7)
9 300 (19.6), 359 (3.7) 464 (1.0)
19 354 (12.1) 436 (2.6)
25 350 (sh) (1.7) 445 (0.3)
30 355 (12.6) 445 (2.8)
31 353 (sh) (4.4) 445 (0.7)
41 334 (sh) (27.3), 350 (61.7), 366 (138.7), ca. 440
396 (50.7), 414 (19.0)

Table 4: The UV-vis data for ferrocene,PAH-3 and the ferrocenyl compounds 8, 9, 19,
25, 30, 31 and 41, all in toluene.

In Figure 22 the normalised UV-vis spectra of ferrocene, 8, 9, 19, 25, 30, 31 and 41
are superimposed. In the ferrocene spectrum there is a very weak feature at around
440 nm. The ferrocene derivatives also display this typical ferrocenyl transition in the
visible region, at about A 450 nm, although as can be seen in Figure 22 the ferrocene

transition varies in the range A 436-464 nm.
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Figure 22: The UV-vis absorption spectra of the ferrocenyl complexes, (i) 8, (ii) 9,
(iii) 19, (iv) 25, (v) 30 (vi) 31 and (vii) ferrocene for compression, all recorded in
toluene.

Attempts to cyclodehydrogenate 8 and 9 had proved unsuccessful, due most probably
to their complete decomposition. It has been proposed that the mechanism for
cyclodehydrogenation is an oxidative cationic mechanism under Lewis acid
conditions. These conditions may prove problematic for some ferrocene-containing
polyphenylenes. Investigations into the oxidation of substituted ferrocenes with air in
acidic solutions have been carried out.>*®* It has been reported that the rate of the
oxidation is influenced by the availability of a protonation site at the metal centre.
Greater reactivity is accounted for by a specific, tilted conformation of the two
cyclopentadienyl rings. The acidic and oxidative conditions of the
cyclodehydrogenation reaction is likely to cause some decomposition of those

ferrocene compounds with very tilted cyclopentadienyl rings.

It has been shown that the basicity of the iron atom in both 8 and 9 would be expected
to be high because of the inclination of the cyclopentadienyl rings and thus
protonation at the iron centre would be accelerated.®” In addition it has been shown in
the literature and in work already done within the group®* that there is a correlation
between the degree of tilt of the ferrocene cyclopentadienyl rings (and thus the
likelihood of cyclodehydrogenation) and the wavelength of the ferrocenyl absorption
band, which is normally around Amax = 450 nm. If the band appears at wavelengths

greater than 450 nm then there is significant tilt between the cyclopentadienyl rings.

54



Chapter 1

The ferrocenyl absorptions in 8 and 9 are at A 460 nm and 464 nm respectively. This
implies that the cyclopentadienyl rings are indeed significantly tilted and this could be
the reason why under the conditions of cyclodehydrogenation acid attack at the metal
centre results in decomposition. Single X-ray crystallography would provide valuable
information to determine whether the postulate is valid, however attempts to grow

crystals of 8 and 9, using a range of solvents have been unsuccessful.

The cyclopentadienyl rings in compounds 19, 25, 30 and 31 appear to be less tilted
since their d-d transitions occur at A 436, 445, 445 and 445 nm respectively. No
cyclodehydrogenation is observed but the compounds do not undergo decomposition.
It is postulated that cyclodehydrogenation can follow either an arenium cation or
radical cation mechanism. All the work done to date regarding cyclodehydrogenation
on purely aromatic compounds, conclude that any radicals formed are on the phenyl
rings leading to cyclodehydrogenation. With compounds 19, 25, 30 and 31 any
radical formed could be located on one of the cyclopentadienyl rings of the ferrocene.
Hence when the reaction is quenched by the addition of methanol the radical is

protonated and the starting material is recovered.

When the ferrocene moiety is connected to a fully cyclised platform there is a
dramatic change in the UV-vis spectra, a much more structured spectra is observed.
In Figure 23 the normalized UV-vis spectra for compounds 3, 38, 40 and 41 have

been superimposed.
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Figure 23: The UV-vis absorption spectra of, (i) 3, (ii) 38, (iii) 40 and (iv) 41, all
recorded in toluene.

The first thing to note from Figure 23, is how similar the spectra of 3 and 38 are, it
seems that replacing one of the tert-butyl groups with an iodine has no effect on the
photophysical properties of the PAH. The UV-vis spectrum of 41 is very different to
all the other non-cyclised polyphenylene compounds, since it has four intense features
in the region A 350-450 nm. The broad signature of the ferrocene d-d transition has
mostly vanished and instead only a small shoulder at around A 440 nm occurs. In
addition 41 is highly absorbing between 300 and 450 nm, in general the spectrum of
41 is dominated by m—n* absorption bands with high absorption coefficients (Table

4), and is reminiscent of spectra obtained for PAH derivatives 3 and 38.*

The UV-vis spectra of 41 and 3 have an extremely similar shape and all the Apmax
values are only slightly red-shifted in 41. Both spectra shown three types of bands (a,
B and p), which are typical of aromatic hydrocarbons. The B-band appears at A 366
nm and corresponds to the electronic interaction between the benzoid rings of the
PAH. A red-shift in these bands is a consequence of increasing the electronic
interaction, for example by extending the n—system, which is what has happened in 41
since conjugation between the PAH platform and the ferrocene moiety via the

acetylene linker has indeed extended the m—system. The p-bands appear at A 396 nm
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for 41, which is a red shift of 5 nm compared to 3, and this band involves the

localization of the m-electrons in the excited state.

The extremely weak a-band at A 405 nm for 3, is assigned as the 0-0 transition, which
is strictly forbidden in the D, symmetry, compound 41 on the other hand has a much
more intense 0-0 transition (a-band) due to the further lifting of molecular symmetry
to Cy. Thus the red-shifted band at A 414 nm is assigned to the 0-0, '(n, *)

transition, with enhanced molar absorptivity when compared to 3.**

Therefore comparison of the spectral properties of 41 and 3 serves as further evidence

that the ferrocene acetylene 40 was successfully coupled to the PAH platform.

1.2.11. Electrochemistry

Ferrocene/ferrocenium itself represents a strictly reversible one-electron redox
couple.’’” In the case of some ferrocenium derivatives however, reversibility may be
significantly lowered by the subsequent decomposition of the electrogenerated
ferrocenium species. The ferrocene substituent may also be regarded as a redox
active probe on a molecular level, since following the ferrocene/ferrocenium redox
potentials offers a unique opportunity to detect alterations in the electronic structure
of the ferrocene derived molecules, as well as in the nature of the metal-n-ligand
bonding. This provides information about the changes of electron density distribution

and HOMO energies in a series of related compounds.**

Table 5 compares the electropotential of the [Fc/Fc'] redox couple in compounds 3, 8,
9, 19, 25, 30, 31 and 41 by cyclic voltammetry (CV), in dichloromethane (0.1 M
(TBA)PFs as electrolyte). Under the applied experimental conditions, all the
compounds studied exhibited a fully reversible one-electron oxidation attributable to

the ferrocene/ferrocenium couple.
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8 0.54
9 0.35
19 0.50
25 0.45
30 0.54
31 0.54
41 0.65

Table 5: Electrochemical data for complexes 8, 9, 19, 25, 30, 31 and 41, measured
against ferrocene. Supporting electrolyte: (TBA)PFs (O.1 M) in CHCl; platinum
working electrode, platinum wire auxiliary electrode, Ag/AgClI reference electrode,
100 mV s scan rate, measured for 1 mmol solutions.
All potentials are quoted together with the [Fc/Fc'] couple, which had a potential 0.51
V vs the Ag/AgCl reference electrode used for this work. Although all the ferrocenyl
compounds show a reversible one-electron oxidation, it is interesting to note that the

redox potentials of the ferrocene units show a broad range of values, from 0.35 to 0.65

V, caused by altering the substituent on the ferrocene cyclopentadienyl ring.

As can be seen from Table 5, the redox potentials for compounds 8, 19, 25, 30 and 31
all lie within the range E° 0.50 to 0.54 V, which is very similar to that for the
ferrocene standard (0.51 V), which indicates that the ferrocene environments in these

compounds have not been greatly altered.

However compounds 9 and 41 show deviations from these values, all be it in opposite
directions. Compound 9 shows a significant cathodic shift (less positive shift) of 160
mV. The relatively low value for the ferrocene oxidation indicates that the ferrocenyl
species is electron rich, and the ease in oxidation could be attributed to the electron
donating ability of the two polyphenylene systems, stabilising the oxidised form with

respect to ferrocene itself.

The cyclic voltammogram of 41 exhibits a redox potential of E° = 0.65 V, which is an

anodic shift (by 140 mV) as compared to ferrocene itself and is shown in Figure 24.
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Figure 24: Cyclic voltammetric response of 1 mmol solution of; (i) ferrocene and (ii)
41. Supporting electrolyte: (TBA)PFs (0.1 M) in CH,Cl,; platinum working
electrode, platinum wire auxiliary electrode, Ag/AgCl reference electrode, 100 mV s™
scan rate.

This anodic shift is due to the electron-withdrawing effect of the fully cyclised
polyaromatic substituent, which is bound to the ferrocene moiety via the acetylene
linker. This makes the oxidation of the ferrocene unit in 41 thermodynamically more
difficult than all the other compounds shown in Table 5. The loss of electron density
from the ferrocenyl donor unit to the net electron-accepting polyaromatic moiety

therefore gives an anodically shifted oxidation wave.**

59



Chapter 1

1.3. Summary

In this chapter it has been shown that by the careful modification of already known
synthetic routes many ferrocenyl derivatives can be synthesised in excellent yields.
All the compounds have been comprehensively characterised by 'H, °C NMR, UV-
vis spectroscopes and mass spectrometry. The electrochemistry of these ferrocenyl
derivatives has also been investigated by cyclic voltammetry. Six novel ferrocenyl
polyphenylene derivatives 8, 9, 19, 25, 30 and 31 were prepared and characterised as
air-stable products. This work also led to the synthesis of 41 which is the largest PAH
ever reported with a conjugated ferrocene moiety on its periphery. Although this
work has shown that cyclodehydrogenation of polyphenylenes 8, 9, 19, 25, 30 and 31
was unsuccessful, it also details how it was possible to synthesise a halogenated PAH
and then attach a ferrocene moiety via Sonogashira coupling. Having proven the
formation of a model for an intercalated graphitic sheet, with a ferrocene moiety fully
conjugated with a PAH platform this project may have wide-reaching applications for

the future study and application of molecular materials.

The investigation of electrochemical and spectroscopic properties of these novel
compounds helped to understand their chemical reactivity. There were many
similarities in the absorption spectra of compounds 8, 9, 19, 25, 30 and 31, but the
main difference was shown to be in their ferrocenyl absorption. For 8 and 9 these
were at A 460 nm and 464 nm respectively, implying the presence of tilted
cyclopentadienyl rings, which exposed the metal centre to accelerated protonation
under the conditions of cyclodehydrogenation. Compounds 19, 25, 30 and 31 appear
to have less tilted cyclopentadienyl rings since their d-d transitions occur at A 436,
445, 445 and 445 nm respectively. No cyclodehydrogenation was observed for these
compounds probably because the radical cation formed is located on one of the
cyclopentadienyl rings of the ferrocene and simply protonated when the reaction is

quenched.

In general the absorption spectra of 41 is dominated by n—n* absorption bands, with
high absorption coefficients, corresponding to the PAH platform. The UV-vis spectra
of 41 and 3 are similar in shape and all the Amax values are only slightly red-shifted for

41. Both spectra show three types of bands (a, f and p), which are typical of PAHs.
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All the compounds exhibit the one-electron reversible oxidation wave associated with
the ferrocene/ferrocenium couple. The E° value is influenced by the electronic effects
of the substituent. The potential value for 41 is considerably more positive than all
the other compounds due to the electron-withdrawing effect of the fully cyclised
polyaromatic substituent, which is bound to the ferrocene moiety via the acetylene
linker. This makes the oxidation of the ferrocene unit in 41 thermodynamically more

difficult than all the other compounds.
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1.4. Future Work

Although the cyclisation of ferrocenyl polyphenylenes proved unsuccessful, the
methodology used to generate 41 could be used to synthesise a wide range of

ferrocenyl containing PAH compounds.

Conjugated organometallic systems that contain electronically coupled photo- and/or
redox-active sites across an unsaturated organic bridge are of considerable interest at
the moment.* Tremendous efforts have been devoted to the design and synthesis of
ferrocene based materials with m-conjugation.** Compounds of this type have been
shown to exhibit a variety of intriguing electronic optical, redox and structural

properties.®’

The NLO properties of compound 41 have yet to be investigated but are underway in
collaboration with Isabelle Ledoux at the Laboratoire de Photonique Quantique et
Moleculaire at Cachan. If the NLO results for 41 prove to be promising there are
other compounds that could be synthesised following the same synthetic methodology
that could lead to even better NLO properties. One possible idea is shown in Scheme
29 where by a PAH is synthesised with two different halogens arranged in a para
fashion which would be under total synthetic control. The key to the success of this
proposed scheme is in the synthesis of the di-halogenated 1,3-diaryl-2-propanone. In
all the work contained within this thesis all the 1,3-diaryl-2-propanones synthesised
have been symmetric in nature following literature protocols.** ** However in work
carried out by Hughes er al. it has been shown that unsymmetrical 1,3-diaryl-2-
propanones can be synthesised in good yields by slightly modifying the established

protocol.*
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Scheme 29: Possible synthetic route towards a PAH with two different halogens that
could lead to differential coupling reactions.

