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Abstract

A number of novel dialkoxystyryl-substituted terthiophenes were synthesised as
precursors to form conducting polymers. These compounds contained either crown
ethers or polyether chains designed to complex metal cations, and polymerisable
terthiophene moieties. Two isomeric cross-linked bis(terthiophene) crown ethers
were also synthesised as monomers for conducting polymer synthesis, but could not
be investigated further due to their insolubility. The solubility issue was
circumvented by the formation of hemicrown compounds, containing two styryl-
terthiophene units linked by a polyether chain. Thiophene analogues of the crown
ether, open-chain ether, bis(terthiophene) crown ether and hemicrown compounds

were also successfully synthesised and characterised.

The response of the terthiophene crown compounds, open-chain compounds and
hemicrowns to a large range of metal cations was investigated by UV and
fluorescence spectroscopy. The results obtained from this work were consistent with
complexation based on size-fit and charge density of ions, and with hard-soft-acid-

base theory.

Chemical polymerisation of the terthiophene crown monomers and open-chain ether
terthiophene compounds was carried out using FeCl,. This led to the isolation of
dimeric sexithiophene compounds in high yield. Characterisation of the pure
sexithiophene derivatives showed that they were the product of regioselective
dimerisation, caused by the asymmetric reactivity of the terthiophene-based
monomers. This is believed to be due to uneven electron spin-density distribution,
and theoretical calculations on the radical cation support this view. Producing
dialkoxystyryl-substituted sexithiophenes by this synthetic route gave excellent yields

of isomerically-pure product.

Chemical oxidation of terthiophene compounds using Cu(ClO,), was observed with
UV/VIS/NIR spectroscopy. This allowed the observation and identification of
absorption bands due to oxidised species. Reduction of these species led to

sexithiophene dimers, as seen for chemical polymerisation using FeCl,.
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Electrochemical polymerisations of the terthiophene, thiophene and sexithiophene
compounds were carried out by cyclic voltammetry. Those that formed adherent
films were analysed by UV/VIS/NIR spectroscopy in both the neutral and oxidised
form. The electrochemical and spectroscopic evidence again pointed to the formation
of dimers as the primary product of oxidation from terthiophene-based monomers.
The surface morphology of the films was investigated by scanning electron

microscopy, and showed a variety of morphologies.
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1.1 Research Objectives

The overall aim of this work was to produce chemical compounds that could be used
to form conducting polymers with a sensing capability. A successful chemical sensor
must possess two attributes. Firstly it must be able to selectively recognize the
desired analyte, and then it must be capable of producing a measurable signal.' It can
also be added that if the functionalities fulfilling these two roles are separated within
the molecule, then there must be some form of electronic communication between
them. Combining the well-known ion recognition ability of crown ethers with the
electrical conductivity of conducting polymers has the potential to satisfy both these

requirements, and could result in the fabrication of a range of metal ion sensors.

The specific objectives of this work were to:

i) Carry out a survey of the literature to investigate the chemistry of
crown ethers, conducting polymers, and how these areas have
previously been merged in order to produce conducting polymers
functionalised with crown ethers that can be used as metal ion sensors
(Chapter 1).

i) Design and synthesise a range of polyether-substituted monomers that
have the potential both to selectively complex metal ions, and to form

conducting polymers (Section 1.6, Chapters 2, 3 and 7).

iii) Investigate the response of the monomers to a variety of metal ions
(Chapter 4).
iv) Investigate the polymerisation of the monomers both chemically and

electrochemically, and investigate the response of the polymers to

metal ions (Chapter 5).



1.2 Crown Ethers

Since the serendipitous discovery of crown ethers by Charles Pedersen in 1967, *
there has been a huge volume of work published on their synthesis and applications.
The crown ethers originally reported by Pederson consisted of a cyclic polyether

chain, and included compounds containing either benzo or cyclohexyl rings (Fig. 1.1).

CS)J C(\OJ;)) @

12-crown-4 cyclohexyl-15-crown-5 dibenzo-18-crown-6

Figure 1.1 Examples of crown ethers

The crown nomenclature was applied to the compounds due to their ability to crown
alkali metal ions and form stable complexes. This was visualized by Pedersen to be
the result of ion-dipole interactions between the cation and the oxygen atoms, with the
ion sitting inside the crown ring. His hypothesis was later shown by X-ray
crystallographic studies to be correct. The term ‘supramolecular chemistry’ was
subsequently introduced to describe this type of work involving “two or more

chemical species held together by intermolecular forces”.”

A typical ion-dipole
interaction has an energy of ca. 15 kJ/mol, certainly less than the 250 kJ/mol for an
ion-ion interaction, or 370 kJ/mol for a covalent C-C bond.™ ® The strength of a
crown-cation complex comes from having multiple ion-dipole interactions, and
because of this, size is one of the main factors determining the stability of such
complexes. When this ratio of the ionic diameter of the metal ion to the ‘*hole’ in the

center of the crown is close to unity, 1:1 complexes will be formed (Fig. 1.2).

Complexes of this type are formed between Li" and 12-crown-4, Na* and 15-crown-5,



and K* and 18-crown-6. In addition, when the ion is larger than the crown cavity,

sandwich type 2:1 and 3:2 complexes can be formed (Fig. 1.3).”°
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Figure 1.2 Crown ether — metal ion complexation
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Figure 1.3 Schematic representation of 2:1 and 3:2 ‘sandwich’

complexes

Crown compounds bind metal cations much more strongly than their open-chain
equivalents, called podands.'” This is due to the level of preorganisation inherent in
the crown molecules. While podands can exist in hundreds of conformations, only a
few of these are suitable for ion binding. The energy gained by a podand on
complexation must be greater than the loss in free energy associated with organizing
the chain into a suitable conformation. For crown ethers however, this rearrangement
has already occurred during synthesis, so that the molecule has substantially less
freedom of movement and the oxygen atoms are held in a conformation more suitable
for ion binding. The more preorganised a compound is for binding, the more stable

its resulting complexes will be."

The incorporation of benzene rings into the structure of crown ethers reduces both
their flexibility'' and their solubility in water'?, affecting their complexation
properties. The benzene ring also reduces the electron density at two of the oxygen
binding sites, further altering cation selectivity.”” Benzo-crown ethers are frequently

exploited in synthesis, as they are easily functionalised by electrophilic aromatic



substitution. However, the introduction of electron-withdrawing or electron-donating
groups onto the aromatic rings affects the basicity of the oxygen atoms, again
modifying complexing ability."* Normal cation selectivity can be altered'> '° or even
reversed'’ by this process, the effect being greater for benzo-15-crown-5 than for
benzo-18-crown-6. Not surprisingly, the nature of the solvent used when measuring

cation selectivity also has a large effect.'> '*

Since their discovery, crown compounds have been synthesised that incorporate
nitrogen and sulphur donor atoms rather than oxygen. This is another factor that
changes the crowns complexing abilities, allowing complexes to be formed with

transition metal and heavy metal ions.” In addition, the field of supramolecular

19-22 10. 24

chemistry has been extended to lariat crown ethers,'*? cryptands® and spherands
The pioneers of the field of supramolecular chemistry, Charles Pedersen, Donald
Cram and Jean-Marie Lehn, were awarded the Nobel Prize in Chemistry in 1987 for

their work in this area.'®

Applications of crown ethers range from their archetypal use as phase transfer

catalysts in synthetic chemistry™, to the study of ion transport through membranes,**

27 20, 28

metal ion separation or isotope fractionation®, chirality sensing of amino
acids™, solid phase microextraction® and ion selective electrodes®"*2. They have also
been used in chromatography as additives in the eluent”, adsorbed on* or covalently
attached to™ * various stationary phases or as a coating on a piezoelectric quartz

crystal for detection”.



1.3 Conducting Polymers

Ten years after Pedersen reported the discovery of crown ethers, Alan MacDiarmid,
Alan Heeger and Hideki Shirakawa published papers announcing that they had
formed a film of polyacetylene that was capable of conducting electricity.”®* Like
the discovery of crown ethers, this startling news caused a flurry of research activity
in what was a completely new area, and led to their being jointly awarded the Nobel
Prize in Chemistry in 2000.%**" Figure 1.4 shows the structural variety in types of

polymers that have since been shown to be conducting.

Polyacetylene Polythiophene Polypyrrole Polyfuran Polyparaphenylene vinylene

Polyparaphenylene Polyheptadiyne Polyaniline
Figure 1.4 Examples of conjugated polymers

All the polymers illustrated in Fig. 1.4 share one structural feature, their conjugated -
system of alternating single and double bonds. Polymers such as these may be
transformed from insulating to semi-conducting by doping.** * The mechanisms of
charge transport in conducting polymers will be further discussed in Section 1.3.2.
Figure 1.5 shows the interconversion of polythiophene between the neutral insulating
and the conductive oxidised form. Oxidation requires the incorporation of counter-
ions into the polymer in order for the polymer to remain electrically neutral, and these
counter-ions can be exploited to add functionality to the polymer e.g. recognition

sites.®
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Figure 1.5 Redox activity of polythiophene

In addition to the change in conductivity on switching between the oxidised and
reduced form of a polymer, there may also be changes in physical properties such as
colour and morphology. In particular, the electrochromic properties of polythiophene
have drawn attention due to possible applications in eyewear, ‘smart windows™ and

optical information storage.™ ™
1.3.1 Polymer growth

The polymerisation of heterocycles is believed to proceed via the coupling of radical

cations.” > This is a multi-step process illustrated for thiophene in Fig. 1.6.
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Figure 1.6 Polymer growth mechanism including oxidation (a), radical

cation coupling (b) and deprotonation (c)

The first step involves oxidation of a monomer to form a radical cation. Two radical
cations then couple to form a dication, which can be deprotonated to form the
aromatic dimer. If nothing occurs to stop this process repeating, a polymer will be
formed. Depending on the nature of the polymer and the conditions under which it is

grown, a precipitate or deposit on the working electrode may be formed.*



1.3.2 Charge transport in conducting polymers

In an infinite polymer chain, delocalisation of m-electrons over the molecule, and
overlap of the individual atomic orbitals, effectively produces a valence and a
conduction band.® In the neutral state, the valence band is full, the conduction band
is empty, and there is a significant energy gap between the two ie. the polymers are
insulators.*>*° This band-gap can be altered by the incorporation of substituents on
the monomer.* > The polymers can become conducting (or semi-conducting), by

chemical or electrochemical doping (Fig. 1.5).%

On doping, self-localized excitations
are formed that create new energy levels between the valence and conduction bands,*’
and allow electrons to move.” Doping can take two forms: n-doping (reduction)
involves the addition of electrons leaving a negatively charged polymer, while p-
doping (oxidation) removes electrons and leaves a positively charged polymer
backbone.* ¥ % Cations or anions are then incorporated into the polymer matrix in
order to maintain electrical neutrality.**** One counter-ion is incorporated per charge
on the polymer backbone, for polythiophene this gives a ratio of approximately 1

counter-ion per 3-4 thiophene rings.*

Conducting polymers can be classified into two groups based on the energy of their
ground state isomers.*” The two resonance forms of poly(trans-acetylene) have the
same energy, and are called degenerate states (Fig. 1.7a). This is not the case for
most other conducting polymers, where the energies of the isomers are different (eg.

polythiophene Fig. 1.7b).%%
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Figure 1.7 Degeneracy of poly(trans-acetylene) (a) and non-

degeneracy of polythiophene (b) ground states



The particular type of self-localized excitation formed on oxidation or reduction
depends on the degeneracy of the polymer ground state. For polymers with
degenerate ground states, solitons are formed. Positive, negative and neutral solitons
are the physics terms for the cations, anions and neutral radicals that are the charge
carriers in these types of polymers.® For other conducting polymers, polarons and
bipolarons are formed.*> A positive polaron is the same as a radical cation, and is
formed when an electron is removed from a polymer by oxidation.®® Positive
polarons are also sometimes described as the positive ‘hole’ left on removal of an
electron. Polarons are able to move along polymer chains, and if two polarons meet
they can combine to form a dication (positive bipolaron).* An equivalent mechanism

also operates for negative polarons (radical anions).

The self-localised excitations formed can be studied by UV/VIS/NIR, IR, Raman and
ESR spectroscopy.” ESR spectra of polymers containing radical species (polarons)
will give signals attributable to the unpaired electrons present. Polymers with
bipolaron charge carriers will give no response to ESR, making this a valuable
technique for distinguishing between these types of excitations. UV/VIS/NIR spectra
of conducting polymer films in the oxidised state show an absorbance in the NIR
region.” This is due to the strong absorbances characteristic of organic radical
cations and dications, and as such its exact position depends on the nature of the
oxidised species.”” This so-called ‘free carrier tail " is often referred to in the literature

as proof of a conducting polymer.** ¢



1.3.3 Functionalised polymers based on thiophene

Thiophene is easily synthetically manipulated, and has therefore often been exploited
as a suitable monomer for functionalisation.”’” Substitution is possible at either the o
(2 and 5) or § (3 and 4) positions as shown in Fig. 1.8. Polymerisation occurs
preferentially at the more reactive a-position®, so that thiophenes substituted at that
position are less active to polymerisation than those substituted at the p-position.”’
Defects in the polymer structure caused by linkages through the f-position manifest
in reduced conjugation length, higher oxidation potentials and lower conductivities.®
Substituting at the P-position, as well as modifying physical properties such as
solubility of the resulting polymer, decreases the probability of such undesirable a-f§

or B-P linkages.
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Figure 1.8 Thiophene

An important consideration when designing functionalised thiophenes, is that the
functional groups incorporated must be able to withstand the positive potentials
necessary for polymerisation. As thiophene requires a high positive potential for
electropolymerisation (> 2.0 V vs. SCE), bithiophene and terthiophene, which have
lower oxidation potentials, can be used instead to limit overoxidation of the resulting
polymer.””" This has the added advantage of reducing unfavorable B-linkages.”” It
has been acknowledged, however, that the functionalisation of bithiophene and

terthiophene requires more complex synthetic chemistry.”

One crucial issue with both chemical and electrochemical polymerisation of 3-
substituted thiophenes, is the regioregularity of the polymers produced. Thiophene
can couple in a ‘head-to-head’, ‘head-to-tail’ or ‘tail-to-tail’ manner (Fig. 1.9a-c),
leading to four different regioisomers for a three-thiophene chain, as shown in Fig.
1.9d-¢.*®* While ‘head-to-tail’ couplings are sterically preferred, 10-50% *head-to-

head’ linkages have been observed,” ’> with ‘tail-to-tail’ linkages rare. The steric

10



hindrance caused by ‘head-to-head’ couplings induces twisting of the polymer
backbone, reducing conjugation.” ”” The regioregularity of polymers can usually be
clearly established by NMR analysis,™® provided that they are sufficiently soluble in

the deuterated solvents used.
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Figure 1.9 Coupling orientations of 3-substituted thiophenes

One approach to the formation of regioregular polymers, is the synthesis of
symmetrical disubstituted bithiophene and terthiophene derivatives as shown in Fig.

1.10. This approach has been utilized by a number of researchers.”® ™76 8%

11
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Figure 1.10 Regioregular polymers from disubstituted bithiophenes
and terthiophenes

Gallazzi*®, and later McCullough™ **'* used a nickel-catalysed Grignard reaction to
form regioregular polymers. Chen et al. "' used a similar nickel-catalysed
dehalogenation polycondensation reaction, with the corresponding zinc reagent. They
observed in this system that the regioregularity of the polymers produced was

104197 1 ere-Porte® used Stille coupling, for the self-

dependent on the catalyst.
condensation of a bromotributylstannyl thiophene monomer with a palladium catalyst.

These organometallic polymerisation methods are shown in Fig. 1.11.
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Figure 1.11 Regioselective chemical polymerisations by Gallazzi and
McCullough (a), Chen (b) and Lere-Porte (c)

While this approach is effective, it requires extremely pure monomers and involves
more complex chemistry than polymerisation of monomers using ferric chloride

{FeCl,),

Ferric chloride is the most common chemical oxidant used to prepare polythiophenes.
Its advantages include its simplicity of use and suitability for large-scale production
due to its low cost. In addition, such polymerisations generally give high molecular
weight polymers.® While early publications involving polymerisation by FeCl,
reported the production of irregular polymers only,* ** '® in 1994 Andersson e al.
published work detailing the first example of a regioselective polymerisation from a
non-symmetrical thiophene monomer (3-(4-octylphenyl)thiophene)®. Later, Goldoni
et al.® reported the selective formation of one of the possible four regioisomers of
tris(3-butylsulfanyl bithiophene) using FeCl,, and more recently regioregular
polymerisation of thiophene 3-substituted with a functionalised phenoxy group was

109

achieved by Miyasaka™. It has been well established that 3-alkoxy thiophenes form

well-defined head-to-tail linkages (>95%) when treated with FeCl,, due to an

55. 78. 79. 110. 111

asymmetric reactivity of the monomer. Other research groups have

2116

chosen either not to comment on this issue , or to admit their uncertainty about

the regioregularity of polymers produced''” '**, The issue of polymer structure can be

eliminated by chemically polymerising symmetrical monomers.”"?!-% !
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Regardless of the synthetic method used, regioregular polymers are reported to have
enhanced magnetic, optical and electrochemical properties when compared with their

68.74.106. 119122 Recently a report was published detailing

regiorandom analogues.
superconductivity from a regioregular film of poly(3-hexylthiophene), albeit a very

thin film at a very low temperature.'”

‘Functionalisation space’ (Fig. 1.12) is another concept that must be considered when
designing substituted thiophene monomers for polymerisation.'**'* Functionalisation
space is defined as “the volume in which the introduction of bulky substituents exerts
only a minor effect on the properties of the corresponding polymer”. For
polythiophene this allows the introduction of a chain 10 atoms long that can branchto
3-4 atoms wide. The size of the substituent allowable depends on the spacer length
between the thiophene unit and the branched chain. It follows that substituents on bi-
or ter-thiophene can be correspondingly larger. This concept is well illustrated by the
work of Kankare et al.'”’, who studied the properties of a series of terthiophenes
substituted at the 3’-position with a range of 5- and 6-membered aromatic rings.
UV/VIS, NMR and X-ray diffractometry data led them to conclude that the steric
hindrance caused by incorporating a ring substituent so closely to the oligothiophene

backbone was too large to allow a coplanar (and therefore conjugated) configuration.
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Figure 1.12 Functionalisation space of polythiophene
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1.4 Past Work on Ether Functionalised
Thiophenes

With the issues raised in the previous section in mind, the literature was surveyed in

order to find out what work had been previously carried out in the area of polyether

functionalised thiophenes.

Four main types of compounds were evident and will be discussed here:
a) Thiophenes substituted with polyether chains
b) Thiophenes substituted with polyether chains designed such that

psuedo crown cavities were formed on polymerisation

) Thiophenes substituted with crown ethers attached via alkyl or alkoxy
spacers
d) Thiophenes with directly bonded crown ether moieties

1.4.1 Open-chain ethers

Bryce et al.'™® were the first to report the synthesis of thiophene 3-substituted with
alkoxy chains. While they did look at the conductivity of the resulting polymer films
illustrated in Fig. 1.13, they did not report any other electrochemical properties. Their
results showed a very low conductivity for the compound that contained an oxygen
atom directly bonded to the thiophene moiety, and that the conductivity increased

with the length of the alkoxy chain for the remaining compounds.

15



R R = CH,0Me
/ \ R = CHzo(CHz)zoMe
R = CH,0(CH,)>0(CH,),0Me
n R = O(CH,),0(CH,),0Me

Figure 1.13  Alkoxy substituted polythiophenes

Roncali et al."** '** '** looked at several 3-alkoxy substituted thiophenes to determine
the importance of both the position of the first oxygen atom in the side chain, and the
number of ether groups in the chain (Fig. 1.14). Chang et al.”' had earlier shown for
3-methoxy thiophene, that the electron donating effect of the oxygen resulted in the

formation of soluble short-chain oligomers. A later review by Roncali'?

suggested
that the oxygen atom has the effect of stabilizing the radicals produced by
polymerisation, which would favour the formation of such soluble short-chain
oligomers. This effect was somewhat lessened by the insertion of a methylene group
between the oxygen atom and the thiophene backbone (Fig. 1.14d, g), but the polymer
yield was still low due to the formation of large amounts of soluble products, and the
polymer that was formed had low conductivity. In addition, the oxidation potentials of
the monomers were higher than the comparable alkyl-substituted thiophenes. The
inclusion of an additional methylene group between the oxygen atom and the
thiophene ring (Fig. 1.14c, h, i) led to the formation of highly conductive films with a
considerably larger mean conjugation length as evidenced by UV/VIS spectroscopy.
However, the conductivity of these films was still significantly lower than the
equivalent alkyl substituted thiophenes.

In systematically varying the number of ether groups in the chain with a constant
~CH,CH,- spacer (Fig. 1.14c-e) they found the most conductive films were formed
from the intermediate five-carbon compound containing two ether groups (Fig.
1.14d). It was postulated that the lower conductivity for the shorter chain compound
was due to a perturbation of the lipophilic interactions between the side chains caused
by the shortness of the chain, and that the lower conductivity for the longer chain

compound was a result of the increase in the number of ether groups.
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Figure 1.14 3-Alkoxy substituted thiophenes synthesised by Roncali
etal.

More information was later published on poly|3-(3,6-dioxaheptyl)thiophene]| (Fig.
1.14d), which was the first example of a conjugated polymer with a covalently
bonded functional group capable of ion complexation.”** '*2"** This polymer is more
conjugated than its alkyl equivalent poly(3-heptylthiophene), which it was suggested
was caused by the ether group stabilizing preferential conformations corresponding to
longer effective mean conjugation lengths. Two waves were seen in the cyclic
voltammogram, attributed to electrochemical doping of polymer chains of different
mean conjugation lengths. It also showed a change in electroactivity in the presence
of lithium cations, namely a narrowing of voltammetric waves and a shift toward less
anodic peak potentials (Fig. 1.15). This was attributed to a change in conformation of

the polythiophene backbone upon Li* complexation by the polyether chain."”
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Figure 115 Cyclic voltammograms of poly[3-(3,6-
dioxaheptyl)thiophene] (a)in LiCIO, (b) in TBAP

McCullough et al.'® chemically synthesised a series of regioregular polymers, with

side chains as shown in Fig. 1.16.

a: R = O(CH,),0(CH,),0Me
b: R = O(CH,),0OMe

c: R=0Me

d: R = SMe

Figure 1.16 Heteroatom substituted polythiophenes synthesised by
McCullough et al.

They found that for the two compounds with short side chains, only low molecular
weight polymers were formed due to insolubility of the propagating species during
chemical polymerisation. The highest molecular weight polymers were produced
from the monomers with the longest side chain (Fig. 1.16a). In addition to a marked
change in solubility, A_,, for this polymer was blue-shifted by 11 nm on addition of
Li*. Later work on this compound showed that addition of Pb’* or Hg** to a dilute

solution of polymer caused the polymer backbone to twist in such a way that
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conjugation was completely removed. This effect was irreversible however, and

polymer conjugation could not be restored."*

Lévesque and Leclerc''® synthesised 3-oligo(oxyethylene)-4-methylthiophene with a
mixture of side chains from 3 to 10 oxyethylene units long. An ionochromic effect
was noted in methanol, where the magnitude of the effect was K'>>Na">NH,’, with
no effect seen on addition of Li*. Cation complexation caused a twisting in the
conjugated polymer backbone, manifested by a decrease in absorbance at a higher
wavelength and a simultaneous increase in absorbance at a lower wavelength. A clear
isobestic point indicated the co-existence of both the twisted and non-twisted forms of

the polymer.

Three years later Feldhues ez al."*® published results on a series of 3-alkoxythiophenes
and a few 3-alkoxy-4-methylthiophenes as illustrated in Fig. 1.17.  The shorter
alkoxy-substituted thiophenes would only form oligomers, while the long chain
derivatives could be successfully polymerised. The 3-alkoxy-4-methyl compounds
formed polymers with considerably higher electrical conductivity, although it

decreased with increasing length of the substituent chain.

R= CH3 /
. = d
R=CoHs R =CizHys O_/—

PR R=CzH; R=CyzHy P o
f/ \< R=CjHz; R =CisHyg I\ /A 7\
s R=Cy4Hy;3 R =CysH3q S g

Figure 1.17 3-Alkoxy (left) and 3-alkoxy-4-methylthiophenes (right)
synthesised by Feldhues et al.

Similar work was carried out by Chen and Tsai'”® who looked at poly(3-
alkoxythiophenes) and poly(3-alkoxy-4-methylthiophenes) with 8-atom substituent

chains as depicted in Fig. 1.18.
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Figure 1.18 Poly(3-alkoxythiophenes) studied by Chen and Tsai

Chemical polymerisation of the 3-alkoxy monomers with FeCl, led to insoluble
polymers, a property attributed to a-f’ cross-linking during polymerisation. A
soluble fraction consisting of oligomers with M, < 3000 was also obtained.
Polymerisation of the 3-alkoxy-4-methyl derivatives under the same conditions led to
high molecular weight polymers with greatly improved solubility. In the cases of the
methylated monomers, the oxidation potential of the corresponding polymer was
lower than that of a reference compound, poly(3-octylthiophene) due to the electron

donating ability of the oxygen atom at the 3-position.

Symmetrical thiophene monomers disubstituted with alkoxy chains (Fig. 1.19) were
synthesised by Scheib and Bauerle,'” but these could not be polymerised. In contrast,
19-(2,2’-bithienyl-3-yl)-2,5,8,1 1,14-pentaoxanonadecane could be polymerised under
both potentiostatic and galvanostatic conditions. Cyclic voltammetry in a solution
free of monomer gave a sharp first oxidation peak that was strongly influenced by the
addition of alkali metal ions (Na>Li*,K"). A high degree of conjugation was
evidenced by the A, value of 508 nm, and this was attributed to the long and flexible

spacer allowing a planar backbone.
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Figure 1.19 Alkoxy chain substituted polythiophenes (Scheib &
Bauerle)
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1.4.2 Psuedo crown ethers

Another approach toward crown ether functionalisation of thiophenes was taken by
Roncali et al.'* '** who synthesised monomers consisting of two thiophene units
joined by a polyether chain. They envisaged that during polymerisation, in the
presence of a suitable templating ion, these chains would form psuedo crown ether

cavities (Fig. 1.20).
NS 0 O
S S

Figure 1.20 Formation of psuedo crown ether cavities during
polymerisation

141

A later review by Fabre and Simonet™™' cast doubt on the ‘templating ion” mechanism,

quoting research by Simonet'*

in which the nature of the electrolyte cation had no
effect on the oxidation potential of the monomer. Taking into account this result and
other electrochemical and UV/VIS data, they proposed the formation of a structure
consisting of a polymer with pendant oligomeric thiophene chains that might also
possibly contain pendant polyether chains. Further electropolymerisation could then

result in the formation of polyether cages.

A few years later, Roncali et al. published a report on the bithiophene equivalent of
their earlier work (Fig. 1.21a)."* In this report they acknowledge that the polymers
formed from these types of monomers could contain three different types of structure:
a polythiophene chain with crown ether cavities, a ladder-like structure with
oxyethylene ‘rungs’ or a randomly cross-linked three-dimensional polymer. In
reality, itis likely that any polymer formed has elements of all three structures. They

believed their new monomer to be superior due to its lower oxidation potential,

21



reduced steric hindrance, lower concentration required for electropoly merisation, and

its potential ability to form larger cavities than the original thiophene monomer.

O/_\O/_\O/'\O/_\)

a
s Y Y Y Y A
b l Y \

Figure 1.21 Oxyethylene linked bis(bithiophene) monomers of Roncali
(a) and Scheib (b)

Polymer films grown in the presence of different cations gave distinctly different
post-polymerisation CVs, confirming a templating effect. This was also seen by

Scheib and Bauerle'?

who published data on a very similar compound around the
same time (Fig. 1.21b). They found that polymers grown in TBAHFP showed no
change in response on post-polymerisation cycling in solutions containing Li*, Na™ or
K*. However, growing polymers from alkali metal solutions did change the
properties of the polymers, giving lower peak potentials and red-shifted UV/VIS
maxima. This was attributed to a preorganisation of the bithiophene monomers in the

presence of alkali metal ions, leading to a polymer with a longer mean conjugation

length.

Recently Roncali et al. published another paper, this time on a series of

oligo(oxyethylene) linked EDOT compounds (Fig. 1.22)."*

n=1-3

a:_(ofﬂoff\of—)\of‘\ d/_(_g/‘\O/_\O/'\o/“\Oh
O 8] O_h 8] o
S

S

Figure 1.22 Oligo(oxyethylene) bridged EDOT monomers
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It was observed that while the three bis(EDOT) monomers (Fig. 1.22a-c)
electropolymerised easily at the same potential as EDOT, the reference compound
with a single EDOT ring (Fig. 1.22d) did not polymerise at all on ITO, and required
the application of a 100 mV overpotential on platinum. This behaviour is the same as
that observed by Lemaire'** for polythiophenes with polyether side chains, where the
increasing length of the polyether chain caused the electropolymerisation to become
more difficult. The ease with which the bridged monomers polymerised to form
strongly adherent films was attributed to their ability to form multi-dimensional
polymer structures. Post-polymerisation CVs carried out in the presence of various
alkali and alkaline metal ions showed distinct changes in their redox peak positions
for all the monomers studied.

Marsella and Swager®” '**'%7

used a similar methodology to create a system that gave
an optical response to cation complexation. In their compound, Fig. 1.23,
complexation caused rotation of the thiophene rings, leading to a loss of planarity and

hence conjugation, and a resulting large change in A While the binding constants

max-
for the monomers with alkali metal ions were very low because of their inherent
inflexibility, ionochromic shifts were large, as the twisting mechanism affected not
Just the immediate thiophene rings, but neighbouring rings as well. The introduction
of an additional methylene group between the thiophene units and the first oxygen
atoms in the polyether chain resulted in less conjugated polymers of lower molecular

weight. These polymers had a lower binding affinity for alkali metal ions, which

resulted in a failure of the twist-inducing mechanism, and hence poor ionochromic

‘gf\o z=1.2 §\o/;>;=1’2
/@7}? @ C© 7
SLOW - @ 303

Figure 1.23 Metal ion induced twisting of bithiophene monomer

activity.

m
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Fabre et al."® also use the principle of creating pseudo-crown ether cavities during
polymerisation. Their systems consist of two different aromatic units linked by a
polyether chain, which creates a homopolymer with pendant polyether substituted
aromatic moieties when a low anodic potential is applied. If the polymer is
subsequently subjected to a more positive potential, polymerisation of the second

aromatic group occurs (Fig. 1.24).
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Ary = pyrrole Ar, = thiophene
Arq = pyrrole Ar, =dimethoxybenzene
Ar; = dimethoxybenzene  Ar, =thiophene

Figure 1.24 Macrocylic psuedo-crown ether cavities synthesised by

Fabre et al.

1.4.3 Alkyl spaced crown ethers

In order to improve the specificity of cation complexation, the polyether chain used in
prior attempts at sensor fabrication needs to be preorganised into a crown ether."’
Initial attempts to synthesise compounds of this type focused on crown ethers

attached to polythiophene via a long alkyl or alkoxy chain.
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The first series of such molecules was reported by Bauerle and Scheib in 1993."#'*
Their compounds, illustrated in Fig. 1.25, consist of thiophene, bithiophene and

terthiophene connected to 12-crown-4.

)
[y a2ty

]
'Y n=s A DA R
n=10 s W R, = 2-thieny!

Figure 1.25 Alkoxy spaced crowns synthesised by Bauerle and Scheib

Polymerisation of the two monothiophene derivatives led to the formation of soluble
oligomeric species that did not form adhering films on the working electrode, an
observation that was attributed to steric repulsion. In contrast, both the bithiophene
and terthiophene based monomers formed electroactive films. On addition of alkali
metal ions, the cyclic voltammograms of these compounds moved to more positive
potentials, indicating that the polymer was becoming more difficult to oxidise. The
sensitivity of the bithiophene based polymer was Li">Na">K", and it gave a greater

response to these ions than the terthiophene based polymer.

In later work,'* it was demonstrated that the length of the oxaalkyl chain connecting
12-crown-4 to bithiophene had little effect on the polymerisation properties of the
monomer. Equivalent monomers substituted with 18-crown-6 however, formed large
amounts of soluble oligomeric material during polymerisation, presumably due to

increased steric hindrance.

More recently, Boldea, Lévesque and Leclerc® reported the synthesis and

ionochromic ability of poly(3-alkoxy-4-methylthiophene)s as shown in Fig. 1.26.
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Figure 1.26 Poly(3-alkoxy-4-methylthiophene)s

Chemical polymerisation gave high molecular weight polymers that demonstrated
substantial ionochromic effects. In acetone, complexation led to a more planar
conformation, a clear isobestic point on the UV/VIS spectra indicating the
coexistence of both planar and non-planar species. The selectivity of the polymers
was not what was expected from a simple 1:1 crown:cation species, but appeared

instead to be the result of 2:1 complexation.

Sannicolo et al.”™ designed two bithiophene monomers with rigidly tethered crown
ethers. The design was such that in one monomer the crown was coplanar with the
bithiophene moiety, while in the other monomer a perpendicular crown ether was

present (Fig. 1.27).
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Figure 1.27 Planar and perpendicular bithiophene monomers

designed by Sannicolo et al.
Both of these monomers produced electroactive films with similar conductivities.

While EQCM analysis showed that both polymers incorporated one alkali metal ion

per crown, changes were only seen in the cyclic voltammogram for the planar species.
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In this case, the redox potential of the polymer moved to more positive values on

addition of lithium and sodium, with sodium having the greater effect.

1.4.4 Directly bonded crown ethers

The first example of a crown ether in direct m-conjugation with the thiophene
backbone was published by Bicknell e al. in 1994.">" While they report successfully
synthesising a monomer consisting of 15-crown-5 directly bonded to a thiophene ring
(Fig. 1.28a), due to synthetic difficulties they changed focus to the corresponding
thiophene vinylene system. This was achieved by polymerisation of the 2,5-

bis(chloromethyl) derivative using potassium tert-butoxide (Fig. 1.28b-c).
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Figure 1.28 Crown ether functionalised thiophenes synthesised by
Bicknell et al.

Very soon after this, Bauerle and Scheib also published data on the same 15-crown-5-
thiophene'”? which they synthesised in good yield following the method of Sone et
al.'® In addition they synthesised the analogous bithiophene and terthiophene

monomers (Fig. 1.29).
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Figure 1.29 Directly x-conjugated monomers of Bauerle and Scheib

Of the three monomers, only the terthiophene based compound did not form adhering
films on the working electrode during electropolymerisation. However, the polymer
based on bithiophene was not affected by alkali metal cations. The addition of alkali
metal ions to the electrolyte in a multi-sweep cyclic voltammetric experiment caused
the first oxidation wave of the thiophene based polymer to gradually shift to move
positive potential, the effect being greatest for Na* ions. The rationale for this result
was that the complexation of positively charged ions made it harder to remove
electrons from the polymer, hence increasing its oxidation potential. Due to
substitution at the {3 positions, the thiophene-based monomer could only polymerise
through ideal a-a couplings, resulting in a fairly rigid polymer. This relative rigidity
meant that transport and migration of metallic ions was slow in comparison to their
earlier work using alkyl spaced crowns (Fig. 1.25) where equilibrium conditions were
reached in just one scan. A later article details success in polymerizing the less bulky
12-crown-4 monothiophene, giving a polymer with a slightly greater mean
conjugation length than that obtained for 15-crown-5 monothiophene, but which was
only marginally affected by the addition of alkali metal ions. The same paper
reported that | 8-crown-6 monothiophene could not be polymerised “probably due to

steric reasons”.'*

A recent investigation into this work has been carried out by Berlin er al. They also
synthesised the |8-crown-6 thiophene monomer using the method of Sone'”, and in
addition synthesised several other related compounds designed to provide an insight

into Bauerle and Scheib’s earlier results (Fig. 1.30).">
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Figure 1.30 Crown ether functionalised thiophenes studied by Berlin

et al.