With the synthesis of the di-halogenated PAH achieved this compound could then
undergo selective differential coupling reactions. In this case for example
ethynylferrocene could be coupled at the iodide position at room temperature (or
below) ensuring that no coupling takes place at the bromide position. Then a nitro
substituent could be coupled at the bromide position at slightly elevated temperatures.
The difference in activity of the two halogens can be employed to allow differential
coupling and lead to the synthesis of the compound shown in Scheme 30 with no by-

products.
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Scheme 30: Possible synthesis of a new “push-and-pull” molecule consisting of a
ferrocene moiety fully conjugated with a nitro group through a fully cyclised PAH.

In general compounds with good NLO properties have been shown to contain donor
(push) and acceptor (pull) moieties bridged by a m-conjugation system.”® Therefore
were the product shown in Scheme 30 to be synthesised it would be expected to have
excellent NLO properties due to the pushing of electron density by the ferrocene
moiety and the pulling of electron density by the nitro group. Obviously the acetylene
linkers are essential to ensure conjugation between the ferrocene, PAH and nitro

substituent.
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2.1. Introduction

2.1.1. Fluoranthene

In the previous chapter a number of ferrocene containing polyphenylene compounds
were discussed as well as one fully-cyclised PAH with a ferrocene moiety connected
to the extended system via an acetylene linker (41). PAHs have a number of
attributes which could make them useful as linking groups in donor-acceptor
organometallic systems. They are planar, relatively rigid with a fixed geometry and
their highly delocalised m-systems with small HOMO-LUMO energy separations and

low energy vacant mt*-orbitals are likely to facilitate electronic communication.

Since the discovery of fullerenes, PAHs have regained considerable interest.

66, 67

However it is very difficult and problematic to synthesise fullerene subunits and

to produce larger and more complicated PAHs.®*"°

The synthesis of fullerene
subunits is especially difficult due to the inclusion within the extended structure of
five membered rings. Nevertheless since the early 19905,71 much attention has been
directed toward bowl shaped hydrocarbons in which curved networks of trigonal
carbon atoms map out the same patterns of five and six membered rings as those
found on the surfaces of Cgp and higher fullerenes.”> An example of this can be seen

in Figure 25 where the C3sH;, geodesic dome shown represents 60 % of Cgo.”

Q.O O (i)
e
Figure 25: The synthesis of a cyclised fluoranthene derivative that represents 60 % of
Cso. (i) Flash vacuum pyrolysis (FVP), 1200-1300 °C.”*

It is not however purely for the purpose of synthesising analogues of Cgy that
fluoranthenes have gained interest. There is considerable interest in the possible
application of these compounds in the opto-electronics industry.”” Fluoranthene

based compounds have been shown to have interesting optical properties and it is
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thought that the inclusion of ferrocene or multiple ferrocenes into these smaller

delocalised systems could enhance their optical properties.

2.1.2. Cyclodehydrogenation of Fluoranthenes

The aim of this work is to incorporate the ferrocene moiety onto the periphery of a
fluoranthene as a small PAH framework. Despite their remarkable potential for the
synthesis of more complex structures, only a few aryl-substituted fluoranthenes have
been reported,’ and to date the introduction of ferrocenyl groups into their framework
is unknown.

3579078 as

Fluoranthenes are known to undergo intermolecular cyclodehydrogenation
well as intramolecular oxidative coupling’ which offer the possibility of extending to
larger PAH platforms involving a perylene subunits, as shown in Scheme 31.
Perylene chromophores are important in dye-stuff chemistry’® due to their excellent
thermal, chemical, and photochemical stability and they have also been applied in

photovoltaic cells”” and optical switches.”

Intermolecular cyclodehydrogenation

Intra- and intermolecular cyclodehydrogenation

Scheme 31: The synthesis of two perylene based chromophores via
cyclodehydrogenation from a simple fluoranthene derivative. (i) FeCl;, CH;NO,,
CH-Cl,, RT, 45 min.”
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The inclusion of ferrocene moieties onto fluoranthene cores is therefore an attractive
possibility due to the likelihood of favourable opto-electronic properties in the parent

compounds as well as the potential for the synthesis of larger perylene units.

2.1.3. Synthetic Methodology

Fluoranthenes can be readily synthesised in the general manner as shown in Scheme
32. The fluoranthene-based cyclopentadienone can be synthesised via the two-fold
Knoevenagel condensation between acenaphthenequinone and a substituted 1,3-
diaryl-2-propanone. Subsequent Diels-Alder [2+4]-cycloaddition with a suitably
substituted acetylene should yield the desired fluoranthene. This methodology allows

the incorporation of differing R groups onto the fluoranthene.

Scheme 32: Synthetic route towards fluoranthene based compounds with differing R
groups. (i) Two-fold Knovenagel condensation, (ii) Diels-Alder [2+4]-cycloaddition.

The synthesis of ferrocenyl containing fluoranthenes, such as those shown in Figure
26, could lead via intermolecular cyclodehydrogenation to dimeric or even polymeric

perylene based compounds.
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Figure 26: The possible synthesis of dimeric and polymeric perylene based
compounds upon intermolecular cyclodehydrogenation of fluoranthene based
Precursors.

Relevant to our long term goal of preparing ferrocene intercalated graphitic sheets,
and in continuation of our interest in the study of PAHs, this chapter describes the
synthesis, characterisation, electronic and redox properties of a series of novel
fluoranthene systems incorporating ferrocenyl moieties. The ferrocene moiety is
introduced onto the fluoranthene system via ferrocenyl containing acetylenes (R’ in
Scheme 32). Methoxy groups shall also be introduced onto the other phenyl ring
since they should increase the solubility of the Diels-Alder [2+4]-cycloaddition

product and have been shown to aid cyclodehydrogenation.’> %

Also reported is the attempted cyclodehydrogenation of the novel compounds
synthesised. Although unsuccessful with FeCls, there is still large potential for these
types of compounds. An alternative synthetic route towards cyclised ferrocene
containing fluoranthene/perylene based compounds will be suggested in the future

work section.
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2.2.  Synthesis and Characterisation

2.2.1. Synthesis and Characterisation of the mono-ferrocenyl containing
Fluoranthene 43

The novel fluoranthene containing cyclopentadienone 42 was synthesised by the two-
fold Knoevenagel condensation reaction between the commercially available diketone
acenaphthenequinone and 1,3-diaryl-2-propanone 14 under basic methanolic
conditions. Cyclopentadienone 42 was synthesised in 77 % yield and characterised

by 'H and 13C NMR spectroscopy as well as mass spectrometry.

The ferrocene containing fluoranthene 43 was synthesised as a orange/red crystalline
solid in 94 % yield by the Diels-Alder [2+4]-cycloaddition reaction between 42 and
ethynylferrocene (40) at 200 °C in a benzophenone melt. 43 was characterised by 'H
and °C NMR spectroscopy, mass spectrometry and crystals suitable for single crystal

X-ray diffraction were obtained.

Scheme 33: The synthesis of 43. (i) NaOH, CH3;0H, RT, 18 h (77 %). (ii) 40,
benzophenone, 200 °C, 18 h (94 %,).

The 'H NMR spectrum of 43 can be seen in Figure 27. Proton H30 was easily

assigned as the singlet at § 7.81 ppm. An NOE experiment showed an interaction
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between H30 and a proton at & 6.90 ppm, which was assigned as H26, which also has
a small *Jyy coupling with H28 (2.0 Hz). Another NOE experiment showed an
interaction between H26 and a doublet at § 7.45 ppm which was assigned as H21. The
'H-"H COSY then allowed the assignment of H19 and H20 at 6 7.78 and 6 7.45 ppm

respectively.
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Figure 27: The 'H spectrum of 43, with the aromatic and ferrocenyl regions
highlighted for clarity (CD,Cl,, RT, 400 MHz).

The proton H14 was assigned as the doublet at & 6.73 ppm from an NOE with H8 at &
6.59 ppm which also has a small *Jy coupling with H10 at § 6.66 ppm (2.0 Hz). A
'H-'H COSY experiment then yielded H15 and H16 at & 7.38 and & 7.76 ppm
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respectively. H2 and H3 were also distinguished from the NOE experiment on H30,
which showed that H3 was the ferrocenyl pseudo-triplet at & 4.28 ppm.

The accurate mass ESI-mass spectrum of 43 contained a single molecular ion at m/z
658.1816 in accord with the formation of [C4H34FeO4]" (calculated 658.1806).
Single-crystal X-ray diffraction of 43 enabled the determination of the solid-state
molecular structure. Orange/red crystals were obtained by layer diffusion of methanol

into a chloroform solution of 43. The structure is discussed in section 2.2.8.

2.2.2. Synthesis of the di-ferrocenyl containing Fluoranthene (52)

2.2.2.1. Cyclopentadienone Synthesis

The novel methoxy containing 1,3-diaryl-2-propanone 45 was synthesised in two
steps from the commercially available starting material 3.4,5-trimethoxybenzyl
alcohol (Scheme 34). The first step involved bromination of the benzylic position and
was done using phosphorous tribromide at -5 °C yielding 44 as an off-white solid in
88 % yield. 45 was prepared from 44 using iron pentacarbonyl in a biphasic system
in 58 % yield. The novel cyclopentadienone 46 was synthesised by the two-fold
Knoevenagel condensation reaction between acenaphthenequinone and 45 under basic
methanolic conditions in 65 % yield. Compound 46 was characterised by 'H and ">C

NMR spectroscopy.

75



Chapter 2

MeO MeO
@ﬂ - {:% . Mwmme
MeO —> MeO
e OH MeO OMe
e MeO 44
MeO OMe
MeO O 0 O OMe
I (m) '

46

Scheme 34: Synthesis of the hexa-methoxy fluoranthene based cyclopentadienone 46.
(i) PBrs, CH,Cl,, -5 °C (88 %). (ii) Ca(OH), Bu;N(HSO,), Fe(CO)s, CH,CIl,/H>0, 8
h (58 %). (iii) NaOH, CH3;OH, RT, 18 h (65 %).

2.2.2.2. Di-ferrocenyl Acetylene Synthesis

Although the synthesis of 46 was relatively straight forward the synthesis of the di-
ferrocenyl acetylene (51) was more problematic. The two constituent parts required
for the successful synthesis of 51 were ethynylferrocene (40), the synthesis of which
was discussed in the previous chapter, and iodoferrocene (49), which was synthesised
using modified versions of different literature preparations (Scheme 35).” % The first
step involved the synthesis of lithioferrocene (47) which was achieved by the reaction
of ftert-butyllithium with ferrocene in tetrahydrofuran at 0 °C. The product was
purified by removing any unreacted ferrocene through a series of schlenk filtrations
using dry hexane. 47 was isolated in 54 % yield as a bright orange solid. Due to its
pyrophoric nature, no characterisation was possible and it was stored under argon at

-30 °C.

Compound 47 underwent transmetallation with tributyltin chloride yielding 48 as a
dark brown oil in 44 % yield. Compound 48 was readily converted into 49 (81 % ) by
reaction with iodine in dichloromethane at room temperature. Purification of these
types of reactions have been shown to be difficult due to stannylated impurities in the
product. A large amount of stannylated by-products could be seen in the 'H NMR

spectrum of the product even after column chromatography on silica. In order to
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overcome this problem the product was purified by column chromatography with 90
% silica and 10% KF.*" which held the stannylated by-products on the column and

only allowed the desired product to elute.

Ethynylferrocene (40) was readily converted into the stable copper(I) salt (50) upon
treatment with copper(I) iodide in an ethanolic ammonia solution. Iodoferrocene (49)
underwent a Sonogashira type coupling reaction with 50 in refluxing pyridine and
yielded 51 in a relatively poor yield (19 %) as an orange/red crystalline solid. Due to
poor solubility 51 was characterised by its ESI-accurate mass spectrum which showed
a single peak at m/z 394.0120 corresponding to [M]+ CxHjgFes: (calculated
394.0107).
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Scheme 35: The synthesis of diferrocenylacetylene (51) from ferrocene. (i) t-Buli,
THF, 0°C, 15 min, (ii) hexane, -78 °C (54 %). (iii) SnCIBus, THF/hexane (1:1), 90
min (44 %), (iv) I, CH>Cl,, RT, 18 h (81 %), (v) Cul, aq. NH3, EtOH, RT, 15 min
(52 %), (vi) pyridine, reflux, 8 h (19 %).

2.2.2.3. Diels-Alder [2+4]-cycloaddition

46 and the di-ferrocenyl acetylene 51 were heated in a benzophenone melt under
argon for two days at 200 °C (Scheme 36). After cooling to room temperature and

extraction into dichloromethane, 52 was purified using column chromatography to
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afford a bright red crystalline air-stable solid in 38 % yield. 'H and “C NMR
spectroscopy, mass spectrometry and single crystal X-ray diffraction confirmed the

formation of the di-ferrocenyl fluoranthene containing compound 52.

Scheme 36: Synthesis of compound 52 via a Diels-Alder [2+4]-cycloaddition
reaction. (i) benzophenone, 200 °C, 48 h (38 %,).

2.2.2.4. Characterisation of the di-ferrocenyl containing
Fluoranthene (52)

The accurate mass ESI-mass spectrum of 52 contained a single molecular ion at m/z
902.1957 consistent with the formation of [C54H4(,Fe20(,]+ (calculated 902.1993).
Single-crystal X-ray diffraction of 52 enabled the determination of the solid-state
molecular structure. Red crystals were obtained by layer diffusion of methanol into a

chloroform solution of 52. The structure is discussed in section 2.2.8.

The symmetric nature of 52 can be seen clearly in its "H NMR spectrum (Figure 28),
which is vastly simplified when compared to the "H NMR spectrum of 43 (Figure 27).
Proton H8 can be easily assigned as the only aromatic singlet at 6 6.95 ppm, and an
NOE experiment on this proton showed an interaction with a doublet at § 6.40 ppm
corresponding to H15. The 'H-'"H COSY experiments then yielded H16 and H17 at &
7.33 and & 7.73 ppm respectively. The protons of the substituted cyclopentadienyl
ring (H2 and H3) could not be distinguished as one of their signals overlapped with
that of H11.
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Figure 28: The 'H NMR spectrum of the aromatic and ferrocenyl region for
compound 52, (CDCl3, RT, 400 MHz).

2.2.3. Synthesis of the di-fluoranthene ferrocenyl 54

Although compounds 43 and 52 are substituted with different numbers of ferrocene
moieties (one and two respectively) both only contain one fluoranthene platform. In
order to see what effect having two fluoranthene moieties would have on the system,
the synthesis of compound 54 was attempted. The synthesis of di-acetylene 7 was
discussed in detail in chapter 1, while the synthesis of cyclopentadienone 42 has been

discussed in section 2.2.1.

In order to synthesise compound 54, just over two equivalents of the
cyclopentadienone 42 and one equivalent of the di-acetylene 7 were heated in a
benzophenone melt under argon for 24 hours at 200 °C (Scheme 37). After cooling to

room temperature and extraction into dichloromethane, TLC analysis showed that two
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new compounds had been synthesised. Separation of these two compounds was
achieved through column chromatography. The first compound was eluted with a
hexane/dichloromethane (2:1) mixture.  Gradually increasing the amount of
dichloromethane allowed elution of the second product. Characterisation of the first
identified it as 53, but the second product was the desired double Diels-Alder product
54.

53
(29 %)

Scheme 37: The synthesis of 53 via the mono Diels-Alder [2+4]-cycloaddition
reaction and 54 via the double Diels-Alder [2+4]-cycloaddition reaction. (i)
benzophenone, 200 °C, 24 h (53 29 %), (54 16 %,).

2.2.3.1.  Characterisation of the mono-fluoranthene containing
byproduct 53

The mono-fluoranthene containing compound 53 was found to be an air-stable
orange-red crystalline material. It was also found to be readily soluble in common
chlorinated solvents and toluene. Compound 53 was fully characterised by 'H and
13C NMR spectroscopy and mass spectrometry as well as single crystal X-ray

diffraction.
The accurate mass ESI-mass spectrum of 53 contained a single molecular ion at m/z

834.2421 in accord with the formation of [CssHiFeO4]™ (calculated 834.2432).
Single crystal X-ray diffraction of 53 enabled the determination of the solid-state

80



Chapter 2

molecular structure. Red needle-like crystals were obtained by layer diffusion of

methanol into a chloroform solution of 53. The structure is discussed in section 2.2.8.

The "H NMR spectrum of 53 can be seen in Figure 29, the assignment of both the 'H
and "*C were achieved through a series of HMBC, Bey COSY, 'H-"H COSY and
NOE experiments. Due to the lack of symmetry within the molecule the full
assignment of the 'H NMR spectrum proved quite difficult. However, once the
acetylene carbon atoms were identified in the °C spectrum this gave an opportunity to
assign the "H NMR spectrum. The acetylene carbon signals at & 87.8 and 86.8 ppm
can be assigned to C5 or C6, however initially it was not possible to say which was
which. This was overcome using the HMBC experiment, which showed that there
was a long-range interaction between the acetylene carbon at 6 87.8 ppm and the
ferrocene proton at & 4.05 ppm and there was also a long-range interaction observed
between the other acetylene carbon at & 86.8 ppm with an aromatic proton at 6 7.14
ppm. This confirms that the acetylene carbon at 6 87.8 ppm is C6 which interacts
with H8 on the ferrocene ring, which in turn interacts with the other ferrocenyl proton
at H9 at 6 3.88 ppm. Thus the other acetylene carbon at 6 86.8 ppm corresponds to
CS5 which interacts with the ortho-proton on ring phenyl ring D shown as H3 at 8 7.14
ppm. The remaining protons of ring D were then easily assigned from the 'H-'H

COSY; H2 at  6.81 ppm (meta-proton) and H1 at § 6.91 ppm (para-proton).

With ring D assigned the signals due to ring A could then be deduced as the large
unresolved multiplet at & 7.22 ppm which integrates for 5 aromatic protons. An NOE
experiment on the multiplet revealed that the singlet at & 3.68 ppm was due to the
methoxy groups on ring B. This NOE also showed the doublet at § 6.23 ppm to be
H34 which in turn has a *Jiyy interaction with the triplet at & 6.35 ppm, corresponding

to H36 with a small coupling constant of 2.0 Hz.
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Figure 29: The ' H NMR spectrum of the aromatic and ferrocenyl region for
compound 53, (CD,Cl,, RT, 600 MHz).

With one of the methoxy groups assigned, by elimination the other methoxy signal at
8 3.93 ppm had to be H19 on ring C, which in turn has an NOE interaction with H16
at 8 6.91 ppm and H18 at 8 6.77 ppm. The doublet that is H16 has a *Jyy interaction
with the triplet that is H18 with a small coupling constant of 2.0 Hz. The methoxy
signal of H19 also showed an interaction in its NOE with H22 at § 6.34 ppm which
allowed the assignment of H23 and H24 at & 7.37 and & 7.76 ppm respectively

through the "H-'"H COSY experiment.
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An NOE on H34 at 6 6.23 ppm yielded H29 at 8 6.51 ppm which via the 'H-'H COSY
allowed the assignment of the remaining fluoranthene protons H28 and H27 at 6 7.31

and 9 7.74 respectively ppm.

2.2.3.2. Characterisation of the di-fluoranthene containing
Compound 54

The di-fluoranthene containing compound 54 was found to be an air-stable red
crystalline material. Although it was found to be soluble in common chlorinated
solvents and toluene, it was significantly less soluble in these solvents compared to
53. Compound 54 was fully characterised by 'H and C NMR spectroscopy and

mass spectrometry as well as single crystal X-ray diffraction.

The accurate mass ESI-mass spectrum of 53 contained a single molecular ion at m/z
1282.4147 which is consistent with the formation of [CgsHesFeOsg]™ (calculated
1282.4107). Single-crystal X-ray diffraction of 53 enabled the determination of the
solid-state molecular structure. Bright red needles were obtained by layer diffusion of

methanol into a chloroform solution of 54. The structure is discussed in section 2.2.8.

The '"H NMR spectrum of 54 is shown in Figure 30, the assignment of both the 'H and
13C spectra was achieved through a series of HMBC, *C-"H COSY, 'H-'H COSY and
NOE experiments. The assignment of the protons of 54 was considerably easier than

for 53 due to the higher degree of symmetry present.

Two methoxy signals H10 and H28 are observed at 6 3.59 and 3.70 ppm although on
first inspection differentiating them was not possible. In order to overcome this, an
NOE experiment was carried out on both signals. The methoxy signal at § 3.59 ppm
shows an interaction with the protons on ring A, thus confirming that this signal is
H28. The protons on phenyl ring A can be readily assigned from their integration and
multiplicity. The ortho-protons (H31) can be seen as a doublet equivalent to 4
protons at & 6.96 ppm, the meta-protons (H32) are observed as a triplet equivalent to 4
protons at & 7.05 ppm and the para-proton (H33) appears as a triplet equivalent to 2
protons at & 7.08 ppm.
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Figure 30: The 'H NMR spectrum of the aromatic and ferrocenyl region of compound
54, (CDClI,, RT, 600 MHz).

The NOE of the H28 signal showed it to have interactions with three signals at 6 6.32,
8 6.30 and 6 6.60 ppm. The signal at & 6.32 ppm is a triplet that is equivalent to 2
protons and has a very small coupling constant and thus can be assigned to H27.
Proton H27 has a *Jyy interaction of 2.0 Hz with the doublet at & 6.30 ppm which

integrates as 4 protons, this can be assigned to H25.
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The same NOE experiment also showed an interaction with the doublet at & 6.60 ppm
which integrates as 2 protons and is due to H20. Assignment of H20 in turn yielded
H18 and H19 at & 7.74 and & 7.34 ppm respectively through the 'H-'H COSY

experiments.

With the methoxy signal H28 assigned, by elimination the other methoxy signal at &
3.70 ppm could be assigned as H10. An NOE on H10 shows interactions with H7 and
HO9 at § 6.55 and & 6.65 ppm respectively. H7 appears as a doublet integrating to 4
which has a *Jyy interaction with the triplet H9 (which integrates to 2) with a small
coupling constant of 2.0 Hz. An NOE on H7 revealed H13 to be responsible for the
signal at & 6.34 ppm which in turn via the 'H-'"H COSY experiments yielded H14 and
H15 at 6 7.34 and 6 7.76 ppm respectively.

The two ferrocenyl signals H1 and H2 are overlapping with the two methoxy signals.
Although it is not possible to say which ferrocene signal is under which methoxy
signal from the integration it is clear that one ferrocene signal is under both methoxy

signals since they both integrate for 16.

2.2.4. Proton NMR Comparisons

The 'H NMR spectra of the fluoranthene compounds 43, 52, 53 and 54 show one very
interesting common feature. In all four spectra there is a fluoranthene signal that has
been shifted upfield when compared to all the other fluoranthene signals. It appears
as a doublet at & 6.73 ppm for 43 (H13), 8 6.40 ppm for 52 (H13), & 6.34 ppm for 53
(H22) and 6 6.33 ppm for 54 (H13) and in all cases it is assigned as the fluoranthene
proton that is closest to the ferrocene moiety. One possible reason for this shift is that
the ferrocene moiety is such a large and bulky unit that it has the effect of pushing the
phenyl group closest to it away from itself and thus closer to the fluoranthene proton
labelled H13 (in 43, 52 and 54) or H22 (in 53). Thus this proton is pushed closer to
the electron cloud of the phenyl group causing a shielding effect and moving it to

lower 9 values.
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2.2.5. Cyclodehydrogenation of the Fluoranthene based compounds

The attempted cyclodehydrogenation of compounds 43, 52, 53 and 54 proved
unsuccessful. After the attempted cyclodehydrogenation with FeCl; of all four
compounds, all that was recovered after work-up was un-characterisable black
material, and no starting material, which suggested that complete decomposition had

taken place.

2.2.6. Spectral Comparisons of Derivatives

Table 6 summarises the main spectroscopic data for the ferrocene containing
fluoranthene compounds synthesised during the course of this work. In all cases,
mass spectra were obtained by ESI (electro-spray ionisation) or MALDI-TOF

spectrometry. Under these conditions a single peak corresponding to the [M]" ion

was obtained for each complex.

658.1816 4.19,4.28

52 902.1957 3.95,4.07
53 834.2421 3.88,3.93, 3.98, 4.05
54 1282.4147 315943:70

Table 6: NMR and mass spectrometry data for complexes 43, 52, 53 and 54.

All the '"H NMR spectroscopic signals of the ortho- and meta- protons of the
substituted cyclopentadienyl rings should appear as pseudo-triplets, corresponding to
the AA’BB’ system. However some of them appear as singlets, due to broadening of
the signals caused by steric constraints about the substituted cyclopentadienyl ring.
One good example where the ferrocenyl pseudo-triplets are observed is in the 'H

NMR spectrum of 43, which has been magnified in Figure 31.
In Figure 31 it is shown how the protons labelled a and o’ are chemically equivalent

but magnetically non-equivalent. If the a protons were magnetically equivalent they

would simply appear as a doublet, being split by the B protons. Since they are
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magnetically non-equivalent the characteristic pseudo-triplet is observed caused by
the overlap of the doublet corresponding to a with the doublet corresponding to a’.
The doublets do not overlap perfectly since they are magnetically non-equivalent and
thus they appear at slightly different chemical shifts, although the difference is small.

The same is also true for the 3 protons.

(. v b

4.36 4.32 4.28 4.24 4.20 4.16
(ppm)

Figure 31: (a) "H NMR spectrum of 43 with the ferrocenyl region magnified, (b)
schematic representation of 43, highlighting the magnetic non-equivalence of the
substituted cyclopentadienyl protons.

2.2.7. UV-visible Absorption Spectroscopy

The electronic absorption spectra of the ferrocene containing fluoranthene complexes
43, 52, 53 and 54 were recorded in acetonitrile and the data is presented in Table 7.
Similar to the ferrocenyl containing compounds discussed in chapter 1, they exhibit a
weak low energy band attributable to the d-d transition of the ferrocene moiety.
These broad, low energy features account for the orange to red colours of these

compounds.
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Fe
43
52
53
54

326 (0.5) 441 (0.5)

289 (21.0), 328 (11.4), 378(6.2) 479 (1.4)

299 (14.9), 335 (10.7), 380 (4.9) 474 (2.0)

289 (28.1), 332 (15.1), 359 (7.8) 482 (1.3)

289 (16.6), 332 (9.3), 359 (7.4), 378 (6.5) 490 (1.4)

Table 7: The UV-vis data for ferrocene and the ferrocenyl compounds 43, 52, 53 and

The UV-vi

54, in acetonitrile.

s spectra of compounds 43, 52, 53 and 54 can be seen in Figure 32.

However in order to discuss the main features of these spectra they have been divided

into two regions: between A 400 and 600 nm, which is dominated by ferrocenyl

transitions

(Figure 33) and between A 200 and 400 nm which is the dominated by

fluoranthene transitions.

1.4

1.2

Absorbance (a.u.)
o o o
H D [o¢] —

o
N

200
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Figure 32: The UV-vis absorption spectra of the fluoranthene complexes, (i) 43, (ii)

52, (iii) 53 and (iv) 54, recorded in acetonitrile.

Attempts to cyclodehydrogenate 43, 52, 53 and 54 proved unsuccessful, and starting

material was not recovered which suggested that complete decomposition had taken

place. It h

as been proposed that cyclodehydrogenation follows an oxidative cationic

mechanism under Lewis acid conditions. The acidic and oxidative conditions of the
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cyclodehydrogenation reaction is likely to cause some decomposition of those

ferrocene compounds with very tilted cyclopentadienyl rings.