In agreement with the earlier data, no polymer was formed from repetitive CV cycling
of 18-crown-6-thiophene. Electrolysis of a solution of the monomer gave a light red

solution (A, = 365 nm) after reduction, which was shown by MALDI-MS to contain

max
only dimers (ca. 10%) and monomeric products of overoxidation. It appeared that
while coupling was occurring, it was sufficiently slow that there was significant
competition from undesired side-reactions. In order to investigate more fully, the
dimer (Fig. 1.30c) was synthesised. Again, no polymer was deposited by CV cycling,
but a reversible redox signal was seen due to an electroactive species in solution.
Bulk electrolysis of this compound, followed by reduction, gave a red solution (A, =
480 nm). Analysis by MALDI-MS showed the solution to consist mainly of trimers
(sexithiophenes), with decreasing amounts of higher oligomers up to that containing
sixteen thiophene rings. This finding clearly showed that steric hindrance was not the
reason that polymer films were not deposited, rather the problem lay with the
solubility of the oligomers formed. Two related terthiophene compounds were also
investigated. The CV of a film formed from the terthiophene based monomer (Fig.
1.30d) showed no change in the presence of Li", and dissolved when either Na’ or K*

was introduced to give yellow solutions (A,,, = 430, 434 nm respectively). This

polymer film could be made insoluble by prior cycling in acetonitrile to oxidise
trapped oligomers and potentially cross-link the film'®, but afterward showed no
response to either Na* or K*. Films of the EDOT-derived compound (Fig. 1.30e)

showed no change by CV or UV/VIS on addition of Li*, Na' or K*. Both of the
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terthiophene compounds were also studied using EQCM. The mass uptake showed
that both films did complex metal ions, but no size discrimination was evident. In
addition, the lack of response seen in the CVs showed that this process was not

favoured.

l 156-158

Y amamoto et a studied a series of similar compounds, incorporating an extra

methylene group between the thiophene backbone and the first oxygen of the crown

ether (Fig. 1.31).
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R1 =H R2 =H
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Figure 1.31 Polymers synthesised by Yamamoto et al.

While all three of these monomers polymerised to give films, A, values indicated
mean conjugation lengths of approximately 3, 5 and 6 thiophene units for the
polymers formed from the thiophene-, bithiophene- and terthiophene-based
monomers respectively. In addition, the low electrical conductivity and solubility of

the polymers in organic solvents indicated that only oligomeric species were formed.

A somewhat different approach was taken recently by Bouachrine et al."® Their
chemically synthesised copolymers included both dibenzo-crown and dialkoxybenzo
units alternating with thiophene rings in the polymer backbone (Fig. 1.32). For the
polymer with m/n = 1/5, no ionochromic effects were noted in THF on addition of Li*
or K*, however these same metal ions shifted the oxidation potential of the polymer
by + 35 and + 60 mV respectively. This was seen as being consistent with a weak

coordination of the ions to the crown ether unit.
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Figure 1.32 Crown containing copolymers by Bouachrine et al.
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1.5 Past Work on Vinyl-Substituted
Polythiophenes

There is a large amount of literature on vinyl-substituted thiophenes, the most

relevant of which is reviewed below.

Smith, Campbell, Ratcliffe and Dunleavy synthesised a range of 2- and 3-

styrylthiophenes, as illustrated in Fig. 1.33, in order to study their electrochemical

properties.'® '*!
R, A,
A,
2 Ry=H Rz =H
_ R1 = N02 R2 =H
R1=0CwH33 Rz=H
SN Ry =H 3 Ry = OMe Ry=H
N/ R, =NO, s R, = OMe R, = OMe

Figure 1.33  2- and 3-substituted styrylthiophenes

In the case of both the 2- and 3-styrylthiophenes, the films that were formed were
found to have low conductivity, and were redox inactive. This was attributed to
simultaneous oxidation of both the thiophene and the alkene bond during
polymerisation, resulting in a cross-linked polymeric matrix. Steric interactions
between adjacent substituents were also believed to contribute to the inhibition of

redox activity.

Welzel et al.'” synthesised 3-(2,4-dinitrostyryl)thiophene and 3-(2,4,6-
trinitrostyryl)thiophene. In both cases, homopolymerisation produced a film on the
working electrode surface, however the films were not redox active. Copolymers
were formed from a mixture of the nitrated monomer and 3-methylthiophene, and

these films did show stable reversible redox systems.
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Cutler et al.'s"'*°

were also unsuccessful in growing electroactive homopolymers from
substituted 3-styrylthiophenes. Copolymers with bithiophene were redox active, and
used in the fabrication of photoelectrochemical cells. In order to decrease steric
interactions, and to lower the potential necessary for electropolymerisation,

substituted styrylterthiophenes were synthesised (Fig. 1.34).

NO,

Figure 1.34 Nitrostyryl terthiophene synthesised by Cutler et al.

Kagan and Liu'®’ looked at the polymerisation of 3’-vinyl-{2,2";5",2”|-terthiophene
alone and as a copolymer with styrene. They used AIBN and carried out the reactions
under typical free radical conditions. They believed that the substantially unchanged
UV/VIS spectrum seen for the homopolymer indicated that polymerisation occurred
through the vinyl bond rather than through the terthiophene moiety. In both cases,
high molecular weight polymers were produced. The polymerisation product formed
from a similar molecule, 5-vinyl-2,2":5",2”-terthiophene, was shown to consist of
oligomers with some sexithiophene character caused by coupling of the pendant
terthiophene radical cation.'® A subsequent publication describes results obtained for
the homologous 5-vinyl-quaterthiophene, and alkyl substituted 5-vinyl-

169 These results showed a

quinquethiophene and —sexithiophene compounds.
decrease in cross-linking of the polymers with increasing thiophene length. This was
attributed to the increased stability of the pendant oligothiophene radical cations,
slowing the coupling reaction in comparison to polymerisation through the vinyl
bond. A recent investigation carried out by Pagels et al." into the polymerisation of
5-vinyl-|2,2;5°,2"|-terthiophene and 5-ethyl-5"-vinyl-2,2":5,2”-terthiophene
confirmed these results, disagreeing with those of Kagan and Liu. They found that
blocking the spare a-position in the molecule with an ethyl group drastically reduced

the ability of the molecule to polymerise, an effect that would not be seen if

polymerisation occurred only through the vinyl bond.
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1.6 Vinyl Linked Terthiophene Crown Ether

Target Molecules

In this work, molecules of the type illustrated below in Fig. 1.35 were targeted. The
incorporation of a conjugated spacer between the crown ether moiety and the polymer
backbone serves a dual purpose. Not only should it help ensure that the steric
requirements imposed by the thiophene functionalisation space are met, but also that
there is no hindrance to electronic communication between the crown ether and the
polymer backbone. The use of terthiophene, rather than thiophene, will also assist in
minimizing steric strain. In addition, this will lower the oxidation potential of the
monomer, removing the problems encountered with polymerisation through the
double bond as seen earlier by other researchers for substituted styrylthiophenes
(Section 1.5). In turn, this should allow homopolymers to be formed, eliminating the

compositional and structural uncertainty associated with the formation of copolymers.
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Figure 1.35 Vinyl linked terthiophene crown ether target molecules
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The types of ether functionalised target molecules focused on in this research
are described in Section 1.6 (Fig. 1.35). Two monostyryl-terthiophene
compounds were initially targeted, and are illustrated below in Fig. 2.1. Each
contains a single polymerisable terthiophene moiety connected by an alkene
linker to a benzo-crown ether group. It was anticipated that using two different

crown ethers would be sufficient to allow different cation selectivities to be

observed.
O o
< o
s 7 Y% s
W/ \/
styryl-15-crown-5 terthiophene | styryl-18-crown-6 terthiophene Hl

Figure 21 Target compounds styryl-15-crown-5 and styryl-18-
crown-6 terthiophene

Molecules of the type depicted in Fig. 2.1 can be viewed either as vinyl-substituted
benzo-crown ethers, or as vinyl-substituted terthiophenes. In order to design an
efficient synthetic route toward the target molecules I and 11, a survey of the literature
was conducted to assess synthetic methods previously used to make vinyl-substituted
crowns and terthiophenes. As the analogous thiophene crown compounds had not
previously been made, synthetic strategies toward vinyl-substituted thiophenes were

also of relevance.
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2.1 Literature Synthetic Methods

2.1.1 The synthesis of vinyl-substituted benzo-crown
ethers

There are a number of examples of vinyl-substituted benzo-crown ethers in the

literature, and their syntheses can be divided into seven synthetic approaches.

Kikukawa et al."” published a method in 1980 utilizing a Heck arylation reaction
between 4'-iodo- (or bromo-)benzo-15-crown-5 or benzo-18-crown-6 and various
alkenes as shown in Fig. 2.2. Their procedure used a palladium catalyst, which was

later modified by Yi, Zhuangyu and Hongwen,'”

to a polymeric palladium catalyst.
This change removed some of the practical difficulties inherent in the earlier

synthesis.

o/\\ Vo (\m H

<“ Pt
Pd(dba),
N-ethyl piperidine

Figure 2.2 Heck arylation of olefins

Beer and co-workers'™ "7 begin with a formylated crown, reacting it with a mono- or
di-lithiated bipyridine derivative, and then dehydrate the intermediate alcohol to form
products of the type shown in Fig. 2.3. Stepwise lithiation and addition of two
different formylated compounds provides access to non-symmetrical bifunctionalised

molecules.'™
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Other compounds produced by this method
U \> N o
R = benzo-15-crown-5 R, = benzo-15-crown-5
R4 = benzo-15-crown-5 R, = ferrocene
R¢ = benzo-15-crown-5 R, = benzo-18-crown-6
R4 = benzo-18-crown-6 Ry = benzo-21-crown-7

Figure 2.3 Synthesis of vinyl-substituted crown ethers via alcohol
dehydration

The only literature example of a vinyl-substituted dibenzo-18-crown-6 was also
synthesised using this method, where an isomeric mixture of diformylbenzo-18-

crown-6 was used as the aldehyde as illustrated in Fig. 2.4.'”

CH gLi

Figure 2.4 Formation of vinyl-substituted dibenzo-18-crown-6

38



In the work of Brown and Foubister'® the vinyl linkage is formed from the
corresponding formylated crown and malonic acid using Knoevenagel condensation

(Fig. 2.5).

Co”‘ AL S
D)L pﬁ’g::?g::e C\j’ DA)L

Figure 2.5 Vinylation of benzo-15-crown-5 via Knoevenagel
condensation

A few years later Shirai et al.'®' '

used Brown’s synthesis as the initial step in their
synthesis of vinyl substituted crowns, which also contained a terminal alkene (Fig.
2.6). These molecules could then be polymerised through the terminal alkene using
boron trifluoride etherate as initiator, and further photodimerised through the

remaining double bond.

Figure 26 Extension of Knoevenagel condensation method
Another method, published by Luboch, Cygan and Biernat®™ involved a Claisen-

Schmidt condensation reaction between formyl- and aceto-substituted benzo crown

ethers, as shown in Fig. 2.7.
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Figure 2.7 Claisen-Schmidt condensation of crown derivatives

Gromov et al."™' used the reaction between the active methylene group of a
benzothiazolium salt and a formylated crown in the presence of pyridine, (Fig. 2.8).
Figure 2.8 also shows benzo-18-crown-6 based products,'”’** and a bis(crown ether)

derivative resulting from an extension of the methodology.2*****
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Figure 2.8 Formation of mono- and bis-crown ether styryl dyes
according to the method of Gromov et al.

Lindsten et al.*” formed symmetrical stilbene crown ethers by the titanium-mediated
(McMurry) reductive coupling of two molecules of a formylated benzo-crown ether
as shown in Fig. 2.9. These compounds were interconverted between the E and Z

isomeric forms by irradiation.
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Figure 2.9 Formation of stilbene bis-crown ethers

The final synthetic approach uses a Wittig or Horner-Emmons reaction to form the
double bond. Beer, Sikanyika, Blackburn and McAleer’™ * report a Wittig reaction
between one or two molecules of formyl-benzo-15-crown-5 and ferrocene mono- or
di-phosphonium salt respectively (Fig. 2.10). While the product resulting from a
single Wittig reaction was successfully separated into the cis and trans isomeric forms
by column chromatography, the isomeric mixture of products resulting from a dual

Wittig reaction could not be separated.
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Figure 210 Wittig reaction between ferrocene phosphonium salt and

formylbenzo-15-crown-5

Winkler er al.” also used a Wittig (or Horner-Emmons) reaction, but reacted a
disubstituted crown ether phosphonium salt (or phosphonate) with
terephthaldicarboxaldhyde to form oligomers as shown in Fig. 2.11. The cis isomer
produced by the Wittig reaction was thermally isomerised into the trans isomer in the

presence of 1,.
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Figure 2.11 Formation of vinyl substituted crown via Wittig (or Horner

Emmons) reaction

2.1.2 The synthesis of 3’-vinyl-substituted
terthiophenes

In contrast to the wealth of literature available on vinyl-substituted crowns, to the best
of our knowledge at the beginning of this research there was only one report detailing
synthesis of a 3’-vinyl-substituted terthiophene. Kagan and Liu synthesised 3’-

vinylj2,2°;5°,2  Jterthiophene using Grignard chemistry as shown in Fig. 2.12."’

Br
H H Pd(tpp)C
. < . >___< (tPp)Cl; S N s
;\ / \ /) H MgBr N/ g \ /

Figure 2.12 Synthesis of 3'-vinyl-2,2":5',2"-terthiophene via Grignard

chemistry

During the course of this research, Collis et al.*® synthesised B-terthiophene
aldehyde and (-terthiophene phosphonate. These compounds were then used in

Wittig or Horner-Emmons reactions to produce a range of 3’-vinyl-substituted



terthiophenes (Fig. 2.13). This is a versatile method, applicable to a wide range of
molecules. Compounds produced by this method and published to date include

nitrophenyl,'®* pyridyl,* ferrocene'®® and porphyrin'®® derivatives.

(EtO1,0R,

s i\ S
WY/

Figure 2.13 Wittig/Horner-Emmons reactions used to synthesise vinyl-

substituted terthiophenes

2.1.3 The synthesis of vinyl-substituted thiophenes

Due to the sparse literature available on the synthesis of 3’-vinyl-substituted

/. %" t5 make the 3-

terthiophenes, the synthetic method employed by Smith et a
styrylthiophenes discussed in Section 1.5 was also investigated. Their method of
choice was Wittig/Horner-Emmons chemistry, forming the compounds shown in Fig.
2.14 by a reaction between thiophenecarboxaldehyde and a 3-substituted thiophene

phosphonium salt or phosphonate.
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Figure 2.14 The use of Wittig reactions to synthesise vinyl thiophenes

Given these reports and the work carried out in our laboratories, it would appear that
the most expedient synthetic approach employed Wittig chemistry to form the central

alkene linkage in molecules I and 11



2.2 Synthetic Studies Toward Monostyryl
(Ter)thiophene Crowns

2.2.1 Synthesis of crown phosphonium salts

As discussed in the previous section, the preferred synthetic method toward
compounds I and II utilizes a Wittig reaction to form the alkene bond. Scheme |
illustrates how this could be achieved either by a reaction between a crown ether
phosphonium salt and [2,27:5°,2"|terthiophene-3"-carbaldehyde, or by a reaction

between a terthiophene based phosphonium salt and a crown ether aldehyde.

Due to the availability of [2,27;5",2"|terthiophene-3’-carbaldehyde, the route utilizing
crown phosphonium salts was explored. This method required the synthesis of the
unknown benzo-15-crown-5 and benzo-18-crown-6 phosphonium salts. The
phosphonium salt synthesis itself could be approached in three ways, as illustrated
below (Scheme 2). Initially the synthesis involving the least number of steps was

investigated, namely the bromination of a methylbenzo-crown (Scheme 2, Route A).

Wong and Ng®° report the bromination of methylbenzo-15-crown-5 by N-
bromosuccinimide at the methyl position when the reaction was carried out at high
dilution (0.014 M). In more concentrated solutions bromination occurred on the
aromatic ring. However, an initial attempt on a related benzo-crown using N-
bromosuccinimide failed, instead giving electrophilic aromatic substitution on the
benzene ring as evidenced by 'H NMR. Two further attempts were made using N-
bromosuccinimide and a radical initiator (1,1’ -azobis(cyclohexanecarbonitrile)) but
this route was abandoned when these also brominated in the wrong position.
Consequently, the route with the least number of steps beginning with the crown

aldehyde (Scheme 2, Route B) was investigated.
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Scheme 1 Alternative routes toward target compounds | and Il
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Scheme 2 Formation of benzo-crown phosphonium salts Ill and IV

Formylbenzo-15-crown-5 V and formylbenzo-18-crown-6 VI were prepared
according to the method of Ungaro er al.'® (41% yield, literature value 40%) then
reduced to the corresponding known alcohols using lithium aluminium hydride (yield
44%, literature value 64%).”'" It was later found that modifying this procedure to use
the milder reducing agent sodium borohydride led to higher yields (86%) of the

hydroxymethyl substituted crowns VII and VIIL

In some instances, alcohols can be converted directly into phosphonium salts by the
use of triphenylphosphine hydrogen bromide,?'? but this method was unsuccessful in
this case. The hydroxymethyl crowns VII and VIII were instead chlorinated”'' to
give the chloromethyl derivatives IX and X (Scheme 2, Route C). These were then
refluxed in toluene with triphenylphosphine to give benzo-15-crown-5 phosphonium
salt III and benzo-18-crown-6 phosphonium salt I'V. Isolation of these compounds
was facilitated by their marked change in solubility in toluene during the course of the
reaction. As well as the appearance of a large group of signals in the aromatic region,

the '"H NMR spectrum showed a distinct downfield shift in the position of the

49



methylene proton signal, from 4.5 to 5.1 ppm. In addition, the signal at 5.1 ppm was
split due to coupling with phosphorus (*J,;» = 13.8 Hz). *'P NMR spectra of these
compounds revealed a peak at 24 ppm, attributable to the newly incorporated
phosphorus atom. Further evidence for phosphonium salts III and I'V was provided

by high-resolution mass spectrometry.

2.2.2 Wittig reactions using crown phosphonium salts

In order to investigate the reactivity of the newly synthesised crown ether
phosphonium salts III and I'V, Wittig reactions with 4-nitrobenzaldehyde were
carried out (Scheme 3). It was envisaged that the products from this reaction would
be highly coloured, and therefore easily separated and identified. The reaction
between benzo-|5-crown-5 phosphonium salt (III) and 4-nitrobenzaldehyde was
carried out at room temperature, giving a product containing only a small amount
(<10 %) of the cis isomer. Repetitive column chromatography on silica gave a pure
fraction of trans-XI (29%), free of triphenylphosphine oxide but with a considerable
loss of material. The 'H NMR spectra of this bright yellow product showed distinct
trans-proton doublets at 7.0 and 7.2 ppm (*J = 16.2 Hz). The chemical shifts of two
doublets seen at 7.6 and 8.2 ppm, each integrating to two protons, are typical of nitro-
substituted benzene rings.?"”* In addition, there was no sign of an aldehyde proton
evident in the spectra. C NMR and UV/VIS data was also consistent with the
structure of XI. While thermal isomerisation usually favours the trans isomer, in this
case refluxing in 1,2-dichloroethanol led to approximately 20% of the trans isomer

converting to the cis form.

A reaction between benzo-18-crown-6 phosphonium salt IV and 4-nitrobenzaldehyde
was carried out under the same conditions used for benzo-15-crown-5. 'H NMR
analysis of the crude product revealed it to consist of an approximately 1:1 mixture of
the cis and trans isomers. After removal of excess aldehyde, this was successfully

isomerised with iodine to leave a mixture of 7rans-XII and triphenylphosphine oxide.
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Column chromatography yielded a small fraction of trans-XII (12%) free of
triphenylphosphine oxide. The '"H NMR of this compound showed the same essential
features as that obtained for frans-XI, high-resolution mass spectrometry giving

further evidence for the desired product.

O:  DBU, CHyCl, 7 |

wm g s

=1 m \.)-J n=1 Xl (29%)
n=2 IV n=2 XI (12%)

Scheme 3 Wittig reactions between phosphonium salts lll-IV and

nitrobenzaldehyde

Following this success, Wittig reactions were carried out between crown
phosphonium salts III and IV and |2,2";5°,2”|terthiophene-3’-carbaldehyde. The
reaction involving benzo-15-crown-5 appeared, from analysis of its 'H NMR spectra,
to yield exclusively the trans isomer of the product. While one of the vinyl proton
doublets (8 6.97) was clear in the spectra of the crude product, the second vinyl
doublet and most of the terthiophene protons could not be easily distinguished due to
interference by triphenylphosphine oxide. Removal of this by-product was again
difficult, column chromatography yielding only a small fraction of the pure trans
styryl-15-crown-5 terthiophene I (17%). Inspection of the 'H NMR spectra of the
pure product revealed the presence of six new terthiophene doublet of doublet signals,
and one characteristic downfield singlet (& 7.40) caused by the proton in the 47’ -
position. “C NMR, along with various 2D experiments (COSY, LR-COSY, HMQC
and HMBC), allowed a complete assignment of the compound as shown in Fig. 2.15.
The UV/VIS spectrum of this compound consisted of a single broad peak at 329 nm
(log €,,, = 4.57). Given that compound I contains two chromophores, namely the
terthiophene and central styryl-thiophene moieties, it was not immediately clear what
was being observed. In comparison, terthiophene absorbs at 354 nm (log ¢, =

4.25)*"*, and styryl-thiophene absorbs at 291 nm (log ¢_,, = 4.40)'®. The UV spectra

max

of these types of compounds are further discussed in Section 4.1.2.1. High-resolution
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mass spectrometry was used as additional verification of the successful synthesis of

the target molecule I.

i '_5_ 4

| )
— L‘M*M . \‘—::“—“JJL

,Z_’Ji,
6, 16 ﬁ LL
—— U
Lﬂ ft\& I /f :

‘ _,_HJV r M o _....;_J \Lul_____ﬁf - H\‘::

Figure 2.15 H NMR spectrum of styryl-15-crown-5 terthiophene |
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As in the earlier reaction with 4-nitrobenzaldehyde, the reaction between benzo-18-
crown-6 phosphonium salt IV and (2,2°;5°,2” |terthiophene-3’-carbaldehyde yielded
an approximately l:1 cis:trans isomeric mixture. In this case, isomerisation with
iodine was unsuccessful and resulted in the loss of the characteristic terthiophene
proton signals in the 'H NMR spectra. The reaction was repeated and isomerisation
attempted using irradiation, however this was also ineffective. Attempts to separate
the product and triphenylphosphine oxide by column chromatography were fruitless.
This difficulty in removing triphenylphosphine oxide has also been experienced by
other researchers in our laboratory investigating terthiophene chemistry.”® One

potential solution to this problem was to utilise Horner-Emmons rather than Wittig

%
C o

chemistry.

DBU, CH,Cl,,
rt. 3 hrs

Scheme 4 Wittig reactions between phosphonium salts IlI-IV and
terthiophene aldehyde

2.2.3 Synthesis of crown phosphonates

Using phosphonates to carry out Horner-Emmons reactions has three main advantages
over using phosphonium salts to perform Wittig reactions.'> Ylides prepared from
phosphonates are more reactive than those prepared from phosphonium salts, the by-

product is water soluble and hence easily removed from the reaction mixture, and the
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reaction generally gives exclusively the trans product, eliminating the need for

isomerisation.

As it appeared that using phosphonates rather than phosphonium salts would solve the
issues with both isomerisation and removal of by-product, the syntheses of benzo-15-
crown-5 phosphonate XIII and benzo-18-crown-6 phosphonate XIV were
investigated. Phosphonates are synthesised from halomethyl compounds and triethyl

phosphite by the Arbuzov reaction®'®

(\ D/\] — <\O/\‘ fp
O—P\’D'\/ reflux, 20 hrs U\P\ .
% SRR QVF

l n=1 Xt (<100%)
2 n=2 XV (89%)

Scheme 5 Formation of benzo-crown phosphonates Xlll and XIV

The chloromethylbenzo crowns IX and X had been previously synthesised (Scheme
2) and their reaction with triethyl phosphite was straightforward (Scheme 5).
Purification of the phosphonates was hampered by their high boiling points, rendering
distillation ineffective, and consequently they were used with some impurities
remaining. Despite this difficulty, several features were apparent in the 'H NMR
spectrum. As in the case of the phosphonium salt, the methylene proton signal had
moved considerably, this time upfield to 3.1 ppm. The splitting of this signal (*J,, ,=
21.2 Hz) was clear evidence of the presence of a phosphorus atom, confirmed by the
appearance of a new signal at 28 ppm in the *'P NMR spectra. The OCH, signal from
the ethyl ester appeared in the same region as the OCH, signals from the crown ether,
while the ester CH, signals are distinctive as a triplet at & 1.2. The fully assigned 'H
NMR spectrum is shown below in Fig. 2.16. "“C NMR spectroscopy and high-
resolution mass spectrometry also supported the identity of the desired products XIII
and XIV.

54



12
<\14 17
O11
10 9,10, 12,13

9
7 6
1,3,4
—r—, 6 16 POCHz 7 15
5 9 618 //
CH,
—A—
CH,P
—h—
4J\i // L
3:? 31] 3:0 2:9/ l.lb |.I4 11.[3 112 lfl ppm

Figure 2.16 'H NMR spectrum for benzo-15-crown-5 phosphonate Xl

2.2.4 Horner-Emmons reactions using phosphonates

The Horner-Emmons reaction carried out at room temperature between benzo-15-
crown-5 phosphonate XIII, [2,2";5",2”|terthiophene-3’-carbaldehyde and KO'Bu gave
a good yield (73%) of the desired product I containing approximately 4% of the cis

isomer after column chromatography. The crude product was then isomerised using
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thiophenol, 1,1’-azobis(cyclohexanecarbonitrile) as a radical initiator with
simultaneous heating and irradiation. After further purification by column
chromatography, the pure trans isomer of styryl-15-crown-5 terthiophene I was
obtained as a yellow oily solid (67%). The spectroscopic properties of the product

were identical to that of the sample prepared by the Wittig route.

Of interest was the significant amount (ca. 30%) of terthiophene separated from the
crude reaction mixture. It seems most probable that this was formed from the
decarbonylation of [2,2°;5°,2”|terthiophene-3’-carbaldehyde by potassium tert-
butoxide, a reaction that is not without precedent in other systems.?”
Mohanakrishnan and co-workers were the first to publish data on decarbonylation of
thiophene derivatives®'® *'° by potassium tert-butoxide. Their studies involved
thiophenes formylated at the a-position only, and they were able to separate
decarbonylated products in yields from 41-77%. As decarbonylation has not been
seen in reactions involving [2,2°;5°,2” |terthiophene-3’-carbaldehyde and other non-

crown phosphonium salts*'?

it appears that the 3-position of thiophene is less active
than the a-position. The increased activity in this system could well be due to the
crown ether complexing potassium, allowing the ‘naked’ tert-butoxide anion to act as

a much stronger base, 220222

The analogous reaction between benzo-l8-crown-6 phosphonate XIV and
[2,27;5°,2” |terthiophene-3’-carbaldehyde progressed similarly, yielding 56% of the
crude product Il comprising approximately 2% of the cis isomer. After isomerisation
and column chromatography the pure trans product II was isolated as a yellow oily
solid (41%). As in the equivalent reaction utilizing benzo-15-crown-5 phosphonate, a
significant amount of terthiophene was separated from the crude reaction mixture

before isomerisation.
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i) KO'Bu, THF, rt 3-4 hrs
i) PhSH, 1,1'-azabis-
(cyclohexanecarbonitrile),
benzene, huv, 3 hrs

o O
\)J n=1 1 (67%) ~30%
n=2 I (41%)

Scheme 6 Horner-Emmons reactions between phosphonates XllI-XIV
and terthiophene aldehyde

During the course of this work, terthiophene phosphonate was synthesised in our
laboratories.*” The two styryl-crown terthiophenes I and II were then synthesised, in
excellent yields, from a Horner-Emmons reaction between this phosphonate and the
appropriate formylbenzo-crown as shown in Scheme 7. In these reactions, 'H NMR
analysis revealed that only the rrans isomer of the desired products was formed. A
small amount of a bright yellow by-product was also isolated during column
chromatography, MALDI-MS indicating that the species still contained six thiophene
rings. Comparison of the '"H NMR spectrum for this product with the spectrum of a
sample of cross-linked terthiophene previously synthesised in our laboratories

12

revealed it to be 1,2-bis([2,2™;5",2" |terthiophen-3"-yl)ethene.*"> In phosphonium

salt chemistry, the presence of water has been shown to lead to the formation of an

22 If this were also the case here, it is

aldehyde from the initial phosphonium salt.
anticipated that a reaction between the newly-formed terthiophene aldehyde and

terthiophene phosphonate would lead to the cross-linked by-product seen.
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Scheme 7 Formation of styryl terthiophene crowns | and Il from

terthiophene phosphonate

This procedure is clearly superior in a number of ways. Several steps are taken out of
the synthetic scheme, as it is no longer necessary to transform the formylbenzo-
crowns into phosphonates, the cis isomer of the product is not formed thereby
eliminating the need for isomerisation, and yields are considerably higher since there

is no competing decarbonylation reaction occurring.

2.2.5 Synthesis of crown-functionalised thiophenes

In order to more fully understand the electrochemical and spectroscopic properties of
styryl-15-crown-5 terthiophene I (Chapter 4), it was desirable to synthesise the
corresponding thiophene compound. All the necessary starting materials were
available from previous work, so styryl-15-crown-5 thiophene XV was synthesised by
a Horner-Emmons reaction as detailed in Scheme 8. This reaction proceeded
smoothly, with no need for chromatography or isomerisation. The crude product was
recrystallised to yield the pure trans-styryl-15-crown-5 thiophene XV as an off-white
solid (41%). The 'H NMR spectrum of this compound (Fig. 2.17) shows all the
expected features. Two doublets assigned to the two vinyl protons are seen at 8 6.87

and 6.98, with a typical trans splitting of 16 Hz. No cis signals are observed. Signals
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due to the three aromatic protons are seen in the same region, showing both *J and *J
coupling around the benzene ring. The thiophene proton signals are observed further
downfield, at 6 7.2-7.4. The two multiplets in this area can be assigned to the 2” and
5” protons, and the 4” thienyl protons. The crown proton signals occur in the region &
3.7-4.3, and are divided into three groups by their proximity to the benzene ring. "“C
NMR results are also consistent with the proposed structure, with the anticipated 8
ethereal and 12 aromatic protons all clearly visible. Long range COSY, HMQC and
HMBC experiments allowed all of the NMR signals to be unequivocally assigned.

UV/VIS spectroscopy showed absorbance maxima at 216 nm (log ¢,,, = 4.27), 299

max

nm (log ¢,,,, =4.39) and 318 nm (log ¢,,, =4.41). Compound XV is similar to trans-

stilbene, which shows strong peaks at 295 and 308 nm (log ¢,,, = 4.40), with a

shoulder at 320 nm and a smaller peak at 229 nm (log ¢, = 4.20)."* These compare
well to the peak positions and intensities observed for XV, and provide further
evidence for a planar conjugated system. Previous work has been carried out on
styryl-substituted thiophene derivatives of this type, where the benzene ring was
functionalised in the para position with nitro, cyano, hydrogen, methoxy or
dimethylamino groups. UV/VIS spectra for these compounds showed absorbance
peaks at 199-248 nm (log ¢, = 2.34-4.32) and 291-357 nm (log ¢, = 4.27-4.56).'
The current results appear in the middle of this range, and thus are consistent with
past research. High-resolution mass spectrometry confirmed the formation of styryl-

15-crown-5 thiophene XV.

g
i8] KO'"Bu, THF, ==
H rt 3 hrs o/jc) ]
e i
I}ﬂ ~ g 0

s </ o

A

XIff XV (41%)

Scheme 8 Formation of styryl-15-crown-5 thiophene XV
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Figure 2.17  Fully assigned 'H NMR spectrum of styryl-15-crown-5
thiophene XV

Styryl-18-crown-6 thiophene was also synthesised, as detailed in Scheme 9. A
Horner-Emmons reaction between formylbenzo-18-crown-6 (VI) and thiophene
phosphonate was carried out in CH,Cl, at room temperature. The crude product was
purified by column chromatography on silica, giving the product XVI entirely in the

trans form. LDI and FAB mass spectrometry showed the compound to be free from
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Na' and K* ions. The 'H NMR spectrum of the product was very similar to that
obtained previously for styryl-15-crown-5 thiophene XV, with the expected changes

in the ether region (6 3.5-4.2) caused by expansion of the crown ether ring.

) ¢
o 0)

o H \
0(\ /jD o R KO'Bu <—°
[O o ' </_§ CH.CL,.
k/o \) s 1hr.rt _
7N xvi 62%)
s

Scheme 9 Synthesis of styryl-18-crown-6 thiophene XVI
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2.3 Synthesis of Open-Chain Ether

Functionalised (Ter)thiophenes

2.3.1 Open-chain terthiophenes

A further series of compounds was synthesised that included a polyether chain in
place of the crown ether. The anticipated advantage of this system was that cations
would be complexed less strongly, therefore releasing more easily, an attribute that
would be important in a real-time sensing application. Compounds of the type

depicted in Fig. 2.18 were targeted.

4
Y

/
g

o)
o)

Figure 2.18 Open-chain polyether styryl-substituted terthiophenes
targeted

It was envisaged that these compounds could be synthesised from a reaction between

terthiophene phosphonate and a substituted benzaldehyde in the same way that the

crown-substituted terthiophenes were formed, as shown in Fig. 2.19.
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Figure 219 Formation of open-chain ether functionalised

terthiophenes

The first step toward making these products was the formation of the polyether-
substituted benzaldehydes. These could clearly be made by the reaction of an
appropriate tosylated oligo(ethyleneglycol) monomethyl ether together with either
isovanillin or vanillin, in a Williamson ether synthesis reaction. A paper by Lauter,
Meyer and Wegner’* details the synthesis of these tosylated polyethers from their
glycol counterparts. While both diethylene glycol and triethylene glycol monomethyl
ethers are commercially available, any longer chain ethers must themselves be
synthesised. The same paper by Lauter et al. describes the formation of
tetra(ethyleneglycol) monomethyl ether from a Williamson-type etherification
reaction between tri(ethyleneglycol) monomethyl ether and ethylene glycol. *** These

reactions are summarized in Scheme 10.

pTsCl
NaOH O
HO O DR 1507 """
85%
pTsCl
HO @] NaOH TsO O
NG N N g B e A SN Ve Vg

84%

pTsCl
HO/\/O‘\/\‘O/\/O‘\/\‘O/ ﬂi—h— TSO/\/O\/\O/\/O\/\O/
81%

Scheme 10 Formation of tosylated glycols according to Lauter et al.
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Once these starting materials had been synthesised, the reactions with vanillin and
isovanillin under Williamson conditions were straightforward. Purification by
column chromatography led to the polyether-substituted benzaldehyde products
XVII-XXII (Scheme 11) in 50-80% yield. All of the products were isolated as
faintly coloured liquids and characterised by NMR and UV/VIS spectroscopy, and
high-resolution mass spectrometry. A typical 'H NMR spectrum exhibited, in
addition to an aldehyde peak at d 9.8, three sets of signals due to aromatic protons in
the region 8 6.9-7.5. Distinct *J and *J coupling allowed these to be unequivocally
assigned. The use of a long-range COSY spectrum assisted in the assignment of the
alkoxy signals (8 3.3-4.3), while HMQC and HMBC experiments provided the

remaining connectivity information necessary to completely assign the "*C spectrum.

/\QO
OH

1
2 55% XXI
3 54% XXII

83% XX

n
n
n

Scheme 11 Formation of polyether-substituted benzaldehydes XVII-
XXII

A series of Horner-Emmons reactions between XVII-XXII and terthiophene
phosphonate were carried out (Scheme 12), utilizing the same conditions employed
for the synthesis of styryl-15-crown-5 terthiophene I. Allowing the reaction to
proceed for 30-60 minutes at room temperature, followed by solvent extraction and
silica-gel chromatography yielded the products XXIII-XXVIII in excellent 88-94%
yields.



n=1 88% XXl n=1
n=2 88% XXV n=2 93% XXVl
n=3

91% XXVI

n=3 93% XXV 94% XXVl

Scheme 12 Horner-Emmons reaction to form open-chain

terthiophenes

The 'H NMR spectra of these compounds were very similar to that of styryl-15-
crown-5 terthiophene I. The spectra obtained for the three isovanillin-derived
compounds were identical in the aromatic region (6 6.8-7.5), as were the spectra for
the three vanillin-derived compounds, only differing as expected in the ether region (8
3.3-4.3, Fig. 2.20) due to the differing lengths of the polyether chain attached. The
slight differences in chemical shift in the aromatic region between the isovanillin-
derived compounds XXIII-XXYV and their vanillin-derived analogues XXVI-XXVII
are illustrated in Fig. 2.21. "C NMR and 2D NMR experiments (COSY, LR-COSY,
HMQC and HMBC) allowed the spectra for all of the products to be completely
assigned. The UV/VIS spectra of these compounds were virtually identical to that

obtained for I and Il, with A, = 329 nm. High-resolution mass spectrometry

max
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provided further evidence for the formation of the desired open-chain ether
terthiophenes XXIII-XXVIII. A fraction containing 1.,2-
bis(]2°,27;5”,2"" |terthiophen-3"-yl)ethene (3-15%) was also isolated from each of the
reactions in Scheme 12, as described earlier during the formation of styryl-15-crown-

5 terthiophene I and styryl-18-crown-6 terthiophene I1 (Section 2.2.4)

The structures shown in Scheme 12 can be considered as open-chain equivalents of

12-crown-4, 1 5-crown-5 and 18-crown-6 when n = 1, 2 or 3 respectively.