It has been shown that the basicity of the iron atom in 43, 52, 53 and 54 would be
expected to be high because of the inclination of the cyclopentadienyl rings. Thus
protonation at the iron centre would be accelerated,®” resulting in decomposition
rather than cyclodehydrogenation In addition it has been shown that there is a
correlation between the degree of tilt of the ferrocene cyclopentadienyl rings (and thus
the likelihood of cyclodehydrogenation) and the wavelength of the ferrocenyl
absorption band which is normally around Apm.x = 450 nm. If the band appears at
wavelengths greater than 450 nm then there is significant tilt between the

cyclopentadienyl rings.**

The ferrocenyl absorptions of 43, 52, 53 and 54 are at A 479, 474, 482 and 490 nm
respectively. This implies that the cyclopentadienyl rings are indeed significantly
tilted, even more so than the ferrocenyl compounds discussed in chapter 1.
Compound 9, in chapter 1 was one of the derivatives that decomposed upon
cyclodehydrogenation and it also had the largest value for the ferrocenyl d-d transition
at A 464 nm, significantly longer than A 450 nm. The d-d ferrocenyl transition in all
four fluoranthene based compounds appear at a much longer wavelength than this,
due to the increased steric bulk and hindrance caused by the fluoranthene unit in

comparison to the polyphenylene platforms discussed in chapter 1.
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Figure 33: The UV-vis absorption spectra of the ferrocenyl region for the
Sfluoranthene complexes, (i) 43, (ii) 52, (iii) 53, (iv) 54, (v) and ferrocene for
comparison, in acetonitrile.

It was also no surprise that compound 54 displays the ferrocenyl transition at the
longest wavelength, since the ferrocene moiety in 54 has a fluoranthene platform on
each of its cyclopentadienyl rings and is thus going to be severely tilted. These results
support the correlation between the degree of tilt in the ferrocene cyclopentadienyl

rings and the wavelength of the ferrocenyl d-d absorption band.

The absorption spectra of compounds 43, 52, 53 and 54, shown in Figure 34 were
very similar in the region between A 200 to 400 nm, which has been shown to be the
region where the fluoranthene fragment absorbs. All four spectra show three main
absorption bands, which concurs with spectra reported in the literature of other
fluoranthene compounds. The region where Sy— S, transitions are observed is noted
as S; in Figure 34, however this transition was not seen since they are very weak in

these examples.
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Figure 34: The UV-vis absorption spectra of the fluoranthene complexes, (i) 43, (ii)
52, (iii) 53 and (iv) 54, in acetonitrile. The ferrocenyl region has been omitted for
clarity.

Two well studied examples in the literature are shown in Figure 35, namely

83, 84

fluoranthene®® and benzo[k]fluoranthene. These two compounds as well as

compounds 43, 52, 53 and 54 show three main absorption bands at similar A values.

O ” (a) in ethanol 290, 325, 360

. Q (b) in cyclohexane 295, 310, 360
(a) (b)

Figure 35: Structures and UV-vis data for two well studied fluoranthene based
compounds, (a) fluoranthene® and (b) benzo[k]fluoranthene. Vol

Through computational analysisg5 and absorption spectra of fluoranthene recorded in
the gas phase,*® the three bands have been assigned as shown in Figure 34. Although
the band system looks like one transition with vibrational spacing typical of a PAH, it
actually represents a composite of at least three transitions Sy—Sj;, Sy—S, and

So—>Sl,84 but in some cases a fourth is observed So—+S4.87
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The absorption spectrum of fluoranthene in the gas phase shows the characteristic
three bands but like in most cases the fourth band is absent. For fluoranthene in the
gas phase the transitions to high energy states correspond to the strong absorption
bands at A 272, 277 and 282 nm. Recently these bands were assigned to vibrational
levels of the Sp— S, absorption transition.’” At lower energies, the absorption bands at

1.8 to the Sy—$S, and to the Sy—S;

A 320 and 352 nm were assigned by Kolc ef a
transitions, respectively. The Sy—S; transitions are not observed since they are very

weak.

Compounds 43, 52, 53 and 54 all show these characteristics peaks as can be seen in
Table 7 and Figure 34. However for comparison with fluoranthene the spectrum of 53

is shown in Figure 36, as the bands are resolved to a higher degree.
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Figure 36. The UV-vis absorption spectra of (i) 54, for comparison with the bands
observed for fluoranthene by Wabyele et al.®® Recorded in acetonitrile, the ferrocenyl
region has been omitted for clarity.

The band at A 289 nm corresponds to the Sy— S, transition, whereas at lower energies
the absorption bands at A 332 and 359 nm are assigned to the Sy—S; and to the So—S;

transition, respectively. As with fluoranthene the Sy—S; is not seen since it is very

weak.
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2.2.8. X-Ray Crystallographic Analysis

Single-crystal X-ray diffraction studies of 43, 52, 53 and 54 were carried out to
determine their solid-state molecular arrangements. Bright red crystals of all four
compounds were obtained by the slow diffusion of methanol to a solution of the

respective compounds in chloroform.

Figure 37 shows the X-ray crystal structures of compounds 43 and 52. Compound 43
(Figure 37 (a)) crystallised in the monoclinic space group P2;/c, with an R; of 14.54
%. The poor refinement was due to disorder in the unsubstituted cyclopentadienyl
ring which could not be modelled. The molecular structure of 43 shown in Figure 37
(a), highlights the twisting of the ferrocene substituent and the phenyl rings with
respect to the central fluoranthene plane. The ferrocene moiety is twisted by 45.8 °
from the central plane. The phenyl rings A and B are twisted by 81.5 ° and 82.2 °

respectively from the central fluoranthene plane.

93



Chapter 2

Figure 37: The X-ray crystal structures of (a) 43 and (b) 52, protons and solvent
molecules are omitted for clarity.

Compound 52 (Figure 37 (b)) crystallised in the triclinic space group P-1 with a R; of
7.42 %. The ferrocene groups Fe 1 and Fe 2 in 52 are also twisted from the
fluoranthene plane by 9.2 ° and 8.8 ° respectively. As for 43 the phenyl rings in 52
are twisted in a propeller type arrangement from the fluoranthene plane. The phenyl
rings A and B of 52 are twisted by 86.3 ° and 70.3 ° respectively with respect to the

fluoranthene plane.

As can be seen in Figure 38, the presence of the two adjacent ferrocene groups in 52
leads to a large distortion from planarity in ring C of the fluoranthene core. In Figure
38 phenyl ring A and all of the protons have been omitted in order to show the extent
of the distortion in ring C clearly. The two large ferrocene groups in such close
proximity to each other induce a maximum deviation in ring C of 0.21 A when

compared to the fluoranthene plane.
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Figure 38: X-ray crystal structure of 52 with the methoxy groups and phenyl ring A
omitted to highlight the distortion in phenyl ring C.

Figure 39 shows the X-ray crystal structures of compounds 53 and 54. Compound 53
(Figure 39 (a)) crystallised in the monoclinic space group P2,/c, with an R, of 4.62 %.
The molecular structure of 53 shown in Figure 39 (a), highlights the twisting of the
ferrocene and the phenyl rings A, B and C with respect to the central fluoranthene
plane. The ferrocene moiety is twisted by 10.9 ° from the central plane. The phenyl
rings A, B, and C are twisted by 84.9 °, 85.0 ° and 83.1 ° respectively from the central

fluoranthene plane again in a propeller type arrangement.
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(a)

(b)

Figure 39: The X-ray crystal structures of (a) 53 and (b) 54, protons and solvent
molecules are omitted for clarity.

Compound 54 (Figure 39 (b)) crystallised in the monoclinic space group P2,/n with a

Rjof 11.67 %. Although in solution the two fluoranthene platforms are equivalent (as
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observed in NMR experiments) in the solid state this is not the case. This is
demonstrated in the different twisting angles of the phenyl rings from the fluoranthene
planes. Phenyl rings A, B and C are twisted by 81.5 °, 72.4 ° and 88.4 ° respectively,
whereas phenyl rings A, B and C' are twisted by 74.9 °, 83.2 ° and 84.3 °

respectively.

Table 8 compares the tilt angle of the cyclopentadienyl rings with the ferrocenyl
transitions of compounds 43, 52, 53 and 54. If the cyclopentadienyl rings are
significantly tilted the basicity of the iron atom would be expected to be higher and
thus protonation at the iron centre would be accelerated,”” preventing
cyclodehydrogenation. In addition it has been shown that there is a correlation
between the degree of tilt of the ferrocene cyclopentadienyl rings and the wavelength

of the ferrocenyl absorption band which is normally around Ama = 450 nm.

43 i 479
52 9 474
53 4 482
54 2 490

Table 8: The cyclopentadienyl ring tilt angles in compounds 43, 52, 53 and 54.

The ferrocenyl absorptions of compounds 43, 52, 53 and 54 are at A 479, 474, 482
and 490 nm respectively, which implies that the cyclopentadienyl rings are indeed
significantly tilted, which is proven by the tilt angles 7°, 9°, 4°, and 2° respectively
(Table 8). It would be expected that 54, with a ferrocenyl transition at A 490 nm and
its large bulky fluoranthene platforms on both cylclopentadienyl rings of the ferrocene
moiety would have the largest tilt angle. As can be seen in Table 8 this is not the case.
In fact 54 has the smallest tilt angle at 2°. This may be explained by considering the

differences in solution and in the solid state of 54.

There is a correlation between the degree of tilt of the ferrocene cyclopentadienyl
rings and the wavelength of the ferrocenyl absorption band,** and therefore in solution
54 is the most tilted due to the large bulky groups on both cyclopentadienyl rings of

the ferrocene which is manifested by the ferrocenyl absorption appearing at A 490
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nm. However in the solid state compounds 53 and 54 show CH...w interactions
which help keep the cyclopentadienyl rings reasonably parallel, as shown in Figure

40.

The hydrogen shown in Figure 40 (a) on ring D has two CH...w interactions, one with

ring F (2.86 A) and one with ring E (2.94 A) of the fluoranthene platform.

(@)

(b)

Figure 40: The X-ray crystal structures of (a) 53 and (b) 54, highlighting the CH...x
interactions. Only the hydrogens involved in the CH...x interactions are shown, other
protons and solvent molecules are omitted for clarity.
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In compound 54 there are four CH...n interactions which explains why the tilt angle
is less than for 53 even though 54 has a bulky fluoranthene platform on each
cyclopentadienyl ring. The ortho proton on phenyl ring A shown in Figure 40 (b) has
a CH...m interaction with ring D* (2.81 A) whereas the meta proton has a CH...n
interaction with ring E* (3.10 A) of the fluoranthene platform. This is also mirrored
with phenyl ring A® where the ortho proton has a CH...n interaction with ring D (2.90
A) and the meta proton has a CH...m interaction with ring E (3.0 A) of the

fluoranthene platform.

Therefore although in the solid state the cyclopentadienyl rings of 53 and 54 are not
highly tilted, the UV-visible data implies that the tilt angles increase in solution,
especially in the case of compound 54. The small tilt angle in the solid state is a
feature of the CH...w interactions, however in solution there is free rotation and these
CH...n interactions are of reduced consequence. The crystallographic data for all

four compounds are given in the Annex.

2.2.9. Electrochemistry

Ferrocene/ferrocenium itself represents a strictly reversible one-electron redox
couple.’” In the case of some ferrocenium derivatives however, reversibility may be
significantly lowered by a subsequent decomposition of the -electrogenerated
ferrocenium species. The ferrocene substituent may also be regarded as a redox
active probe on a molecular level, since following the ferrocene/ferrocenium redox
potentials offers a unique opportunity to detect alterations in the electronic structure
of the ferrocene derived molecules, as well as in the nature of the metal-n-ligand
bonding. This provides information about the changes of electron density distribution

and HOMO energies in a series of related compounds.**

The following section compares the electrochemistry of compounds 43, 52, 53 and 54
by cyclic voltammetry (CV) in dichloromethane (0.1 M (TBA)PF4 as electrolyte).
Under the applied experimental conditions, all compounds studied exhibit a fully

reversible one-electron oxidation attributable to the ferrocene/ferrocenium couple.
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The relevant electrochemical data for the studied compounds, in dichloromethane, are

shown in Table 9.

43 0.46
52 0.47
53 0.50
54 0.45

Table 9: Electrochemical data for complexes 43, 52, 53 and 54, measured against
ferrocene. Supporting electrolyte: (TBA)PFg (0.1 M) in CHCl,; platinum working
electrode, platinum wire auxiliary electrode, Ag/AgCl reference electrode, 100 mV s™
scan rate, measured for I mmol solutions.

All potentials are quoted together with the [Fe/Fe'] couple, which had a potential of
0.51 V vs the Ag/AgCl reference electrode used for this work. Although all the
ferrocenyl compounds show a reversible one-electron oxidation, it is noteworthy that
the redox potentials of the ferrocene units for compounds 43, 52, 53 and 54 all lie
within the range E° 0.45 to 0.50 V, which is very similar to that for the ferrocene
standard (0.51 V), indicating that the ferrocene environments in these compounds

have not been greatly altered by substitution with fluoranthene platforms.