4.2 4.1 4.0 3.9 3.8 3,7 3.6 3.5 3.4 ppm

XXV )um_____JMA,

T T e ey T I

4.2 4.1 4.0 ppm
XXVN
r T T ———
4.2 4.1 1.0

Figure 2.20 'H NMR spectra of open-chain terthiophenes XXIII-XXV

(ether region)

66



§

- Jm

f P T

7.4 7.3

7.

|

-

Figure 2.21 Comparison of aromatic regions in 'H NMR spectra of
compounds XXIIl and XXVI

An analogous styryl-terthiophene compound that didn’t contain a polyether chain
(XXVIV) was synthesised as a reference (Scheme 13). The cation complexing ability
of this monomer was expected to be negligible when compared to the crown and
open-chain compounds. It was prepared from a Horner-Emmons reaction between
terthiophene phosphonate and 3,4-dimethoxybenzaldehyde in the same way as for the
longer chain compounds. '"H NMR analysis of the product after purification by silica
gel chromatography showed it to consist exclusively of the trans isomer. “C NMR
gave the expected number of signals, which, along with the 'H NMR signals, could be

confidently assigned after inspection of relevant COSY, HMQC and HMBC data.
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The UV/VIS spectrum was identical to that of the other polyether- and crown-
substituted terthiophenes, with A, = 329 nm. Samples analysed by high-resolution

mass spectrometry and elemental analysis verified the successful synthesis of

monomer XXVIV.

XXVIV (86%)
Scheme 13  Synthesis of dimethoxystyryl terthiophene

A further two reference compounds, that had been previously synthesised in our
laboratories, were included in spectroscopic (Chapter 4) and polymerisation (Chapter

5) studies.’®® The structures of these compounds are illustrated below (Fig. 2.22).

LXXVi LXXvil

Figure 2.22  Styryl terthiophene reference compounds

2.3.2 Open-chain thiophenes

As the benzaldehyde starting materials and thiophene phosphonate were available
from previous work, the thiophene equivalents of compounds XXIII-XXVIII were
also synthesised (Scheme 14). While it seemed unlikely that these compounds would

168, 161, 163-166

form homopolymers given literature results , they have been shown to be of
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use in copolymer systems. In addition, it was anticipated that an investigation into the
spectroscopic properties of these compounds would assist in understanding the

behaviour of their terthiophene analogues.
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n=1 78% XXX n=1 79% XXXII
n=2 78% XXXI n=2 79% XXXIV
n=3 55% XXXII n=3 64% XXXV

Scheme 14 Open-chain ether functionalised thiophenes XXX-XXXV

These compounds were formed from a Horner-Emmons reaction between thiophene
phosphonate and the polyether-substituted benzaldehydes that had been previously
synthesised as described in Scheme 11. Utilising the same conditions employed for
the terthiophene analogues (KO'Bu, CH,Cl,, room temperature, 1 hour) followed by
solvent extraction and flash column chromatography yielded the desired products
XXX-XXV as solids or semi-solids in 55-79% yield. The UV/VIS spectra for all
these compounds compared well with those obtained previously for styryl-15-crown-
S thiophene XV, with bands at 216, 298 and 318 nm. The 'H and "C NMR spectra
were assigned with the aid of 2D spectra, and compared well with the results for the
crown compounds XV and XVI. As seen for the open-chain terthiophene derivatives
XXIII-XXVIII, the aromatic region of the spectra remained very similar, while the

ethereal region increased in complexity with increasing polyether chain length. As an
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example, a fully assigned '"H NMR spectrum for compound XXX is shown below in

Fig. 2.23.

—— —— 5"
2’ 5 2-1 6"
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Figure 2.23 'H NMR assignment for open-chain thiophene XXX

In addition, a reference compound lacking a polyether chain was synthesised from
thiophene phosphonate and 3,4-dimethoxybenzaldehyde as shown in Scheme 15.
This reaction proceeded quickly at room temperature on addition of potassium tert-
butoxide, and gave a product that was easily purified by filtering through a plug of
silica. LDI mass spectrometry confirmed the presence and purity of the product,
which was then fully characterised by 'H, *C and 2D NMR experiments, and UV/VIS

spectroscopy.
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Scheme 15 Synthesis of dimethoxystyryl thiophene
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Extending the methodology developed in the formation of styryl-crown terthiophenes
I and II to make bis-functionalised crowns could lead to cross-linked polymers with
interesting properties. In particular, there is potential for an actuation effect on metal
binding (Fig. 3.1). Polymers with a high degree of cross-linking also generally have
better mechanical properties than those that only polymerise in one direction, and for

these reasons the syntheses of bisterthiophene crown ethers were investigated next.

[\ g I\
S \ / s
i/ \ s 7\
s\ ) s
0] 0
e, o)
NP ()
s I\ s s /7 \ s
\ / s \ / \_/ S \ /

Figure 3.1 Potential for actuation effect caused by metal complexation

There are two possible isomeric forms of the target 18-crown-6 compound, as shown

in Fig. 3.2, that could potentially polymerise quite differently.
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Syn-bis(styryl terthiophene)-18-crown-6 XXXVII Anti-bis(styryl terthiophene)-18-crown-6 XXXVIII

Figure 3.2 The two isomeric forms of bis(styryl terthiophene)-
18-crown-6

It was anticipated that these compounds could be made by the same Wittig or Horner-
Emmons routes that were used to prepare the polyether-substituted terthiophenes
discussed in Chapter 2. The starting materials in this case would be the terthiophene
phosphonate or aldehyde already utilized in earlier reactions, and two isomeric forms
of bis(formylbenzo)-18-crown-6 or the phosphonates/phosphonium salts prepared
from these aldehydes. A literature survey was conducted in order to establish how the
two isomers of bis(formylbenzo)-18-crown-6 had been previously synthesised and

used.
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3.1 Literature Synthetic Methods

Bis-functionalised dibenzo-crowns have been approached in several different ways in
the literature. Wada er al.'”’ synthesised bis(formylbenzo)- 18-crown-6 as an isomeric
mixture utilizing the Smith modification of the Duff reaction
(hexamethylenetetramine and methanesulfonic or trifluoroacetic acid), but
conveniently ignore the issue of isomer formation, naming the product as 4’,4"-
diformyl-dibenzo-18-crown-6. More recently Ge and co-workers repeated this
synthesis, using the bis(formylbenzo)-18-crown-6 produced as their starting material
to make crown ethers substituted with both benzothiazolium styryl dye and
fulleropyrrolidine moieties.”**** While in all three of their papers they consistently
represent the product of the Wada formylation as the syn isomer only, in two of the
papers they represent their final product as being an anti substituted dibenzo-18-
crown-6. As the intermediate fulleropyrrolidine substituted crown is obtained in only
25% yield, and is purified by column chromatography, it is possible that the syn and
anti products are separated during this step. However, it seems unlikely that only one
isomer would be reported if both were successfully synthesised and separated. In
addition, the inconsistencies between the three publications, and the low resolution of
the majority of the NMR data (200 — 300 MHz), make it seem more probable that
they were not aware of the existence of the two isomers. Bourgeois et al. did
recognize that the Wada synthesis produces a mixture of isomers.”” In their work
they begin with the mixture, further modifying the product by converting the
aldehyde functionalities to malonates, then using modified Bingel reaction conditions
(I,, DBU) to incorporate a [60]|fullerene moiety. This allowed the syn and anti
isomers to be separated by column chromatography.””® A bis(nitrophenyl)-18-crown-
6 compound synthesised by Shchori'* could be separated into the two isomeric forms
based on solubility. Parish et al. looked at diacylating dibenzo-crowns and found that
in some cases the isomers did not co-crystallise and could be separated.””" In other
research, compounds were used as isomeric mixtures with no attempt at separation.'”
#2.233 Gelectively synthesising either the syn or the anti isomer is another option, and
this was the approach that Bourgeois et al. took in their synthesis of anti-

bis(formylbenzo)- | 8-crown-6.2"
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3.2 Synthesis of Bis(styryl (Ter)thiophene)
Crowns

3.2.1 Synthesis of crown bis(phosphonium salt) and
bis(phosphonate)

As with the crown linked terthiophenes I and I, the bis-substituted crowns XXXVII
and XXXVIII could potentially be formed by Wittig (or Horner-Emmons) reactions
between a crown phosphonium salt (or phosphonate) and |2,2’;5°,2”|terthiophene-3°-
carbaldehyde, or from a bis-formylated crown and terthiophene phosphonium salt (or
phosphonate) as shown in Scheme 16. Due to the availability at the beginning of this
work of [2,27;5°,2” |terthiophene-3’-carbaldehyde, the initial target was the crown
bis(phosphonium salt) XXIX. A svya/anti isomeric mixture was investigated first to

develop the methodology.
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Scheme 16  Alternative routes toward target crown linked bis(styryl
terthiophene)s XXXVIl and XXXVIll
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Scheme 17 Formation of syn/anti isomeric mixture of crown
bis(phosphonium salt)s XXXIX and bis(phosphonate)s XL

The isomeric mixture of 18-crown-6 bisphosphonium salt was synthesised as
illustrated in Scheme 17. Dibenzo-18-crown-6 was formylated using the Smith
modification of the Duff reaction according to the method of Wada er al.'” As

established in the literature survey, this gave a 1:1 isomeric mixture of the syn and
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anti forms. While only one aldehyde peak was visible by 'H NMR at 270 MHz, the
same sample of XLI run at 400 MHz showed two aldehyde signals just 0.001 ppm
apart. Duplicity of one of the aromatic signals was also observed at 400 MHz, where
two aromatic doublets (*J = 8.2 Hz) were offset by 0.004 ppm. Thus it is clear,
although not necessarily intuitive, that while the two isomers of bis(formylbenzo)- | 8-
crown-6 are virtually identical, there is a very slight difference that can only be

observed by NMR at high resolution.

The dialdehydes were then reduced to the dialcohols XLII using sodium borohydride
under the same conditions used to reduce formylbenzo-15-crown-5 V. The changes
in the '"H NMR spectrum of the reduction product were similar to those seen for the
corresponding crown alcohols VII and VIII. A new signal appearing at 4.6 was
attributed to the two methylene groups. A broad peak at & 2.2 that reduced in size
after a D,O exchange experiment was assigned to the hydroxy protons. In addition,
the aromatic protons shifted such that they were now overlapping as observed

previously for VII and VIILI.

Dialcohols XLII were then chlorinated with thionyl chloride, again using the same
conditions that were successful in chlorinating the alcohols VII and VIII. While
there were no large changes in the '"H NMR spectrum, there was a clear upfield shift
in the position of the “C methylene signal from & 65 to & 47 caused by the change in
its chemical environment. High-resolution mass spectrometry provided additional

evidence for the formation of the desired compounds XLIII.

The chloromethyl isomers XLIII were refluxed in toluene with an excess of
triphenylphosphine. This yielded a mixture of mono- and bisphosphonium salts,
presumably due to the limited solubility of the mono-phosphonium salt in toluene.
This was overcome by replacing the toluene with I,2-dichloroethane and continuing
the reaction at reflux, yielding an isomeric mixture of the desired crown
bis(phosphonium salt)s XXXIX. A careful examination of the 'H NMR spectrum
showed that no starting material remained, as there was no signal at 6 4.5. Instead,
the methylene signal was observed downfield at & 5.2, and was split by the

phosphorus atom as described earlier for benzo-15-crown-5 phosphonium salt III. A
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*'P NMR spectrum of the product showed a signal at & 24, consistent with the results
obtained for the mono-phosphonium salts IIl and IV. The UV spectrum for XXXIX
was also similar to that obtained earlier, consisting of bands in the same position (270
and 276 nm) with extinction coefficients approximately double that seen for 111 and

IV. High-resolution mass spectrometry was also consistent with these results.

Bis(phosphonate)s XL were synthesised from bis(chloromethylbenzo)-18-crown-6
XLIII, by the Arbuzov reaction.’'® As in the case of benzo-15-crown-5 phosphonate
XIII and benzo-18-crown-6 phosphonate XIV, bis(phosphonate)s XL were used as a
crude product containing some high boiling point impurities. High resolution mass

spectrometry provided evidence that the phosphonates were the major products.

3.2.2 Wittig/Horner-Emmons reactions using mixed

bis(phosphonium salt)s and bis(phosphonate)s

The Wittig reaction between bis(phosphonium salt)s XX XIX and 4-
nitrobenzaldehyde (Scheme 18) yielded a syn/anti isomeric mixture of the alkene
product XLIV with a cis:trans ratio of approximately 7:6 as determined by 'H NMR
spectroscopy. While isomerisation with 1, was successful in converting this to a pure
trans product, the Na,S,0, wash used to remove excess iodine caused extensive
emulsification and the formation of some insoluble orange material, presumably due
to the complexation of sodium ions by the crown ether. To try to improve the yield of
the trans isomers, the reaction was repeated at reflux in 1,2-dichloroethane. The
isomeric ratio resulting from this reaction was approximately 6:8 cis:trans. Column

chromatography of the crude product failed to remove triphenylphosphine oxide.
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A Horner-Emmons reaction between the 18-crown-6 bis(phosphonate)s XL and 4-
nitrobenzaldehyde (Scheme 18) with KO'Bu as base, yielded three yellow products
after column chromatography. Two of these products had the same R; when checked
by TLC (5% MeOH/CH,Cl,) and identical NMR spectra that showed similar features
to that obtained previously for nitrostyryl crowns XI and XII. High-resolution mass
spectrometry results were consistent with the syn and anti forms of the expected
products XLIV, however the yields of these products were low (2% and 7%). The
third product (7% yield) appeared to result from a single Horner-Emmons reaction
between nitrobenzaldehyde and the dibenzo-18-crown-6 mono-phosphonates. It
seems likely that the original formylation reaction was incomplete, and that a small
amount of mono-formylated dibenzo-18-crown-6 had been carried through the
intervening steps. This would result in contamination of the bisphosphonates XL
with some mono-phosphonate, which could not be removed due to the high boiling
points of the compounds. The end result of the incomplete formylation would be the

observed mono-nitrated product.

Given the low yields obtained on reaction of the bis(phosphonate)s XL with the
activated aldehyde 4-nitrobenzaldehyde, it seemed unlikely that better yields would
be obtained with {2,2°;5°,2”|terthiophene-3’-carbaldehyde. In addition, it was unclear
whether the two isomeric products resulting from the Horner-Emmons reaction
between bis(phosphonate)s XL and [2,2°;5°,2”|terthiophene-3’-carbaldehyde would
be separable by chromatography. For these reasons it was decided to selectively
synthesise the syn and anti forms of bis(formylbenzo)-18-crown-6, starting with the

symmetrical syn isomer.
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Scheme 18  Wittig-type reactions between disubstituted crowns

XXXIX-XL and 4-nitrobenzaldehyde

3.2.3 Synthesis of syn-bis(formylbenzo)-18-crown-6

XLV

the syn and anti dialdehydes,

In order to synthesise the target syn-bis(styryl terthiophene)-18-crown-6 XXXVII, it
was necessary to first synthesise the corresponding starting material syn-

bis(formylbenzo)-18-crown-6 XLV. As it was not possible to separate a mixture of

229

two alternative routes to the target molecule XLV, starting from the inexpensive
monomethyl protected dihydroxy benzaldehydes vanillin and isovanillin. Both routes

were investigated in order to assess if one had a particular advantage over the other.
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Starting with vanillin, the methoxy intermediate 1,5-bis(2’-methoxy-4’-
formylphenoxy)-3-oxapentane XLIX was produced in high yield by reaction with
dichloro diethyl ether according to the method of Tuncer and Erk.** The
demethylation necessary to form the hydroxy intermediate L was unsuccessful using

ethanethiol and sodium hydride.?*>

Instead of the desired product, two lower
molecular weight materials were isolated from the crude reaction mixture using
column chromatography. Careful examination of the 'H NMR spectra for these
compounds showed that one contained both a benzaldehyde moiety and a polyether
chain. This product was identified as 3-hydroxy-4-{2-(2-hydroxyethoxy)ethoxy|-
benzaldehyde LII (Scheme 20). The remaining product displayed 'H NMR signals
typical of an ethyl group, in addition to a benzaldehyde functionality, and was
identified as 4-ethylsulfanyl-3-hydroxybenzaldehyde LI (Scheme 20). High-

resolution mass spectrometry provided additional evidence for the formation of these

O O
K/O\) XLIX

compounds.

NaH, EtSH, DMF,
160°C, 4 hrs
@] (0]
)UOH JHC[OH
H + H
S/\ O/\/O\/\OH
Ll (44%) LH (9%)

Scheme 20 Products formed from attempted demethylation of 1,5-

bis(2’-methoxy-4’-formylphenoxy)-3-oxapentane XLIX

It appeared that two reactions occurred during the attempted demethylation. The
desired demethylation reaction is an S,2 reaction consisting of nucleophilic attack by
the thioethoxide ion at the alkyl carbon, with the associated displacement of a
substituted aryloxide ion (Scheme 21). However, in aryl methyl ethers containing
strong electron-withdrawing substituents, substitution at the methoxy-bearing

aromatic carbon atom has also been observed.?*> ¢ In this case, the Meisenheimer
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complex formed by the S Ar addition of the thioethoxide moiety to the remaining
alkoxy-bearing aromatic carbon atom would be resonance stabilized by the carbonyl
group. Subsequent elimination of the substituted alkoxide ion would allow the
isolation of 4-ethylsulfanyl-3-hydroxy-benzaldehyde LI and 3-hydroxy-4-[2-(2-
hydroxy-ethoxy)-ethoxy |-benzaldehyde LII after an acidic work-up, as was observed
(Scheme 21). Although lowering of the reaction temperature to 60°C led to no
reaction, it is possible that an intermediate temperature might exist where only the

desired Sy2 reaction can proceed.
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Scheme 21 S\2 and SyAr reactions between the thioethoxide ion and

a substituted benzaldehyde

Attempted demethylations of XLIX using boron trichloride and boron tribromide™’

were also ineffective in producing the desired dialcohol L.
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Consequently, the alternative approach to XLV, starting from isovanillin, was
explored (Scheme 19). Diethylene glycol ditosylate was synthesised according to the
method of Ouchi et al.**® and then reacted with isovanillin using the method recently

239

published by Kumar and Mashraqui®® to synthesise 1,5-bis(2’-methoxy-5’-

formylphenoxy)-3-oxapentane XLVII. The methoxy intermediate XL VII was now

able to be demethylated using ethanethiol and sodium hydride™* **

to yield the
required 1,5-bis(2’-hydroxy-5’-formylphenoxy)-3-oxapentane XLVIII in an
excellent 75% yield. In this case, aromatic substitution by sulphur is not favoured,
since the required Meisenheimer complex cannot be resonance stabilized by the
carbonyl group. The demethylation was confirmed by the lack of the distinctive
methoxy peak in the 'H NMR (8 3.89) and "“C NMR (& 56.0) spectra, while the
ethereal, aromatic and aldehydic regions remained essentially the same. The UV/VIS
spectrum of the hydroxy product was also similar to that of the methoxy starting

material, with only minor changes to peak positions and intensities. High-resolution

mass spectrometry confirmed the successful synthesis of compound XLVIIL

The formation of the target compound syn-bis(formylbenzo)-18-crown-6 XLV from
the dialcohol XLVIII was accomplished using standard ether formation conditions, in
a reasonable 36 % yield. The 'H NMR obtained for this compound was similar to that
obtained for the isomeric mixture XLI. However, none of the duplication of aldehyde
or aromatic signals discussed in Section 3.2.1 was evident here due to the
isomerically pure nature of the product. Samples analysed by microanalysis and
high-resolution mass spectrometry provided additional evidence for the production of

syn-bis(formylbenzo)-18-crown-6 XLV.
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3.2.4 Horner-Emmons reaction using syn-

bis(formylbenzo)-18-crown-6

As terthiophene phosphonate had recently been synthesised in our laboratory, it
seemed logical to react this directly with syn-bis(formylbenzo)-18-crown-6 XLV in a

Horner-Emmons reaction as shown in Scheme 22.

XLV

KO'Bu, CH,Cl, THF.
rt,20 min

£

[

XXXVII (33%)

Scheme 22 Horner-Emmons reaction between dialdehyde XLV and

terthiophene phosphonate

This reaction was carried out under the same conditions used to form styryl
terthiophenes I and II. Analysis of the crude product by MALDI-MS revealed three
species that corresponded to the desired product XXXVII (m/e =904.1), its
potassium salt (m/e = 943.1), and a product with a smaller molecular mass (m/e =
520.0), that still appeared from the sulphur isomer ratios to contain six thiophene
units. This by-product was identified as 1,2-bis([{2’,27;5”,2""|terthiophen-3"-

ylethene from a comparison of its 'H NMR spectrum with that of a previously
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characterised sample.”? It is assumed that this by-product was formed in the same
way as seen earlier for other Horner-Emmons reactions utilising terthiophene
phosphonate (Sections 2.2.4 and 2.3.1). While column chromatography allowed this
by-product to be isolated, it also appeared to lead to the formation of the sodium salt
of XXXVII, giving a mixture of XXXVII and its sodium and potassium salts, as
evidenced by MALDI-MS. It is not clear whether the ion-free product was actuall y
present, or whether the appearance of this species was due to fragmentation during the
MALDI-MS process. The eluted product mixture was insoluble in common solvents,
and further characterization proved difficult. Numerous attempts were made to
remove the metal ions by water and acid washing, but these proved futile possibly due
to either the complexes strength or its insolubility (Fig. 3.3). Attempts were made to
solubilise the product by introducing alkali metal cations with large organic
counterions (eg. NaBPh,, NaPF,), however these were also unsuccessful. While these
results are unusual, the low solubility of the product meant that it was of little value

for polymerisation, and thus no further use was made of compound XXVII.
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Laser energy (%): 87 Well : €8

1004 = 1

9273

2053
- +
b XVI + Na
19283

+

o XVI+ K
%033 5443
007 3 9453
926.3
1930.3
508 3 23 5463
9012 9023 sipy 023 w3 83
T \\ IR MY VTY Iy eyt A W Ko

858 900 902 904 906 908 910 S12 914 916 918 90 92 924 906 908 @30  GR ;&-'ﬁs W0 940 42 B4 ok oam T

Figure 3.3 MALDI-MS of syn-bis(styryl terthiophene)-18-crown-6 XVI

after acid wash
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3.2.5 Synthesis of anti-bis(formylbenzo)-18-crown-6
XLVI

As in the case of syn-bis(formylbenzo)-18-crown-6 XLV, anti-bis(formylbenzo)-18-
crown-6 XLVI can also be approached starting with either vanillin or isovanillin.

This is illustrated in Scheme 23.

3-[2-(2-chloro-ethoxy)-ethoxy|-4-methoxy-benzaldehyde LIII was formed by the
reaction of isovanillin and 2-chloroethy| ether. Two products were isolated from the
reaction mixture by column chromatography, namely the desired product L1II (42%),
and a substantial amount of XLVII (46%) resulting from the reaction of two
molecules of isovanillin with one molecule of 2-chloroethyl ether. While the
aromatic region of the 'H NMR spectrum obtained for LIII was identical to that
previously observed for XLVII, the ethereal region of the spectrum was quite
different due to the presence of the chlorine atom. This structural difference was also
clearly visible in the ®C NMR spectrum of LIII, where the signal for the carbon atom
next to the chlorine atom (& 42.5) appeared in an area that was devoid of signals in the
corresponding XLVII “C NMR spectrum. The presence of the chlorine atom was
apparent in the high-resolution mass spectrum obtained for LIII, with a typical M + 2
peak of approximately 33% intensity due to the inclusion of the ’Cl isotope. The
UV/VIS spectrum obtained was typical of those seen for the other dialkoxy-

substituted benzaldehydes previously synthesised.

The chlorinated intermediate LIII was then reacted with vanillin under the same
conditions used to form XL VII and XLIX (Scheme 19), yielding 1-(2’-methoxy-4’-
formylphenoxy)-5-(2”-methoxy-5"-formylphenoxy)-3-oxapentane LIV. While the
'H NMR spectrum for this compound had the same features as the spectra previously
obtained for XLVII and XLIX, each signal was duplicated due to the slight
differences between the two benzene rings. A signal was observed for every carbon
atom in the ®C NMR spectrum, in contrast to XLVII and XLIX where the symmetry

of the molecule meant that there were only half as many signals as there were carbon
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atoms in the molecule. Extra structural information obtained from 2-D experiments
(LR-COSY, HMQC and HMBC) meant that the NMR data could be completely
assigned. Elemental analysis, high-resolution mass spectrometry and UV/VIS
spectroscopy all provided data consistent with the structure of LIV. Itis important to
note that this product could also been obtained using vanillin as the starting material,

and this route was also investigated.

An analogous reaction between vanillin and 2-chloroethyl ether gave 4-{2-(2-chloro-
ethoxy)-ethoxy|-3-methoxy-benzaldehyde LVI (31%) and a large amount of XLIX
(43%) resulting from the reaction of two molecules of vanillin with one molecule of
2-chloroethyl ether (Scheme 23). The 'H and "C NMR spectra obtained for LVI
were very similar to those seen previously for LIII, with slight changes in chemical
shift. The UV/VIS spectrum was also very similar, and the mass spectrometry data
again clearly showed the presence of chlorine. Elemental analysis gave further

evidence for the successful synthesis of LVI.

LVI was in turn reacted with isovanillin to give 1-(2'-methoxy-4’-formylphenoxy)-5-
(2”-methoxy-5"-formylphenoxy)-3-oxapentane LIV (Scheme 22). The spectroscopic
and physical properties of LIV produced via the two different synthetic routes were

identical.
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Scheme 23 Formation of anti-bis(formylbenzo)-18-crown-6 XLVI

With the successful synthesis of LIV, the demethylation was explored. Reaction of
LIV with ethanethiol and sodium hydride?*** **¢ under the conditions previously used
for 1,5-bis(2’-methoxy-5’'-formylphenoxy)-3-oxapentane XL VII, yielded 4-
ethylsulfanyl-3-methoxy-benzaldehyde LVII, 4-ethylsulfanyl-3-hydroxy-
benzaldehyde LI and 4-hydroxy-3-[2-(2-hydroxy-ethoxy)-ethoxy]-benzaldehyde
LVIII in addition to the desired product 1-(2’-hydroxy-4-formylphenoxy)-5-(2"-
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hydroxy-5"-formylphenoxy)-3-oxapentane LV (Scheme 24). The by-products appear
to have formed from nucleophilic attack of the thioethoxide ion on the methoxy-
bearing aromatic carbon as seen during the demethylation of XLIX (Scheme 20). All
of these products were identified by NMR spectroscopy, mass spectrometry, and by
comparison with the similar compounds previously observed. The intermediate
Meisenheimer complex formed during this SyAr reaction can only be stabilized by the
carbonyl group in the aromatic ring where the alkoxy and carbonyl moieties are para

to each other, explaining why only one isomer of each product is seen.

The dialcohol LV was then treated with sodium hydroxide and reacted with
diethylene glycol ditosylate™ to give anti-bis(formylbenzo)-18-crown-6 XLVI. The
spectroscopic properties of this compound were virtually identical to those obtained
for syn-bis(formylbenzo)-18-crown-6 XLV. The isomerically-pure nature of this
product meant that only one aldehyde signal was seen in contrast to the two signals
observed for the mixture XLI (Section 3.2.1). High-resolution mass spectrometry,

elemental analysis and UV/VIS data were all consistent with the desired product

XLVIL

It can be seen from Scheme 23 that the yields of both the chlorinated benzaldehyde
isomers LIII and LVI were similar, as were the yields for the reaction of these
products with vanillin or isovanillin respectively. However, the pathway beginning
with isovanillin was advantageous in that the substantial amount of 1.5-bis(2’-
methoxy-5’-formylphenoxy)-3-oxapentane XLVII isolated from the purification
procedure could be demethylated and used in the synthesis of syn-bis(formylbenzo)-

18-crown-6 XLV (Scheme 19).
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Scheme 24 Products formed from demethylation of 1-(2’-methoxy-4'-

formylphenoxy)-5-(2”-methoxy-5"-formylphenoxy)-3-oxapentane LIV

3.2.6 Horner-Emmons reaction using anti-
bis(formylbenzo)-18-crown-6

Anti-bis(formylbenzo)- 18-crown-6 XLVI was reacted with terthiophene phosphonate
(Scheme 25) using the same reaction conditions as were used for syn-
bis(formylbenzo)-18-crown-6 XLV (Scheme 22). Once again, analysis by MALDI-
MS showed three species, the desired product XXXVIII, its potassium salt, and the
terthiophene dimer seen earlier. As in the case of syn-bis(formylbenzo)-18-crown-6,
it is uncertain whether the ion-free complex actually existed in the reaction mixture,

or whether decomplexation was occurring during the MALDI-MS process. While
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purification by column chromatography removed the by-product, it led to the
formation of the sodium salt of XXXVIII. The product from this reaction was also
insoluble, and again acid washing did not appear to remove the metal ions as
evidenced by MALDI-MS. As in the case of XXXVII, the insolubility of the
compound meant that further characterization was difficult, and XXXVII was not

utilized in any further experiments.
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Scheme 25 Horner-Emmons reaction between dialdehyde XLVI and

terthiophene phosphonate

Given that the two bis(styryl terthiophene) crowns formed were too insoluble to be of
further use, continued attempts to isolate pure materials were abandoned. However, it
was anticipated that using the two bis(formylbenzo) crowns already synthesised and
reacting them with thiophene phosphonate in Horner-Emmons reactions would
provide cross-linked thiophenes that could be more soluble, and of use in copolymer

systems.
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3.2.7 Formation of bis(styryl thiophene) crowns

The Horner-Emmons reaction between syn-bis(formylbenzo)-18-crown-6 and
thiophene phosphonate is detailed in Scheme 26. The reaction was carried out at
room temperature, using KO'Bu as the base, and was complete within 30 minutes.
The crude product was purified by flash column chromatography on silica to give a
white powder. While slightly more soluble than the corresponding terthiophene
derivative XXXVII, characterization was still limited. The 'H NMR spectrum
showed signals typical of a 3-substituted thiophene, in addition to two vinyl doublets
(8 6.91 and 7.03) and the expected aromatic and ether signals. High-resolution mass
spectrometry data was also consistent with the proposed structure. UV/VIS analysis
showed bands at 320.0 nm and 299.5 nm, the same positions as those seen for styryl-
I5-crown-5 thiophene XV. "*C NMR and 2D NMR experiments requiring *C data
were unable to be carried out due to the limited solubility of the product in CD,Cl,. A
further complicating factor was the tendency of the compound to degrade in solution,

turning from colourless to brown over a period of hours.

<_ o °-> /\CI) KO'Bu, CH,CL,. O O—>
+ il:i'—O r.t., 30 min
o g (\{7 b — o o
Q_C.-‘ 0—) ) O O‘)
" f \
XLV LIX (38%)

Scheme 26 Formation of syn-bis(styryl thiophene)-18-crown-6 LIX

In the same way, anti-bis(styryl thiophene)-18-crown-6 LX was also formed from a
Horner-Emmons reaction (Scheme 27). Thiophene phosphonate and anti-

bis(formylbenzo)-18-crown-6 XLVI were reacted and purified under the same
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conditions as described for LIX, yielding LX as a white powder in a similar yield. As
observed for the equivalent syn-compound LIX, limited solubility hindered
characterization. High-resolution mass spectrometry confirmed the formation of LX,
and its UV/VIS spectra showed absorbances in the same positions as for LIX. A
poorly resolved 'H NMR spectrum provided further evidence for the structure of LX,
but the material was too insoluble in CD,Cl, and other deuterated solvents to obtain

more NMR data.
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Scheme 27 Synthesis of anti-bis(styryl thiophene)-18-crown-6 LX

As the bis(styryl) crowns were all rather insoluble, this approach to forming

monomers capable of forming cross-linked polymers was abandoned.
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3.3 Synthesis of (Ter)thiophene Hemicrowns

Due to the insolubility of the cross-linked compounds XXXVII - XXXVIII and
LIX - LX, and the availability of suitable starting materials, the monomers LXI -
LXIII (Fig. 3.4) were instead targeted. It was anticipated that these compounds
would bind metal ions less strongly, but still be capable of forming cross-linked

polymeric structures.

Figure 3.4 Isomeric terthiophene hemicrowns targeted

3.3.1 Synthesis of terthiophene hemicrowns

The starting dialdehydes necessary to form these compounds from a Horner-Emmons

reaction with terthiophene phosphonate had been previously synthesised as
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intermediates in the formation of XLV and XLVI (Schemes 19 and 23).

reactions to form target hemicrowns LXI-LXIII are shown below in Scheme 28.

XLVil XLIX LIV
R4 =R3=CHO R2=R4=CHO R4 =R4=CHO
RZ:R4=H R1=R3=H R2=R3=H

The

LXI 98% LXIl  88% LXI 93%

Scheme 28 Formation of bis(terthiophene) hemicrowns LXI-LXIII

The reaction to form the isovanillin-derived hemicrown compound LXI was carried

out under the same conditions as previous Horner-Emmons reactions, utilizing KO'Bu

as the base. The reaction was complete within | hour at room temperature, and an

aqueous work-up followed by silica gel chromatography yielded the pure trans LXI
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as a yellow solid in an excellent 98% yield. The terthiophene-styryl peak at 330 nm
was the only feature on the UV/VIS spectrum, identical to that observed for all other
polyether-substituted terthiophenes. Due to the symmetry of the molecule, the 'H
NMR spectrum was almost identical to that observed for the isovanillin-derived open-
chain terthiophenes XXVI-XXVII in the aromatic region. The ether region of the
spectrum contained two methylene multiplets and a singlet methoxy signal. Figure
3.5 shows the fully assigned 'H NMR spectrum for this compound. The assignment
of the '"H and "C NMR data was assisted by the collection of 2D NMR spectra,
providing vital connectivity information. High-resolution mass spectrometry

provided additional evidence to verify the successful synthesis of hemicrown LXI.

The remaining two hemicrowns LXII and LXIII were synthesised in an identical
manner, again giving excellent yields of product (88 and 93% respectively). The
aromatic regions of the 'H NMR spectra for the three hemicrowns are shown in Fig.
3.6. As previously shown in Fig. 2.19, the slight chemical shift differences between
the isovanillin- and vanillin- derived compounds are small but distinct. The spectrum
for the hemicrown containing both isovanillin- and vanillin-derived components
appears almost as a straight addition of the two individual spectra, with separate
signals seen for most protons. UV/VIS spectra for LXII and LXIII show a peak at
331 nm, as was observed previously for LXI. As seen for all previous Horner-
Emmons reactions involving terthiophene phosphonate, a small fraction of 1,2-
bis(|27,2";57,2" |terthiophen-3"-yl)ethene (2%) was also isolated during column

chromatography.
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Figure 3.5 Assigned '"H NMR spectrum of isovanillin-derived

terthiophene hemicrown LXI
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3.3.2 Synthesis of thiophene hemicrowns LXIV - LXVI

Due to the availability of starting materials and their potential use in copolymer
systems, three isomeric thiophene hemicrowns, analogous to the terthiophene
hemicrowns LXI-LXIII, were synthesised as shown in Scheme 29. The dialdehyde
starting materials had been previously made, as detailed in Schemes 19 and 23, and
were reacted with thiophene phosphonate in typical Horner-Emmons reactions.
Purification by flash column chromatography produced white solids in all three cases.
The lower yield of the isovanillin-derived compound LXIV reflects its lower
solubility in organic solvents, but it is likely that this could be overcome by increasing
the solvent volumes used during the workup. High-resolution mass spectrometry
gave satisfactory results for all three compounds. UV/VIS spectra showed bands at
300 nm and 320 nm, as had been seen for all other ether-substituted styryl thiophenes
synthesised. The signals in the ether region of the 'H NMR spectra were identical,
with minor chemical shift differences seen in the aromatic region. "C and 2D NMR

experiments allowed the full assignment of all atoms in the three compounds.
No solubility difficulties were encountered with any of the three isomeric

terthiophene hemicrowns, or the three isomeric thiophene hemicrowns, proving the

worth of this approach.
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Scheme 29 Synthesis of bis(thiophene) hemicrowns LXIV-LXVI
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3.4 Synthetic Summary

The aim of this synthetic work was to synthesise a number of mono- and
bis(ter)thiophene compounds that contained dialkoxy-substituted conjugated styryl
linkers. Incorporating a range of dialkoxy functionalities, including crown ethers and
polyether chains, was desirable in order to investigate the different cation binding
properties these would display. To this end, two crown ether functionalised styryl
terthiophenes (Scheme 7) and three pairs of isomeric open chain ether compounds
(Scheme 12) were synthesised. In addition, two cross-linked crown compounds
(Schemes 22 and 25) and three isomeric hemicrowns (Scheme 28) were made. An
analogous dimethoxy compound was also synthesised (Scheme 13) as a reference, as
it was anticipated that this compound would be unable to bind metal cations. The
synthesis of all these compounds was achieved by a Horner-Emmons reaction
between terthiophene phosphonate and an appropriately substitutued benzaldehyde.
While other synthetic approaches were tried, this method proved superior due to the
high yields of isomerically pure material that could be produced. In most cases the
substituted benzaldehydes were themselves unknown and these also had to be

synthesized, utilizing a variety of synthetic methodologies.