Although all ferrocenyl compounds show reversible one-electron oxidation, it is
interesting to note that the redox potentials of the ferrocene units do not show a broad
range of values, as was the case with the ferrocenyl polyphenylene compounds in
chapter 1. The ligand offers electron density to the iron atom, while the iron atom
feeds electron density back to the ligand simultaneously. The net result of the two
synergic interactions and the E° of the resulting Fc/Fc™ couple is therefore dependent
on the substitution of the ligand. Since the fluoranthene moiety is common in all the
compounds studied in this chapter it is intuitive that they all have similar redox
potentials. In chapter 1 compound 41 showed an anodic shift (of 140 mV) as
compared to ferrocene which was attributed to the electron-withdrawing effect of the
fully cyclised polyaromatic substituent, which is bound to the ferrocene moiety via
the acetylene linker. This makes the oxidation of the ferrocene unit in 41

thermodynamically more difficult than all the other compounds shown.
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Compounds 43, 52, 53 and 54 on the other hand show a very slight cathodic shift
compared to ferrocene, with 43, 52 and 54 with the lowest redox potentials (0.46, 0.47
and 0.45 V) respectively. Compound 53 shows the highest redox potential of the four
compounds under investigation in this chapter, at 0.50 V. This could be attributed to
the conjugation that exists between the ferrocene moiety and the phenyl ring via the
acetylene linker. The conjugation between the ferrocene and the phenyl group via the
acetylene linker has a slight electron-withdrawing effect which makes the oxidation of
the ferrocene unit in 53 thermodynamically more difficult than the other compounds
shown in Table 9. This effect is only significant when comparing these four
compounds, obviously the electron withdrawing effect in 53 is very slight compared
to that exerted by the PAH in compound 41 which is reflected by the 150 mV

difference in potential between the two compounds.**
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2.3. Summary

In this chapter it has been shown that by careful modification of known synthetic
routes four novel ferrocene containing fluoranthene derivatives have been
synthesised. All the compounds have been comprehensively characterised by 'H and
13C NMR spectroscopy, UV-vis spectroscopy and mass spectrometry. The redox
chemistry of these ferrocenyl containing fluoranthene derivatives has also been
investigated by cyclic voltammetry and the molecular structures of all four

compounds 43, 52, 53 and 54 have been elucidated by single-crystal X-ray analysis.

Compounds 43, 52, 53 and 54 were all synthesised in good yields via the Diels-Alder
[2+4]-cycloaddition reaction from appropriate starting materials. Also reported was
the attempted cyclodehydrogenation of compounds 43, 52, 53 and 54. Although
unsuccessful, there is a large potential for these types of compounds and there are
alternative synthetic routes that could be employed in order to synthesise extended
PAH systems with ferrocene moieties on the periphery. These possible alternative

synthetic routes will be discussed in the future work section.

UV-visible absorption studies provided evidence for why cyclodehydrogenation was
unsuccessful. Compounds 43, 52, 53 and 54 were shown from their low energy
ferrocenyl absorption wavelengths at A 479, 474, 482 and 490 nm respectively, to
contain very tilted cyclopentadienyl rings within the ferrocene moiety explaining why
these four compounds decomposed during attempted cyclodehydrogenation reactions.
Comparison of the X-ray data for compounds 43, 52, 53 and 54 supports this theory
since their tilt angles are 7 °, 9 °, 4 ®and 2 ° respectively, which is in agreement with

other ferrocenyl derivatives synthesised within the group.

The absorption spectra of the fluroranthene region for compounds 43, 52, 53 and 54
all show the characteristic three bands that are also observed in fluoranthene. In all
four compounds the Sp—S4, So—S;3 and Sy—S; transitions were assigned in complete
agreement with the results obtained for fluoranthene in the gas phase by other

groups.’”
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All of the compounds exhibited the one-electron reversible oxidation wave associated
with the ferrocene/ferrocenium couple in electrochemical experiments. The E° value
was influenced to a small degree by the electronic effects of the substituent.
Compounds 43, 52, 53 and 54 all show a very slight cathodic shift when compared to
ferrocene. Compound 53 showed the highest redox potential of the four compounds
which could be attributed to the conjugation that exists between the ferrocene moiety
and the phenyl ring via the acetylene linker. This conjugation has a slight electron-
withdrawing effect which makes the oxidation of the ferrocene unit in 53

thermodynamically more difficult than for the other compounds.
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2.4. Future Work

Within this chapter the synthesis of compounds 43, 52, 53 and 54 along with their
thorough characterisation was reported. The unsuccessful attempts at
cyclodehydrogenation was a disappointment, but after further studies on the
compounds some of the uncyclised compounds could have some interesting NLO
properties in their own right. Compounds 43, 52 and 53 could have potential NLO
properties, but 54 is unlikely to be a good candidate for NLO applications since it has
a centre of symmetry and thus no dipole-moment which is essential if a compound is

to have desirable NLO properties.

The NLO properties of compounds 43, 52 and 53 have yet to be investigated but are
underway in collaboration with Isabelle Ledoux at the Laboratoire de Photonique
Quantique et Moleculaire at Cachan. These compounds are not considered to be as
good candidates as compound 41 (in chapter 1) since there is limited conjugation
between the ferrocene moiety and the fluoranthene platform.  Conjugated
organometallic systems that contain electronically coupled photo- and/or redox-active
sites across an unsaturated organic bridge are of considerable interest at the moment.
Although these compounds do not have an unsaturated organic bridge, as 41 does,
they still possess an electron donating ferrocene moiety and a delocalised fluoranthene

platform so would be expected to have some desirable NLO propeities.

If the NLO results for 43 and 52 prove to be promising there are other compounds that
could be synthesised following the same synthetic methodology that could lead to
compounds with even better NLO properties. One possible idea is shown in Scheme
38, where by two nitro groups are inserted on the fluoranthene fragment early in the
synthesis. The insertion of the nitro groups should lead to an increase in the “push-
and-pull” characteristics within the molecule, thus yielding a larger dipole moment

which in turn should give rise to enhanced NLO output.
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MeO
NO, NO,
Fe Fe

NO, NO,

Scheme 38: Possible synthetic routes towards nitro analogues of compounds 43 and
52, with enhanced “push-and-pull” characteristics.

Although cyclodehydrogenation of the ferrocenyl containing fluoranthene compounds
proved unsuccessful, the same methodology as employed in chapter 1 could be
employed here. That is, to synthesise a halogenated fully cyclised PAH and then
incorporate the bridged ferrocene moieties via a suitable coupling reaction. In
Scheme 39 a possible route towards a fully cyclised halogenated PAH based on the
intra- and inter-molecular cyclodehydrogenation of the fluoranthene sub-unit is
shown. The synthesis of the dibromo-phenyl acetylene is well established and can be
readily synthesised in one-pot,”’ yielding the fluoranthene based compound shown in
Scheme 39. This then would be expected to undergo both intra- and inter-molecular
cyclodehydrogenation since there are no ferrocenes present and all-carbon systems
have been shown to cyclise fully. Halogens substituents as shown in chapter 1 and in

work by Miillen et al. do not hinder the cyclisation step.*® *°
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Scheme 39: Possible synthetic route towards a halogenated fully cyclised PAH,
based on the fluoranthene sub-unit.
With the fully cyclised halogenated system synthesised the bridged ferrocene moieties
could then be inserted onto the periphery of the system via a four fold Sonogashira
coupling reaction, similar to that undertaken in chapter 1, yielding the compound

shown in Figure 41.

Figure 41: Possible example of an extended PAH with conjugated ferrocenes on its
periphery.
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The compound shown in Figure 41 would be expected to have interesting
photophysical properties due to the size of the n-system and the fact that it has four
ferrocenes fully conjugated to the PAH platform via the acetylene linkers. However it
is not expected to have any NLO properties since the molecule has a centre of

symmetry.
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3.1. Introduction

3.1.1. Discotic Liquid Crystals

The discovery of liquid crystals (LCs) in 1888 was a historic event and scientific
milestone.”’ Liquid crystalline materials are divided into two categories, thermotropic
and lyotropic. When a substance passes between the solid, liquid crystal and liquid
state and vice versa as a function of temperature and in the absence of a solvent, the
liquid crystalline phase are classified as thermotropic, while lyotropic phases form in
the presence of a suitable solvent. As a result lyotropic mesophases, found
abundantly in biological systems, are always mixtures, whereas thermotropic LCs can

be a single component or a mixture.

Thermotropic liquid crystals can be distinguished with respect to the molecular shape
of the constituent molecules. The majority of pure compounds exhibiting
thermotropic mesophases have one distinctive feature in common: the rod-like shape
of their molecules. The term “calamitic” has been used to describe liquid crystals of
rod-shaped molecules, in order to distinguish them from discotic liquid crystals,
which are composed of disk-like molecules. The hierarchical self-assembly of disc-
shaped molecules leads to the formation of discotic liquid crystals. Most discotic
liquid crystals exhibit only one type of mesophase but a few examples with
polymorphism are also known. Discotic mesophases formed by disc-shaped
molecules are primarily classified into three types: (1) nematic, (2) columnar and (3)

lamellar.

3.1.2. Nematic Phases

The nematic phase of disc-shaped molecules can be sub-divided into three types,
namely, (a) nematic discotic, (b) chiral nematic, and (c¢) nematic columnar, and all are

presented in Figure 42.
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(c)

Figure 42: Schematic representation of (a) nematic discotic, (b) chiral (helical) and
(¢) nematic columnar phase.

In the nematic discotic phase the molecules stay more or less parallel to each other,
having orientation order but no long range positional order (Figure 42 (a)). The
helical structure of chiral discotic nematic phase can be seen in Figure 42 (b). The
molecules have positional ordering in a layered structure with the molecules tilted by
a finite angle with respect to the layer normal. Chiral discotic mesophases occur in
mixtures of discotic nematic and mesophoric or non-mesomorphic chiral dopants, as
well as in pure chiral discotic molecules.”’” ** The nematic columnar phase is
characterised by a columnar stacking of molecules, however it is worth noting that
they do not form two-dimensional lattice structures. They display a positional short

range order and an orientational long range order as shown in Figure 42 (c).

3.1.3. Columnar and Lamellar Phases

In columnar mesophases, the molecules assemble themselves one on top of the other
in columns which in contrast to nematic columnar phases, do have a two-dimensional
lattice. As shown in Figure 43 columnar mesophases may be classified into five
classes: (a) hexagonal columnar phase, (b) rectangular columnar, (c) columnar
oblique phase, (d) columnar plastic phase (e) columnar helical phase, (f) lamellar

phase.
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fff(
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(d) ®

Figure 43: Schematic representation of (a) hexagonal columnar phase, (b)
rectangular columnar phase, (c) columnar oblique phase, (d) columnar plastic phase,
(e) helical phase and (f) columnar lamellar.

A columnar hexagonal phase is characterised by a hexagonal packing of the molecular
columns. The columnar rectangular mesophase consists of the stacking of the
aromatic cores of the molecules in columns and packed in a rectangular fashion. In
the columnar oblique mesophase the columns are arranged with an oblique unit cell.
The columnar plastic phase has been discovered only recently in discotic liquid
crystals. The phase is characterised by three-dimensional crystal-like order in a
hexagonal lattice, while the discs within the columns are able to rotate about the
column axis. In the columnar plastic phase structural disorders such as non-parallel
arrangements of the discs, longitudinal and lateral displacements and rotation around
the columnar axis occur, although the motional freedom of the discs is restricted. The
columnar helical phase has been demonstrated for hexahexylthiotriphenylene. The
helical period is incommensurate, (that is the helical spacing is unlike that in
neighbouring columns), with the intercolumnar spacing. As well as this it has been
shown that a three-column superlattice develops, associated with both the helical

phase and the vertical displacement of three columns.
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A lamellar phase shown in Figure 43 (f) is a layered structure known to exist for
mesophases of certain discotic compounds, e.g. bis(p-n-decylbenzoyl)methanato

copper (II) and some perylene derivatives.

3.1.4. Discotic Conducting Materials

Over the past decade pulse-radiolysis time-resolved microwave conductivity
technique (PR-TRMC) has been employed to measure the charge mobilities of a
number of molecules which form columnar hexagonal mesophases (Dy) in which the
macrocyclic cores are orthogonally stacked with respect to the columnar axis. The
individual molecules differ in the nature of their central core and the type of
peripherally substituted alkyl chains. Six different cores have been investigated by

1.93

Warman et al.”” and their structures are shown in Figure 44.

R

R R R
R
R 2 R “ R
Bk oo
R R 4
(0] N (@)
R R R
R
Triphenylene (T) Porphyrin (Por) Coronene mono-imide (CI)
R R
R R

Azocarboxyldiimido-perylene (Per) Phthalocyanine (Pc) peri-Hexabenzocoronene (HBC)

Figure 44: Macrocycles forming the cores of some studied discotic liquid crystals
where R denotes mesogenic alkyl chains.”
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General information on the charge transport and mesomorphic properties

corresponding to each core is given in Table 10.

T 18 5] 0.002-0.025 0.26 70 100
Por 24 5 0.060-0.081 0.27 96 135
CI 29 1 0.240 0.24 113 161
Per 34 3 0.150-0.210 0.24 53 >200
Pe 40 16 0.042-0.270 0.67 97 ca. 300
HBC 42 3 0.260-0.380 1:13 112 >400

Table 10: The intra-columnar charge mobilities (Xu;p ) determined for a given
macrocyclic core in a hexagonal columnar mesophase (Dy) and the crystalline solid
phase (K) at temperatures just above and below K— Dy, transition temperature,
respectively. Also listed are the average phase transition temperatures for entering
the liquid crystalline phase (K—Dy,) and the isotropic liquid (Dy—1).”

3.1.5. HBC Discotic Materials

As can be seen in Table 10, HBC based materials have the best charge carrying
properties. They have been shown to form hexagonal columnar mesophases such as
the one shown in Figure 45. They form these columnar arrangements due to intense
7-m interactions between the polyaromatic cores. The core-core separation in a
columnar mesophase is usually of the order 3.5 A, so there is considerable overlap of
m-orbitals. These m-m interactions are caused by intermolecular overlapping of p-
orbitals in m-conjugated systems, so they become stronger as the number of n-
electrons increase. The intercolumnar distance is usually 20-40 A, depending on the
lateral chain length of the long alkyl aliphatic chains that surround the core.”* *°
Therefore, the interactions between neighbouring molecules in the same column are
stronger than the interactions between neighbouring molecules in different columns.

Consequently the quasi-one-dimensional charge migration in these materials is

expected and indeed observed.
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Figure 45: Schemaltic representation of the formation of a hexagonal columnar
mesophase formed by the staking of HBC cores with peripheral alkyl chains.

Although all-carbon HBCs have been shown to have excellent charge carrying
properties, the charge mobility can vary greatly depending on the peripheral R groups
incorporated onto the core. The R groups are essential in insulating the conducting
cores from each other since they reduce inter-columnar conductivity losses and
promote efficient intramolecular close-packing. Table 11 highlights three specific
examples of all-carbon HBCs with desirable mesomorphic properties which illustrates
the consequences of altering the length and shape of the peripheral R groups on

charge mobility.

HBC-C,, 42/[a) K,_K, 98 K, 0.96
105/86 Rs.Dy 110 Di 0.38

HBC-C,, 52/[a] K % 98 5 1.13
109/88 KDy 116 D, 0.31

HBC-PhC, 18/0.6 D..D; 8 D, 0.17
83/72 D,.D; 22 D, 0.22

192 D; 0.46

[a] not determined.”

Table 11: Phase transition temperatures and structural assignments of three alkylated
HBC compounds as measured on a first heating and subsequent cooling run.
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HBC-Ci3, R = -C2Has
HBC-Cy4, R =-C4H3

HBC-PhCys, R = (Dot

The mobility values for the liquid-crystalline phases of the above compounds are the
highest found in discotic materials, and are well in excess of the value ca. 0.1 cm? V-
's' found by PR-TRMC for the Dy of hexakis-triphenylene, the previous record
holder.”®” The values in the crystalline phase are in fact comparable with the room-
temperature mobilities determined for single crystals of aromatic compounds”® and
approach the value of ca. 3 cm® V' s™! found for the inter-sheet mobility in graphite.”
As well as their excellent charge mobility one compound, namely HBC-PhC),, is
liquid-crystalline at all temperatures studied. The compound is malleable at room
temperature and can be readily compressed by hand to a density of 0.95 g cm™. This
value is considerably higher than can be achieved with polycrystalline solids. In
addition the high solubility of this compound in organic solvents means that it can be

readily spin-coated and therefore an attractive proposition for device applications.

For opto-electronic applications the ability of planar graphenes to self-assemble by 7-
stacking into highly-ordered structures has attracted attention in such varied fields as

101 and molecular electronic devices.'??

field-effect transistors,'™ photovoltaic cells
Judicious alkyl substitutions, as touched upon already have resulted in discotic liquid
crystalline behaviour over a large temperature range.”® Structural features such as
these, that give rise to high charge carrier mobilities and liquid-crystalline mesophases
over an extensive temperature range, are highly desirable. The former ultimately
controls the switching speed and current density/light intensity obtainable and the
latter the applicability of a future device. In addition the ordered soft states of discotic
liquid crystals offer the molecular control of film morphology and the potential for
self-healing. Some lucrative end-products based on liquid crystals are on the market

e.g. in the production of optical compensating films.'”

The latter involving a
photopolymerisable discotic are used to increase the angle of view on most modern

LCDs. The field is progressing rapidly and many authors predict that ‘electronics
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based on organic thin-film materials will soon become the mainstay of our

technological existence’.'™

3.1.6. N-doped HBCs

In this work it was hoped that an investigation into N-doped long chain HBCs would
yield compounds with a range of superior and desirable properties in terms of their
versatility, solubility and photoluminescence. The number and position of the N-
atoms would be under synthetic control and offer a means of tuning their electron-
accepting character. Enhanced solubility would aid processibility and ultimately thin
film formation and blending, and their considerable fluorescence would give an

additional spectroscopic handle for the study of solvent-interaction and aggregation.

One member of the N-doped HBC family, known as nitrogen-heterosuperbenzene (N-
HSB) is shown in Figure 46, and had been studied in great detail in the group.'

Figure 46: Structure of the first N-doped HBC, N-heterosuperbenzene(N-HSB).

However the solublilsing zert-butyl groups on the periphery was felt likely to hinder
the formation of a discotic liquid crystalline material. Although N-HSB had been
shown to stack in a columnar fashion in solution it is a micro-crystalline solid and
does not undergo a phase transition from the K phase to the Dy phase. N-HSB
molecules stack in a columnar fashion in solution but the inter-planar distance is too
great (due to the tert-butyl groups) to facilitate the formation of a discotic liquid
crystalline material. However in the solid phase N-HSB molecules have been shown
to arrange themselves in a helical arrangement of the polar discs,'® as shown in

Figure 47.
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3.2. Results and Discussion

3.2.1. Synthesis of hexa(4-dodecylphenyl)benzene (60)

Before the synthesis of the N-doped HBC could be attempted, its all-carbon analogue
60 was prepared. This would be beneficial to establish the key synthetic conditions

and as a comparator for future measurements.

The synthesis of 4,4’-didodecyldiphenylacetylene (58) can be seen in Scheme 40.
Trans-4,4’-dibromostilbene (55) was prepared via the Mc.Murry synthesis, which
involves the coupling of two molecules of 4-bromobenzaldehyde in the presence of
zinc powder and titanium tetrachloride. The off-white solid 55 was synthesised in
82% yield. The long alkyl chains were introduced quantitatively by the Kumada
coupling between 55 and the Grignard reagent, dodecylmagnesiumbromide with
NiCly(dppp) as catalyst, yielding 56 as a waxy off-white solid. Bromination of the
double bond using a quantitative amount of bromine in chloroform furnished 57 as a
white crystalline solid, again in almost quantitative yield. The final step in the
synthesis of 58 was the removal of two molecules of hydrogen bromide. This was

achieved by refluxing 57 in fert-butanol in the presence of potassium fert-butanolate.

o (i) y O g (i) y O CooHas
s o)
H 56

55 l(iv)
Br
il (v) O CizHzs
Ci2Ha2s — CioHas <«—— CyoHos Q
Br

57

Scheme 40: The synthetic route toward 58. (i) Zn, TiCl, THF, -10 °C. (ii) 4-
bromobenzaldehyde, THF, reflux, 5 h (82 %). (iii) dodecylmagnesiumbromide,
NiClx(dppp), diethyl ether, RT, 18 h, (93 %). (iv) Bro, CHCI3, RT, 18 h (94 %). (v)
potassium tert-butanolate, t-butanol reflux, 18 h (86 %).

The uncyclised polyphenylene (59) was synthesised by the cyclotrimerisation of 58

with a catalytic amount of Co,(CO)g in refluxing dioxane yielding compound 59 in 68

% yield, as shown in Scheme 41.
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C12Hzs O

Scheme 41: The cyclotrimerisation of 58 yielding 59. (i) Co,(CO)s, dioxane, reflux,
20h (68 %).
It was found that 59 upon cyclodehydrogenation using FeCl; (Scheme 42) gave 60, in
64 % yield with no apparent destruction or damage to the long alkyl chains provided
that a flow of argon is maintained through the reaction mixture during the entire

reaction.

C12H25 C12H25

Scheme 42: The synthesis of HBC 60, via cyclodehydrogenation of the polyphenylene
precursor 59. (i) FeCls, CH;NO,, CHCly, RT, 2 h (64 %)."

3.2.2. Synthesis of 1, 2-dipyrimidyl-3, 4, 5, 6-tetra(4-dodecyl-
phenyl)benzene (67)

Once the conditions for cyclodehydrogenation had been optimised, attempts were then
made to synthesise the N-doped analogues of 59 and 60. This required the synthesis
of a number of precursors that had to be synthesised in a systematic manner. The

synthesis of the alkyl-substituted 1,2-diaryl-1,2-diketone 63 was accomplished using
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Figure 47: The synchrotron molecular structure of N-HSB showing, the helical
arrangement of molecules (inter-plane distance 3.54).

In the following section the synthesis and investigation of a long chained analogue of
N-HSB is detailed. As mentioned already coupling of bulky components into long
chain alkyl units has been reported to improve mesomorphic and charge transport
properties in discotic materials.'” These desirable affects have been attributed to the
restriction in the lateral and rotational motion of the central core and the concomitant
increase in the barrier to conformational change and dynamic disorder. It is hoped that
the permanent dipole induced by the asymmetric presence of N-atoms will assist in
the anchoring of the aromatic rings within the columnar stacks, giving a head-to-tail
or homeotropic intra-columnar arrangement with reduced rotational disorder. This
might be expected to enhance electron mobility due to the shift in electron density

from aromatic to pyrimidyl in the frontier orbitals.

Replacement of the fert-butyl groups with dodecyl alkyl chains it is hoped will result
in a discotic liquid crystalline material mimicking the behaviour of HBC-PhC;,. The
presence of the dodecyl chains is expected to yield a head-to-tail configuration

(Figure 48) as opposed to the helical configuration observed for N-HSB (Figure 47).
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CiaHas

Figure 48: Dipole moment (red arrows) and a possible head-to-tail orientation within
aggregates formed by self-association.

This work therefore presents the first successful synthesis of a long chain and
nitrogen-containing PAH, 68, and details its comprehensive characterisation including
conductivity measurements and photophysical properties. To date 68 is the only

heteroatom HBC core that has quantifiable charge carrier mobility.
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3.2. Results and Discussion

3.2.1. Synthesis of hexa(4-dodecylphenyl)benzene (60)

Before the synthesis of the N-doped HBC could be attempted, its all-carbon analogue
60 was prepared. This would be beneficial to establish the key synthetic conditions

and as a comparator for future measurements.

The synthesis of 4,4’-didodecyldiphenylacetylene (58) can be seen in Scheme 40.
Trans-4,4’-dibromostilbene (55) was prepared via the Mc.Murry synthesis, which
involves the coupling of two molecules of 4-bromobenzaldehyde in the presence of
zinc powder and titanium tetrachloride. The off-white solid 55 was synthesised in
82% yield. The long alkyl chains were introduced quantitatively by the Kumada
coupling between 55 and the Grignard reagent, dodecylmagnesiumbromide with
NiCly(dppp) as catalyst, yielding 56 as a waxy off-white solid. Bromination of the
double bond using a quantitative amount of bromine in chloroform furnished 57 as a
white crystalline solid, again in almost quantitative yield. The final step in the
synthesis of 58 was the removal of two molecules of hydrogen bromide. This was

achieved by refluxing 57 in tert-butanol in the presence of potassium ters-butanolate.

U]
9 Bri / O Brﬂ, / O Ci2Has
H g Q et O 56

55 l(iv)
Br
_— (v) O Ci2Has
Ci2H2s — CioHzs <«—— CyoHps Q
Br 57

58

Scheme 40: The synthetic route toward 58. (i) Zn, TiCl, THF, -10°C. (ii) 4-
bromobenzaldehyde, THF, reflux, 5 h (82 %). (iii) dodecylmagnesiumbromide,
NiCly(dppp), diethyl ether, RT, 18 h, (93 %). (iv) Bry, CHCI3, RT, 18 h (94 %). (v)
potassium tert-butanolate, t-butanol reflux, 18 h (86 %).

The uncyclised polyphenylene (59) was synthesised by the cyclotrimerisation of 58
with a catalytic amount of Coy(CO)g in refluxing dioxane yielding compound 59 in 68

% yield, as shown in Scheme 41.
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Scheme 41: The cyclotrimerisation of 58 yielding 59. (i) Co;(CO)s, dioxane, reflux,
20h (68 %).
It was found that 59 upon cyclodehydrogenation using FeCls (Scheme 42) gave 60, in
64 % yield with no apparent destruction or damage to the long alkyl chains provided
that a flow of argon is maintained through the reaction mixture during the entire

reaction.

Scheme 42: The synthesis of HBC 60, via cyclodehydrogenation of the polyphenylene
precursor 59. (i) FeCl;, CH;NO,, CH>CI, RT, 2 h (64 %). A

3.2.2. Synthesis of 1, 2-dipyrimidyl-3, 4, 5, 6-tetra(4-dodecyl-
phenyl)benzene (67)

Once the conditions for cyclodehydrogenation had been optimised, attempts were then
made to synthesise the N-doped analogues of 59 and 60. This required the synthesis
of a number of precursors that had to be synthesised in a systematic manner. The

synthesis of the alkyl-substituted 1,2-diaryl-1,2-diketone 63 was accomplished using
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two different methods. Method A (steps (i), (ii), (ii) and (iv) in Scheme 43) used the
procedure of Muller-Westerhoff **  which includes lithiation of 4-
bromododecylbenzene (62) with n-butyllithium in tetrahydrofuran and subsequent
treatment with DMPD. 62 was readily synthesised by the Friedel-Crafts acylation of
bromobenzene with dodecanoyl chloride (76%) followed by a Wolff-Kishner
reduction of the resulting ketone (76 %). Method B (step (v) in Scheme 43) involved
the oxidation of 58 with iodine in dimethylsulfoxide at 155 °C (74 %).28

Br
(i) 0 (il
S Br »C12H2s
Cq1Hz3

61 (iii)
(iv)
O O

Q=m0

Ci2H2s 63 Cq2Hzs

Scheme 43: The two possible routes for the synthesis of thel,2-diaryl-1,2-diketone, 63.
Method A: (i) dodecanoyl chloride, AICI;, 50 °C, 1 h (76 %). (ii) hydrazine hydrate,
KOH, triethylene glycol, reflux, 2 h (76 %). (iii) n-BuLi, THF, -78 °C, 90 min. (iv)

DMPD, THF, -78 °C—RT, 18 h (40 %). Method B: (v) I,, DMSO, 155 °C, 18 h
(74 %).%8

The synthesis of the alkyl-substituted 1,3-diaryl-2-propanone 65 proved more

problematic because it was dependent on the formation of dodecyl bezylbromide 64.