As thiophene phosphonate was available in our laboratories, it was reacted in a series
of similar Horner-Emmons reactions with the substituted benzaldehydes that had been
synthesised. This allowed a range of styryl-thiophene compounds to be made that
were analogous to the styryl-terthiophene compounds already described. These
included crown ethers (Schemes 8 and 9), open chain ethers (Scheme 14), bis(styryl
thiophene)crown ethers (Schemes 26 and 27) and bis(styryl thiophene) hemicrowns
(Scheme 29). While it was anticipated that these compounds would likely not form
conducting homopolymers, they could be of great assistance in understanding the

spectral properties of the styryl-terthiophenes.
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The styryl terthiophene monomers synthesised had been designed to incorporate
various crown and polyether functionalities that are capable of complexing metal
cations. Thus it was important to investigate the ion binding of these monomers, to
ensure that selectivity between metal ions could be observed. Therefore it was
necessary that this selectivity resulted in a change in some measureable property of
the monomer. As terthiophenes provide informative UV/VIS and fluorescence
spectra, the effect of ion binding on the spectra of the monomers was investigated and

is described in Chapter 4.

Another important aspect of the monomer design was the incorporation of a
polymerisable terthiophene moiety, as it was desirable to be able to form a conducting
polymer that could act as a sensor. An investigation into both the chemical and
electrochemical polymerisation of these monomers was therefore carried out, and is

detailed in Chapter 5.
The structures of the terthiophene and bis(terthiophene) compounds used in the

spectroscopic and polymerisation studies are reproduced on a fold-out sheet inside the

back cover as a reference.
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4.1 UV/VIS Spectroscopy

UV/VIS spectroscopy is an important technique for gathering information about the
electronic structure of conjugated compounds. In particular all the terthiophene
compounds synthesised in this work are yellow, and therefore provide informative
UV/VIS spectra. Cation binding could reasonably be expected to change the
absorbance of these molecules, by effecting either electronic or conformational
changes. It is also possible that the magnitude of this effect could provide
information on the relative binding affinities of the synthesised crowns for various
cations. For this reason an investigation into the effect of cation binding on the

UV/VIS spectra of polyether-substituted terthiophenes was carried out.

4.1.1 Literature review

4.1.1.1 Absorbance of substituted terthiophenes

A numbered structure of terthiophene is shown below (Fig. 4.1) to serve as a

reference for the following literature discussion.

¥4
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Figure 4.1 The structure of terthiophene
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Terthiophene absorbs at 354 nm in dichloromethane solution, and the broad and
structureless nature of its m-t* peak has been attributed to the inherent flexibility of

the molecule.**"**

Substituted terthiophenes with both red- and blue-shifted absorbances are found in the
literature. 3’,4’-dihexylterthiophene shows an absorbance maxima that is
hypsochromically shifted by 23 nm compared to terthiophene.”" ***** The observed
shift was explained by the steric hindrance between the two adjacent alkyl groups
creating torsion between the rings, decreasing conjugative interaction in the m system.
A similar (19 nm) shift seen for 3,3"-dimethylterthiophene was also accounted for by
a twisting of the molecule.***** A considerably larger effect (63 nm) was noted for
3,3°,4’,3”-tetramethylterthiophene where the substituent interactions caused the
thiophene rings to become almost perpendicular, drastically reducing conjugation.**
In contrast, substitution with electron donating groups such as -OMe, or -Br causes a
bathochromic shift in the position of the absorbance peak. Literature examples
include 5-methoxyterthiophene (AX,, = 14 nm)**°, 5,5”-dibromoterthiophene (A\,,,, =

max max

8 nm)*, 5-bromo-5"-methoxyterthiophene (AA,,, = 21 nm)* and 3,3"-

243-245

dimethoxyterthiophene (AA,,,, = 18 nm) . In addition, it would seem logical that

max
any substituent containing multiple bonds would extend the & electron system, and
therefore lead to a bathochromic shift of the absorption maxima. This has been
shown to be the case in many examples, including a number of cyano- and dicyano-

derivatives (AA,,, = 15-29 nm)*", 5-nitroterthiophene (AX,,, = 86 nm)**, 5-bromo-

max

5”-nitroterthiophene (AA,,, = 76 nm)**, 5.5”-diphenylterthiophene (AA,,,, = 50 nm)*",
=60 and 86 nm), 5-formyl (AA

= 48 nm) S5-acetyl (AA,,, = 41 nm) S-thenoyl (AA,

max

two triphenylamino substituted terthiophenes (AA

max max

= 63 nm) and 5-

max

241, 242, 249

benzoylterthiophenes (AA,,,, = 52 nm)**®*, among others . The first electronic

max

transition of terthiophenes (;t-t*) corresponding to that seen in UV/VIS spectra has

241296 and therefore

been shown to be delocalized along the long molecular axis,
substitution at the 5 and 5”-positions has the greatest effect on the energy of this
transition. Kankare et al. looked at the UV/VIS spectra of a number of terthiophenes
substituted at the 3’-position with aromatic moieties."””** They found that the long-
wavelength absorption band was seen at the same position as for the parent

terthiophene, and did not change on varying the attached substituent. This, along with
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other supporting data, led them to conclude that the aromatic substituents were not
appreciably conjugated with the terthiophene backbone. These results were attributed
to steric hindrance between the aromatic substituent and the terthiophene moiety,
forcing the aromatic ring out of coplanarity. It was anticipated that the incorporation
of a conjugated spacer into the dialkoxystyryl-substituted terthiophenes synthesised in

this work would overcome these steric issues.

4.1.1.2 Effect of cation complexation on absorbance of

functionalised crown ethers

To the best of our knowledge, there are only two examples of styryl-substituted benzo
crown ethers in the literature. Alfimov et al. synthesised crown ether styryl dyes as
shown in Fig. 4.2a.'®* '® The trans form of this dye showed a response to alkali metal
ion perchlorates in acetonitrile, in the order Mg*>Ca*>Ba®*, with hypsochromic
shifts in the position of A, from 29- 42 nm. The dye could be converted into the cis
form by irradiation, and again was affected by metal ions in the order
Mg**>Ca**>Ba*. The peak maxima shifts were considerably larger this time (83-100
nm) and this was explained by the ability of the sulfonate group to interact with the
complexed metal ion only in the cis configuration. The observed selectivity was
rationalized on the basis that the smaller cation Mg** formed only 1:1 complexes with
the dye, whereas the larger diameter cations tended to form 2:1 complexes with 2 dye

molecules per cation.
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Figure 4.2 Crown ether styryl dyes

More recently, a crown ether styryl dye incorporating anthracene was reported (Fig.
4.2b).”' Few experimental details are given, but the absorption maxima was reported
to be blue-shifted on addition of Li', Na‘*, Mg** and Ca®", and unaffected by K* and
Cs'. Considering the alkali and alkaline-earth metal ion series separately, these shifts
are easily rationalized based on size-fit from the data provided in Tables 4.1 and 4.2.
The greater charge density of the alkaline-earth metal ions means that they have a
larger influence than the alkali metal ions. It must be noted however, that the shifts

observed were quite small, with the largest being just 4 nm.

252

Table 4.1 Crown Ether cavity sizes

Crown Ether Cavity Size / A

I4-crown-4 1.2-1.5
15-crown-3 1.7-2.2
18-crown-6 2.6-3.2
21-crown-7 3.4-43

24-crown-8 >4
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Table 4.2 Metal cation ionic diameters®”’

Monocation Ionic diameter/ A Dication Ionic diameter / A

Li* 1.36 Mg™ 1.32

Na* 1.94 Ca* 1.98

K* 2.66 Sr* 2.24

Rb* 2.94 Ba™* 2.68
Cs* 3.34

Ni** 1.38

Ag' 2.52 Co™ 144

NH," 2.86 Zn*t 1.48

Mn?* 1.60

Cd 1.94

Pb** 2.40

In addition to the styryl-benzo crowns, there are several examples of styryl-linked aza

crown ethers in the literature (Fig. 4.3).
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Figure 4.3 Aza crown ether styryl dyes investigated by UV/VIS

spectroscopy

Lohr and Vogel* discuss several aza crown dyes, including the dinitro compounds
shown in Fig. 4.3a. For the aza-15-crown-5 compound, the UV/VIS spectrum was
most affected by Ca**>Ba**>Na'>Li*>K". The order for the 18-crown-6 compound

was Ba’>Ca*>K*>Na'>Rb*. It is easily rationalized based on size-fit, that Na*
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would have a greater effect on the smaller crown, whereas the larger cation K* would
be a better fit for 18-crown-6 in the alkali metal ions. Similarly, Ca* would be a
better fit for 15-crown-5 than Ba®", which had more of an effect on the larger crown.
In each case, the alkaline earth metal ions had a greater effect than the alkali metal

ions due to their greater charge density.

Figure 4.3b shows a benzoxazinone derivative of aza-15-crown-5 synthesised by

Fery-Forgues et al.*>

This compound showed a blue-shift in the position of its
absorption maxima on addition of Ca>*>Mg*>Ba**>Na*>Li*. This change was not
seen on addition of metal ions to reference compounds containing the same
chromophore without the crown ether moiety. It was noted that the spectrum of the
crown dye became more like that of the unsubstituted chromophore on complexation,
and that alkaline metal ions had a greater effect than alkali metal ions. Once again,

these results are easily explained by size fit from the data provided in Tables 4.1 and

4.2.

Bourson and Valeur’™ investigated a series of merocyanine dyes, including one that
incorporated an aza-crown (Fig. 4.3c). The greatest effects were caused by addition
of alkaline earth metal ions Mg**>Ca’'>Ba®, with Na* having a larger effect than Li*
in the alkali metal ion series. They also observed that alkaline earth metal ions had a
greater effect on the spectra than alkali metal ions, and that the shape of the spectra on
addition of alkaline metal ions was reminiscent of the reference molecule that did not

contain a donor substituent.

The structures in Fig. 4.3d-e are styrylbenzodiazinones synthesised by Cazaux et al.*”’
Compound 4.3d shows no wavelength shift on addition of Mg>* or Na’, but large
shifts are caused by Ca’* and Ba®’, with Zn** an intermediate case. As in other work,
it is noted that the spectra of 4.3d complexed with Ca** or Ba** becomes more like the
uncrowned reference chromophore. Compound 4.3e responds to metal ions in the
same order, but the shift in wavelength is considerably smaller. Their complexation
is further complicated by the formation of both 1:1 and 2:1 metal ion:ligand

complexes
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From these results, it is clear that the greatest effect on the wavelength maxima is
caused by the cation (of the same charge) that best fits into the crown cavity. Doubly
charged cations generally have a larger effect than monovalent cations, as their charge
density is greater. In addition, the hypsochromic shifts seen on cation complexation
cause the spectra to become more like that of the unsubstituted chromophore.
Substitution of a chromophore by a saturated group with nonbonded electrons (an
auxochrome e.g. OH, NH,) causes a bathochromic shift of the chromophores
absorption bands.?”® Therefore, it seems logical that involving those electrons in a
complex with a cation would reduce the auxochrome’s effect, manifesting in a
hypsochromic shift of the absorption band back toward the position of the original
unsubstituted chromophore. The extent to which the cation ‘neutralised’ the effect of
the auxochromes nonbonded electrons would determine how closely the spectra of the
complexed auxochromically-substituted chromophore resembled that of the

unsubstituted chromophore.

4.1.1.3 Effect of cation complexation on polyether-substituted

polythiophenes

While there have been many polyether, pendant chain ether and crown ether
functionalised polythiophenes previously synthesised (Section 1.4), there have been

few systematic studies on the effect of cation complexation on their UV/VIS spectra.

McCullough and Williams synthesised regioregular head-to-tail poly(3-|2,5,8-

trioxanonyl|thiophene (Fig. 4.4a).""°

They reported that, in addition to a marked
change in solubility, A, for this polymer was blue-shifted by 11 nm on addition of
Li*. Later work on this compound showed that addition of Pb** or Hg* to a dilute
solution of polymer caused the polymer backbone to twist in such a way that
conjugation was completely removed. This effect was irreversible however, and
polymer conjugation could not be restored. In more concentrated solutions, the

introduction of Pb* caused a 50-100 nm blue-shift in the position of A_,.. The

dramatic loss of conjugation caused by Pb* was attributed primarily to the dissolved
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soft metal binding to the thiophene sulphur atoms, with the polyether chain having

only a ‘supplemental’ role."*®

Figure 4.4 Polyether substituted polythiophenes investigated by
UVIVIS spectroscopy

Lévesque and Leclerc synthesised 3-oligo(oxyethylene)-4-methylthiophene with a
mixture of side chains from 3 to 10 oxyethylene units long (Fig. 4.4c).""® % 2° An
ionochromic effect was noted in methanol, where the magnitude of the effect was
K*>Na'>NH,’, with no effect seen on addition of Li*. Cation complexation caused a
twisting in the conjugated polymer backbone, manifested by a decrease in absorbance
at a higher wavelength and a simultaneous increase in absorbance at a lower
wavelength. A clear isobestic point indicated the co-existence of both the twisted and
non-twisted forms of the polymer. More recently, the same group reported the
synthesis and ionochromic ability of poly(3-alkoxy-4-methylthiophene)s with pendant
crown ethers as shown in Fig. 4.4b.” Chemical polymerisation gave high molecular
weight polymers that demonstrated substantial ionochromic effects. For the 12-
crown-4 compound, the largest response was seen for Na‘, followed by K" and Li",
whereas for 15-crown-5 the order was K'>Na'>Li". These selectivities are not what
would be expected from a simple 1:1 crown:cation species, but were reported instead

to be the result of 2:1 complexation.
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Marsella and Swager®” '*>'¥

synthesised molecules that gave a dramatic optical
response to cation complexation. Their compounds consisted of bithiophene with a
crown-like polyether chain tethering the two thiophene rings (Fig. 4.5a). In the
uncomplexed state, the thiophene rings maintained their preferred anti geometry, but
on complexation the thiophene rings were forced to rotate, leading to a loss of
planarity and hence conjugation, resulting in a large change in A _,. While the
binding constants for the monomers with alkali metal ions were very low because of
their inherent inflexibility, ionochromic shifts were large, as the twisting mechanism
affected not just the immediate thiophene rings, but neighbouring rings as well. The
polyether chains containing 5-oxygen atoms showed the greatest response to Na’,
followed by Li* and K* as would be expected by analogy with 15-crown-5. The
larger 6-oxygen chains responded to K'>Na">Li", due to its structural similarity to
18-crown-6. Incorporating an extra bithiophene unit into the polymer structure (Fig.
4.5b) gave polymers that responded with the same selectivity as the initial monomers.
The observed wavelength shifts were smaller in this case, as would be expected due
to the lower crown loading in the polymer. The introduction of an additional
methylene group between the thiophene units and the first oxygen atoms in the
polyether chain (Fig. 4.5¢) resulted in less conjugated polymers of lower molecular
weight. These polymers had a lower binding affinity for alkali metal ions, which
resulted in a failure of the twist-inducing mechanism, and hence negligible

wavelength shifts on complexation.
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Figure 4.5 lonochromic polythiophenes synthesised by Marsella et al.

A recent investigation into crown ether functionalised thiophenes was carried out by

Berlin et al., who synthesised the monomers shown in Fig. 4.6.'">* The 14-crown-4
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compound (Fig. 4.6a) showed no change by UV on addition of Li*, Na' or K,
whereas the |8-crown-6 compound (Fig. 4.6b) showed only very small changes on
addition of Na' and K'. The terthiophene monomer (Fig. 4.6c) showed a larger and
equal response to Na' and K*, and the EDOT-derived compound (Fig. 4.6d) showed a
large UV/VIS response to K* > Na'. Films of poly(4.6d) were shown to be
insensitive to the presence of metal ions, whereas poly(4.6¢) dissolved in solutions

containing Na' or K*.
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Figure 4.6 Crown ether functionalised (ter)thiophenes

While the research discussed in this section shows in places rather dramatic results, in
many cases there is also a rather limited response to metal cations displayed. None of
the work quoted employed a systematic approach to complexation using many
different metals, instead preferring to concentrate on (at most) four different metals.
In most cases, the alkali metal ions were chosen due to their well-known binding
affinity with crown ethers. However, there are other cations that also have the
potential to complex, and it was believed that investigating a larger range of metal
ions would give a fuller picture of the binding ability of the polyether-substituted
oligothiophenes synthesised. This was the approach taken in the remainder of this

study.
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4.1.2 UVIVIS spectra of polyether-substituted
oligothiophenes

As a large range of crown ether, polyether chain and hemicrown terthiophene and
thiophene monomers had been synthesised, along with a number of sexithiophene
products of chemical polymerisation (Section 5.1), this provided a unique opportunity

for an in-depth study of their UV/VIS properties.

4.1.2.1 Absorbance of terthiophene monomers
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Figure 4.7 Absorbance spectra of terthiophene monomers in MeCN

Figure 4.7 shows the UV/VIS spectra for styryl-, methoxystyryl- and
dimethoxystyryl-terthiophenes LXXVI, LXXVII and XXIX, compared with the
spectrum obtained for terthiophene under the same conditions. The spectrum

obtained for styryl terthiophene LXXVI shows peaks at 310 and 345.5 nm. The
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longer wavelength peak appears to result from the same electronic transition as that
observed for terthiophene, with a slight hypsochromic shift and hypochromic effect
caused by substitution. The band observed at 310 nm is attributed to the styryl-
thiophene moiety, and can be compared to that observed for trans-stilbene (308 nm,
log € =4.40).*"* The only other possible chromophore that could give rise to this peak
is the styrene moiety. However, the lowest energy band for styrene is observed at
282 nm (log € = 2.65)*", and so it seems unlikely that the styrene chromophore is
responsible for this peak. While none of the compounds synthesised in this research
formed crystals of sufficient quality to be used for X-ray crystallographic structure
determination, a related styryl terthiophene structure has been obtained. An
analogous compound to LXXVII, substituted with a cyano functionality rather than a
methoxy group, had a dihedral angle between the benzene and central thiophene ring
of 26.5°.*® Geometry optimizations (Gaussian 98, B3LYP/6-31G(d)) give dihedral
angles of ca. 22° for the styryl, methoxystyryl and dimethoxystyryl terthiophenes.*>**'
Thus available X-ray crystallographic and theoretical data supports conjugation of the

styryl moiety with the central thiophene ring.

A comparison of the three styryl-substituted compounds shown in Fig. 4.7 shows a
clear bathochromic shift of the lower wavelength absorbance on incorporation of an
alkoxy auxochrome, an effect which is intensified on inclusion of a second alkoxy
group. An increase in € accompanies these changes. It is well known that
auxochromic substitution on benzene rings causes the observed absorbance peaks to
move to longer wavelength, due to n-m conjugation, and usually also causes an

215

increase in €. Silverstein, Bassler and Morrill*" state that for ortho-disubstituted

benzenes, the shift effects of the two substituents on the primary n-mt* transition band
are additive. For benzene, each of two adjacent methoxy substituents would be
expected to cause a bathochromic shift of approximately 13 nm. It can be seen from
Table 4.3 that the incorporation of a single alkoxy functionality causes a
bathochromic shift of 12 nm, increasing to 20 nm on addition of a second alkoxy
group. It is also clear that varying the length of the alkoxy chain grafted onto the
molecule has no effect either on the position of the absorbance maxima or on its

relative intensity.
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Table 4.3 Solution absorbance maxima of terthiophene monomers

Compound Solvent Solution A, / nm (log €)
TTh-=-Bz LXXVI MeCN 310.0 (4.58) | 345.5 (4.32)
TTh-=-BzOMe LXXVII MeCN 322.5(4.62)
TTh-=-Bz(OMe). XXIX MeCN 329.0 (4.65)
TTh-=-Bzl5c51 MeCN 329.0 (4.57)
TTh-=-Bz18c6 11 MeCN 330.0 (4.58)
TTh-=-BzOCOCOC XXIII MeCN 328.5 (4.61)
TTh-=-BzOCOCOC XXVI MeCN 329.0 (4.59)
TTh-=-BzOCOCOCOC XXIV MeCN 328.5 (4.60)
TTh-=-BzOCOCOCOC XXVII MeCN 329.0 (4.60)
TTh-=-BzZOCOCOCOCOC XXV MeCN 328.5 (4.59)
TTh-=-BzOCOCOCOCOC XXVIII MeCN 329.0 (4.6
TTh-=-BzOCOCOBz-=-TTh LXI CH.Cl, 330.0 (4.88)
TTh-=-BzOCOCOBz-=-TTh LXII CH.Cl, 330.0 (4.86)
TTh-=-BzOCOCOBz-=-TTh LXIII CH,Cl, 331.0(4.91)

In summary, from a comparison of the data obtained for the series of styryl-
terthiophenes, it appears that the UV spectra observed consists of the superimposition
of the electronic transitions for the two constituent chromophores. The slightly
shifted terthiophene absorbance can be seen clearly in the spectrum of the parent
styryl-terthiophene LXXVI, as a shoulder in the spectrum of compound LXXVII,
and is merged with the styryl-thiophene absorbance for the remaining. dialkoxy-
substituted styryl-terthiophenes. The higher energy styryl-thiophene absorbance
gradually moves toward the red end of the spectrum with the incorporation of
additional alkoxy groups on the benzene ring. The overlap of these two peaks leads
to spectra for the dialkoxy-substituted compounds that display a single broad

absorbance.

The terthiophene hemicrowns LXI-LXIII possess the same conjugated styryl-
terthiophene moiety as do the simpler monomers, and would be expected to absorb at
the same wavelength as the corresponding dialkoxy-substituted terthiophenes. This
has been shown to be the case, and in addition the extinction coefficients of the
bis(terthiophene) compounds are approximately double that obtained for the

monomers containing a single styryl-terthiophene unit.
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4.1.2.2 Absorbance of thiophene monomers

The same trends observed for the terthiophene monomers are evident in the

corresponding data for the thiophene monomers (Table 4.4).

Table 4.4 Solution absorbance maxima of thiophene monomers

Compound Solvent Solution A, / nm (log €)

Th-=-Bz"* MeCN 225.0 (2.35) 291.0 (4.40)

Th-=-BzOMe'"’ MeCN 212.0 (4.22) 300.0 (4.49)

Th-=-Bz(OMe), XXXVI MeCN 216.5 (4.26) 297.5 (4.38) 318.0 (4.40)
Th-=-Bz15c5 XV MeCN 216.0 (4.27) 298.5 (-+.39) 318.0 (4.41)
Th-=-Bz18c6 XVI MeCN 2175 (4.2 298.5 (4.31) 3185 (439
Th-=-BzOCOCOC XXX MeCN 216.0 (1.263 298.0 (4.36) 317.0 (4.38)
Th-=-BzOCOCOC XXXIII MeCN 216.0 (4.24) 298.0 (4.33) 317.0 (+.35)
Th-=-BzOCOCOCOC XXXI MeCN 2165 (4.2%) 298.0 (4.28) 317.0 (+.30)
Th-=-BzOCOCOCOC XXXIV MeCN 216.0 (4.26) 298.0(4.38) 317.5(4.42)
Th-=-BzOCOCOCOCOC XXXII MeCN 216.0 (4.25) 298.0 (4.35) 317.0 (4.37)
Th-=-BzOCOCOCOCOC XXXV MeCN 216.0 (4.26) 298.0 (4.38) 317.5 (4.41)
svn Th-=-Bz18c6Bz-=-Th LIX CH.CL, 299.5 (4.55) 320.0(+.57)
anti Th-=-Bz18c6Bz-=-Th LX CH.CI, 300.0 (+.49) 320.0 (4+.51)
Th-=-BzZOCOCOBz-=-Th LXIV CH.Cl, 300.5 (-4.63) 319.0 (4.67)
Th-=-BzOCOCOBz-=-Th LXV CH,ClI, 300.5 (4.70) 320.0 (4.75)
Th-=-BzOCOCOBz-=-Th LXVI CH.CI, 300.5 (4.68) 319.5 (4.72)

Previously reported data indicates a bathochromic shift of 9 nm on incorporation of
the alkoxy auxochrome into 3-styrylthiophene.'® The inclusion of a second alkoxy
functionality causes the appearance of an additional peak at 320 nm. It is possible
that either a new peak has appeared, or that a hidden peak has been revealed due to a
shift caused by the substituent. Given that the methoxy group is an auxochrome not a
chromophore, and the large € values of the peaks, the latter explanation seems more
likely. Furthermore, the same absorbances are seen for all the remaining structures.
As seen for their terthiophene analogues, increasing the length of the polyether chain
attached to the molecule has no effect on the position of the absorbance maximum.
Again, the hemicrowns LXIV-LXVI absorb at the same wavelength as their

thiophene equivalents, but with an extinction coefficient that has approximately
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doubled. Due to the lack of solubility of the bis(thiophene) compounds in MeCN,
their spectra were obtained in CH,Cl,, and hence the lowest wavelength band (ca.

216 nm) is not observed.

4.1.2.3 Absorbance of terthiophene dimers

The absorbance of terthiophene dimers was examined both in CH,Cl, solution and in
the solid-state. Films used for solid-state UV measurements were prepared by
repetitive evaporation of drops of a CH,Cl, solution containing the sexithiophene,
onto polished quartz. The solution and thin film absorbance data is tabulated in Table

4.5, and example spectra are shown in Fig. 4.8.

Table 4.5 Solution and solid-state absorbance maxima of terthiophene

dimers
Compound Solution A, / nm Thin film A,,,,/ nm
(log €)

(TTh-=-Bz(OMe),), LXXV 3355 5.0 2845 3425 510.0
(4.80) (4.55) 555.0 (s)

(TTh-=-Bzl5c5), LXVII 336.0 150.0 357.0 199.0
(4.82) (4.59)

(TTh-=-Bz18c6), LXVIII 3355 4455 346.0 480.0
(4.83) (4.56)

(TTh-=-BzOCOCOC), LXIX 3345 4515 289.5 352.5 528.0
(4.83) (4.61)

(TTh-=-BzOCOCOC), LXXII 336.0 1585 291.0 380.0 510.5
(4.78) (4.62)

(TTh-=-BzOCOCOCOC), LXX 3345 116.0 2785 3148.0 1995
(4.81) (4.57)

(TTh-=-BzOCOCOCOC), LXXIII 335.5 4480 2795 3485 189.0
(4.82) (4.60)

(TTh-=-BzOCOCOCOCOC), LXXI 335.5 450.5 281.5 3425 485.0
(4.80) 4.61)

(TTh-=-BzOCOCOCOCOC), LXXIV 336.5 15140 285.0 3445 178.0
4.81) (4.63)
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Figure 4.8 Solution (blue) and thin film (red) UV/VIS spectra of 18-
crown-6 terthiophene dimer LXVIIl

The red shift seen in the m-n* band on going from solution to the solid-state is
characteristic of soluble polythiophenes, and has been attributed to conformational

changes.”” 2%

It has been proposed that oligothiophenes adopt a flexible coil-like
structure in solution where adjacent thiophene rings can deviate from coplanarity, and
the increase in conjugation length seen in the solid-state is caused by a transition to a

more rigid rod-like conformation.”” %

There is a clear trend visible in the film data, with A _,, decreasing from 555 nm to
478 nm with increasing polyether chain length. This trend is not apparent in the
solution data, and therefore is probably related to the conformation of the
sexithiophenes in the solid-state. It seems likely that this is a steric effect rather than
an electronic effect, and that the longer polyether chains are causing the molecules to
adopt a less planar conformation. In addition, the effect is greater for the vanillin-
derived compounds (LXXII - LXXIV) than for the isovanillin-derived equivalents
(LXIX - LXXI). X-ray crystal structures could provide valuable information to assist
in interpreting the spectral data, however numerous attempts to form suitable crystals
from these compounds were unsuccessful. The evidence here implies that while all of
the sexithiophenes have a similar conformation in solution, those with polyether
chains are prevented to varying degrees from making the conformational transition to

the more electronically delocalized rod structure.

123



While these A, values are at least as high as those reported by other researchers for

polymerised terthiophene derivatives comprising up to 21 thiophene rings,” 2>

only
dimers were detectable by MALDI-MS. This implies that while longer oligomers
were present in the quoted research, the effective conjugation length may have been
as short as six thiophene rings. In turn, this suggests that the sexithiophenes
synthesised here could potentially have electrochemical properties as good as some

considerably longer oligothiophenes.

4.1.3 Effect of cation complexation on terthiophene

monomer UV/VIS spectra

An investigation was carried out into the UV/VIS spectra of the polyether-substituted
terthiophenes, to see if the data could be used to determine cation binding affinities.
UV/VIS spectroscopy gives a measure of the energy required to promote an electron
from a bonding to an antibonding molecular orbital. In an extended m-system such as
those existing in styryl terthiophenes, the energy of this transition is sufficiently low
that it falls in the visible part of the electromagnetic spectrum, hence the yellow
colour of the compounds. It was anticipated that the binding of cations to the
polyether part of the molecules would pull electron density away from the molecule,
therefore shifting its m-n* absorbance to higher energy (shorter wavelength).
Different cations could be expected to bind to the molecules to varying degrees, thus
affecting their spectra by differing amounts, so that observable changes in the

UV/VIS spectra could be used as a measure of how well each cation bound.
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4.1.3.1 Experimental procedure

The effect of complexation on the UV/VIS spectra of the polyether-substituted
terthiophenes synthesised during the course of this research was investigated by
measuring the UV/VIS spectra before and after the addition of various metal ions.
Terthiophene compounds (I, I1, XXIII - XXVIII, XXIX, LXXVI - LXXVII, LXI -
LXIII) were used at a concentration of 1.5 x 10° - 2.8 x 10 M in spectroscopy-grade
acetonitrile. Stock solutions of the metal ions were prepared as either the perchlorate
(Li*, Na*, Ag', N(Bu),", Mg*, Ca™, Sr**, Ba*, Ni**, Co*", Zn**, Mn*, Cd*', Pb™) or
hexafluorophosphate (K*, NH,") at 0.4 M in acetonitrile. RbClO, and CsCIO, were
used as a saturated solution in acetonitrile. 5-10 pL of the relevant metal ion or
acetonitrile blank was added to 3 mL of terthiophene derivative to give a metal ion
excess of 50 fold. The change in the position of the absorbance maxima was
measured from 310 nm (LXXVI), 322 nm (LXXVII) or 328.5 nm for all remaining
compounds. In all cases, the position of the absorbance maxima was either
unchanged (within the limits of experimental error estimated at + 1.5 nm), or

hypsochromically shifted on addition of metal ions.
Spectra were collected using a Shimadzu UV-3101PC UV/VIS/NIR Scanning

Spectrophotometer controlled by a PC running standard Shimadzu software. Data

was exported to Microsoft Excel for further processing.
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Change in absorbance maxima caused by addition of metal cations to terthiophene monomers
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4.1.3.2 Discussion

The changes in absorbance maxima for all the styryl terthiophenes previously
discussed with a variety of metal cations are summarized in Fig. 4.9. Given the
change in absorbance maxima observed on addition of MeCN, it appears that the
noise level in this data is approximately +1.5 nm. As the absorbances are rather broad
for these types of compound, the peak values obtained tended to vary slightly from
sample to sample, and this is thought to be the major contributor to the noise
observed. Only responses greater than + 1.5 nm are considered significant and

discussed below.

The results obtained from this work can be most easily analysed by considering the

cations used in their periodical groups.

It is clear from the data presented for the alkali metal cations (Li*, Na*, K*, Rb", Cs"),
that the crown ether terthiophenes I and II show a greater response than do the open-
chain compounds. This is not surprising, given the free energy cost involved in
organizing the polyether chain into the correct conformation for cation binding.'"’ 15-
crown-5 terthiophene I exhibits the largest A, shift when Na" is added, with smaller
effects caused by Li* and K*. In contrast, I, with its larger cavity size, shows a
response of the order Na’=K">Li"™>Rb’. These results can be rationalized from the

size data provided in Tables 4.1 and 4.2.

Only one response can be seen from any of the compounds investigated to the
remaining three monocations Ag*, NH," and N(Bu),". 18-crown-6 terthiophene I1
showed a 3.5 nm shift of A, on complexation with NH,*. From the data given above
in Tables 4.1 and 4.2, this is to be expected due to a size fit between the cation and the
crown ether cavity. Neither Ag” or N(Bu)," has any effect on UV/VIS spectra, and it

seems most likely that it is due to the size of N(Bu),", and electronic effects for Ag".
The next group of cations to be considered was the alkaline earth metal ions (Mg**,
Ca®, Sr**, Ba*). 15-crown-5 terthiophene I showed the largest wavelength shift on

addition of Mg*, followed by Ca®*, Sr* and Ba®, as would be expected by a
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consideration of their relative sizes (Tables 4.1 and 4.2). It should be noted that
although Mg* appears too small for the cavity, benzo-crown ethers will have slightly
smaller cavities than those given in Table 4.1 due to the constraints imposed by the
benzene ring. In contrast, the larger styryl-18-crown-6 terthiophene II should exhibit
its largest wavelength shift with one of the larger alkaline metal cations. This is
indeed the case, as shown in Fig. 4.9, where the greatest shift is caused by Sr*,

followed by Ba**, Ca® and Mg>.
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Figure 4.10 Styryl-15-crown-5 terthiophene | before (blue) and after
(red) addition of Mg?*

The spectra for styryl-15-crown-5 terthiophene before and after the addition of Mg**
are shown in Fig. 4.10. On addition of the metal ion, the spectrum of I clearly starts
to resemble the unsubstituted styryl-terthiophene monomer shown in Fig. 4.7. This is
consistent with previous research (Section 4.1.1.2) where complexation by metal
cations reduced the bathochromic effect of the ether auxochromes, resulting in a

hypsochromic shift of the absorption maxima.

All three sets of open-chain compounds display size-related wavelength shifts. The
compounds with the shortest chains, XXIII and XXVI, show the largest response to
Ca”™, with considerably smaller shifts caused by Sr** and Ba®. Intermediate chain
length compounds XXIV and XXVII show responses in the order Sr**>Ca*>Ba”.
The compounds containing the longest polyether chains, XXV and XXVIII, show an

equal response to Sr** and Ba®, with a lesser shift caused by Ca**. Mg* did not cause
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an appreciable shift in the wavelength maximum for any of the open-chain

compounds.

The remaining dications (Ni**, Co*, Zn*, Mn*, Cd*" and Pb*) will be considered
together. While 18-crown-6 terthiophene Il shows an increasing response with
increasing size (Pb*>Cd*>Mn*>Zn**>Co*>Ni*), a straight size-dependence is not
observed for |5-crown-5 terthiophene I. The response for the five cations
Zn*>Mn*>Cd*>Co*>Ni*" is quite reasonable in terms of cation size, but the
increased response for Pb*" suggests that in this case, electronic factors also come into
play. This idea is further strengthened by the fact that while the bis(terthiophenes)
show no response to any of the alkali or alkaline metal ions, or any of the transition
metal ions, they all show a wavelength shift caused by Pb*. Thus Pb* is having a
greater effect on the absorbance of the polyether-substituted crowns than would be
expected based on its size and charge alone. Hard-soft-acid-base theory states that
hard cations will complex preferentially with hard ligands, and soft cations with soft
ligands. One measure of the ‘hardness’ or ‘softness’ of a cation is the Misono
softness parameter (Y), which is related to the ionic radius, valence charge and
ionization potential of a cation. Misono softness values for various metal ions are

given below in Table 4.6.