The latter which was synthesised by the reaction of dodecylbenzene with

paraformaldehyde and hydrobromic acid in glacial acetic acid could only be formed in

low yield. Even extending the reaction time to 4 days at 75 °C only yielded 14 % of

64 (extra time was shown to have no effect on the yield). To overcome the problem a

large scale up was undertaken to ensure that enough 64 was synthesised for later

synthetic steps. Scale up was possible since the precursors for 64 were commercially

available and cheap, this avoided further optimisation of an unproductive reaction.
1,3-diaryl-2-propanone 65 was successfully synthesised in 54 % yield using iron

pentacarbonyl in a biphasic system. Subsequent two-fold Knoevenagel condensation

of 63 and 65 in an ethanolic potassium hydroxide solution yielded the
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tetraphenylcyclopentadienone 66 in 53 % yield as a thick purple oil. The synthesis of
65 and 66 can be seen in Scheme 44.%

C12H2s

() (" Ci2Hzs Ci2Hzs
— > Cy2Hps

+

C12Has O O Ci2H2s m
m
O O Ci2H2s C12Hzs

Ci2H2s C12H2s 63

Scheme 44: Synthetic pathway for the synthesis of the cyclopentadienone, 66. (i)
paraformaldehyde, HBr, glacial acetic acid, 75 °C, 4 d (14 %). (ii) NaOH,
benzyltriethylammonium chloride, Fe(CO)s, CH,CIly/HO, reflux, 18 h (54 %). (iii)
KOH, C-H;0H, reflux, 5 min (53 %).”

Central to the work is the introduction of heteroatoms into a polyphenylene precursor.
Polyphenylene 67, the precursor to compound 68, was synthesised in 48 % yield via
the Diels-Alder [2 + 4]-cycloaddition of 18 and 66 in a benzophenone melt at 200 °C
for 6 hours with the liberation of carbon monoxide (Scheme 45). The careful choice
of starting materials and the established stereochemistry of the [2 + 4]-cycloaddition

reaction meant that the system was chemioselective, ensuring the ortho-arrangement

of the pyrimidine subunits on the generated benzene core of 67.

Scheme 45: The synthesis of N-doped, dodecyl substituted polyphenylene 67 via a
Diels-Alder [2 + 4]-cycloaddition reaction. (i) benzophenone, 200 °C, 6 h (48 %).

Polyphenylene 67 was purified by column chromatography, followed by

recrystallisation from hexane and was isolated as a waxy off-white substance.
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3.2.2.1. NMR Spectroscopic Characterisation of 67

The structure of 67 as drawn in Figure 49, has a C, axis of symmetry which simplifies
its "H and ">C NMR spectra. The two most downfield signals with an integral ratio of
2:4, respectively in the 'H spectrum can be readily assigned due to the protons of the
pyrimidine ring. The proton with the most downfield signal at & 8.78 ppm can be
assigned to H10 which is located between the two nitrogen atoms. The electron-
withdrawing properties of the nitrogen atoms have shifted this signal to this downfield
position. The other proton of the pyrimidine ring H7 can be seen at 6 8.24 ppm. The
remaining aromatic signals, which consists of four doublets are rather complicated to
assign. One doublet can be clearly seen at & 6.74 ppm, however the other three
doublets overlap in the region 8 6.70-6.68 ppm. In order to fully assign these protons
an NOE experiment was carried out on H7, which showed that H7 had an interaction
with H8 and H11 at 8 6.75 ppm and 8 6.70 ppm, although which was which could not
be determined. Nevertheless this showed that H8 and H11 were one spin-system in
the phenyl ring closest to the pyrimidine ring and that H9 and H12 at 6 6.68 ppm and
d 6.69 ppm must be another spin system in the phenyl ring furthest away from the
pyrimidine ring. The interactions between H8 and H11 as well as H9 and H12 were

further confirmed by a "H-"H COSY experiment.

Full assignment of the aromatic proton signals was achieved by carrying out a HMBC
experiment.  Although the benzylic protons of the long-alkyl chains are non-
equivalent they do overlap at & 2.37 ppm, and from the HMBC, H11 and H12 were
assigned at 8 6.75 and & 6.68 ppm respectively from their long-range CH coupling to
the benzylic carbon atoms. So by elimination H8 and H9 were assigned to the signals

at 6 6.70 and J 6.69 ppm, respectively.
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Figure 49: (a) 'H NMR (600 MHz) and (b) >C NMR (150 MHz) spectra of the
aromatic region of 67 (CDCl;, RT).

In the aliphatic region of the "H NMR spectrum the terminal methyl groups of the
alkyl-chains can be seen as a triplet at § 0.91 ppm, this implies that although the two-
chains are non-equivalent they appear as one signal with a coupling constant of 6.7
Hz. As mentioned earlier the benzylic protons of the two non-equivalent chains can
be seen overlapping at 6 2.37 ppm. The rest of the aliphatic protons are seen as a
multiplet integrating to 80 in the region & 1.45-1.13 ppm, as is customary with
dodecyl chains in these types of systems since apart from the terminal methyl group

and the benzylic protons there is little to distinguish the other protons from each other.

The aromatic region of the *C NMR spectrum of 67 is also shown in Figure 49 (b).
This shows 8 quaternary carbon signals in the region & 142-133 ppm which
corresponds to the chemically distinct carbon atoms, C1-6, and C13-14. Again the
two most downfield signals at 3 157.9 and 155.6 ppm were assigned to the deshielded
aromatic carbon atoms of the pyimidine ring, C7 and C10 respectively. The

remaining CHs were readily assigned as shown in Table 12, by *C-'H COSY since

126



Chapter 3

the aromatic protons were already assigned. Full assignment of the quaternary
carbons can also be seen in Table 12, and were achievable by HMBC experiments.
The signals due to the quaternary carbon atoms were assigned by their long range

interactions with known protons.

157.9 CH C7
155.6 CH C10
142.8 q C3

141.5 q C2
140.7 q C13
139.9 q Cl4
136.5 q C6
135.8 q Cs

134.0 q Cl

132.7 q C4
130.9 CH cs8

130.7 CH C9
127.4 CH Cl1
126.7 CH C12

Table 12: Assignment of >C NMR signals from >C-'H COSY and HMBC
spectroscopic experiments on 67.

3.2.2.2. UV-vis Absorption Spectroscopy of 67

The configuration adopted by molecules has been shown to play a major role in
determining the shape and position of absorption maxima in the electronic spectra of
aromatic molecules. Ogliaruso in 1965 proposed that structural rigidity and the angle
between the outer rings and the central ring as important factors in the elucidation of

the electronic spectra of polyphenylenes.106

Non-planar molecules usually have
structureless absorption spectra, whereas planar, rigid molecules with high symmetry
show well resolved vibrational bands. Hexaphenylbenzene exhibits electronic
characteristics typical of a non-planar molecule, with an absorption maximum at Amax
247 nm, and a shoulder at & 271 nm."” It has a slightly structured absorption
spectrum, and there is no effective conjugation between the rings. Interestingly, the
principal absorption of hexaphenylbenzene is exactly the same as the major

absorption band for biphenyl and many other oligophenylenes.'*®
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9 a wide structureless

In the case of biphenyl which is non-planar in solution,'
absorption band is observed. Like many oligophenylenes, it exhibits a large change in
conformation between the ground and the first excited states i.e. the molecule
becomes more planar upon excitation. The UV-vis absorption spectrum of biphenyl
contains a broad structureless p-band (Amax = 250 nm) and the forbidden o and o*
bands which are partially submerged in the long-wavelength end of the p-band at 270
nm.'” The vibrational freedom of the phenyl rings causes the bell-like structure of

the p-band.

The normalized absorption spectrum for the N-doped polyphenylene 67, in toluene

can be seen in Figure 50.
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Figure 50: The normalized absorption spectrum of 67 in toluene.

As can be seen in Figure 50 the electronic spectrum for 67 is very broad and exhibits
no fine-structure, so it becomes difficult to determine the 0-0 transition.'”  The
spectrum is structureless as it is with hexaphenylbenzene and biphenyl since in the
ground state steric hindrance imposes a non-planar configuration on the
chromophore.'o7 The spectrum shows an absorption band at Amax 288 nm with a molar
extinction coefficient of 4.9 x10°> L mol™ cm™. However when 67 is fully cyclised to

planar 68 there is a dramatic change in the absorption spectrum as expected.
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3.2.3. Synthesis and Characterisation of tetra -peri-(dodecyl-benzo)-di-
peri-(pyrimidino)-coronene (68)

Cyclodehydrogenation of 67 with FeCl; generated the first long chain containing N-
functionalized heterosuperbenzene, 68 (Scheme 46). Compound 68 was purified by
chromatography yielding a dark red waxy substance in 24 % yield, and was found to
be soluble in most organic solvents. The low yield obtained for 68 could be explained
by the possibility of competing reactions such as intermolecular aryl-aryl coupling® or
de-alkylation which could not be suppressed. From a purely thermodynamic point of
view, incomplete cyclisation would be unfavourable because of the formation of a
fully dehydrogenated system gives the largest gain in resonance energy,”’ however it
is known that partially cyclised products are obtained during the synthesis of N-doped
HBCs. Although most of the HCl produced during the course of the reaction is
removed by bubbling argon through the reaction mixture it is predicted that some of
the side products will be chlorinated thus leading to a further lowering in the yield.?
Nevertheless it was possible to isolate the non-chlorinated fully cyclised product from

the reaction mixture.

Scheme 46: Synthesis of 68 via the cyclodehydrogenation of 67. (i) FeCl;, CH3NO,,
CH>Cl, RT, 2 h (24 %).

NMR characterisation of 68, proved to be very problematic which was to be expected.
Although the presence of the long alkyl chains increases the solubility of 68 it also
allows the aromatic cores to stack much closer together than in its zert-butyl analogue.
This proposed enhanced aggregation is similarly seen in HBC-PhC,, which in order to
get a proton NMR spectrum it required running the experiment at 85 °C in p-CsD4Cly

110

on a 500 MHz spectrometer. Even at elevated temperatures on a 600 MHz

spectrometer no fine structure can be seen for 68. It is our contention that compound
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68 with its permanent dipole moment exhibits an increase in stacking and stronger
association compared to HBC-PhC,,. The spectrum in Figure 51 of 68 although very
broad, is indicative of a pure compound. Any partially cyclised impurities would

appear as sharp signals.

CDCl;

CDCl; satellite peaks \

R

Aromatic protons
integrating to 5

10.0 9:5 9.0 85 8.0 5 7.0 6.5 6.0
(ppm)

Figure 51: The 'H NMR spectrum of 68 (CDClI3, RT, 600 MHz).

However the accurate mass MALDI-TOF spectrum of 68 shown in Figure 52,
contained a single molecular ion at m/z 1199.8804 in accord with the formation of

[C86H111N4]+, [MH]" (calculated 1 199.8809) with the expected isotope distribution.
1199.8809 1200.8842

100 (a)

04— 1201.8875

1202.8907 1203 gg42
0
1200.8851
1007 (b) 1199.8804
1201.8927
OA, —
1197.8735 1198.8766 1202.9016
1203.9053 /
0 m/z
1198 1200 1202 1204 1206

Figure 52: MALDI-TOF mass spectrum, (a) simulated isotopic distribution expected
and (b) experimental mass spectrum obtained for 68.
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3.2.4. Solubility

One major drawback with HBCs is their low solubility in most solvents and the need
for high boiling solvents such as dichlorobenzene or tetrachloroethane for spectral
analysis. In contrast 68 with its built in dodecyl and nitrogen solubilising units, shows
a dramatic increase is solubility compared with reported all-carbon analogues. It is
soluble in a wide variety of common organic solvents such as benzene, toluene,
chloroform, dichloromethane, tetrahydrofuran, diethylether and it is even slightly
soluble in the non-polar solvent hexane. However it was noted that 68 was less
soluble in these solvents than N-HSB, even though both the dodecyl groups (in 68)
and the tert-butyl groups (in N-HSB) help make the ligand more soluble. Both
compounds have a comparable dipole moment therefore there must be other factors at

work regarding the variation in their relative solubilities.

3.2.5. Thermal Stability

Thermal stability is important to extend LED applications where thermally sensitive
polymer materials can fail. HBCs have been shown to be thermally stable up to and
beyond 1000 °C. It was therefore important to examine the thermal stability of 68
which was examined by thermogravimetric analysis (TGA). As shown in Figure 53
there was an initial loss in mass of 5-10 % between 100-250 °C attributed to the
removal of trapped solvent molecules. Decomposition around 470 °C agrees with the
mass loss of the dodecyl groups.'*** This suggests that the simplest
heterosuperbenzenes, without substituents, are likely to be highly thermally stable.
This is not surprising however as it is believed that the all-carbon PAH derivative,
coronene is formed in interstellar media at many thousands °C. The extremely high

thermal stability of the central unit of 68 would make them particularly suitable for
many LED applications.
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Figure 53: Thermogravimetric analysis of 68 showing 5-10 % solvent loss and
dodecyl decomposition.

3.2.6. Differential Scanning Calorimetry (DSC)

The DSC trace of 68, shown in Figure 54, shows only one phase transition (assigned
to D;—D;) which is due to conformational changes within the mesophase i.e. 68 is
liquid crystalline over all temperatures studied. DSC simply measures the heat
supplied or extracted during the phase transition process. The first heating trace
shows a phase transition at ca. 5 °C with no other phase changes detected i.e. there is
no transition from the crystalline to the liquid crystalline phase nor is there a phase
change from the liquid crystalline to the isotropic liquid phase. It has been shown in
the literature that the change in enthalpy due to conformational changes within the
mesophase are in the range 16-28 kJ mol™, which is comparable to the average change
in enthalpy observed for 68, 20 kJ mol™. Crystalline to liquid crystalline and liquid
crystalline to isotropic phase transitions have much greater changes in enthalpy, in the
order of 60-70 kJ mol™.*® These assignments will be discussed later in relation to the

charge carrier mobility of 68.
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Figure 54: The differential scanning calorimetry (DSC) trace for 68, scanning
between -30 - +300 °C at a scan rate of 10 °C min™. (i) first hea, (ii) first cooling,
(iii) second heat.