Table 4.6 Misono softness values for metal cations

Metal Ion Misono Softness (Y) Metal Ion Misono Softness (Y)
Li* 0.36 Me™ 0.87
K* 0.92 Ca** 1.62
Na' 0.93 Sr* 2.08
Rb' 2.27 Zn™ 2.34
Cs* 2.73 Ba** 2.62

Ni** 2.82
Cu®* 2.89
Co™ 2.96
Mn** 3.03
Cd* 3.04
Fe™* 3.09
Sn** 3.17
Pb™* 3.58
Hg™ 4.25
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Cations with Misono softness values Y < 2.5 are classed as hard cations, and those
with Y > 3.2 as soft cations. Values of 2.5 <Y < 3.2 are borderline cases, where
complexation will depend on environmental factors such as solvent. It is well known
that oxygen is a hard ligand, and as such will preferentially complex hard cations.
This is the reason why crown ethers complex alkali and alkaline earth metal cations
so strongly, whereas they rarely form complexes with transition metal ions.’
However, the particular monomers studied in this research also incorporate sulphur
atoms. Sulphur is a soft ligand, and soft cations would preferentially bind to sulphur
over oxygen. It can be seen from the data presented in Table 4.6 that the only metal
ion studied here that can be classified as a soft cation is Pb**. The data in Fig. 4.9
shows that Pb’* has an effect on the spectra of all the polyether-substituted
terthiophenes, and it seems likely that this is due to complexation between the thienyl
sulphur atoms and the dissolved soft metal ion. Given that the magnitude of this
effect varies between the different types of polyether-substituted monomers, and that
no change is seen in the spectra of the reference compounds, it is clear that the
polyether chain is also playing a role. This is consistent with results published by
McCullough and Williams (Section 4.1.1.3) where they see a particularly strong
complexation effect on addition of Pb** or Hg’' to a solution of poly(3-|2,5,8-

trioxanonyl [thiophene.'®

The absorption maxima for the three reference compounds LXXVI, LXXVII and
XXXIX are unaffected by all of the cations tested. This shows that the wavelength
shifts observed are not caused simply by the presence of the metal ion cations, but
that the cations must be complexed to some degree in order to exert an effect. In
addition, no significant wavelength changes were noted on addition of MeCN to any

of the compounds tested.
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4.2 Fluorescence Spectroscopy

Given that terthiophene fluoresces, it seemed reasonable that the electronic changes
caused by a cation binding to the crown ether cavity could affect the fluorescence
output of the terthiophene monomers synthesised. Furthermore, the change in
fluorescence observed could provide a measure of the binding affinity of a range of
cations for a particular polyether monomer. A survey of the literature was therefore
undertaken in order to see what research had been previously carried out in the areas
of (i) determining cation binding to crowns by fluorescence spectroscopy, and (ii)

terthiophene fluorescence.

4.2.1 Literature review

4.2.1.1 Fluorescence of substituted crown ethers

Due to their well-known cation binding properties, crown ethers have been
incorporated into many different types of molecules for use as ion-sensors. In
general, these compounds consist of a crown ether covalently linked to a fluorophore,
where it is expected that the electronic change caused by complexation will cause a
change in the fluorescence properties of the molecule. Two main effects have been
noted by researchers working in this area. By far the most common is complexation
enhanced quenching of fluorescence (CEQF) whereby the binding of a cation by the
crown ether causes a decrease in the fluorescence intensity observed. Less frequently
observed is complexation enhanced fluorescence (CEF), where a binding event causes

an increase in fluorescence. This is usually observed when the cation either interrupts
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intramolecular quenching between functional groups in a molecule, or when a non- or

weakly-quenching cation displaces a more strongly quenching cation.?**

To the best of our knowledge, there are only two fluorescence studies into the cation
binding of styryl-substituted benzo-crown ethers published in the scientific literature.

Barzykin et al.'®

synthesised the benzo-crown ether styryl dye shown in Fig. 4.11a,
and examined its fluorescence response to Mg?", Ba®* and Ca” in acetonitrile. They
observed a hypsochromic shift of the fluorescence emission peak of the trans isomer,
with a concomitant decrease in fluorescence intensity. Shin*' looked at a
vinylanthracene fluorophore (Fig. 4.11b) and saw a dramatic Mg” induced
fluorescence enhancement effect. This was attributed to the complexed cation

inhibiting intramolecular charge transfer from the crown ether moiety to the

anthrylethene moiety.
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Figure 411 Crown ether styryl dyes of Barzykin (a) and Shin (b)

Similar molecules exist in the form of styryl-substituted aza-crown ethers, and to date
three investigations into the effect of cation complexation on their fluorescence

spectra have been carried out.”>%”’

Fery-Forgues et al. looked at a benzoxazinone derivative of aza-15-crown-5 (Fig.
4.12a).”” In their study they noted a hypsochromic shift of the fluorescence emission
maxima, and an enhancement of the fluorescence signal. Bourson and Valeur’®
synthesised a crown-substituted merocyanine shown in Fig. 4.12b. On complexation
of various cations, they describe a hypsochromic shift and reduction in intensity of the

fluorescence peak. Two styrylbenzodiazinones studied by Cazaux et al.*”’ are also
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shown in Fig. 4.12¢c-d. While both compounds displayed hypsochromic shifts on
cation complexation, for compound 4.12c the fluorescence intensity was increased,
whereas for 4.12d it decreased. The results are explained by noting the
donor/acceptor nature of compounds 4.12a and 4.12c, and their similarity of
behaviour, which contrasts with the the two donor/acceptor/donor molecules 4.12b

and 4.12d.

Figure 4.12 Styryl-substituted aza crown ethers

There are many other literature examples of fluorophores covalently linked to crown

268-272 256, 273-275

ethers,”>?’ benzo-crown ethers, aza-crown ethers, pyridino crown

277

ethers”™ and open-chain ethers®”’ that display complexation enhanced fluorescence

quenching.

4.2.1.2 Fluorescence of substituted terthiophenes

The fluorescence of thiophene oligomers has been well studied, ***?"***” and their
emission spectra show two main peaks. For terthiophene in dichloromethane

(absorbance A, = 354 nm), the fluorescence maxima peaks are observed at 411 and
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433 nm, with a fluorescence quantum yield (@) of 0.055.>* The more structured
fluorescence spectrum indicates that the molecule is more rigid in the first relaxed
excited singlet state. This has been explained on the basis of the excited state having
a quinoidal-like form that is essentially planar, while in the ground state the molecule

is free to rotate.’®

The major deactivation pathway of the S, excited state of
oligothiophenes involves an intersystem crossing process from S, to T,.>* While the
sulphur atom in oligothiophenes has only a minor effect on the electronic spectra,
essentially holding the molecule in a cis-diene configuration, it has a major influence
on fluorescence.** It is well established that molecules containing moderately heavy
atoms such as sulphur have large spin-orbit coupling. This allows unpairing of
electron spins, and hence intersystem crossing from singlet to triplet excited states.
Clearly, the nature of substituents attached to oligothiophenes has an effect on the
energy of the singlet and triplet excited states, and as the energy gap between S, and
T, decreases, the rate of intersystem crossing will increase.* This effect is clearly
evidenced by the collection of triplet quantum yield data where ®, for substituted
terthiophenes is as high as 0.99.>* An increase in oligomer length shifts both the
absorbance and fluorescence peaks to longer wavelength, with a concomitant increase
in fluorescence quantum yield. This effect has been attributed to a decrease in
nonradiative decay in longer oligothiophenes,” and is evidenced by a decrease in
®,.”” Despite the high value of ®; (0.90) for terthiophene, no phosphorescence has
been observed. This can only mean that the non-radiative rate constant from the
lowest triplet state to the ground state is considerably larger than the corresponding
radiative rate constant.”” This high radiationless rate constant has been explained by
inter-ring bond torsional coupling to the ground state, effectively quenching
phosphorescence.”™  While a literature report claiming the first evidence of
phosphorescence from poly(3-hexylthiophene), terthiophene and o-
bromoterthiophene can be found,” doubt has been cast on the results by other

279, 288

researchers . In addition, researchers previously investigating the photoexcitation

of a-terthiophene failed to observe any phosphorescence.?* > 2!

Substituted terthiophenes with a large range of fluorescence peak maxima and

quantum yields can be found in the literature. Some derivatives (eg. 3,4’-

dihexylterthiophene and 3,3”-dimethoxyterthiophene) show significant changes in the
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UV (Section 4.1.1.1), but very little difference in their fluorescence spectra.”" *2%

5-theonylterthiophene and 5-benzoylterthiophene show significantly red-shifted
fluorescence maxima, attributed to the additional aromatic ring stabilizing the excited

state.>*®

One of the more dramatic examples is that of 5-nitroterthiophene. The
fluorescence maxima for this compound is shifted by almost 70 nm compared to
terthiophene, and @ increases from 0.055 to 0.34. 5-bromo-5"-nitroterthiophene has
an even larger @, of 0.55. These results are explained by intramolecular charge
transfer occurring in the excited state, vastly increasing the lifetime of the excited

state and presumably decreasing intersystem crossing.”*

To the best of our
knowledge, at the time of this research, there was no fluorescence data published on
terthiophenes mono-substituted at the 3’-position. Rather, the majority of the work
(discussed above) has been carried out on symmetrical molecules, or on those

substituted at the a-positions.

4.2.1.3 Fluorescence of crown ether-substituted thiophenes

Despite the ability of terthiophene to fluoresce, none of the crown- or polyether-
substituted terthiophene compounds published to date have included an investigation
of this property. However, there is an example of a thiophene-substituted benzo-

crown ether synthesised by Cielen et al. that is of interest (Fig. 4.13).>”
e
O /2 CO, Cs*
/N
3)
=12 CO,Cs’

Figure 413 Benzo-crown ether fluorophore synthesised by Cielen et

al.

The carboxylated functionalities on the phenyl ring were designed to improve the
solubility of the compound, allowing spectroscopy to be carried out in aqueous

buffers. Under the conditions employed, the compounds showed no change in the
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positions of the absorption or emission maxima upon addition of Li*, Na*, K*, Cs",
Mg** or Ca*, but did show a change in emission intensity. Interestingly some metal
ions increased the fluorescence intensity, while other metal ions had the opposite
effect and decreased the response. Although the 15-crown-5 compound showed no
discrimination between Na* and K" ions, the 18-crown-6 based molecule displayed a

selectivity of 3:1 for K* over Na".

In later work utilizing the same fluorophore, the group tested three new (di)pyridino

crown ethers (Fig. 4.14).%™
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Figure 4.14 Pyridino crown ethers containing thiophene-based

fluorophore(s)

As for the benzo-crown ethers, the positions of absorption and emission maxima were
not altered by the addition of metal ions. However, in contrast to the results obtained
for the benzo-crown derived materials, addition of metal ions caused a decrease in
fluorescence intensity for all the ions studied. Again, the 15-membered ring showed
little selectivity between metal ions, whereas both the 18-membered ring and the

difunctionalised compound showed the greatest response to K*.
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4.2.2 Fluorescence of polyether-substituted

oligothiophenes

Tabulated fluorescence data for the complete range of terthiophene and sexithiophene

compounds is presented below in Table 4.7. The difference between the emission and

absorption bands (Stokes shift) is calculated, and can be related to the stability of the

excited state of the molecule.*

included for comparison.

Data for terthiophene and sexithiophene is also

Table 4.7 Fluorescence data for terthiophene and sexithiophene

monomers obtained in CH,Cl,

Compound ExA,../nm | EmA, . /nm | A\, /nm
(Stokes shift)

Verthiophene™ 354 411,433 79
TTh-=-Bz LXXVI 312 +19 137
TTh-=-BzOMe LXXVII 323 - 121
TTh-=-Bz(OMe), XXIX 330 H3 113
TTh-=-Bzl5c51 330 46 116
TTh-=-Bz18c6 11 330 44 114
TTh-=-BzOCOCOC XXIII 330 43 113
TTh-=-BzOCOCOC XXVI 330 445 115
TTh-=-BzOCOCOCOC XXIV 330 442 112
TTh-=-BzOCOCOCOC XXVII 330 M5 115
TTh-=-BzOCOCOCOCOC XXV 330 444 114
TTh-=-BzOCOCOCOCOC XXVIII 330 445 115
TTh-=-BzOCOCOBz-=-TTh LXI 330 415 115
TTh-=-BzOCOCOBz-=-TTh LXII 330 415 115
TTh-=-BzOCOCOBz-=-TTh LXIII 330 448 118
Sexithiophene™ 432 512,548 116
(TTh-=-Bz), 320, 450 546 226, 96
(TTh-=-BzOMe), 330, 445 543 213,98
(TTh-=-Bz(OMe)-), 335, M5 545 210, 100
(TTh-=-Bz15c5), LXVII 335, 450 549 214,99
(TTh-=-Bz18c6), LXVIII 335, 445 546 211,101
(TTh-=-BzOCOCOC). LXIX 335,450 545 210, 95
(TTh-=-BzOCOCOC), LXXII 335,445 545 210, 100
(TTh-=-BzOCOCOCOC), LXX 335, 445 545 210, 100
(TTh-=-BzZOCOCOCOC), LXXIII 335, 445 545 210, 100
(TTh-=-BzOCOCOCOCOC), LXXI 335, 445 545 210, 100
(TTh-=-BzOCOCOCOCOC), LXXIV 335,455 546 211,91
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An example of the fluorescence spectra obtained for the terthiophene and

sexithiophene monomers is shown in Fig. 4.15, along with their absorbance spectra.
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Figure 4.15 Absorbance (red) and fluorescence (blue) spectra for
polyether-substituted terthiophene XXVII (left) and polyether-substituted
sexithiophene LXIX (right) in CH.CI;

It can be seen from the tabulated data, that the fluorescence spectra of the styryl ter-
and sexi-thiophenes show considerably less structure than the parent compounds. The
reason given for the increase in structure seen for the fluorescence spectra of
terthiophene and sexithiophene over their absorption spectra, is an increase in rigidity
of the molecule in the first relaxed excited state.® Thus, it follows that this is likely

not the case for the synthesised styryl-derivatives.

The Stokes shifts for all the dialkoxy-subsituted compounds are larger than that
obtained for terthiophene, indicating that the excited state is more stable.”* A
decrease in Stokes shift is seen on incorporation of alkoxy groups from styryl
terthiophene LXXVI to methoxystyryl terthiophene LXXVII to dimethoxystyryl
terthiophene XXXVI, indicating that the inclusion of these alkoxy groups destabilizes
the excited state. The values are then fairly constant for all the crown and open-chain
terthiophenes, and for the bis(terthiophene) hemicrowns. The sexithiophenes show
the same pattern on incorporation of methoxy groups, with a decrease in Stokes shift.
In addition, the emission wavelength for these compounds is independent of the
wavelength chosen for excitation, indicating that the same first relaxed excited state is

reached regardless of excitation wavelength.
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4.2.3 Effect of cation complexation on terthiophene

monomer fluorescence spectra

4.2.3.1 Experimental procedure

The effect of complexation on the fluorescence emission spectra of the polyether-
substituted terthiophenes synthesised during the course of this research was
investigated by measuring the fluorescence spectra before and after the addition of
various metal ions. Terthiophene compounds (I, II, XXIII-XXVIII, XXIX, LXXVI-
LXXVII) were used at a concentration of ca. 6 x 107 M, and bis(terthiophenes) (LXI
- LXIII) at ca. 3 x 107 M in spectroscopy-grade acetonitrile. Stock solutions of the
metal ions were prepared as either the perchlorate (Li*, Na’', Ag', N(Bu),", Mg**, Ca*,
Sr**, Ba™, Ni*", Co™, Zn*, Mn*, Cd*, Pb®") or hexafluorophosphate (K*, NH,') at
0.4M in acetonitrile. RbClO, and CsClO, were used as a saturated solution in
acetonitrile. SuL of the relevant metal ion or acetonitrile blank was then added to
3 mL of terthiophene derivative to give a metal ion excess of ca. 1000. The excitation
wavelength was 329 nm for all compounds except LXXVI (310 nm) and LXXVII
(322 nm). The fluorescence emission was quantified at 453 nm (LXXVI), 445 nm
(LXXVII) and 448.5 nm for all remaining compounds. In all cases, the fluorescence
response was either unchanged or decreased on addition of metal ions. Figure 4.16
shows the effect of Mn(ClQO,), addition on both the absorption and fluorescence
spectra of styryl-15-crown-5 terthiophene I. The results for all compounds with the

series of metal cations are summarized in Fig. 4.17.
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Absorption (left) and fluorescence (right) spectra of styryi-

15-crown-5 terthiophene | before (blue) and after (red) addition of Mn?*

Spectra were collected on a Perkin Elmer LS50B Luminescence Spectrometer

controlled by a PC running standard Perkin Elmer software. Data was subsequently

exported to Microsoft Excel for further processing.
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Figure 4.17 Fluorescence Quenching caused by addition of metal cations to terthiophene monomers
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4.2.3.2 Discussion

The addition of MeCN to the substituted terthiophenes was intended as a reference to
assess noise arising [rom both instrumental and procedural causes. In the same way,
the large cation N(Bu), was also intended as a control, as the large diameter of the
cation ensures that it cannot be complexed by these molecules. An analysis of the
data obtained on addition of these two solutions reveals the noise level to be ca. 3%.
Only fluorescence quenching greater than this is considered significant. From an
cxamination of the data presented in Fig. 4.17, with reference to Tables 4.1 and 4.2,

the following observations can be made.

In the alkali metal ion series (Li*, Na®, K*, Rb*, Cs"), only the crown compounds I and
II show a significant response. Styryl-15-crown-5 terthiophenc I showed the greatest
responsc to Na*, followed by Li* and K*. This is what would be cxpected based
purcly on a size-fit between the crown ether cavity and the metal 1on. Styryl-18-
crown-6 terthiophene I, which possesses a larger cavity, is affected the most by K,
then by the smaller ions Na" and Li*. A very slight effect is caused by the larger
cations Rb* and Cs'. While nonc of the open-chain compounds show a large
response, a small decrease in fluorescence intensity is observed for the longest chain
compound XXV on addition of Na*. It is not surprising that the crown ether
compounds give larger responses than the open-chain ethers, given the
preorganisation of the ether chain inherent in the crown molecules. The loss in free
energy associated with organising the polyether chains into the correct conformation
for binding in solution, must be exceeded by a gain in complexation free energy in

order for binding to occur."

Thus 1t appears from Fig. 4.17, that the alkali metal 1ons
do not provide sufficient energy incentive for the terthiophene derivatives to form

complexcs.
The remaining two monocations, Ag" and NH," both have large diameters more suited

to complexation by II than I. This is reflected in the larger fluorescence quenching

result for styryl-18-crown-6 terthiophene I1.
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No fluorescence quenching is observed on addition of any of the monocations to the
hemicrown compounds LXI-LXIII. It is likely that this is due to their short ether

chain, and greatly reduced ability to wrap around metal cations.

Considerably larger decreases in fluorescence intensity are evident on addition of
alkaline metal cations (Mg*, Ca’*, Sr**, Ba™), due to their greater charge density.
Styryl-15-crown-5 terthiophene I responds in the order Ca>*>Mg>*>Sr**>Ba*, while
for styryl-18-crown-6 terthiophene Il the order is Sr**>Ba**>Ca”*>Mg*. This
difference between the two crowns clearly illustrates their different complexation
properties, caused by the different sizes of their constituent crown ethers. The same
size-fit principle can be seen in the data for the open-chain compounds. The two
compounds with the shortest chain length (XXIII and XXVI) are affected most by
addition of Ca®, with the larger cations Sr** and Ba®* having a very small effect. For
the medium length molecules XXIV and XXVII, while the greatest change is still
seen for Ca’’, both Sr** and Ba*™ also have a significant effect. XXV and XXVIII,
which have the longest ether chains, show the greatest response to the larger ion Sr**,
followed closely by Ba* and Ca®. Again as for the monocations, the three
bis(terthiophenes) do not exhibit substantial fluorescence quenching on addition of

any of these dications.

A contrast is seen between the responses observed for the open-chain compounds and
the crown compounds, on addition of the transition metal cations Ni*, Co*, Zn%,
Mn? and Cd*". The ionic diameter of Cd** is very close to that of Ca™, and given that
they have the same charge, the same response could be expected for both. This is not
the case however, with none of the open-chain compounds showing any decrease in
fluorescence intensity on addition of Cd**. Therefore, size is not the only factor
governing the complexation of cations by polyethers, and electronic factors must also
be considered. The crown ether terthiophenes I and Il do show a fluorescence
quenching response to these transition metal cations. 15-crown-5 terthiophene I is
greatly affected by Mn*", and less so by Zn**, Co’* and Cd**. This can be rationalised
on the basis of size fit, although the particularly large response obtained for Mn*'
implies that electronic factors may also be involved. The results for 18-crown-6

terthiophene II are less easily understood, as the response decreases with increasing
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size from Co* to Cd*, rather than increasing as would be expected. Once again, it is
clear that in the case of transition metals, complexation cannot be explained on the

basis of size fit alone, and electronic factors are also exerting an influence.

The last cation remaining to be discussed is Pb™. As can be seen clearly from Fig.
4.16, the addition of Pb* causes fluorescence to be reduced for all of the polyether-
substituted compounds studied. As explained in Section 4.1.3, it seems likely that
this is caused by the affinity of the soft metal Pb** cations for the thienyl sulphur
atoms, supplemented by a contribution from the polyether chain. There is another
possibility in fluorescence spectra however, the heavy atom effect. Heavy atoms are
well known to cause fluorescence quenching by increasing intersystem singlet-triplet

crossing as a result of increased spin-orbit coupling.*”

The enhanced triplet
formation reduces the population in the lowest excited singlet state, thus reducing
fluorescence.” It seems unlikely that this is a major contributor to the fluorescence
quenching seen, as the three reference compounds do not show any change on

addition of Pb*".

As seen for the UV/VIS data earlier (Section 4.1.3), no significant change was seen
for any compound on addition of MeCN, or on addition of any metal cation to the

reference compounds LXXVI, LXXVII and XXIX.
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4.3 Summary

Few UV and/or fluorescence complexation studies of this type have been carried out
that involve alkali, alkaline earth and transition metal cations. Rather, most
investigate only a handful of cations, usually alkali and/or alkaline earth. In addition,
to the best of our knowledge, this is the first fluorescence study on the ion-
complexing behaviour of polyether-substituted terthiophenes that has been

undertaken.

A comparison of Figs. 49 and 4.17 shows that the UV/VIS complexation data
obtained correlates well with the fluorescence quenching complexation data. This
provides valuable evidence for the validity of these methods, and increases

confidence in the results obtained.

Within both the alkali and alkaline earth metal cation series, the magnitude of the
response correlates well to the typical crown ether size-fit model. Open-chain
compounds consistently give smaller responses than do crown ethers, due to the
energy required to organise the polyether chain into a conformation suitable for
binding. Size discrimination is also evident based on polyether chain length.
Alkaline-earth metal ions consistently cause larger spectral changes than alkali metal
ions. As the changes observed are based on the complexed cation pulling electron
density away from the chromophore, it is not surprising that the doubly charged

alkaline cations exert a greater effect.

An exception to the size-based complexation is provided by Pb*. While a
comparison of its ionic diameter (Table 4.2) with crown ether cavity sizes (Table 4.1)
suggests that it would only be complexed significantly by 18-crown-6, all of the
dialkoxystyryl-terthiophene derivatives showed changes in their UV/VIS and
fluorescence spectra on addition of Pb*. This is thought to be due to the soft nature

of the Pb*" cation interacting with the sulphur atoms present in the thiophene rings.
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The fact that no response was observed on addition of Pb** to the three reference
compounds, and that the responses were different from compound to compound,
suggests that the alkoxy functionalities must also play a role in this complexation. As
Pb** was the only soft cation studied (Table 4.6), it is unclear how unique this

response is, and further study would be required in order to clarify this issue.
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5.1 Chemical Polymerisation

Since a wide range of alkoxystyryl-substituted terthiophenes had been synthesised as
precursors for conducting polymers, it remained to investigate this polymerisation.
Two methods are commonly used to polymerise thiophenes, namely chemical and
electrochemical polymerisation.*>* Chemical polymerisation was investigated first,
and as ferric chloride is the most frequently employed chemical oxidant for these
types of monomers, it was the oxidizing agent of choice. A review of the literature
was conducted to investigate polymers previously produced by this method, and their

physical properties.

5.1.1 Literature review

Wang et al.” studied the polymerisation of 3’.4’-dibutyl-a-terthiophene by ferric
chloride. The polymer produced could be split into three fractions, based on
solubility differences. The first fraction, soluble in CHCI, at room temperature, had a
number-average molecular weight M, of 2600, corresponding to approximately 7
monomer units. The A, for this fraction was 446 nm in solution, and 488 nm as a
thin film. The second fraction, soluble in CHClI, at 80°C, consisted of polymer with
M, = 5700 (16 terthiophene units), and A, = 449 nm (solution) and 522 nm (solid-

state). A small amount of insoluble material was also recovered, and this was

believed to consist of even higher molecular weight polymer.

Somanthan and colleagues studied a non-symmetrical alkyl-substituted terthiophene,
3'-(2-ethylhexyl)-|2,2°;5°,2”|-terthiophene.'"”  The polymer produced by FeCl,
oxidation had M, = 2700, and A, (CHC], solution) =451 nm.

max
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The presence of alkoxy substituents on the outer rings of terthiophene can have a
large influence on reactivity, clearly seen in the work of Gallazzi et al.”® A polymer
formed from chemically oxidised 3,3”-dihexylterthiophene had M, = 6000, A .
(solution) = 456 nm and A_,, (film) = 535 nm. The equivalent alkoxy-substituted
compound, 3,3”-dipentoxyterthiophene, produced only low molecular weight material
on treatment with FeCl;. Gel permeation chromatography results on this product gave
M, = 1500. The UV/VIS spectra were also quite different, with A

(solution) =

max

499 nm and A_,, (solid) = 514 nm. This contrasts markedly with the results obtained
for the isomeric compound 4,4”-dipentoxyterthiophene. In this monomer the a-
positions next to the alkoxy substituents are highly reactive, and a high molecular
weight insoluble polymer resulted from ferric chloride oxidation. This was also
observed in later work utilizing 4,4”-dipentoxy-4’-dicyanoethenyl-|2,2°;5",2”|-
terthiophene. In this case, chemical oxidation using ferric chloride yielded an
insoluble material, believed to consist of high molecular weight polymer. The same
effect has been observed in the case of bithiophene, where a 3,3’-dialkoxy derivative
was shown to be considerably less reactive than the corresponding 4,4’ -dialkoxy

derivative.? %%

From these results, it appears that ferric chloride polymerisation is a viable route to
produce long-chain polymers from substituted terthiophenes. To the best of our
knowledge, at the time of this research, there had been no investigations carried out
on the FeCl; polymerisation of 3’-styryl-substituted terthiophenes, and hence the
influence of the conjugated substituent was unknown. It was also uncertain how great
an influence the oxygen atoms would have on polymerisation, given that they are

some distance from, but directly conjugated to, the polymer backbone.
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5.1.2 FeCl; polymerisation of terthiophene monomers

Chemical polymerisations were initially carried out using similar conditions to those
of Wang et al.,”” where a chloroform suspension of ferric chloride is added slowly to a
chloroform solution of the monomer. The solution is then left to stir at room
temperature for a considerable length of time, to allow complete conversion of the
monomer to polymer. The polymer is simultaneously precipitated and dedoped by
treatment with methanol, then recovered by filtration. Extraction in a soxhlet
apparatus with methanol removes oligomers, also ensuring complete dedoping of the
polymer. In addition, fractions of different molecular weights can often be obtained

by exploiting solubility differences in common organic solvents.

Treatment of styryl-15-crown-5 terthiophene I with ferric chloride as described

above, gave a red powder that was soluble in CH,Cl, at room temperature (A,,,, = 336,

450 nm). The powder was sparingly soluble in MeCN, but became freely soluble on
addition of NaClO,. A small fraction of insoluble material was also recovered.
Analysis by MALDI-MS revealed the red powder to consist solely of dimer (m/e =
1078.20). Assuming that dimerisation had occurred as expected through the two
available a-positions, there are three possible regioisomeric products resulting from

this dimerisation, as shown in Fig. 5.1.

The solubility of the product in CD,Cl, allowed a complete set of 1-D and 2-D NMR
experiments to be performed in order to investigate the regiospecificity of the dimeric
product. The simplicity of the 'H and *C NMR spectra made it clear that the product
consisted of a single symmetrical isomer, eliminating the possibility of a
regioisomeric mixture of compounds, and also excluding the presence of the head-to-

tail linked dimer.
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Figure 51 Chemical polymerisation of 15-crown-5 terthiophene to
form a) head-to-tail, b) head-to-head or c) tail-to-tail linked dimers

Further analysis of the 2-D connectivity information provided by the NMR spectra,
and comparison with the spectra of the monomer (Fig. 5.2), led to the conclusion that
the sole product of the oxidation was the head-to-head linked dimer. In particular, the
disappearance of the head-a thiophene proton signal in both the 'H and “C NMR
spectra, while the tail-a thiophene proton signal remained, provided conclusive
evidence for this assignment. The addition of two new thienyl doublets (& 7.17, 7.26)
gave support for the presence of two central a-disubstituted thiophene rings. An
example of a fully assigned dimer 'H NMR spectrum is shown in Fig. 5.3. The new

band in the UV/VIS spectra at 450 nm is assigned to the m-m* transition for the
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sexithiophene moiety, while the essentially unchanged band at 336 nm is attributed to
the styryl-thiophene functionality. For comparative purposes, A, for a -
sexithiophene has been reported as 432 nm (experimental)®®® and 434 nm

(calculated)*™.

head-a tail-a

SV, | W | ,“.LM}LJ

| I T -
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Figure 5.2 'H NMR spectra (aromatic region) of styryl-15-crown-5
terthiophene | (top) and 15-crown-5 terthiophene dimer LXVII (bottom)

In order for polymers prepared by chemical oxidation to be regioselective, there must
be a sufficiently large difference in spin/charge density of the radical cation generated
in the oxidative polymerisation process between the two available o positions.®® 2%
The literature shows that this is not the case in 3-alkyl substituted thiophenes,
explaining why only regiorandom polymers are formed from these monomers. The
position of oxygen atoms is known to have a marked effect on regioregularity, and the
asymmetric reactivity of 3-alkoxy thiophenes discussed in Section 1.3.2 shows this
clearly. Polymerisation of these monomers with FeCl, leads to highly regioselective
polymers. It was unclear from the literature whether alkyl or alkoxy substitution on
the central ring of terthiophene would cause sufficient reactivity differences in the

two available a-positions on the outer rings to cause regioselective polymerisation.

The majority of the literature published involving chemical polymerisation of
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substituted terthiophenes avoids this issue by employing symmetrical compounds

(Section 5.1.1).

The observed regioregularity in the product from 15-crown-5 terthiophene
polymerisation, can only be explained by a difference in reactivity between the two
available terthiophene a-positions. This leads to the conclusion that the head -
position is more reactive than the tail position, and therefore coupling occurs more
quickly at this position. There are then two plausible reasons why the reaction does
not appear to continue: either the tail position is sufficiently unreactive that the
reaction proceeds very slowly or not at all, or the sexithiophene product is
considerably less soluble than the terthiophene starting material, so that again the
reaction comes to a standstill. In order to test the influence of solubility on
polymerisation, dual polymerisations were carried out in 1,2-dichloroethane at room
temperature (23°C), and at reflux (83°C). In both cases 93% of the material
transferred into the soxhlet thimble was collected after extraction with CH,Cl, and
precipitation with methanol, with no insoluble material able to be isolated. From this
result it seems that while solubility may play a small part in determining the extent of
polymerisation, it is the stability of the oxidised sexithiophene that plays the main

role.

With the exact nature of the polymerisation product known, further experiments were
carried out to ascertain if head-to-head dimerisation would occur for all the polyether-

substituted terthiophenes.

Chemical polymerisation of styryl-18-crown-6 terthiophene Il under the same
conditions employed for I gave a red powder soluble in CH,Cl, along with a smaller
insoluble fraction. Mass spectrometry data on the soluble product again revealed that
it consisted exclusively of dimer. NMR and UV/VIS investigations confirmed the
regioregularity and extent of polymerisation as that of a head-to-head linked dimer.
The nature of the insoluble product meant that it was unable to be analysed by the
spectroscopic techniques available to us, but it seems likely that it could be either a

higher oligomer, or cross-linked material. Yamamoto and Hayashi**® found that on
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FeCl, oxidation of thiophenes substituted with aromatic rings, cross-linked material

was produced due to oxidation of the benzene ring, as well as the thiophene ring.

The ferric chloride oxidation of the six open-chain terthiophenes XXIII-XXVIII was
explored next. The yield of the CH,Cl, soluble red product ranged from 59-93%,
with the recovery of 0-26% (by weight) of an insoluble solid. MALDI and FAB mass
spectrometry showed no sign of oligomers higher than the dimer. Complete sets of
NMR data ('H, *C, COSY, HMQC and HMBC) were obtained for every product, and
in each case verified the exclusive formation of a head-to-head linked product. The
spectra were fully assigned in the same way previously discussed for styryl-15-
crown-5 terthiophene dimer LXVII, and that of dimer LXXIII is shown as an
example in Fig. 5.3. UV/VIS spectra for all of the products afforded a peak at ca.
450 nm, and a second more intense peak at ca. 335 nm. The solubility of the dimers
increased markedly with increasing length of the attached polyether chain. The small
amount of insoluble material that remained after soxhlet extraction is likely to consist
of higher oligomers and/or cross-linked material, however the insolubility of this
materials defies further characterisation by mass spectrometry or other available

analytical techniques.
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An investigation into the FeCl; polymerisation of the dimethoxy terthiophene XXXVI
was less successful. A shortening of the reaction time to 30 minutes led to the
isolation of a red powder in 79% yield. This product was again shown to consist only
of dimer by MALD-MS, and gave the expected UV/VIS peaks at 336 and 445 nm.
The dimer product was considerably less soluble in CD,Cl, than the dimers with
longer polyether chains, therefore limiting the NMR data that could be obtained. The
aryl and methoxy protons were clearly visible in the 'H NMR spectrum, however
many of the thienyl protons were indistinct. It is uncertain whether this is due to the
low solubility of the compound, or whether in fact the product from this dimerisation
is not regioregular. Repeated recrystallisations and column chromatography did not
help in obtaining a more useful NMR sample. While it seems unlikely that this
compound would behave differently from the other polyether-substituted

terthiophenes, this cannot be proven conclusively.

Chemical polymerisations were also carried out on the two reference compounds
styryl-terthiophene LXXVI and methoxystyryl-terthiophene LXXVII. These
reactions gave considerably lower yields of CH,Cl, soluble material (24% and 9%
respectively) than were obtained for the corresponding compounds with attached
polyether chains. Again, the limited solubility of the products restricted the NMR
data that could be collected. The 'H NMR spectrum for the methoxystyryl dimer was
consistent with those acquired for the other head-to-head linked dimers, however the
lack of "C and 2D data means that this cannot be proven. MALDI-MS data
confirmed that this product consisted only of dimer. The styryl terthiophene dimer
was even less soluble, and no useful NMR data could be obtained. MALDI mass
spectrometry on this compound showed a large signal due to the dimer (m/e =
698.04), as well as a small amount (ca. 2%) of trimer and tetramer. The considerably
lower yields obtained from these compounds provide further evidence that it is the
stability rather than the solubility of the oxidised sexithiophene that causes the
polymerisation to stop at dimerisation for the ether-functionalised compounds. The
dimers obtained from the styryl and methoxystyryl terthiophenes (LXXVI and
LXXVII) were substantially less soluble than those obtained from the polyether-
substituted terthiophenes. If solubility were the dominating factor, then these

oxidations would have led to a higher yield of dimers than the more soluble polyether
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compounds. This was not the case however, as the observed yields were substantially
lower. Thus, the evidence points to the disubstituted polyether compounds forming a
stable oxidised sexithiophene intermediate. The less stable intermediate formed from
the styryl and methoxystyryl compounds would be sufficiently reactive to participate

further in the polymerisation reaction.

Spin-density calculations on the radical cations of the styryl, methoxystyryl and
dimethoxystyryl terthiophenes (LXXVI, LXXVII and XXIX) have been carried out
by T. M. Clarke and K. C. Gordon at the University of Otago.”” The method
B3LYP/6-31G(d) was used to calculate the spin densities during each geometry
optimisation. This level of theory (Becke-style 3-Parameter Density Functional
Theory (DFT) using the Lee-Yang-Parr correlation function) was chosen as it
includes the effects of electron correlation, making the results more reliable. The
standard basis set 6-31G(d) was used since it is relatively large and contains
polarisation functions which add d orbitals to the heavy atoms, necessary due to the
presence of sulphur atoms.”® The spin densities calculated for the head-a (5) and
tail-a (57) positions are tabulated below in table 5.1, along with the ratio of these two
values. The spin densities over the entire radical cation are calculated to sum to 1.0,

thus the values presented below are fractions and have no units.

Table 5.1 Calculated spin density values for styryl-substituted

terthiophenes
Compound Spin Density Spin Density Spin Density Ratio
(head-a position) | (tail-a position) (head/tail)
TTh-=-Bz LXXVI 0.1962 0.1295 1.52
TTh-=-BzOMe LXXVII 0.1642 0.0942 1.74
TTh-=-Bz(OMe), XXIX 0.1354 0.0740 1.83

The polymerisation of substituted thiophenes has been described as a “delicate
balance between electronic and steric effects”.”-**' It has been shown that when
thiophene monomers are alkyl substituted at the 3-position, head-to-head

polymerisation is unfavourable due to steric interactions between the alkyl chains and
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the lone pair on the adjacent sulphur atom.'”” Rather, they polymerise in a
predominantly (ca. 80%) head-to-tail fashion.” '**'?* Steric issues were considered
when designing these monomers (Section 1.6), and both the conjugated styryl-spacer
and the terthiophene moiety were incorporated in order to minimize sterically-based
barriers to polymerisation. The fact that regioselective head-to-head dimerisation is
observed, shows that this approach was successful. In the absence of these steric
interactions, coupling occurs preferentially between carbon atoms with higher spin
densities.®?7 Further to this, a spin density ratio greater than 2.0 indicates a strong
directing influence of the radical cations.?”” It can be seen from the data in Table 5.1
that the dimethoxy compound XXIX could be expected to give a greater proportion of
head-to-head linked dimer than the methoxy compound LXXVII or the styryl
terthiophene LXXVI. This is reflected in the yields of the corresponding chemical
polymerisations, where the dialkoxystyryl-substituted terthiophenes produce excellent
yields of head-to-head linked dimer. No head-to-tail or tail-to-tail dimer was isolated
from any of the reaction mixtures. In the case of tail-to-tail dimer, it seems unlikely
that this species would form due to the low electron spin-densities shown in Table
5.1. It is feasible that some head-to-tail dimer may have formed during chemical
polymerisation, however the lack of isolation of such a compound implies that if it
was formed, it must have reacted further. This could be the origin of some of the
insoluble fraction isolated in some cases. The nature of the insoluble fractions
obtained could not be elucidated, and, as indicated previously, could also have

resulted from oxidation of other parts of the molecule. *®

The last compounds to be subjected to ferric chloride polymerisation, were the
terthiophene hemicrowns LXI-LXIII. In all cases, insoluble red solids were isolated.
This insolubility meant that no spectroscopic analyses could be carried out, and the
nature of the products are therefore unknown. It seems likely that these compounds
would react preferentially at the head position as seen for all the previous ether-
substituted terthiophenes. This could potentially lead to a large number of products,
the smallest of which are shown in Fig. 5.4. One possible product consists of two
monomers coupling at both available head positions (Fig. 5.4a). In this case, no head
positions would be available for further polymerisation. Alternatively, if two

monomers joined at just one head position, there would still be two available sites for
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further polymerisation, forming a network-type structure (Fig. 5.4b, ¢). The

maximum length of this type of oligomer would likely be determined by its solubility.

Figure 5.4 Potential oligomers formed from chemical polymerisation

of terthiophene hemicrown LXI
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5.1.3 Cu(CIlO,). polymerisation of terthiophene

monomers

In order to further probe the nature of this dimerisation, oxidative polymerisation was
carried out using Cu(ClQ,), in acetonitrile, following the reaction with UV/VIS/NIR
spectroscopy. Measurements were carried out as follows: All spectra were measured
in spectroscopy-grade acetonitrile from 190-1500 nm. Monomer concentrations used
were 2.3 x 10° - 2.8 x 10° M (terthiophenes) and 1.4 x 10° M (bis-terthiophenes),
giving maximum absorbances of 0.8-1.2 AU. The monomer spectrum was recorded
before 50 equivalents of Cu(ClO,), were added in a volume of 5-10 uL from a stock
solution of 0.4 M Cu(ClO,), in MeCN, and the spectrum recorded again. This large
excess was used in order to ensure that the compound was fully oxidised. Two drops
of 2% aqueous hydrazine were added to effect the reduction, the solution was mixed
thoroughly, and a final spectrum recorded. Tabulated data for all terthiophene-based
monomers is presented in Table 5.2, and an example of the information collected is

shown in Fig. 5.5 (photographs taken at higher concentrations for clarity).
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Table 5.2 Oxidation and reduction absorbance data for terthiophene

monomers treated with Cu(ClO,4); and hydrazine

Compound max / 1M
Monomer Oxidised with Cu(Cl10,), Reduced
with
hydrazine

TTh-=-BzLXXVI 348, 310 284, 370, 474 892,986 | 314 | 432
TTh-=-BzOMe LXXVII 321 283,314389 | 530 | 771 325 | 437
TTh-=-Bz(OMe), XXVIV 329 386 561 | 728 332 | 4492
TTh-=-BzOCOCOC XXIII 328 363 593 | 777 332 | 443
TTh-=-BzOCOCOC XXVI 329 338 592 | 778 332 | 40
TTh-=-BzOCOCOCOC XXIV 329 352 582 | 782 332 | 440
TTh-=-BzOCOCOCOC 329 334, 386 574 | 782 330 | 439
XXVII
TTh-=-BzZOCOCOCOCOC 329 332, 390 560 | 790 330 | 437
XXV
TTh-=-BzOCOCOCOCOC 329 359 593 | 783 333 1 441
XXVIII
TTh-=-Bzl5c5 1 330 319, 398 588 | 791 331 | 437
TTh-=-Bz18c6 11 330 326 588 | 787 330 | 434
TTh-=-BzOCOCOBz-=-TTh 328 323,416 564 931 333 1 440
LXI
TTh-=-BzOCOCOBz-=-TTh 329 285, 331,419 | 554 873 335 ] 438
LXII
TTh-=-BzOCOCOBz-=-TTh 328 284, 331,400 | 562 885 332 | 440
LXIII
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Figure 5.5 Oxidation and reduction of methoxystyryl terthiophene

LXXVII as observed by UV/VIS spectroscopy

A similar experiment was carried out by Kankare et al. where they looked at the

stepwise oxidation of 3’-aryl substituted terthiophenes by copper (II) triflate in

acetonitrile.'”’

>1100 nm at low oxidant levels were due to dimer radical cations (6T™*) On addition

of further oxidant, these peaks reduced while others were formed between 850-

They concluded that peaks observed between 600-800 nm and

1000 nm, and were attributed to the presence of a dimer dication (6T™).

reduction, a peak was seen at ca. 430 nm for all compounds, and this was assigned to

the neutral dimer (6T).
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Rapid coupling of terthiophene radical cations has also been observed by Fichou ez
al., who used a FeCl,/CH,Cl, system to examine the chemical oxidation of
terthiophene (3T), quaterthiophene (4T), quinquethiophene (5T) and sexithiophene
(6T).*>** On addition of 2 equivalents of oxidizing agent, the monomer m-n*
UV/VIS signal was lost, while others were formed at 646-780 and 1069-1476 nm.
The strong colour observed is typical of organic radicals, further proof being provided
by an intense e.s.r. signal. While the spectra for 4T, 5T™" and 6T were stable, the
spectrum obtained for 3T was identical to that of 6T, indicating that the
terthiophene radical cation was unstable and had immediately dimerised to the more
stable sexithiophene radical cation. No changes were seen in the spectra for 4T or
5T on addition of a further two equivalents of FeCl,. The spectrum obtained for 6T
however, underwent large changes, with the loss of the previously observed 6T™
bands, and the appearance of a new signal at 1003 nm. In addition, the final solution
was colourless and the e.s.r. signal disappeared, proving that the final species present
in the case of sexithiophene was the dication 6T*". These oxidations are represented

by the equations below:

nT + 2FeCl;, —»nT"™ + FeCl - + FeCl,
6T" +2FeCl, —®» 6T* + FeCl,- + FeCl,

Terthiophene dimerisation has even been seen for terthiophene derivatives where the
a-positions are blocked.* In research by Guay e al.*®, as in that of Fichou (above),
dication formation was only observed for oligothiophenes with six or more thiophene
rings. Dication formation was characterised by the loss of the e.s.r. signal associated

with the unpaired electron in the radical cation.

Hill er al.™ proposed that the reversible formation of a diamagnetic nt-dimer could
also be used to explain the loss of e.s.r. signal seen on oxidation. Their
spectroelectrochemical system involved a terthiophene derivative that could not
polymerise due to the presence of substituents at the a-positions. Distinct UV/VIS
peaks attributed to the monomer radical cation (A, = 572, >800 nm) and radical
cation dimer (A, = 466, 708 nm) were seen with one electron oxidation. On

incorporating a second electron, a new peak caused by the monomer dication was
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observed at 570 nm. They concluded that a rapid equilibrium exists between
monomer and dimer in solution, and that the weak bond thus created does not greatly
affect the electronic structure of the monomer. The dimerisation was reported to be
favoured at low temperature, and/or high concentration. Further evidence was
provided by a later study utilizing photochemical oxidation in acidic solution. Peaks
at 665 and 1150 nm were attributed to the radical cation 3T, while the radical cation
dimer (3T™), absorbed at 526 and 836 nm. This study also showed that dimer
formation was more prevalent in polar solvents such as acetonitrile, as the dimer was
better solubilised.*®.

Dimerisation has also been reported by Bauerle et al.’®’

, who used a system involving
an alkylated sexithiophene (a6T). They discuss the oxidation of a6T by FeCl, in

=775, 1425 nm), and (a6T),* (A, =

max

CH,Cl, to give a solution containing a6T™ (A,
685, 1087 nm) in reversible equilibrium. The formation of the “pimer” is favored at
higher concentration and/or lower temperature. Further oxidation leads to the

formation of a6T* (A_.. = 843, 946 nm).

max
Apperloo et al.*® looked at oligothiophenes where the a-positions were substituted
with solubilising poly(benzy! ether) dendrons. They also found that on oxidation, an
equilibrium was formed between radical cations and m-dimers. The dimers were
favoured at low temperature and were characterised by UV/VIS absorptions at 537
and 905 nm, in contrast to the radical cation peaks seen at 656 and 1068 nm. Two
quinquethiophene derivatives were also investigated, forming a radical cation/n-dimer
equilibrium at low oxidant concentration, then being further oxidised to dications on
addition of more oxidizing agent. The longer oligothiophenes studied (containing 9,
11 and 17 thiophene units) did not form dimers, but could be oxidised to form
dications. In addition it was discovered that while the doubly oxidised state for a
nine-thiophene chain was present as a bipolaron, for longer oligothiophenes two
independent polarons were present instead.

An alternative view is presented by Sato and Hiroi.*® 30

In their work on alkyl
substituted sexithiophenes, they also utilize chemical oxidation by FeCl; in

dichloromethane. Addition of two equivalents of oxidant caused the loss of the mt-m*
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UV/VIS peak, and the formation of peaks at 780 and 1512 nm. An intense e.s.r.
signal was also observed, results consistent with the formation of a radical cation, and
consistent with that seen by other researchers. On addition of a further two
equivalents of oxidant, the peaks at 780 and 1512 nm disappeared, and new peaks
were formed at 551, 932 and 1060 nm. The unchanged e.s.r. signal led them to

conclude that in this case, trication radicals, not dications, were formed.

From the literature results discussed above, it is clear that there are six possible
species to be considered when interpreting the UV/VIS data presented in Table 5.2.
The monomer itself 3T, the monomer radical cation 3T, the radical cation dimer
(3T™),, the dimer radical cation 6T, the dimer dication 6T*, and the neutral dimer

6T.

It is clear from the experimental results presented in Table 5.2 that only dimers were
formed during the copper(il) perchlorate oxidation of these polyether-substituted
styryl-terthiophenes. This is most easily evidenced by the presence of a UV/VIS
absorbance at ca. 440 nm on reduction with hydrazine, attributed to the sexithiophene
chromophore. This result is also consistent with that obtained by ferric chloride
polymerisation discussed in Section 5.1.2. A peak is also seen at approximately the
same position as the original nt-* peak for the monomer. The position of this peak
has barely shifted, as would be expected given that the styryl-thiophene moiety is
unchanged. It is noteworthy that while the styryl terthiophene monomer LXXVI

originally shows two absorbances (A, = 310, 348 nm), only the smaller wavelength

max
peak is restored after oxidation and reduction. This result gives further weight to the
assignments previously given to these peaks (Section 4.1.2.1), as the styryl-thiophene
chromophore exists in the dimerised product, but the terthiophene chromophore does
not. The peak visible in Fig. 5.5 at ca. 1400 nm was seen in all of the reduced spectra

and is due to hydrazine. For clarity, these peaks were not included in Table 5.2.

This leaves four possible oxidised species that could be responsible for the peaks
observed on addition of Cu(ClO,),. The cation radical n-dimer (3T"™"), observed in
acetonitrile by Hill er al.*>*%>" for their compounds is extremely unlikely in this

case for two reasons. Firstly, the m-dimers were only observed in terthiophene
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derivatives that were substituted at their a-positions, precluding the otherwise rapid
formation of o-dimers. Secondly, m-dimers were only present at low oxidant
concentrations, with the compounds being further oxidised to dications on addition of
more oxidant. The data given in Table 5.2 is the UV absorbances observed in a
solution containing a 50-fold excess of Cu(ll). With this concentration of oxidant, it
is unlikely that n-dimers would exist. It also seems improbable that monomer radical
cations would be observed, given the propensity of terthiophene radical cations to
rapidly couple. Thus, the most likely species in solution are the dimer radical cation
and dimer dication. The general consensus in the literature is that peaks for 6T
would be expected at 600-800 nm and 1400-1500 nm, whereas 6T* is more likely to
absorb from 850-1000 nm.

Examining the data in Table 5.2, it is clear that all the alkoxystyryl terthiophenes
(LXXVIIL, I-11, XXIII-XXVIII) have absorbances at approximately the same
wavelengths. Bands are seen for all these compounds at 728-791 nm, 530-593 nm
and <400 nm. Comparing these bands with previous research, it seems most likely
that they are caused by the presence of the dimer radical cation 6T™. Styryl-
terthiophene LXXVI shows peaks at higher wavelength (892, 986 nm), which could
be due to the dimer cation 6T**. Thus it appears that either the alkoxy substituents are
stabilizing the dimer radical cation in the earlier cases such that copper(ll) is
insufficient to oxidise the compounds further to the dimer dication 6T*", or that the
dimer dication is itself unstable. The three isomeric hemicrown compounds LXI-
LXIII appear to be intermediate cases, where bands at 873-931 nm and 554-564 nm
indicate the presence of both 6T** and 6T™. It is unclear why the hemicrown
compounds behave differently to other dialkoxystyryl-substituted terthiophenes, and
further work would be needed to clarify this issue. It seems possible that an
equilibrium between 6T and 6T exists in solution that favours 6T* for the styryl
compound, 6T for the alkoxystyryl compounds, and which allows both forms to be
present for the hemicrown terthiophenes. In none of these cases is the dimer radical
cation sufficiently reactive to couple further. This work was repeated by researchers
at the University of Otago, adding Cu(OSO,CF;), slowly to an MeCN solution of the
monomer. Their peak assignments agree with those given here. In addition, a

solution of the dimethoxystyryl terthiophene dimer LXXIX was investigated by
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resonance Raman spectroscopy. This produced a spectrum that agreed closely with

that calculated for the head-to-head linked dimer.***'

In order to verify these conclusions, a similar oxidation was carried out on the most
soluble sexithiophenes LXXI and LXXIV. The compounds were dissolved in
CH,C), at ca. 1.5 x 10° M and a UV spectrum run from 250-1500 nm. Fifty
equivalents of Cu’* were added from a stock solution of 0.4 M Cu(ClQO,),, the solution
was thoroughly mixed, and the UV spectrum recorded again. Finally, two drops of
2% agqueous hydrazine were added and the contents of the cuvette agitated until the
solution turned yellow (forming an emulsion), before the final UV/VIS spectrum was
recorded. In both of these cases, a very large peak in the spectrum of the oxidised
compound was seen at 805/827 nm, with smaller peaks visible at 576/585, 412/415
and 329/339 nm. Taking into account the different solvent system, this appears to be
consistent with the formation of 6T as seen for the dialkoxy terthiophenes in MeCN.
On reduction with hydrazine, the original spectrum was restored, indicating that no

coupling occurred.

The results of chemical polymerisation with both FeCl, and Cu(ClO,), agree closely,
pointing to the almost exclusive production of head-to-head linked dimers. This is
believed to be due to an asymmetric reactivity of the terthiophene monomers caused
by uneven electron spin density distribution, rather than by any steric effects.
Theoretical calculations support this view, showing a considerable difference in spin
density between the two available a-positions. UV/VIS/NIR spectra of the oxidised
species in MeCN solution, indicate the presence of dimer radical cations for all
alkoxystyryl terthiophenes, however these do not couple further under these

conditions.
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5.2 Electropolymerisation

An alternative to chemical polymerisation, is the formation of polymers from
terthiophene monomers by electropolymerisation. The monomer is dissolved in a
suitable solvent (eg. acetonitrile or dichloromethane) in the presence of an electrolyte
(eg. tetrabutylammonium perchlorate, TBAP). A polymer can then be selectively
deposited onto an electrode surface by cyclic voltammetry (CV, repetitive sweeping
between two electrode potentials) or by applying a constant potential or current for an
appropriate length of time. For this investigative electrochemical work, the technique
selected was cyclic voltammetry in a three-electrode cell. The voltammograms
arising from this process are refered to as ‘growth CVs’ in this thesis. CVs performed
on such films after growth, in the absence of monomer, are termed °‘post-

polymerisation CVs’.

5.2.1 Cyclic voltammetry in a three-electrode cell

A common laboratory setup for electrochemical polymerisation is the three electrode
cell. In this system, reference, working and auxiliary electrodes are placed in a
solution containing the monomer(s) and electrolyte(s). Current flows between the
working and counter electrodes, and a potentiostat controls the potential difference
between the working and reference electrodes.’'” A high concentration of electrolyte
in solution, and a large surface area auxiliary electrode ensure that current flow is not
limited. Electrochemical polymerisation is sensitive to many variables, including
working electrode composition and size, electrolyte nature and concentration and
monomer concentration. In particular, when electrochemistry is conducting in an
organic solvent, the distance between the electrodes is critical. In order to minimise

the effects of these variables, conditions need to be as reproducible as possible. The
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experimental setup used throughout this research is illustrated in Fig. 5.6, and further

+

described in Section 5.2.2.
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Figure 5.6 Schematic representation of a three electrode cell

The electrochemical technique utilised in this research was cyclic voltammetry.
Cyclic voltammetry involves applying a potential that sweeps backward and forward
between two set electrode potentials while measuring the current flowing between the
electrodes. An example of both the applied potential and measured current is shown
in Fig. 5.7. This figure shows two cycles, each comprising a forward (oxidizing) and
reverse (reducing) sweep, between —0.5 and +0.5 V, for a solution of ferrocene and
TBAP in MeCN. Species that are oxidised on the forward scan, may undergo
reduction on the reverse scan. A measure of the reversibility of this process is the
peak-to-peak separation between the forward and reverse scans. For a completely
reversible one-electron process with both oxidised and reduced species in solution,
the separation between oxidation and reduction peaks is 57 mV.*" In a real system,
diffusion of oxidised species from the electrode, deposition of solid material on the
electrode, solvent and electrolyte coﬁlposition and scanning speed can all affect the

current response given by a chemical species .*’
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Figure 5.7 Applied voltage (top), measured current (middle) and final

cyclic voltammogram (bottom) for ferrocene
(v=100mVs’', 0.1 M TBAP, MeCN)

Cyclic voltammograms are more often displayed showing current as a function of
applied potential. The data from Fig. 5.7 (top and middle) is represented in this form
in Fig. 5.7 (bottom, second scan only). This format allows facile identification of

peak oxidation and reduction potentials.
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In the case of deposition by cyclic voltammetry, formation of a conductive polymer is
indicated by an increase in current over consecutive cycles. Since current is directly
proportional to the surface area of an electrode, depositing an electroactive polymer
layer on an electrode surface may cause the surface area to enlarge with each scan,
thus causing the observed current to increase. Oligomers formed from the coupling of
two or more monomer units appear, on the second and subsequent scans, as oxidation
peaks at lower potential than seen for oxidation of the monomer. This is due to the
longer conjugation length present in oligomers, causing them to oxidise at lower

potential *"*

As discussed in Section 1.3, counter-ions move in and out of polymer films to balance
charge during oxidation and reduction. In most cases the electrolyte anion migrates
into the polymer to balance the positive charge formed by loss of an electron during
oxidation.” The anion incorporated during electropolymerisation has been shown to
have a large effect on the morphology and electroactivity of the resulting polymer.*'
For this reason, the anion used in the following electrochemical experiments was kept
constant. Tetrabutylammonium perchlorate was chosen as the electrolyte for all film
growth experiments, as the bulky tetrabutylammonium cation was not anticipated to
complex with the crown or polyether chains present in the monomers. It was also
assumed here that the tetrabutylammonium cation would not play a significant role in
determining the properties of the polymer films, and that changing the cation would
have no effect unless there were specific interactions between the cation and polymer.
Where other metal cations were used to investigate complexation during post-
polymerisation cyclic voltammetry, they were introduced as perchlorates at a
concentration of 0.1 M, in order to cause as little disruption as possible to the polymer
matrix. However, in cases where the anion is be trapped inside the polymer, and
cannot move out during reduction, the electrolyte cation must migrate into the
polymer matrix to maintain electrical neutrality.** This possible complication must be

considered when interpreting CV data.
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5.2.2 Experimental procedures

For all electrochemical experiments, a three-electrode, one-compartment cell was
used. The reference electrode was a non-aqueous Ag/AgNO,/MeCN system (BAS #
MF-2062) housed in a 0.1 M TBAP/MeCN salt bridge (Fig. 5.6). All electrical
potentials are quoted with respect to this reference, unless otherwise stated. Platinum
mesh was used as the counter electrode. A platinum disc working electrode
(0.0201 cm?) was used for all growth and post-polymerisation CVs. The surface was
polished with alumina (0.05 um) and rinsed with H,O and MeCN between each
experiment. Use of a cell lid with drilled holes for the electrodes ensured that the
distance between electrodes remained constant. Tetrabutylammonium or selected
metal ion perchlorates were used as the electrolyte at a concentration of 0.1 M in
acetonitrile, dichloromethane or a stated combination. Spectroscopy grade
acetonitrile (0.001% w/w H,0) and dichloromethane were used as received, and all
electrolytes were dried under high vacuum for at least 24 hours prior to use.
Monomer and electrolyte solutions were deoxygenated by bubbling with oxygen-free
nitrogen for five minutes before electrochemistry was commenced. Measurements
were collected using an Autolab Potentiostat Galvanostat controlled by a PC running
Autolab GPES software. Subsequent data processing was carried out using Microsoft
Excel. All cyclic voltammograms were recorded at room temperature, with a sweep
rate of 100 mV s, starting and finishing at the cathodic limit. The resulting films
were rinsed with clean solvent (free of electrolyte and monomer) before being used
further. While this removed monomer solution from the surface, it is acknowledged

that surface washing could not remove monomers trapped deeper in the films.

Growth CVs were recorded for each terthiophene-based monomer, between potential
limits of +1.0 V to —1.0 V, with a monomer concentration of 5-10 mM. Potential
limits were not optimized further for each individual monomer. Rather, the work
presented is a comparison of the electrochemical properties of the various monomers
under the same conditions. Post-polymerisation CVs were recorded in 0.1 M metal

ion perchlorate solution that contained no monomer and no tetrabutylammonium
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cation, between identical potential limits. Again, this work was not intended to be an
exhaustive electrochemical study, but to provide a broad survey of the various

monomers’ electrochemical response to selected metal cations.

Samples prepared for SEM analysis were grown onto ITO-coated mylar, due to the
physical constraints imposed by the SEM sample chamber. All SEM samples were
grown by cyclic voltammetry for 5 cycles, starting and ending at the cathodic limit.
Concentrations of monomer and electrolyte used were identical to those used for
growth onto platinum disc electrodes. The same potential limits employed during CV
growth onto platinum were used to grow films onto I'TO-coated mylar. As this led to
films with visually uniform colour and gross morphology, alternate limits were not
investigated. The estimated area of the ITO-coated mylar electrodes used in the
production of samples for SEM analysis was 0.5 cm®. This area was not masked, so
that meniscus effects and variations in size between individual pieces of mylar
contribute to a lack of precision in this value. A sheet of mylar was prepared by
washing in hot soapy water, before being thoroughly rinsed with H,O, MeOH and
acetone. The non-conductive side was then marked, before the sheet was cut into
small strips. SEM analysis was performed by D. Hopcroft at HortResearch,
Palmerston North. Small pieces of sample (ca. 5 x 5 mm) were mounted on an
aluminium specimen stub, sputter coated with ca. 100 - 150 nm of gold and studied
using a Cambridge 250 Mk3 Scanning Electron Microscope in the secondary electron
mode. Images were taken from the centre of the film to avoid edge effects, recorded
on Ilford FP4 black and white film at the chosen magnifications and printed on Kodak

multigrade paper.

UV/VIS/NIR spectroscopy was also used to characterise the electrochemically
produced films. A Shimadzu UV-3101PC UV-VIS-NIR Scanning Spectrophometer
controlled by a PC running standard Shimadzu software was used to record spectra.
In order to use this technique, samples were grown onto pieces of ITO-coated glass.
The average area of polymer-coated ITO glass was estimated to be 0.7 cm®. Again, as
for ITO-coated mylar, this value is imprecise. The glass was prepared by consecutive
washes in hexane, MeOH and CH,Cl, with ultrasonication, and afterward handled

only by the edges. A baseline correction was obtained on two pieces of this glass,
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subsequent measurements being carried out with a pristine piece of glass as a
reference. Both the sample and reference pieces of glass were mounted on a black
screen perpendicular to the light beam. The screen had small holes positioned to
allow the light beam to pass through. This experimental setup greatly reduced light
scattering, and ensured that the samples were placed directly and reproducibly in the
path of the light beam. Despite this, occasional noise was seen near the detector
changeover that occurred at 830 nm. This noise was always small compared to the
absorbance of the sample, and did not occur in a region containing absorbance peaks.
Spectra were recorded from 250-1500 nm, with a data pitch of 1.0 nm. This
experimental procedure was deemed more useful than spectroelectrochemistry in this
case, due to the tendency of some samples to dissolve in electrolyte solution, as will
be discussed in Section 5.2.4. Spectroelectrochemistry involves poising the film at a
series of set potentials and recording a spectrum at each potential. This is achieved by
setting up a three electrode cell within a glass or quartz cuvette.’”> The experimental
setup described ensures that films are maintained in their oxidised or reduced forms,
but has the disadvantage that solution species can interfere with the spectra collected.
In this case, preliminary investigations revealed that many of the films formed were
not stable under these conditions, so that spectroelectrochemistry would be a less
useful technique. For these reasons, UV/VIS/NIR spectra were run on solid films
grown onto ITO-coated glass. An early report by Kaneto et al. on thin films of
polythiophene reported that the neutral film was very stable, but the oxidised film
tended to reduce during exposure to air or protic solvents.”'® While the oxidised films
prepared in this work maintained their blue hue over the time period required to
collect UV/VIS/NIR spectra, it is possible that partial reduction occurred during this
time. Hence, some unstable oxidised species may not have been observed. Separate
films were grown for each spectrum recorded. Those left in the neutral form were
grown by cyclic voltammetry, under the conditions used for growth experiments,
starting and ending at the cathodic limit. The number of scans used varied depending
on the density of the film deposited, and was between 1-3 cycles for all monomers.
Films measured in the oxidised state were grown at a constant potential, + 0.8 V, for 5
seconds. All films had even coverage to the human eye, and maintained their red

(neutral) or blue (oxidised) tint for weeks in contact with the atmosphere.
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5.2.3 Electropolymerisation of reference compounds

In order to provide insight into the polymerisation of the new dialkoxy-styryl
substituted terthiophene compounds, some preliminary electrochemistry was
performed on terthiophene, styryl terthiophene LXXVI, methoxystyryl terthiophene
LXXVII and dimethoxystyryl terthiophene XXIX.

5.2.3.1 Terthiophene

A growth CV for terthiophene is shown below in Fig. 5.8. The increasing current
with scan number is indicative of the formation of an electroactive polymer. After 5
cycles the platinum disc working electrode surface was covered by an adherent dark
red film. In previous work (Section 5.1), it was observed that both neutral and
oxidised sexithienyl species were highly coloured, and it is reasonable to assume that
longer chain oligomers would also absorb strongly in the visible part of the
electromagnetic spectrum. As the solution colour remained unchanged during cyclic
voltammetry, it seems unlikely that large amounts of soluble oligomeric species were

being formed.
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Figure 5.8 Cyclic voltammetry for terthiophene
(v=100mV s, 10 mM terthiophene, 0.1 M TBAP, MeCN)
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Post-polymerisation CVs in 0. M TBAP and 0.1 M LiClO, in the absence of
monomer, are shown below in Fig. 5.9. A separate film, grown under identical
conditions, was used for each different metal cation. Figure 5.9 shows that identical
responses were obtained for films cycled in the presence of Li* and N(Bu),". Similar
responses were also observed for other metal cations tested (Na®, Mgz*, Mn*). A
current decline of approximately 25% was observed over 15 cycles. A similar type of
oxidative degradation observed by Harada et al.’’ was attributed to nucleaphilic
attaca un poiytniophene in the oxidised state and was accelerated by the presence of

small amounts of H,O and/or nucleophilic electrolyte anions.
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Figure 5.9 Post-polymerisation CVs of terthiophene in 0.1 M TBAP

(top) and 0.1 M LiClO,4 (bottom)
(v=100mV s, MeCN)
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A film was also prepared for analysis by SEM under the same conditions as above,
but using ITO-coated mylar as the working electrode. The CV of the growth of this

film is shown in Fig. 5.10 together with an SEM image of the films’ surface.
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Figure 510 Growth CV (top) and surface morphology of terthiophene
film on ITO-coated mylar
(v=100 mV s”, 10 mM terthiophene, 0.1 M TBAP, MeCN)

It can be seen from a comparison of Figs. 5.8 and 5.10 that the current density
obtained on ITO-coated mylar is a fraction of that obtained on a platinum working
electrode surface. In addition, the monomer is less readily oxidised on mylar, so that
by the oxidative limit (+1.0 V) the current has not attained a peak. Furthermore, if the

anodic limit was extended to +1.2 V a peak was still not discernable. The increasing
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current with scan number is consistent with deposition of an electroactive film on the
mylar surface, increasing its surface area (Section 5.2.1). A scanning electron
micrograph of this surface (Fig. 5.10 bottom) shows that under these conditions
terthiophene forms a coarse film that appears to cover the surface of ITO-coated

mylar.

Films of terthiophene in both the neutral and oxidised state were grown onto ITO-
coated glass for analysis by UV/VIS/NIR spectroscopy (Fig. 5.11). The growth CV
of terthiophene onto ITO-coated glass was similar in shape to that observed using an
ITO-coated mylar working electrode (Fig. 5.10), with no current peak discernable

before +1.0 V on the first oxidation scan.
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Figure 5.11 UV/VIS/NIR spectra of poly(terthiophene) in the neutral
(left) and oxidised (right) forms

The UV/VIS/NIR spectrum of the neutral poly(terthiophene) film exhibits a broad
maximum at 380-410 nm, peaking at 393 nm. This value is in good agreement with
that obtained by Roncali er al. (400 nm)*®, Zotti et al. (370 nm)*> and Visy et al.
(395 nm)*®, who concluded that poly(terthiophene) consists mostly of dimer and
trapped monomer. The spectrum of poly(terthiophene) obtained in the oxidised state
has absorption peaks at 478, 595 and 1075 nm, likely due to oxidised sexithienyl

species.
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5.2.3.2 Styryl terthiophene LXXVI

In order to investigate the effect that the conjugated styryl moiety would have on the
polymerisation of terthiophene monomers, styryl terthiophene LXXVI was
investigated next. Its growth CV is shown below in Fig. 5.12, and again points to the
formation of an electroactive material on the working electrode surface. A bright red
adherent film was visible on the working electrode surface after 5 cycles, and the

monomer solution did not appear to have changed colour.
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Figure 5.12 Cyclic voltammetry for styryl terthiophene LXXVI
(v=100 mV s”, 10 mM LXXVI, 0.1 M TBAP, MeCN)

The oxidation potential peak during the first cycle of electropolymerisation of styryl
terthiophene LXXVI occurs at 0.72 V, compared to 0.76 V for terthiophene. This
indicates that LXX VI is more readily oxidised, perhaps due to greater -
delocalisation. On subsequent oxidation sweeps, two peaks are seen at 0.68 and
0.84 V, which merge on further cycling, and gradually shift to higher oxidation
potential. The reduction sweep is substantially different to terthiophene, with two

peaks at 0.58 and 0.24 V evident in this case, as opposed to a single peak at 0.33 V.
Post-polymerisation CVs in both TBAP and LiCIO, are shown below in Fig. 5.13. It

can be seen that there is no significant difference in the electrochemical response of

the film in the two different electrolytes. In both cases, there is a main oxidation peak
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at 0.94 V, with a shoulder at 0.73 V. Two reduction peaks are seen, at 0.42 and
0.13 V. In addition, the film appears to be quite stable, displaying only a small
decline in current (6%) between cycles 3-15 in TBAP. The film did not appear to
have degraded after this treatment, maintaining its red colour, and the electrolyte

remaining colourless.
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Figure 513 Post-polymerisation CVs for styryl terthiophene LXXVI in

0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v= 100 mVs™', MeCN)

A scanning electron micrograph of a film of styryl terthiophene grown onto ITO-
coated mylar is shown in Fig. 5.14, along with its growth CV. As seen for
terthiophene, oxidation occurs at a considerably more anodic potential on this surface.

The flat surface visible in the SEM image appears, from a comparison of this image
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with a blank obtained on unused mylar, to be the mylar surface rather than a smooth
polymer film. Thus it seems that, at least under these conditions, nucleation is sparse

on ITO-coated mylar, and coherent films are not formed.
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Figure 5.14 Growth CV (top) and surface morphology of styryl

terthiophene LXXVI film on ITO-coated mylar
(v=100mVs" 10 mM LXXVI, 0.1 M TBAP, MeCN)

Samples were also grown onto ITO-coated glass in both the neutral and oxidised

forms, and the UV/VIS/NIR spectra of these films are shown in Fig. 5.15.
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Figure 515 UV/VIS/INIR spectra of poly(styryl terthiophene) in the

oxidised form

The UV/VIS/NIR spectrum of the neutral polymer shows an absorption maximum at
500 nm, that appears to indicate a longer mean conjugation length than seen for
terthiophene. However, the data presented in Table 5.3 (page 225) shows that the
absorbance maxima for the neutral electrochemically produced film are similar to that
observed for the chemically produced dimer. During chemical polymerisation
(Section 5.1.2), a small amount of soluble dimer, and a large amount of insoluble
material was formed. MALDI-MS results on the sparingly soluble (<0.1 mg/mL)
fraction indicated the presence of trace amounts of trimer and tetramer. The neutral
sample used in this case was grown over two CV cycles, and it is possible that this
was insufficient to form large quantities of higher oligomers, so that only dimers
precipitated on the electrode. Conversely, growing a sample using a larger number of
CV cycles produced a film that was too highly coloured to be useful for UV/VIS/NIR
analysis. The UV/VIS spectrum obtained of the polymer in the oxidised form has
peaks at 358,727 and 1185 nm, with a shoulder at 482 nm. A comparison of the data
presented in Table 5.4 (page 226) shows that these peaks are in similar positions to

those observed for other dialkoxystyryl-substituted terthiophenes.