The cooling curve shows the transition at ca. -4.5 °C. The discrepancy in the two
values can be explained by supercooling within the instrument as well as instrumental

hysteresis attributed to the temperature scan rate.

HBC-PhC), is the only other HBC based liquid crystalline material known to be
liquid crystalline at room temperature and over all other temperatures studied. This
compound however exhibits a phase transition at 18 °C. Obviously that fact that 68
undergoes this transition at ca. 5 °C is a significant difference, which can be attributed
to the fact that 68 has a permanent dipole which has been induced by the asymmetric
presence of N-atoms whereas HBC-PhC;, does not. The effect of this permanent
dipole moment will assist in the anchoring of the aromatic rings within the stacks,
giving head-to-tail or homotropic intra-columnar arrangement with reduced rotational

disorder.

The DSC also confirms that scanning from -30 °C to 300 °C results in no significant

decomposition of 68 as the DSC traces are reproducible within experimental error.
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3.2.7. Photophysical Properties of 68

3.2.7.1.  UV-vis Absorption Spectroscopy

UV-vis spectroscopy is invaluable when studying PAHs as it yields information on
the electronic structure of the compounds. The UV-vis absorption spectra of 68,
shown in Figure 55 (b), can be compared to the uncyclised polyphenylene precursor,
67 (Figure 50) and the all-carbon analogue 60 (Figure 55 (a)). We can see from the
UV-vis absorption spectra of the cyclised compound 68 that the increase in planarity
and rigidity of the system has resulted in well-resolved bands compared to the

uncyclised polyphenylene precursor 67.
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Figure 55: The normalized absorption spectra of (a) 60 and (b) 68, both in toluene.
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The highly structured electronic absorption spectrum of 68 in toluene (Figure 55 (b))
can be readily compared to the all-carbon analogue 60 in the same solvent (Figure 55
(b)). From the highly structured shape of the UV-vis spectrum in the 300-400 nm
region we can say with confidence that although some modification has taken place in
the synthesis of 68, with the introduction of four nitrogens, the HBC chromophore is

still intact.

In the 300-400 nm region the UV-vis spectrum of 68 has a Anax = 357 nm, which is
blue-shifted by 6 nm when compared to 60. As well as this there is also an additional

band at A 378 nm, which is not present in the spectrum of 60.

It has been shown in the literature and within the group that PAHs typically show
three types of bands, namely a, B and p-bands, in agreement with Clar’s result.'"’ The
B-bands (at A 363 nm for 60) correspond to the electronic interaction between the
benzoid rings of the PAH, a red-shift in these bands is a consequence of increasing the

electronic interaction, for example by extending the n-system.>*

It is very difficult to infer anything from the p-bands, since for 60 they appear at ca. A
392 nm and involve the localization of the n-electrons in the excited state. Therefore
since localization takes place in different positions in different PAHs direct

comparisons with other PAH derivatives is not possible.*

In the region 400-550 nm the extremely weak a-band at A 452 nm (g = 200) for 60, is
assigned as the 0-0 transition, which is strictly forbidden in the D¢, symmetry and
coincides with the first recognizable fluorescence band for 60 at A 468.5 nm.
However in the case of 68 there is a large increase in the molar absorbitivity for the
low energy bands at A 419, 466 and 496 nm. For 68 the 0-0 transition (a-band) is
much more intense due to the lifting of molecular symmetry to C,,. Thus the red-
shifted band at A 496 nm is assigned to the 0-0, 1(n, 7*) transition, with enhanced

molar absorptivity when compared to 60.%*

It has been shown in the literature that for other HBC derivatives where the 0-0 band
is apparently absent, its position can be estimated at around 430-435 nm by using the

approximate mirror image relationship between absorption and emission. This is
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considerably red-shifted from that of benzene in cyclohexane which appears at A 270
12

nm.

The molar extinction coefficients for 60 and 68 were recorded in toluene and can be
seen in Table 13. From the table it is clear that the molar extinction coefficients for
68 show a more than 40 fold increase in the intensity of the 0-0, '(x, n*) transition
compared to 60, for reasons already discussed. In contrast there is a reduction in the
intensity of Amax in 68 compared to 60. This is a direct result of the introduction of
four withdrawing nitrogen atoms, which deplete the n-electron density within the core
of 68 as compared with 60. This kind of effect has been observed before, for example

. voo e 5 1
when comparing pyrimidine and benzene.**!"?

342 35 378 397 419 466 496

346 363 392
79,000 180,000 71,000

31,000 49,000 23,000 13,000 8,000 4,000 4,500

Table 13: The molar extinction coefficients for the absorption maxima at each
wavelength of 60 and 68, both in toluene.

3.2.7.2. Electronic Transitions within 68

In general the bonding orbitals of a nitrogen containing aromatic compound have ©
and n character and the lowest energy unfilled orbitals (LUMOs) are 7*-orbitals.!'*! '
Promotion of an electron from the n to the n* orbital (n— n*), leads to an excited
state in which the electron is delocalised over the entire aromatic system, which will
give rise to excited singlet '(n, 7*) and triplet *(n, 7*) states. Similarly a n—n*

transition will lead to the excited states '(x, 7*) and *(x, n*).>*!!*

The UV-vis spectra of 68 in various organic solvents shows two types of transition,
the m—n* and the n— n*. These generate an overall spectrum which is complex and

shows several component bands.

There are many methods to elucidate the nature of the absorption bands, the simplest

being application of Kasha’s criteria and comparison of the UV-vis spectra of 68 and
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60.""" According to Kasha an n—n* transition is absent in 60. By comparing
absorption spectra 60 and 68 it has already been possible to assign the low energy
bands at A 466 and 496 nm as n—n* transitions, with the 0-0 transition at A 496 nm.
In fact direct comparison between the two compounds would suggest that all the
bands in the spectrum of 68 are of =—n* character, except for the band at A 378 nm,
which is clearly new and which is absent in the absorption spectrum of 60 and can

therefore be assigned as a n— w* transition.>*

n—7n* and n— ©* transitions can also be distinguished by the effect of polar and non-
polar solvents on UV-visible spectra.''* Polar solvents are more strongly hydrogen-
bonded to the heteroatoms in the ground state than in a n* excited state. The energy
of the n ground state is therefore lowered and a shift in the absorption maxima to
shorter wavelengths is observed for an n— #* transition in polar solvents. In direct
contrast a shift in the absorption maxima to longer wavelengths is observed in some
n—7* transitions in polar solvents: the excited state is more polar than the ground
state, hence the interaction with a polar solvent reduces the energy difference between

the two states.
Figure 56 shows the UV-vis spectrum of 68 in solvents of differing polarity, the most

important features are the loss of fine structure in some solvents and the marked shift

that can be caused by varying the polarity of the solvent.
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Figure 56: (a)-(c). Absorption spectra of 68 in various solvents. The arrows indicate
the direction that the absorption bands have shifted on increasing solvent polarity.

Figure 56 (a) compares the UV-vis spectra of 68 in toluene and the more polar
tetrahydrofuran. There is a blue-shift in the Aya from 357 nm in toluene to 355 nm in
tetrahydrofuran. The band at A 378 nm in toluene has also been blue-shifted to 376 nm
in tetrahydrofuran. The bands in the red region at A 419 nm, 466 nm and 496 nm in
toluene have all undergone a red-shift by 1-2 nm in tetrahydrofuran. On applying
Kasha’s criteria, this would indicate that the absorption bands in the red-region (400-
500 nm) are in fact =—n* transitions, and the bands at X 357 nm and 378 nm in

toluene are n— 7* or at least have some n— =©* character.

Figure 56 (b) shows very large red-shifts in the m—n* transitions at the low energy
end of the absorption spectrum of 68 when dissolved in chloroform. Theses shifts are
larger than those expected from the magnitude of the polarity change from toluene to
chloroform, which suggests that there might be some solvent-specific effects in

addition to polarity ones.
Figure 56 (c) shows the effect on the UV-vis spectrum of 68 in hexane. Although

hexane is less polar than toluene the expected shifts due to polarity as observed for

chloroform and tetrahydrofuran were not observed. It was also noted, as can be seen
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in Figure 55 (c) that there was a total loss of resolution and fine structure due to poor

solubility in hexane.

3.2.7.3. Emission Spectroscopy-Comparison of 68 with 60

The combined plots of the absorption and fluorescence spectra of 60 and 68 are
shown in Figure 57 (a) and (b). The fluorescence spectra for 60 is highly structured,
however broadening does take place in the fluorescence spectra of 68 probably due to

aggregation which occurs at extremely low concentrations.
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Figure 57: Absorption and fluorescence spectra for (a) 60 and (b) 68, both in toluene,
exciting at 4 363 and 357 nm, respectively.

As can be seen in Figure 57 (a) and (b) all the bands in the fluorescence spectrum of

68 are shifted slightly to the red by around 15 nm when compared to 60. However the
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main feature shown is the fluorescence from the lowest energy excited state, which

was expected upon the removal of molecular symmetry from Dgj, for 60 to C,, for 68.

As the absorption at 496 nm in toluene is the 0-0, 7—n* transition, a mirror image
relationship would thus suggest that the Amax at 499 nm in the emission spectrum of 68

is from the !(m, n*) excited state.>*

3.2.7.4. General Characteristics

Fluorescence of organic compounds usually originates from the lowest excited singlet
level, S;, even though absorption may initially populate a higher energy singlet state,
such as S,, S3.....Sn.114 This is due to rapid internal conversion (IC) from S, to S,
followed by vibrational degradation. Radiationless IC S;—S; may now occur,
although this process must be of the same order or slower than for S,—S,, otherwise
fluorescence from S; would not occur. The forbidden Intersystem Crossing (ISC)
S;—T) can also compete and lead to a phosphorescent emission as shown in Figure

58.

excited vibrational states
Sh i / (excited rotational states not shown)

A = Absorption
F = Fluorescence

P = Phosphorescence

S = Singlet State

S
? T = Triplet State
IC = Internal Conversion
IC ISC = Intersystem Crossing
Energy
ISC
T,
A I IC iy
l)
55 -

Electronic ground state

Figure 58: Jablonski energy level diagram showing the possible transitions within an
excited species.
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The electronic absorption spectra, and (n, 7*) and (w, 7*) nature of the excited singlet
and triplet states, have been studied in detail for diazabenzenes. These molecules, for
example pyrimidine, are reported to have '(n, n*) states as the lowest energy singlet
state and *(n, n*) as the lowest energy triplet state. The diazanaphthalenes have '(n,
n*) as the lowest singlet excited state, and 3(m, 7*) as the lowest triplet state. All the
above exhibit a weak fluorescence but are found to show a strong

phosphorescence.**!!?

Although it is generally accepted that luminescence from (n, ®*) excited states of
diazabenzenes occur at lower energy than that derived from (z, ©*) states of the parent

hydrocarbon,1 i

this is not the case for 1,10-phenanthroline. The fluorescence
maximum for 1,10-phenanthroline is shifted towards lower energy in non-polar
solvents, as is characteristic of an increased contribution from an '(n, 7*) state.''
Indeed the sensitivity of the fluorescence efficiency and lifetime to the nature of the
solvent is indicative of a close proximity of l(n, 7*) and '(, 1*) excited states, which
are said to mix to varying degrees in 1,10-phenanthroline and hence influence its
observed photophysical properties. In polar solvents, however, the first excited state
for 1,10-phenanthroline is '(n, *). As additional aromatic rings are added to the N-
containing aromatic system, additional bonding and antibonding levels are introduced

with a resulting reduction of the energy of the =—m* transition.''” Thus it is expected

that the first excited state in 68 is a '(r, 7*) state.**

As photons emitted by fluorescence have less energy than those absorbed, absorption
spectra always occur at shorter wavelengths than emission spectra. This difference in

wavelength, or Stokes’ shift is shown in Table 14 for 68 (in toluene).

68 496 499 4.0

Table 14: The lowest energy absorption, highest energy emission wavelength and
Stokes’ shift for 68 in toluene.

It has been shown that for fert-butyl N-HSB the Stokes’ shift increases in a polar

solvent such as toluene when compared to the Stokes’ shift in a non-polar solvent,
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such has hexane. However 68 was too insoluble in hexane to establish whether a

similar effect cold be prevalent.

The emission from 68 was shown to be independent of the wavelength of excitation.
A solution of 68 was irradiated at all absorption band wavelengths and in each case
the corrected emission could be superimposed, suggesting a single fluorescing species
(see Figure 59). The highest intensity emission was generated on irradiating at A =

357 nm, which is the Ay, in the absorption spectrum.

350
= Irradiation Wavelength
% 500 /\ ——342 nm
2 250 —— 357 nm
g 200 378 nm
% — 397 nm
o 150
s ——419 nm
g 190 —— 466 nm
§ 50 ——496 nm
('8

0 |

400 450 500 550 600 650 700
Wavelength (nm)

Figure 59: Overlay of the fluorescence spectra of 68 in toluene generated at different
iex.

3.2.8. Absorption and Fluorescence Properties of the Protonated form of
68

In order to better understand the chromophoric behaviour of 68, the effect of
protonating the nitrogen atoms was studied. Compound 68 contains four nitrogen

atoms each of which is capable of acting as a proton acceptor.

The absorption spectra of 68 can be seen in Figure 60 (i). Addition of the base
triethylamine does not cause any spectral change, however the addition of
trifluoroacetic acid causes si<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>