5.2.3.3 Methoxystyryl terthiophene LXXVII

It was uncertain what effect the incorporation of a methoxy group would have on the
properties of the monomer and resulting polymer, as differing results have been
reported in the literature for oligothiophenes. For example, alkoxy substituents in the

B-position of thiophene oligomers increase the reactivity of the neighbouring o-
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position, and lead to the formation of more highly conjugated polymers. This has

85, 91, 295, 296 319

been observed for both chemically and electrochemically”” produced
materials. On the other hand, Visy et al. studied terthiophene substituted at the 3’-
position with a phenyl or methoxyphenyl group,”® and fqund no significant
differences between the polymers produced. In order to investigate the effect that a
methoxy group would have on the electropolymerisation of styryl terthiophene, a

solution of monomer LXXVII was subjected to cyclic voltammetry (Fig. 5.16).
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Figure 516 Cyclic voltammetry for methoxystyryl terthiophene LXXVII
(v=100mVs"' 10 mM LXXVII, 0.1 M TBAP, MeCN)

As in the cases of terthiophene and styryl terthiophene, methoxystyryl terthiophene
appears to form an electroactive film from the increase in current with scan number
evident in Fig. 5.16. The initial oxidation peak occurs at 0.66 V, a lower potential
than was seen for either terthiophene (0.76 V) or styryl terthiophene (0.72 V).
Therefore this compound appears to oxidise more readily, which could indicate that
the methoxy group is having a stabilizing effect on the oxidised species. It has been
previously reported that the electron-donating methoxy group can reduce oxidation
potential by stabilizing the radical cation formed, reducing the extent of
polymerisation and giving rise to polymers with inferior properties.”” ***** Scheib

and Bauerle'*

saw a similar reduction in oxidation potential on moving from an
alkyl-substituted bithiophene, to an alkoxy-substituted bithiophene. They suggested
that this could be due to the higher ionic conductivity of the polyether groups. They
postulated that this would allow easier diffusion of the counter ions that are necessary

to balance the positive charges formed on the polymer backbone during oxidation.
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The first reduction sweep for LXXVII shows two peaks at 0.48 and 0.16 V, which
appear to be equivalent to those seen for styryl terthiophene at 0.58 and 0.24 V. On
further scans these merge together to form a single reduction peak at 0.41 V. The
second oxidation sweep gives two peaks, visible at 0.28 and 0.71 V. While these
move to slightly higher potentials on further cycling, they remain well separated and

distinct, in contrast to the merging of close oxidation peaks seen for styryl

terthiophene.
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Figure 517 Post-polymerisation CVs of methoxystyryl terthiophene

LXXVIl in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
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Post-polymerisation CVs for methoxystyryl terthiophene are shown in Fig. 5.17, and
a substantial difference can be seen in the films’ response to these electrolytes. While
in TBAP the peak current value has dropped by 40% over 15 cycles, in LiClO, the
film has lost all electroactivity before 10 cycles have been completed. Since the same
anion is present in both electrolytes, and it is generally the anion that moves in and
out of the film to balance charge, it seems unlikely that this is due to a size-based
mobility difference between the small Li* and large N(Bu),” cations. It seems more
probable that the increased rate of degradation in LiClO, solution is due to an
interaction between the lithium cation and the methoxy group. This loss of activity
appears to be oxidative degradation rather than dissolution for two reasons. First, the
electrolyte solutions do not appear to become coloured after post-polymerisation as
would be expected if conjugated species were dissolving. Secondly, the presence of a
sticky dark blue material on the working electrode surface indicates the presence of

insoluble or sparingly soluble oxidised species.

A sample grown under the same conditions onto [TO-coated mylar is shown in Fig.
5.18, together with its growth CV. In this case, as for terthiophene and styryl
terthiophene (Sections 5.2.3.1 and 5.2.3.2), the monomer oxidation potential has
increased sufficiently so that a peak is not observed. The current density is again
considerably lower than for the corresponding growth CV onto a platinum working
electrode (Fig. 5.16), consistent with previous results. In contrast to the image
obtained for styryl terthiophene (Fig. 5.14), methoxystyryl terthiophene appears to be
forming overlapping sheet-like structures that cover the entire mylar surface under

these conditions.
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Figure 518 Growth CV and SEM for methoxystyryl terthiophene

LXXVII film
(v=100mVs", 10 mM LXXVII, 0.1 M TBAP, MeCN)

Films in both the neutral and oxidised forms were grown onto ITO-coated glass to be

analysed by UV/VIS/NIR spectroscopy. The spectra obtained are shown below in
Fig.5.19.
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Figure 5.19 UV/VIS/INIR spectra of poly(methoxystyryl terthiophene) in

the neutral (left) and oxidised (right) forms

The UV spectrum of the neutral poly(methoxystyryl terthiophene) film shows
absorbance maxima at 357, 489, 524 and 563 nm. In contrast, a film of the dimer
synthesised via chemical polymerisation shows maxima at 336 and 488 nm (Table
5.3). The peaks observed in the electrochemically produced film at 524 and 563 nm
are not inconsistent with the formation of longer oligomers. This finding is in
agreement with the results of chemical polymerisation, where only a small amount of
dimer (9 %) was successfully isolated. The remaining insoluble material (89 %) is
believed to consist of higher oligomers and/or cross-linked material, although its
insolubility meant that it could not be analysed (Section 5.1.2). The spectrum of the
oxidised form of monomer LXXVII shows absorption maxima at 345, 482, 689 and

1082 nm. No ‘free carrier tail’ absorption increasing into the NIR is evident.

An electrochemically grown film of poly(methoxystyryl terthiophene) was also
studied independently by resonance Raman spectroscopy at Otago University. The
spectrum of this film exhibited bands in the same position as seen for a solution of the
chemically produced dimer (Section 5.1.2), which matched the spectrum calculated

for the head-to-head linked dimer.®> %'
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5.2.4 Electropolymerisation of dialkoxystyryl-

substituted terthiophene compounds

5.24.1 Dimethoxystyryl terthiophene XXIX

Given the evidence for at least low levels of polymerisation obtained using styry! and
methoxystyryl terthiophene, investigation of the electrochemical properties of
dimethoxystyryl terthiophene XXIV allows the effect of an additional methoxy group
to be evaluated. The growth CV, run under the same conditions used for the previous
compounds, is shown in Fig. 5.20. A bright red adherent film was deposited on the
working electrode surface, and no discolouration of the monomer solution was

apparent.
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Figure 5.20 Cyclic voltammetry for dimethoxystyryl terthiophene XXIX
(v=100mVs", 10 mM XXIX, 0.1 M TBAP, MeCN)

Figure 5.20 shows a growth CV, indicative of an electroactive polymer, from
dimethoxystyryl terthiophene XXIX. The initial oxidation peak appears at 0.65 V, at
almost the same position observed for methoxystyryl terthiophene (0.66 V). This
indicates that the additional methoxy group does not substantially change the stability

of the oxidised species. The two reduction peaks discernable on the first scan (0.43,
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0.18 V) are also in a similar position to those observed for LXXVII. Subsequent
scans, however, differ between the two compounds. In this case, one main oxidation
peak is observed, with only a small shoulder evident at lower oxidation potential.
This could imply the formation of shorter chain length material. Reduction sweeps
show the continuation of the two peaks seen on the first scan. In addition, there is a

broad, shallow peak evident at -0.32 V.

Post-polymerisation CVs with TBAP and LiClO, as electrolyte are shown in Fig.
5.21. Similar current densities are observed, with oxidative degradation occurring in
both electrolytes although it appears slightly faster when Li" is present. This indicates
that the film is not stable over the potential range employed in its electrosynthesis. As
this is not seen for terthiophene or styryl terthiophene, it may be due to the
incorporation of methoxy groups. It has already been noted from a comparison of
oxidation potentials (Table 5.4) that methoxystyryl and dimethoxystyryl terthiophene
oxidise at lower potentials than terthiophene and styryl terthiophene. The increase in
current at the anodic limit observed for the alkoxy-substituted compounds could
indicate the start of this degradation. It seems likely that both oxidative degradation
and polymerisation occur during cyclic voltammetry between these potential limits in
a solution of monomer, with polymerisation being the dominant reaction. In
monomer-free solution however, polymerisation cannot occur so that oxidative
degradation alone is observed. These dual processes have been described by

320 The observation that the

Mukoyama et al. for poly(3-methylthiophene).
degradation is faster in the presence of Li" for both this compound and methoxystyryl
terthiophene, makes it seem likely that an interaction between Li* and the methoxy

groups present may also make a contribution to the observed instability.
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Figure 5.21 Post-polymerisation CVs of dimethoxystyryl terthiophene

XXIX in 0.1 M TBAP (top) and 0.1 M LiCIO,4 (bottom)
(v=100mVs"' MeCN)

Figure 5.22 shows the growth CV of dimethoxystyryl terthiophene XXIX onto ITO-
coated mylar, and SEM analysis of the film produced. In this case, as for
methoxystyryl terthiophene, the mylar surface is covered by a layer of polymer. The
morphology is substantially different between the two compounds, with XXIX

forming a more porous, less smooth structure.
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Figure 5.22 Growth CV and SEM of dimethoxystyryl terthiophene XXIX

film on ITO-coated mylar
(v=100mVs™ 10 mM XXIX, 0.1 M TBAP, MeCN)

Samples were also grown onto ITO-coated glass, for analysis by UV/VIS/NIR

spectroscopy. The spectra obtained are shown below in Fig. 5.23.
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Figure 5.23 UV/VIS/NIR spectra of poly(dimethoxystyryl terthiophene)
in the neutral (left) and oxidised (right) forms

In the UV spectrum obtained for the neutral film, peaks can be seen at 280, 347 and
513 nm, with a shoulder at 555 nm. On chemical polymerisation with FeCl; a high
yield of dimer was obtained, MALDI-MS confirming that no higher oligomers were
present (Section 4.1.2.3). A thin film of this dimer cast onto a quartz surface by
evaporation from CH,Cl,, afforded a UV spectrum with peaks in identical positions to
that obtained here by electropolymerisation (Table 5.3). Therefore, there is no UV
evidence for the presence of oligomers with greater chain length than dimers under
these conditions. The spectrum obtained for the oxidised film shows peaks at 350,

496, 749 and 1147 nm, with no sign of a ‘free carrier tail’ extending into the near

infrared.

5.2.4.2 Styryl-15-crown-5 terthiophene |

The next compound to be electropolymerised was styryl-15-crown-5 terthiophene 1.
Growth by cyclic voltammetry indicated the formation of an electroactive polymer
with two sets of redox peaks (Fig. 5.24). By the fourth scan, all four peaks are
distinct and at this point the peak separations are ca. 60 mV for the lower potential
couple, and ca. 160 mV for those at higher potential. This indicates that the peaks at
lower potential are due to a reversible one-electron process. These separations

increase slightly with increasing scan number.
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Figure 5.24 Cyclic voltammetry for styryl-15-crown-5 terthiophene |
(v=100mVs' 10mM 1, 0.1 M TBAP, MeCN)

Electrochemical polymerisation of I under these conditions gave an adherent red film
on the electrode surface, which after rinsing with solvent, was subjected to post-
polymerisation cyclic voltammetry in monomer-free electrolyte solution (Fig. 5.25
top). A post-polymerisation CV on a new film, grown under the same conditions,

was obtained in 0.1 M LiCIO, (Fig. 5.25 bottom).

The growth CV shown in Fig. 5.24 clearly shows two reversible redox peaks. One
oxidation peak is seen on the initial scan (0.64 V), with a second peak appearing at
0.28 V on subsequent scans. The reduction is seen as two peaks at 0.47 and 0.22 V.
It is assumed here that the oxidation peak at 0.64 V is due to oxidation of the
monomer to its radical cation. Terthiophene radical cations are known to be very
reactive and couple quickly to form dimers (sexithiophenes) as discussed in Section
5.1. The oxidation potential required to oxidise the terthiophene to its radical cation
must be higher than the oxidation potential required to oxidise sexithiophene, so that
the newly formed neutral sexithiophene would be oxidised immediately to its dication
as it is formed. The two reduction peaks observed could then be caused by reduction
of the sexithiophene dication to the radical cation, and then the radical cation to the
neutral species. On further oxidation cycles, dimer would already be present and the
new oxidation peak at 0.28 V could be a result of oxidizing the dimer to its radical

cation. On each sweep, more terthiophene would be oxidised and couple to
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sexithiophene, which could then be reduced and reoxidised, explaining why the peak
currents enlarge with each subsequent scan. Oxidised sexithienyl species are well
known to be very stable (Section 5.1.3), accounting for why no further polymerisation
is observed. In addition, the oxidation peak at higher potential would be large due to
the formation of dimer that then diffuses into the bulk solution. This was evidenced
by a discolouration of the solution over time, from light yellow to bright yellow.
MALDI-MS analysis of this solution indicated the presence of dimer, but no higher

oligomers.

The post-polymerisation CV in TBAP (Fig. 5.25 top) shows the same two sets of
redox peaks evident in the growth CV that were attributed to the formation of
sexithiophene radical cation and dication respectively. After the first scan, during
which any trapped monomer could be oxidised/polymerised, these peaks are similar
in size, as would be expected for a reversible redox system. This CV strongly
resembles that seen by Zotti et al. for 3’-pentoxy-3,3”-dioctyl-{2,27;5",2”]-
terthiophene, where only dimers were formed on electropolymerisation.”® A gradual
decrease in current can also be seen on post-polymerisation cycling in monomer-free
electrolyte (Fig. 5.25 top). This was attributed to a slow dissolution of the product in
acetonitrile, as evidenced by the gradual yellow coloration of the electrolyte solution
and eventual recovery of a mirror surface on the platinum working electrode. Very
rapid dissolution was observed in solutions containing metal ions, and it was observed
that the solution became coloured in the immediate vicinity of the working electrode.
Again, the silver surface on the working electrode was recovered. MALDI-MS
analysis of the metal ion electrolyte gave no evidence for oligomers longer than the
dimer. Because of this almost instant dissolution, post-polymerisation cyclic
voltammograms could not be obtained in metal cation solutions (Fig. 5.25 bottom).
This was the case for all metal ion solutions tested (Li*, Na*, K*, Mg*, Ca*, Mn%).
As rapid dissolution of the electrochemically-produced film was observed only in the
presence of metal ions, and not in TBAP, it is believed that the marked change in
solubility was caused by complexation of the metal ions by the crown moiety. This is
not surprising given the solubility properties of the product obtained from chemical
polymerisation of styryl-15-crown-5 terthiophene I. The isolated crown dimer

LXVII was slightly soluble in acetonitrile, but become freely soluble on addition of
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Na*, mirroring the behaviour of the electrochemically produced film. Similar
dissolution was observed by Berlin er al.'™ for a terthiophene compound containing a
directly attached crown ether (Fig. 4.5¢), and by McCullough and Williams for
poly|3-(2,5,8-trioxanonyl)thiophene| (Fig. 1.15a)
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Figure 525 Post-polymerisation CVs of styryl-15-crown-5

terthiophene 1in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v=100mVs™', MeCN)

In an attempt to form a more stable film from styryl-15-crown-5 terthiophene I, the

upper potential limit was increased slightly to +1.0 V (Fig. 5.26).
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Figure 5.26 Growth CV for styryl-15-crown-5 terthiophene |
(v=100mVs', 10 mM I, 0.1 M TBAP, MeCN)

The increasing current with scan number is indicative of the formation of an
electroactive material on the working electrode. The initial oxidation (0.65 V) and
reduction (0.44, 0.23 V) peaks are at potentials similar to those observed for
dimethoxystyryl terthiophene, indicating an electronic similarity between the two
compounds. The main difference between this growth CV and that shown in Fig.
5.24, is the start of a second oxidation peak atca. 0.9 V. As this response occurs at a
higher potential than is necessary for dimer formation, it cannot be due to a longer
oligomeric species. It is possible that the oxidation responsible for this new peak is
some type of cross-linking, perhaps through the alkene bond as seen by other
researchers for styryl-thiophenes (Section 1.5). This new oxidation peak does not

have a corresponding reduction peak, indicating that it is irreversible.

Post-polymerisation CVsin 0.1 M TBAP and 0.1 M LiCIO, are shown below in Fig.
5.27. A comparison of the post-polymerisation CVs in Fig. 5.27 with those in Fig.
5.25 shows a number of differences. Immediately evident is that in this case, post-
polymerisation cycling was possible in the presence of Li*. Although the film had
degraded after 10 cycles had been run, this was a large improvement over the earlier
attempt, and growing the film to a slightly higher oxidation potential had somehow
stabilized the resulting film. It can also be seen that the shape of these cyclic
voltammograms is quite different to those obtained at lower oxidation potential, with

the two sets of redox peaks no longer distinguishable. This is attributed to the effects
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of slightly overoxidising the film, which has improved its stability at the expense of
reversibility. It seems likely that the overoxidised species are less soluble in MeCN,
thereby slowing the dissolution process. The observation that the film cycled in
LiClO, had completely degraded after 10 scans, whereas the film cycled in TBAP still
had a reasonable activity at that point, indicates that metal ion complexation is again

playing a role in destabilizing the film.
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Figure 5.27 Post-polymerisation CVs of styryl-15-crown-5

terthiophene | in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v=100mVs"' MeCN)

A scanning electron micrograph of a film of I grown onto ITO-coated mylar is

shown, together with its growth CV,in Fig. 5.28.
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Figure 5.28 Growth CV and SEM of styryl-15-crown-5 terthiophene |
film
(v=100mVs', 10 mM1, 0.1 M TBAP, MeCN)

It appears from this SEM picture, that upon electropolymerisation under these
conditions, styryl-15-crown-5 terthiophene I is not forming a continuous film, but
rather numerous discrete coral-like structures. An increase in the density of
nucleation on ITO-coated mylar would be necessary in order for these separate

structure to merge and form a film.
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Films were also grown onto ITO-coated glass, for analysis by UV/VIS/NIR
spectroscopy. Separate films were grown in the neutral and oxidised state as

described in Section 5.2.2, and their spectra are shown below in Fig. 5.29.
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Figure 5.29 UV/VIS/NIR spectra of styryl-15-crown-5 terthiophene | in
the neutral (left) and oxidised (right) forms

The A, peaks in the spectrum of the neutral film occur at 348 and 480 nm. A
comparison of these values with those obtained for a film of the pure dimer (Table
5.3) gives a close correlation. This provides further evidence that under these
conditions, polymerisation is stopping at the dimer. Furthermore, this is in agreement
with the results previously obtained for chemical oxidation of I with FeCl; and
Cu(ClO,), (Sections 5.1.2 and 5.1.3). In the spectrum of the oxidised film, additional
peaks are observed at 753 and 1254 nm, at similar potentials to other oxidised

sexithienyl species (Table 5.3).

Increasing the upper oxidation potential further during cyclic voltammetry, led to
over-oxidation* of the polymer film (Fig. 5.30). This is evidenced by large oxidation
peaks, but a lack of corresponding reduction peaks. In addition, the surface of the
working electrode was covered in sticky blue material on removal from the monomer

solution, the colour consistent with this material incorporating oxidised species.
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Figure 5.30 Overoxidation of styryl-15-crown-5 terthiophene |
(v=100mVs' 10mM | 0.1 M TBAP, MeCN)

5.2.4.3 Styryl-18-crown-6 terthiophene Il

The same conditions that were successful in forming electroactive films from the
previous monomers were employed in the cyclic voltammetry of a solution of styryl-

| 8-crown-6 terthiophene I1 (Fig. 5.31).
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Figure 5.31 Cyclic voltammetry for styryl-18-crown-6 terthiophene I
(v=100mVs', 10mMII, 0.1 M TBAP, MeCN)
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Unlike all previous cases, no film was visible on the electrode after 5 cycles under
these conditions. The oxidation (0.66 V) and reduction (0.45, 0.23 V) peaks are
located at potentials close to those observed for dimethoxystyryl terthiophene and
styryl-15-crown-5 terthiophene. This makes it seem unlikely that electronic factors
are the reason for the lack of film formed. Given that both of those compounds only
form dimers during electrochemical growth under these conditions, it seems likely
that this is also the case for monomer II. During chemical polymerisation of the
terthiophene monomers synthesised during this research (Section 5.1.2), it was noted
that a lengthening of the polyether chain incorporated in the molecule markedly
increased its solubility. It is possible that the lack of film formation here could be due
to the increased solubility of the dimer in acetonitrile, rather than electronic effects.
As there was no film formed for this compound, surface morphology and

UV/VIS/NIR properties could not be investigated.

5.2.4.4 Open-chain substituted terthiophenes XXIII - XXVIII

The first open-chain compound to be electropolymerised, was the shortest chain
isovanillin derivative XXIII, and its growth CV on platinum is shown in Fig. 5.32.
The initial oxidation peak (0.65 V) and reduction peaks (0.86, 0.41, 0.23, -0.45 V) are
in the same positions as those observed for other dialkoxystyryl terthiophene
derivatives (Table 5.4). This shows that compound XXIII reacts similarly to the
other compounds investigated. However, there is a difference apparent in later
oxidation scans. It can be seen from Fig. 5.32 that the current reaches a maximum
value after 4 oxidation scans, and then declines on the final oxidative sweep. This
implies that oxidation of the monomer to its radical cation at the surface is becoming
less efficient, perhaps due to non-conductive material being deposited on the working
electrode. The film also appeared visually darker than other similar films. An added
complication in this case was the tendency of the monomer to crystallize out from

solution.
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Figure 5.32 Cyclic voltammetry for open-chain terthiophene XXIlI
(v=100mVs™ 10 mM XXIII, 0.1 M TBAP, MeCN)

Post-polymerisation CVs of this film in both TBAP and LiCIO, were also obtained,
and are shown in Fig. 5.33. There, the film degrades at approximately the same rate
regardless of electrolyte. As interpreted for methoxystyryl terthiophene and
dimethoxystyryl terthiophene, it seems likely that this current decline is due to
oxidative degradation. This is consistent with the lack of colouration of the
electrolyte, and by the development of dark material on the working electrode surface,
following post-polymerisation cycling. It is interesting that in this case, the current
decline is independent of electrolyte composition, suggesting an absence of

complexation between the polyether chain and the lithium cations.
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Figure 5.33 Post-polymerisation CVs of open-chain terthiophene XXIIl

in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v=100mV s’ MeCN)

As for previous dialkoxystyryl-substituted terthiophenes, films were grown onto ITO-
coated glass for analysis by UV/VIS/NIR spectroscopy. The spectra obtained are
shown below in Fig. 5.34. A main peak is seen in the neutral film, at 523 nm, with
shoulders at 499 and 578 nm. While the main peak corresponds to that seen for the
pure dimer film (528 nm, Table 5.3), the shoulder at 578 nm may well indicate the
presence of a higher oligomer. This cannot be proven however, and it is also possible

that this peak could be due toan overoxidised species on the surface.
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Figure 5.34 UV/VIS/NIR spectra of open-chain terthiophene XXIll in the

neutral (left) and oxidised (right) forms

A film was also grown onto ITO-coated mylar for SEM analysis, and both the growth
CV and an SEM image are presented in Fig. 5.35. The growth CV indicates that (as
seen for all the previous compounds) the oxidation of XXIII is more difficult on ITO-
coated mylar than on platinum. The SEM shows that, under these conditions, open-
chain compound XXIII has formed long fibre-like structures that partiaily cover the

surface.
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Figure 5.35 Growth CV (top) and SEM image of XXVI film on ITO-

coated mylar
(v=100mV s’ 10 mM XXVi, 0.1 M TBAP, MeCN)

The analogous vanillin-derived monomer, XXVI, also formed an electroactive film,
and its growth CV onto a platinum working electrode is presented in Fig. 5.36. The
initial oxidation peak at 0.65 V, with an additional increase in current toward the
anodic potential limit is similar to the other dialkoxystyryl-substituted terthiophenes
investigated (Table 5.4). Two closely spaced peaks are seen on subsequent oxidative

sweeps, indicating the formation of oligomeric material. The reduction peaks
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observed are also at similar potentials to those seen for other related compounds

(Table 5.4).
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Figure 5.36 Cyclic voltammetry for open-chain terthiophene XXVI
(v=100 mV s’ 10 mM XXVI, 0.1 M TBAP, MeCN)

Post-polymerisation CVs for separate electrochemically grown films of XXVI in
TBAP and LiClO, are shown below in Fig. 5.37. In contrast to the results obtained
for methoxystyryl terthiophene, dimethoxystyryl terthiophene and styryl-15-crown-5
terthiophene (Sections 5.2.3.3, 5.2.4.1, 5.2.4.2) degradation appears to be faster in the
presence of N(Bu),” than Li*. The decline in current evident in Fig. 5.37 appears to
result from oxidative degradation rather than dissolution. This is evidenced by the
lack of colouring of the electrolyte solutions, and by the presence of dark blue/black

residue on the working electrode surface after cycling. It is unclear why this process

is faster in TBAP than in LiClO,.
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Figure 5.37 Post-polymerisation CVs of open-chain terthiophene XXVI

in 0.1 M TBAP (top) and 0.1 M LiCIO,4 (bottom)
(v=100mVs"' MeCN)

A film of XXVI was also grown onto ITO-coated mylar, to be analysed by scanning
electron microscopy. The growth CV and SEM image of the surface are shown
below in Fig. 5.38. The surface morphology of XX VI most resembles that seen for
15-crown-5 terthiophene I (Fig. 5.28). While in both cases the film appeared
homogeneous on a macroscopic scale, the SEM images show that coherent films are
not formed. Nucleation appears to be sparse under these conditions, leading to the
distinct coral-like structures seen in Fig. 5.38. This issue would need to be addressed

in order to produce a film of XXVI.
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Figure 5.38 Growth CV (top) and SEM image of open-chain

terthiophene XXVI film on ITO-coated mylar
(v=100mVs™", 10 mM XXVI, 0.1 M TBAP, MeCN)

A film was also grown, in the oxidised form, onto ITO-coated glass. Several attempts
were made to obtain a spectrum of the film in the neutral oxidation state, but these
proved futile. The UV/VIS/NIR spectrum of this film (Fig. 5.39) shows peaks at 357,
510, 695, and 978 nm. The three highest energy peaks are similar to those seen for
other dialkoxystyryl-substituted terthiophenes. However, the shoulder at 978 nm and
that seen for the isovanillin analogue at 995 nm, are not seen in the spectra of other
compounds. Neither is there a peak at >1200 nm in the spectra of these two short

chain styryl terthiophenes.
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Figure 5.39 UVI/VIS/NIR spectrum of poly(XXVI) in the oxidised form

No films could be formed from cyclic voltammetry of the longer open-chain
compounds XXIV, XXV, XXVII and XXVIII. The cyclic voltammograms recorded
were similar in each case, and an example is shown below in Fig. 5.40. Peak
potential data for all four compounds is presented in Table 5.4. The lack of film
formation meant that SEM and UV/VIS/NIR analysis could not be used in these

cases.
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Figure 540 Cyclic voltammetry for open-chain terthiophene XXVII
(v=100 mVs’, 10 mM XXVII, 0.1 M TBAP, MeCN)

As can be seen from Fig. 5.40 and Table 5.4, the cyclic voltammograms obtained for
compounds XXIV, XXV, XXVII and XXVIII are very similar to that obtained for
other dialkoxystyryl-substituted terthiophenes. The new peak appearing at 0.33-
0.36 V on the second and subsequent oxidation sweeps indicates that an oligomeric

species is being produced. In this case, however, a film is not formed. This appears
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to suggest that the oligomeric species is soluble, and does not deposit significantly on
the working electrode surface. During chemical polymerisation of the open-chain
terthiophenes (Section 5.1.2), a marked increase in solubility with increasing
polyether chain length was noted. It is not inconsistent with previous observations
that the asymmetric reactivity of the terthiophene monomer is leading only to the
formation of dimers, and that in these cases the sexithienyl species formed are

sufficiently soluble that they do not form films on the electrode surface.

5.2.4.5 Terthiophene hemicrowns LXI - LXIII

The three isomeric terthiophene hemicrowns LXI - LXII produced virtually identical
responses upon electropolymerisation, so that only one example will be discussed
here. Cyclic voltammograms obtained in both CH,Cl, and |:1 MeCN:CH,Cl, for the
isovanillin-derived hemicrown LXI are shown below in Fig. 5.41. Red adherent

films were obtained from both of these solvent systems.
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Figure 5.41 Cyclic voltammetry for isovanillin hemicrown LXI
(v=100mVs" 5mM LXI, 0.1 M TBAP, CH,Cl, - top)
(v=100mVs”, 5 mM LXI, 0.1 M TBAP, 1:1 MeCN:CH,Cl, - bottom)

Due to the lack of solubility of the terthiophenes in MeCN (<0.1 mg/mL), cyclic
voltammetry was investigated in both CH,Cl, alone,and MeCN/CH,Cl, mixes. In I:1
MeCN/CH,Cl, the initial oxidation peak occurs at 0.68 V, not substantially different
from that seen for other dialkoxy-substituted styryl terthiophenes in MeCN. The
other isomeric hemicrowns also display initial oxidation peaks at similar potentials
(Table 5.4). The reduction peak on the first scan is rather broad, with the main peak
discernible at 0.23 V, and shoulders at 0.38 and 0.14 V. Hemicrowns LXII and
LXIII display two clear peaks on reduction, at 0.46 and 0.25 V, and 0.47 and 0.29 V
respectively. These peaks are in approximately the same positions as seen for the

other dialkoxy-substituted styryl terthiophenes in MeCN (Table 5.4), and indicate that
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very similar oxidised species may be forming in all of these cases. This is not
surprising considering that the terthiophene hemicrown is really two dialkoxystyryl-
subsituted terthiophenes that are physically tethered, but electronically insulated, by
the polyether chain. The initial oxidation peaks seen in CH,CI, alone are
considerably higher, at 0.82-0.88 V for the three hemicrowns. This shows that the
hemicrowns are harder to oxidise in CH,Cl, than in MeCN:CH,CIl, mixtures, possibly
due to their higher solubility in this solvent. On further oxidation scans, a second
distinct peak occurs for all three compounds, at 0.30-0.37 V. This peak is in a similar
position to the shoulder seen during cyclic voltammetry of the same compounds in a
MeCN:CH,Cl, solvent mixture, implying that the oxidation potential of the new
species is unaffected by solvent. The new species must be due to a higher oligomer
of the hemicrown, containing sexithienyl moieties as seen for the previous
compounds. This species, containing at least 12 thiophene rings, would likely be
insoluble in both MeCN and CH,CIl,. This could explain why the oxidation potentiak
does not change with solvent. In contrast, the hemicrown monomers are freely
soluble in CH,Cl, but only sparingly soluble in MeCN, and it is possible that this
could be causing the discrepancy in oxidation potentials seen between the two
different solvent systems. The reduction peaks seen in CH,Cl, alone for the three
hemicrowns are in approximately the same positions as seen in MeCN:CH,Cl,, again
implying that it is a solubility effect. An additional peak is observed between —0.21
and -0.38 V in the CH,Cl, solution that does not exist in the MeCN:CH,Cl, data.
This has been observed for a number of different monomers by other researchers, and
has been attributed to a conformational change.”?" A slight decrease in current at the
cathodic limit in the presence of CH,Cl, is likely due to the reduction of H* from HCl

in the solvent, as this was also noted in a background scan of TBAP in CH,Cl,.
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Figure 5.42 Post-polymerisation CVs of hemicrown LXI in 0.1 M TBAP

(top) and 0.1 M LiCIO,4 (bottom)
(v=100 mVs", MeCN)

Post-polymerisation CVs of hemicrown LXI in TBAP and LiClO, are shown above
in Fig. 5.42. The positions of the peaks are very similar to those seen on formation of
films in CH,Cl,:MeCN, with oxidation occurring at ca. 0.68 V, and the corresponding
reduction at ca. 0.44 V. While the potentials are very similar between the two
different electrolytes, in contrast to the results seen for the previous monomers, the
hemicrown films appear to be less stable in the presence of N(Bu),” than Li*. In the
examples shown above, the peak current measured in TBAP reduces by 50% over 10

CV cycles, whereas the decrease is only 16% over the same number of scans in
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LiClO,. The same pattern was observed regardless of whether the films were
originally grown from CH,Cl, or a CH,Cl,:MeCN solvent mixture. SEM images
(Figs. 5.43 and 5.44) reveal that the hemicrown monomers form substantially less
porous films. If these films were sufficiently dense that the electrolyte anions were
trapped and could not migrate out of the film on reduction, then cations would have to
migrate into the film to retain neutrality of charge. Lithium cations are very small,
and may well be able to move in and out of the film more readily than bulky
tetrabutylammonium cations. It is possible that this could lead to the degradation of

the film in the presence of TBAP, as seen in Fig. 5.42.

Films of the terthiophene hemicrowns were grown onto ITO-coated mylar for surface
analysis by SEM. The growth CVs for the isovanillin-derived hemicrown LXI, from
CH,Cl, and CH,Cl,:MeCN solutions, are shown below in Figs. 5.43 and 5.44. SEM

images of the films surface morphologies are also shown.

The growth CVs of this compound onto ITO-coated mylar are substantially different
from those seen for previous monomers. The onset of oxidation occurs at ca. 0.5 V
on the first scan, and 0.2 V on subsequent scans. In addition, a distinct oxidation peak
that increases rapidly is seen at 0.4-0.5 V. These observations are not inconsistent
with the formation of higher oligomers. In the case of the cyclic voltammetry carried
out in CH,Cl, (Fig. 5.44), a decrease in current is seen toward the cathodic limit, and
a small oxidation peak is evident at —0.4 V. It was noted that the mylar used was not
completely stable in CH,Cl,, and softened if left sitting in this solvent. It is possible
that the peaks seen in the cathodic region of Fig. 5.44 are due to chemical species

dissolved from the surface of the mylar.
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Figure 5.43 Growth CV and surface morphology of isovanillin

hemicrown LXI film from 1:1 MeCN:CH,ClI,
(v=100mV s’ 5mMLXI, 0.1 M TBAP, 1:1 MeCN:CH,Cl,)
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Figure 544 Growth CV and scanning electron micrograph of

isovanillin hemicrown LXI film grown from CH,ClI;
(v=100 mVs' 5mMLXI, 0.1 M TBAP, CH,Cl,)

In all cases, the hemicrowns showed a characteristic crater-like morphology, as seen
in Figs. 5.43 and 5.44 for LXI. This morphology is not seen in films obtained from
any of the other styryl terthiophenes investigated, and therefore must be primarily due
to the properties of the monomer rather than the conditions employed during
electropolymerisation. The main difference between the hemicrown monomers and

the styryl terthiophene monomers is their solubility, and it seems likely that this
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property has caused their unique morphology. During the oxidation phase of cyclic
voltammetry, gas could be evolved due to trace amounts of dissolved water in the
solvent. At the same time, the terthiophene-based monomers are oxidised to their
radical cations TTh™ at the surface, these reactive materials then coupling to form
higher oligomers. Diffusion of these materials also occurs, so that some of the radical
cations and oligomers diffuse back into the solution rather than depositing onto the
electrode surface. This diffusion will be less effective for compounds that are not
very soluble, these materials tending to deposit on the surface of the electrode instead.
As gas bubbles are evolved, an accumulation of TTh™ and oligomers could occur near
the surface, lessening the effect of diffusion. While this does not seem to be an issue
for the more soluble terthiophene-based monomers, the insolubility of the hemicrown
monomers apparently causes them to deposit on the surface around the gas bubbles,
as illustrated schematically in Fig. 5.45, and evidenced in the SEM pictures in Fig.
5.43 and Fig. 5.44. This could also explain why the ‘craters’ are more pronounced in
MeCN:CH,Cl, solution, since the oligomers would be substantially less soluble in this

system than in CH,Cl, alone.

Accumulation of TTh™ and oligomers

<4— Gas bubbles
<4— Polymer film

<4 Electrode surface

Figure 5.45 Schematic diagram of terthiophene hemicrown surface

deposition

Samples of the three hemicrowns, from both solvent systems, were grown on [TO-
coated glass in the oxidised and reduced states. The positions of the absorption
maxima are tabulated in Table 5.3, and an example of the spectra obtained is shown

in Fig. 5.46.
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Figure 5.46 UV/VIS/NIR spectra of hemicrown LXI in the neutral (left)
and oxidised (right) forms

The data in Table 5.3 shows that two absorbance maxima are seen for the neutral
films from each of the terthiophene hemicrowns, and that the position of these peaks
is not substantially changed by the solvent the films were grown from. The peak at
334-341 nm is due to the presence of the thiophene-styryl moiety, and the peak at
468-480 nm is attributed to the presence of sexithiophene groups. The fact that there
are no apparent peaks corresponding to longer oligomers suggests that these
monomers, like those containing only one terthiophene group, polymerise
preferentially at one of the available a-positions. The difference in reactivity between
the head and tail a-positions means that regardless of the degree of polymerisation,

the maximum conjugation length will never exceed 6 thiophene units.

5.2.4.6 Styryl-15-crown-5 terthiophene copolymer formation

The majority of the monomers characterised so far lack stability on post-
polymerisation cycling, so a brief investigation into stabilizing the films by forming
copolymers was carried out. The ‘sensing’ monomer chosen was styryl-15-crown-5
terthiophene I, as it had previously shown the greatest response to metal cations.
Both terthiophene and a terthiophene hemicrown were evaluated in copolymers with

I, since the films formed from these compounds were comparatively stable.
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The growth CV for an equimolar solution of styryl-15-crown-5 terthiophene I and
terthiophene is shown in Fig. 5.47. Polymerisation under these conditions led to the

formation of an adherent red film on the working electrode surface.
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Figure 547 Cyclic voltammetry for styryl-15-crown-5
terthiophene:terthiophene copolymer
(v=100mV s’ 5mM I, 5 mM terthiophene, 0.1 M TBAP, MeCN)

Two peaks are seen on the first oxidative sweep in Fig. 5.47, at 0.65 and 0.77 V.
These are the same peak oxidation potentials observed for homopolymers of styryl-
15-crown-5 terthiophene and terthiophene respectively (Table 5.4). This indicates
that at least some of each monomer has been oxidised. Subsequent oxidation scans
show an increase in both peaks, and a gradual merging. The first reduction shows
two peaks, at 0.44 and 0.29 V, as well as a broad shallow peak at —-0.44 V. These are
very similar to the position of peaks seen for 15-crown-5 terthiophene 1. As for the
oxidation peaks, the reduction peaks increase and gradually merge over subsequent
scans. The shape of the CV after 5 scans resembles that seen for terthiophene (Fig.

5.8) more than styryl-15-crown-5 terthiophene (Fig. 5.26).
Post-polymerisation CVs were carried out in TBAP and a number of different metal

cation perchlorates (LiClIO,, NaClO,, Mg(Cl0O,),, Mn(CIl0O,),), and two of these are
shown in Fig. 5.48.
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Figure 5.48 Post-polymerisation CVs of 15-crown-5 terthiophene:

terthiophene copolymer in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v=100mV s’ MeCN)

It can be seen in Fig. 5.48 that the post-polymerisation CVs of this copolymer are
very similar to those previously observed for a terthiophene homopolymer (Fig. 5.9).
The current decline is somewhat more rapid in the presence of Li* (26 % loss over 14
cycles) than TBAP (13% loss over 14 cycles). It is likely that this is due to an
interaction between the lithium cations and the crown ether moiety, leading to
increased dissolution as seen for the 15-crown-5 homopolymer (Section 5.2.4.2).
While this polymer is certainly more stable than the 15-crown-5 homopolymer, the
lack of response to cations and shape of the post-polymerisation CVs suggest that

terthiophene is the major component.
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A sample of the film was grown onto ITO-coated mylar under the same conditions.

The growth CV and SEM of the film are presented in Fig. 5.49.

1.5

Scan 1
~ Scan 2
E
3]
5
< 00 — Scan3
< ~
e \
- | | }
3 .\/
© | — Scan 4
. ’//
Scan 5
1.5  —

-1.0 -05 0.0 0.5 1.0
E/Vvs Ag/AgNO,

Figure 5.49 Growth CV and surface morphology of 15-crown-5

terthiophene:terthiophene copolymer film on ITO-coated mylar
(v=100mV s, 5mM terthiophene, 5mM I, 0.1 M TBAP, MeCN)

The SEM image for the copolymer shows coral-like structures similar to those seen
for 15-crown-5 terthiophene (Fig. 5.28). However, it can also be seen that in this case

the surface is covered with a comparatively smooth polymer layer as well.

Samples of the film in both the neutral and oxidised state were grown onto ITO glass
as described in Section 5.2.2, and their UV/VIS/NIR spectra are presented below in
Fig. 5.50.
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Figure 550 UV/IVISINIR spectra of 15-crown-5 terthiophene:

terthiophene copolymer in the neutral (left) and oxidised (right) forms

The spectrum of the film in the neutral state consists of a peak at 484 nm with a
shoulder at 372 nm. A comparison of these values with those presented for other
films in Table 5.3 shows that this is an average value for a film containing a
sexithienyl moiety. The spectrum of the film in the oxidised state has absorbance
maxima at 353, 484, 674 and 1158 nm. Again, these values are no different from
those previously observed (Table 5.3). Styryl terthiophenes have been shown to
couple preferentially at one of the available a-positions (Section 5.1.2), whereas
terthiophene has equal reactivity at both ends due to its symmetry. It seems that the
longest likely oligomer would then consist of a central terthiophene group with one
styryl-15-crown-5 terthiophene monomer attached at each end. This would give a
maximum conjugation length of 9 thiophene rings. However, the UV/VIS/NIR data
provides no evidence for a conjugation length any longer than 6 thiophene units, and
it appears that once again coupling has halted with the formation of a dimer. The
exact composition of this copolymer is uncertain, although it appears to contain both
monomers. This copolymer was more stable to cyclic voltammetry than a
homopolymer of 15-crown-5 terthiophene, but did not display any exploitable

response to metal cations.

A copolymer was also formed between 15-crown-5 terthiophene I and hemicrown

LXIII. The cyclic voltammetry for this copolymer is shown in Fig. 5.51.
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Figure 5.51 Cyclic voltammetry for styryl-15-crown-5
terthiophene:terthiophene hemicrown copolymer
(v=100mVs" 5mMI, 2.5 mM LXIIl, 0.1 M TBAP, 3:1 MeCN:CH,Cl,)

The initial oxidation peak for this copolymer is seen at 0.66 V, the same potential as
both the component monomers. On subsequent oxidation scans, growth is seen at
0.34 V, indicating the formation of longer chain material. The reduction peaks are
seen at 0.34 and 0.24 V, again very similar to those seen for the substituent
monomers. This is not surprising given the structural similarity of the monomers
used. As the polyether chain is not conjugated, it electronically insulates the two

dialkoxystyryl-substituted terthiophenes that it physically tethers together.

Post-polymerisation CVs of the copolymer were carried out in TBAP and several

metal cation solutions, and examples are presented in Fig. 5.52.
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Figure 5.52 Post-polymerisation CVs of 15-crown-5 terthiophene:

hemicrown copolymer in 0.1 M TBAP (top) and 0.1 M LiClO,4 (bottom)
(v=100mV s, MeCN)

Figure 5.52 shows that, while the response of the copolymer to TBAP and LiCIO, is
similar in form, the polymer degrades more quickly in the presence of Li*. This effect
has also been seen for the styryl-15-crown-5 terthiophene homopolymer (Section
5.2.4.2) and its copolymer with terthiophene, and is attributed to complexation
between the crown ether moiety and the lithium cations. The degradation was slightly

faster in the presence of Na* than Li".

A sample of the copolymer was grown onto ITO-coated mylar in order to examine it’s

surface morphology. The growth CV and SEM are presented in Fig. 5.53.
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Figure 5.53 Growth CV and surface morphology of 15-crown-5

terthiophene:hemicrown copolymer film on ITO-coated mylar
(v=100mVs" 5mM 1, 25 mM LXIII, 0.1 M TBAP, 3:1 MeCN:CH,Cl,)

The growth CV for this copolymer onto ITO-coated mylar is more similar to that of
the hemicrowns (Fig. 5.43 and Fig. 5.44), than to that seen for styryl-15-crown-5
terthiophene I (Fig. 5.28). The copolymer film appeared, on a macroscopic scale, to
be covered with a uniform coating. Figure 5.53 shows that this coating is a
continuous film, with small bubble-like and larger globular surface features. A
similar film grown with hemicrown LXI had cracks visible to the naked eye, whereas

microscopic cracks were evident in a film grown using hemicrown LXII.
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In order to investigate the degree of conjugation in the film, samples in both the
neutral and oxidised form were grown onto ITO-coated glass for analysis by
UV/VIS/NIR spectroscopy. The spectra obtained from these samples are shown
below in Fig. 5.54.
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Figure 5.54 UV/VISINIR spectra of styryl-15-crown-5 terthiophene:
hemicrown copolymer in the neutral (left) and oxidised (right) forms

The absorption peaks in the neutral film are at 347 and 480 nm. Comparing these
values with those in Table 5.3 shows that this is typical of this type of sexithiophene
derivative. This is also true of the peaks seen at 349, 499, 740 and 1210 nm for the
oxidised film. Once again, there is no evidence for films containing oligothiophenes
longer than 6 thiophene units. This is not surprising given the asymmetric reactivity

of the terthiophene monomers, and their proven tendency to form dimers.
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Table 5.3 Absorption maxima for electrochemically produced films

and chemically produced dimer films

(v=100 mV s, in MeCN unless otherwise noted, E/V vs Ag/AgNO3)

Compound Aoy / NM Ay / DM Aoy / NM
Neutral film Oxidised film Dimer film

(neutral)

TTh 393 478, 595, 1075

TTh-=-Bz LXXVI 358,482,727, 1185 338,514

TTh-=-BzOMe LXXVII 287, 357, 489, 345,482, 689, 1135 336, 188

524, 563
TTh-=-Bz(OMe), XXVIV 280, 347, 513, 350, 496, 749, 1147 285, 343,510,
555(s) 555 (s)
TTh-=-BzOCOCOC XXIII 499 (s), 523, 345,516, 752,995 (s) 290, 353, 528
578 (s)

TTh-=-BzOCOCOC XXVI 357,510, 695,978 (s) 291, 380, 511

TTh-=-BzOCOCOCOC XXIV 279, 348, 500

TTh-=-BzOCOCOCOC XXVII 280, 349, 489

TTh-=-BzOCOCOCOCOC XXV 282, 343, 485

TTh-=-BzZOCOCOCOCOC XXVIII 285, 345,478

TTh-=-Bz15¢5 1 348, 480 333,469, 753, 1254 357, 499

TTh-=-Bz18c6 11 346, 480

TTh-=-BzOCOCOBz-=-TTh LXI 337,480 331,491, 758, 1225

CH,Cl,

TTh-=-BzOCOCOBz-=-TTh LXI 341,476 341,489, 778, 1270

CH,CI,/MeCN

TTh-=-BzOCOCOBz-=-TTh LXII 336,478 321,494,765, 1219

CH.Cl,

TTh-=-BzOCOCOBz-=-TTh LXII 339,477 334, 189, 756, 1206

CH,Cl./MeCN

TTh-=-BzOCOCOBz-=-TTh LXIII 334,475 333, 496, 789, 1221

CH.CI,

TTh-=-BzOCOCOBz-=-TTh LXIII 341, 468 344, 473,758, 1250

CH.Cl./McCN
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Table 5.4 Peak oxidation and reduction potentials obtained on

electropolymerisation by cyclic voltammetry overtherange +1.0V
(v=100mV s in MeCN unless otherwise noted, E/V vs Ag/AgNO,)

Compound Peak Peak Peak Film?
Potential Potential Potential
Oxidation Reduction Oxidation
1* scan 1 scan 2™ scan

TTh 0.76,0.88 0.33 0.75 (s), 0.94 Yes

TTh-=-BzLXXVI 0.72 0.58,0.24 0.58,0.84 Yes

TTh-=-BzOMe LXXVII 0.66 0.94, 0.48, 0.28,0.71 Yes
0.16, -0.39

TTh-=-Bz(OMe), XXVIV 0.65 0.84, 0.43, 0.68 Yes
0.18,0.11, -

0.32

TTh-=-BzOCOCOC XXIII 0.65 0.86, 0.41, 0.60, 0.67 Yes
0.23,-0.45

TTh-=-BzOCOCOC XXVI 0.64 0.87,0.42, 0.54, 0.67 Yes
0.19,-0.38

TTh-=-BzZOCOCOCOC XXIV 0.65 0.87,0.43, 0.65 No
0.22, -0.44

TTh-=-BzZOCOCOCOC XXVII 0.66 0.86, 0.43, 0.35,0.66 No
0.23,-040

TTh-=-BzOCOCOCOCOC XXV 0.66 0.89, 0.44, 0.33,0.66 No
0.23, -0.46

TTh-=-BzOCOCOCOCOC 0.67 0.86, 0.40, 0.36,0.66 No

XXVIII 0.25, -0.42

TTh-=-Bzi5¢c5 1 0.65 0.91, 0.44, 0.30, 0.66 Yes
0.23,-0.41

TTh-=-Bz18c6 11 0.66 0.94, 0.45, 0.33,0.66 No
0.23,-0.59

TTh-=-BzOCOCOBz-=-TTh LXI 0.88 0.38 (s), 0.23, 0.31, 0.90 Yes

CH,Cl, 0.14 (s), -0.34

TTh-=-BzOCOCOBz-=-TTh LXI 0.68 0.89, 0.44 (s), 0.30, 0.69 Yes

CH.Cl./MeCN 0.33,0.23 (s)

TTh-=-BzOCOCOBz-=-TTh LXII 0.82 0.40,0.22, - 0.30,0.83 Yes

CH.Cl, 0.38

TTh-=-BzOCOCOBz-=-TTh LXII 0.67 0.92,0.46,0.25 | 0.40(s), 0.68 Yes

CH.Cl./MeCN

TTh-=-BzOCOCOBz-=-TTh 0.88 0.40,0.19, - 0.37, 0.90 Yes

LXIII CH.Cl. 0.21

TTh-=-BzOCOCOBz-=-TTh 0.67 0.89,0.47,0.29 0.33,0.68 Yes

LXIII CH,Cl,//MeCN
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5.2.5 Electropolymerisation of thiophene monomers

Previous research carried out by Cutler er al.,'®*'*% *? Smith et al.'®® and Welzel et
al.'® indicates that 3-styryl substituted thiophene compounds do not polymerise to
form conducting polymers (Section 1.5). An attempt was made to polymerise each of
the thiophene monomers synthesised, to confirm that this was also the case for these

new monomers.

5.2.5.1 Electropolymerisation of dialkoxystyryl-substituted

thiophene compounds

Dimethoxystyryl thiophene XXXVI, styryl-15-crown-5 thiophene XV, styryl-18-
crown-6 thiophene XVI and open-chain thiophenes XXX-XXV were polymerised
under the same conditions. In all cases, cyclic voltammograms virtually identical to

that shown below were obtained.

As can be seen from Fig. 5.55, while oxidation occurs, there is no corresponding
reduction. In addition, no visible material was deposited on the electrode, and no
discolouration of the monomer solution was evident. Extending the upper limit to
+1.5 V resulted in a faster loss of current. The initial oxidation peak occurred at
0.73 V for every compound except 18-crown-6 thiophene, where it was seen at
0.78 V. These results are in agreement with previously published research on the
electropolymerisation of 3-styryl substituted thiophenes. Smith et al. attribute the
initial oxidation peak to oxidation of the alkene bond, and the second peak to

oxidation of the thiophene ring itself.'®
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Figure 5.55 Cyclic voltammetry for styryl-15-crown-5 thiophene XV
(v=100mVs™ 10 mM XV, 0.1 M TBAP, MeCN)

5.2.5.2 Electropolymerisation of thiophene hemicrown

compounds

An attempt was also made to electropolymerise the three thiophene hemicrown
compounds LXIV-LXVI. This was unsuccessful, as seen in the growth CV below
(Fig. 5.56). As in the case of the dialkoxystyryl-substituted thiophenes, only
oxidation peaks were observed with no corresponding reduction peaks. The initial
oxidation peak in both CH,CIl, and MeCN/CH,CI, solution was at ca. 0.9 V, at a
higher potential than the monomers investigated in MeCN alone. This is consistent
with results seen earlier for the equivalent terthiophene compounds. Cycling up to
+1.5 V did not lead to any increase in reversibility. When the cathodic limit was
extended to —1.0 V, a peak was seen at —-0.3 V. The nature of the species giving rise

to this peak is uncertain.

Since no films were formed on the electrode surface, UV/VIS/NIR and SEM analysis

could not be performed.
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Figure 5.56 Cyclic voltammetry for thiophene hemicrown LXV

(v=100 mVs’' 5mM LXV, 0.1 M TBAP, CH,Cl, - top)
(v=100mV s’ 5mM LXV, 0.1 M TBAP, 1:1 CH,Cl,:MeCN - bottom)
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5.2.5.3 Styryl-15-crown-5 thiophene copolymer formation

A brief investigation was carried out on the feasibility of creating copolymers of
thiophene monomers with terthiophene. The compound chosen was styryl-15-crown-
5 thiophene XV. It was envisaged that this monomer would give the largest
interaction with metal cations due to the preorganisation of the polyether chain, as
seen for the corresponding terthiophene analogues (Chapter 4). A growth CV of |:1

15-crown-5 thiophene:terthiophene is shown below in Fig. 5.57.

14
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Figure 5,57 Cyclic voltammetry for styryl-15-crown-5 thiophene:

terthiophene copolymer
(v=100mV s”, 5 mM terthiophene, 5 mM XV, 0.1 M TBAP, MeCN)

It can be interpreted from the increasing current with scan number shown in Fig. 5.57,
that an electroactive material can be formed from a 1:1 mixture of terthiophene and
styryl-15-crown-5 thiophene under these conditions. The initial oxidation peak, at
0.75 V, is similar to that seen on oxidation of terthiophene (Section 5.2.1.1), however
the reduction peak (0.50 V) is shifted considerably. This implies that there is a
different species being formed on oxidation, perhaps due to some sort of coupling

between the terthiophene and styryl thiophene monomers.

Post-polymerisation CVs of the copolymer in TBAP and LiCIO, are shown below in
Fig. 5.58.
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Figure 5.58 Post-polymerisation CVs of thiophene crown:terthiophene

copolymer in 0.1 M TBAP (top) and 0.1 M LiCIO, (bottom)
(v=100 mVs™' MeCN)

No significant differences can be seen between the post-polymerisation CVs in TBAP
and LiClO,, as seen in Fig. 5.58. In addition, the shape of these electrochemical
responses is similar to that exhibited by terthiophene (Fig. 5.9), suggesting that the

polymer may consist predominantly of terthiophene.

A sample of this copolymer was grown onto ITO-coated mylar for analysis by SEM.

The growth CV and SEM image of this film are shown in Fig. 5.59.
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Figure 559 Growth CV and SEM of terthiophene:thiophene crown

copolymer on ITO-coated mylar
(v=100 mV s, 5 mM terthiophene, 5 mM XV, 0.1 M TBAP, MeCN)

The onset of oxidation seen in Fig. 5.59 is at the same potential as that seen for
terthiophene under the same conditions (Fig. 5.10). The SEM image above shows

that this copoly mer forms a relatively smooth, continuous film on ITO-coated mylar.
In order to more fully investigate the properties of this copolymer, samples in both the

oxidised and neutral forms were grown onto ITO-coated glass for UV/VIS/NIR

analysis (Fig. 5.60).
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Figure 5.60 UV/VIS/NIR spectra of thiophene crown:terthiophene

copolymer in the neutral (left) and oxidised (right) forms

The UV spectrum of the copolymer in the neutral form shows two peaks, at 317 and
452 nm. The lowest energy peak, while at a longer wavelength than that seen for
films of terthiophene alone, is still only indicative of the presence of a sexithienyl
chromophore. This indicates that there is no extensive conjugation in this copolymer.
Peaks are seen in the spectrum of the copolymer in the oxidised form at 317, 471 and
1147 nm, with a shoulder at 647 nm. Again, these are similar for those obtained for
other terthiophene monomers (Table 5.3), which have been proven to primarily form
dimers. Structural and compositional uncertainty is always an issue when forming
copolymers. In this case, the electrochemical, spectroscopic and morphological
evidence suggests that the copolymer consists predominantly of terthiophene.
Varying the ratios of monomer used could lead to a higher percentage of styryl-
thiophene being incorporated, although there is no certainty that monomer XV would
polymerise at these potentials. Replacing terthiophene in this system with a monomer
that has a higher oxidation potential may be preferable. 3-styryl substituted
thiophenes synthesised by other researchers have been shown to form copolymers,'®*
1% 5o it seems likely that an optimization of conditions could lead to films containing

the styryl thiophene monomers synthesised in this research.
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5.2.6 Electropolymerisation of sexithiophene

compounds

An attempt was also made to electropolymerise the sexithiophene compounds that
had been produced via chemical oxidation of terthiophene monomers (Section 5.1.2).
It seemed unlikely that these compounds would polymerise, given the lack of
evidence seen for the production of oligothiophenes longer than sexithiophene during
chemical or electrochemical polymerisation of terthiophene monomers. However, if
the compounds were to oxidise electrochemically, the potential at which this occurred
would be lower than that needed for terthiophene monomers, due to the extended
conjugation in these molecules. For this reason, the anodic limit for cyclic
voltammetry was set at + 0.75 V. Due to the low solubility of the substituted
sexithiophenes in organic solvents, experiments were carried out with a monomer
concentration of 0.5 - 1.0 mM in CH,Cl,, giving rise to a much smaller current
response than those observed for the terthiophene-based monomers. Although the
exact form of the cyclic voltammograms varied from compound to compound, similar
features were evident. The onset of oxidation for all compounds was between 0.4 -
0.5 V. In most cases there was a single peak, although compound LXXII showed
two distinct peaks, and compounds LXX and LXXIV two very close peaks. The
reduction peaks were very similar for all compounds, with a distinct peak at 0.4 -
0.5 V. The only exception to this was monomer LXXII, which showed two reduction
peaks corresponding to the two observed oxidation peaks. There was no increase in
current with scan number observed for any of the monomers tested, and nor was any
visible film deposited on the working electrode. Instead, the redox peaks appear to be
those for oxidation and reduction of the sexithiophenes in solution, with no coupling
to form higher oligomers. Examples of the cyclic voltammetry for these compounds

are shown in Figs. 5.61 - 5.63.
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Figure 5.61 Cyclic voltammetry for open-chain sexithiophene LXXIII
(v=100mVs™' 1 mM LXXII, 0.1 M TBAP, CH,Cl,)
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Figure 5.62 Cyclic voltammetry for open-chain sexithiophene LXXII
(v=100mVs', 1 mM LXXII, 0.1 M TBAP, CH,Cl,)
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Figure 6.63 Cyclic voltammetry for open-chain sexithiophene LXX
(v=100mVs' 1 mMLXX, 0.1 M TBAP, CH,Cl,)

The lack of reactivity of these oxidised sexithiophene derivatives is consistent with
the rest of the results presented in this thesis. In no case is there evidence for
production of oligomers longer than sexithiophenes, from the dialkoxystyryl-

substituted terthiophenes synthesised.

Similar results have been reported by Roncali et al.”* who investigated the electro-
oxidation of three different alkyl- and alkoxy-substituted sexithiophenes. Cyclic
voltammetry of these compounds gave current responses with two oxidation and two
reduction peaks, which were attributed to the sexithiophene radical and dication.
Repetitive cycling in CH,Cl, led to the deposition of some material on the working
electrode surface. However, this was shown to consist of the sexithienyl dication salt,
rather than higher oligomers, as evidenced by the lack of new peaks in the CV. When
the compounds were cycled in a more polar solvent (MeCN), new oxidation and
reduction peaks were observed at lower potentials than seen for the monomer.
Although the species giving rise to the new peaks were not identified, they were
believed to consist of an extensively conjugated material, produced by radical cation

coupling.

Xu and Horowitz’? investigated the response of sexithiophene to cyclic voltammetry.

Two slight oxidation and reduction peaks were observed, which they attributed to the
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formation of the radical cation and dication. No film was deposited on the surface of
the electrode, and the peak-to-peak separations of ca. 60 mV for each set of peaks
showed that both reactions involved one electron. They then vacuum evaporated
sexithiophene onto an ITO-coated glass electrode. UV/VIS spectra were obtained
before and after the sample was subjected to an oxidizing potential, a red-shift of the

absorption maxima indicating that polymerisation did occur in the solid-state.

5.2.7 Summary

The electrochemical oxidation of a series of new dialkoxystyryl-substituted
terthiophene monomers was investigated using cyclic voltammetry. In general, those
with shorter polyether chains tended to form films on the working electrode surface,
whereas those with longer polyether chains did not. In most cases where films could
be formed, UV/VIS/NIR data (Table 5.3) showed no evidence for the production of
oligothiophenes longer than sexithiophene. It has been shown previously (Section
5.1) that these compounds form isolable dimers when chemically polymerised, due to
an asymmetric reactivity of the terthiophene-based monomer. This leads to the
formation of regioselective dimers in very high yields. An increase in the length of
the attached polyether chain increases the solubility of these dimers in MeCN. It is
believed that in most cases electrochemical oxidation led only to dimers, and that
electrochemical films are not formed from monomers bearing long polyether chains

due to the solubility of the dimers in the electrochemical solvent.

Hemicrown compounds, consisting of two dialkoxystyryl-substituted terthiophenes
linked by a polyether chain, were also electrochemically oxidised. The extent of
polymerisation for films produced from these monomers was unable to be
determined, however it is known from UV/VIS/NIR data that the maximum
conjugation length in the polymers produced was six thiophene units. It appears that

each terthiophene moiety contained in these monomers reacts preferentially at one of
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the two available a-positions, in the same way as seen for the terthiophene-based

monomers.

Analogous monomers containing thienyl or sexithienyl moieties did not form films
under the conditions employed. It is believed that this is caused by oxidation of the
alkene bond for the thiophene-based monomers, and by the stability of the sexithienyl
dication species for the sexithiophene-based monomers. These results are consistent

160. 162-166. 314, 322, 323

with those obtained by previous researchers, and with the results of

chemical polymerisation presented in Section 5.1.
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6

CONCLUSIONS



The aim of this research was to synthesise conducting polymer precursors that could
be used as alkali metal sensors. These compounds include either crown ethers or
polyether chains designed to complex metal cations, and a polymerisable terthiophene
moiety. The two functionalities are connected via a conjugated styryl spacer unit to
reduce unfavourable steric interactions that may inhibit polymerisation. A number of
novel dialkoxystyryl-substituted terthiophenes were successfully synthesised. This
methodology was extended to the formation of cross-linked bis(terthiophene) crown
ethers, as it was believed that these compounds would form more stable network-type
polymers, and may also show an actuation effect on ion complexation. The
insolubility of these compounds meant that they could not be investigated further, so
the structurally-similar hemicrown compounds became the synthetic focus. The
hemicrown compounds consist of two styryl-terthiophene units linked by an ether
chain, and as such can form network-type polymers in the same way. Three isomeric
hemicrowns were successfully synthesised, and were sufficiently soluble to be of use
in further investigations. In order to more fully understand the spectroscopic
properties of the target terthiophenes, the thiophene analogues of the crown ether,
open-chain ether, bis(terthiophene) crown ether and hemicrown compounds were also

successfully synthesised and characterised.

As the terthiophene moiety is both a chromophore and a fluorophore, the response of
the terthiophene crown compounds, open-chain compounds and hemicrowns to a
range of metal cations was investigated by both UV/VIS and fluorescence
spectroscopy. The position of the UV/VIS absorbance maxima was blue-shifted on
complexation of appropriate metal ions, the magnitude of the shift giving an
indication of the binding affinity. Complexation-enhanced quenching of fluorescence
was also observed on addition of metal ions to these compounds. The results
obtained from both UV/VIS and fluorescence studies were in agreement, and
consistent with complexation based on size-fit and charge density of ions. Of the
metal ions studied, a unique response to Pb>* was observed. This is believed to be
due to the soft nature of the Pb* allowing it to interact with both the thienyl sulphur
atoms and the polyether oxygen atoms. In addition, a particularly striking

fluorescence response of styryl-15-crown-5 terthiophene I to Mn® was observed. Itis
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believed that, with some further work, spectroscopic sensors for Pb** or Mn** could be

developed from these compounds.

As the terthiophene monomers were designed as precursors for conducting polymers,
their polymerisation by both chemical and electrochemical means was explored.
Chemical polymerisation of the terthiophene crown monomers and open-chain ether
terthiophene compounds carried out using FeCl, led to the isolation of dimeric
sexithiophene compounds in high yield. While there are three possible isomeric
products that could be formed from dimerisation, characterisation of the pure
sexithiophene products showed that they consisted of a single regiospecific isomer. [t
was elucidated that this unusual regiospecificity was caused by an asymmetric
reactivity of the terthiophene-based monomers. Geometry optimizations on the
monomer radical cations confirmed that electron spin density is unevenly distributed
between the two available a-positions, directing new bond formation to occur
between the two head-a positions. Thus this was discovered to be an excellent high-
yielding synthetic route toward isomerically pure dialkoxystyryl-substituted
sexithiophenes. This dimerisation was investigated further by chemically oxidising
the terthiophene compounds using Cu(Cl0O,), in MeCN, and following the reaction
with UV/VIS/NIR spectroscopy. This allowed the identification of the oxidised
sexithienyl species present. No oxidised terthienyl species were observed, showing
that the terthiophene radical cation is extremely reactive. This is not the case for the
sexithiophene radical cation, which did not react further, even in the presence of an
excess of oxidant. Reduction of these species led to sexithiophene dimers, as seen for

chemical polymerisation using FeCl,.

Electrochemical polymerisation of the terthiophene compounds was carried out by
cyclic voltammetry. The incorporation of oxygen atoms onto the phenyl ring led to a
lowering of the initial oxidation potential, indicating that the alkoxy-styryl
compounds were more easily oxidised than styryl-terthiophene. In general, the
compounds with shorter polyether chains formed adherent films, whereas those with
longer chains did not. This is believed to be due to the solubility of the sexithienyl
species formed. Those that formed adherent films were analysed by UV/VIS/NIR

spectroscopy in both the neutral and oxidised form. The electrochemical and
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spectroscopic evidence again pointed to the formation of dimers as the primary
product of oxidation. Styryl-15-crown-5 terthiophene I formed an adherent
electroactive film under the same conditions used for other samples, however the film
appeared to undergo oxidative degradation at the high potential limit. Growing this
film using a lower oxidation potential led to a film that dissolved slowly on post-
polymerisation cycling in TBAP, and almost instantly in the presence of metal ions.
While this shows that the dimer-film formed is sensitive to metal ions, the tendency
of the film to dissolve limits its analytical utility. As expected due to their structure,
the hemicrown compounds formed films that were considerably more mechanically
stable. However, the films did not show any change in response in the presence of
different metal ions. In addition, due to the asymmetric reactivity common to all
dialkoxystyryl-terthiophenes studied, the maximum conjugation length in the
hemicrown films was still only six thiophene units. The surface morphology of all of
the films formed was investigated by scanning electron microscopy, and showed a
variety of morphologies ranging from discrete coral-like structures, to continuous
films. The electrochemical polymerisation of the thiophene monomers and
sexithiophene dimers was also investigated. None of the thiophene compounds
formed electroactive films on the working electrode surface, rather these compounds
appeared to undergo over-oxidation as seen by other researchers for similar
compounds. The sexithiophene dimers did not couple further, although their
oxidation and reduction in solution could be observed. This result was expected,

given the lack of polymerisation obtained by chemical means.

In order to continue this work to form conducting polymers, the design of the
monomers needs to be readdressed. Currently, a large difference in reactivity
between the head and tail a-positions leads to the formation of dimers. From
literature results, it is believed that grafting long alkoxy chains onto the 4 and 4”
carbons would increase the reactivity of the terminal a-positions, and could lead to a
higher degree of polymerisation. This would also likely increase the solubility of the

resultant polymers, simplifying their processing.
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EXPERIMENTAL

DETAILS



General Experimental Procedures:

'H NMR spectra were obtained either at 270.19 MHz using a JEOL JMN-GX270 FT-
NMR Spectrometer with Tecmag Libra upgrade, or at 400.13 MHz using a Bruker
400 Avance running X-WIN NMR software. The chemical shifts are relative to TMS
or to the residual proton signal in deuterated solvents (CDCl, & 7.27, CD,Cl, & 5.32)
when TMS was not present. "C NMR shifts are relative to CDCI, (8 77.0) or CD,Cl,
(8 53.1). Chemical shifts are reported as position (8), multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, dd = doublet of doublets, m = multiplet), coupling

constant (J Hz), relative integral and assignment.

UV/VIS/NIR spectra were collected on a Shimadzu UV-3101PC UV-VIS-NIR
Scanning Spectrophotometer controlled by a PC running Shimadzu software. AR,

HPLC or spectroscopy grade solvents were always used.

HRMS (FAB and El) was carried out by John Allen at HortResearch, Palmerston
North using a Varian VG70-250S double focusing magnetic sector mass

spectrometer.

Elemental Analysis was carried out in the Campbell Microanalytical Laboratory at the

University of Otago using a Carlo Erba Elemental Analyser EA 1108.

Melting point determinations were performed on a Cambridge Instruments Kofler

hot-stage, and are uncorrected.

Column chromatography was performed using Merck Kieselgel 60 (230-400 mesh),
and thin-layer chromatography using precoated silica gel plates (Merck Kieselgel

“F 5.

The reagents and solvents used in this work came from many different sources, and
were generally AR grade. Chromatography solvents were laboratory grade and were
distilled before use. H,O was reverse osmosis for most applications. Higher purity

H,O was obtained by distilling Milli-Q H,O off activated charcoal. Dry degassed
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CH,CI, and DMF were prepared by distillation of AR grade solvent over CaH, under
a N, atmosphere. Dry toluene, ether, benzene and THF were prepared by passing
argon-degassed solvent through activated alumina columns. N, (oxygen-free) was

passed through a KOH drying column to remove moisture.

Thiophene-3-carbaldehyde, thiophen-3-ylmethyl-phosphonic acid diethyl ester
(thiophene phosphonate), [2,27;5,2”|terthiophene-3’-carbaldehyde and
[2,2%5',2"|terthiophen-3'-ylmethyl-phosphonic acid diethyl ester (terthiophene
phosphonate) were routinely synthesised in our laboratories. Samples for this

research were provided by S. Gambhir, G. Collis and E. Smith.
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2-(2’-[27,2’";5°",2""]Terthiophen-3’* -yl-vinyl)-6,7,9,10,12,13,15,16-

octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecene (l)

(™2
Co )

S /o s
-/ \

a) From crown ether phosphonium salt

10,12,13,15,16-Octahydro-5,8,1 1, 14,1 7-pentaoxa-benzocyclopentadecen-2-
ylmethyl)-triphenyl-phosphonium chloride (104.1 mg, 0.180 mmol) and
[2,2";5',2"|terthiophene-3'-carbaldehyde (63.8 mg, 0.231 mmol, 1.3 eq) were dissolved
in 1,2-dichloroethane under N, and heated to reflux. 1,8-diazabicyclo(5.4.0]undec-7-
ene (80 mL, 0.535 mmol, 3.0 eq) was added in 10 mL aliquots over 1.25 hours. The
solution was left to reflux for 1.75 hours before the solvent was removed under
reduced pressure. Excess terthiophene aldehyde was removed by column
chromatography in CH,CI, before the product was eluted in 1% MeOH. Several
fractions were collected and individually analysed by NMR spectroscopy and TLC
(5% MeOH in CH,Cl,). Fractions containing little or no triphenylphosphine oxide
were pooled and recolumned under the same conditions to yield a pure fraction. Mass

=16.1 mg (17%).

b) From crown ether phosphonate

6,7,9,10,12,13,15,16-Octahydro-5,8,1 1,14,1 7-pentaoxa-benzocyclopenta-decen-2-
ylmethyl)-phosphonic acid diethyl ester (2.5395 g, max 96.6% pure, 5.86 mmol) and
[2,2"5',2"|terthiophene-3'-carbaldehyde (2.0790 g, 7.52 mmol, 1.3 eq) were dissolved
in dry tetrahydrofuran (40 mL) and stirred under N,. Potassium tert-butoxide
(1.6539 g, 14.7 mmol, 2.5 eq) rinsed in with dry tetrahydrofuran (20 mL) was added
and the solution left to stir for 3 hours before the tetrahydrofuran was removed under
reduced pressure. Dichloromethane (100 mL) and water (100 mL) were added, then a

small amount of HCI to bring the solution to neutral pH. The CH,Cl, layer was
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separated, before the aqueous layer was washed with CH,Cl, (2 x 50 mL). The
combined organic layers were washed with water (100 mL), dried over MgSQO,,
filtered and evaporated under reduced pressure. The residue was dissolved in CH,Cl,
and loaded onto a silica column. |2,2%5',2"|Terthiophene was eluted in CH,Cl, before
the product was eluted in 1.5% MeOH. Mass = 2.3103 g (73%, containing
approximately 4% cis isomer). The product was dissolved in dry benzene (90 mL)
under Ar. Three portions of thiophenol (46 uL) and 1,1°-
azobis(cyclohexanecarbonitrile) (52 mg) were added at hourly intervals and the
solution irradiated and heated for three hours. The benzene solution was washed with
IM NaOH (60 mL) and H,O (60 mL) before the benzene layer was separated. The
combined aqueous layer were washed with CH,Cl, (2 x 60 mL) before the combined
organic layers were washed with H,O (60 mL), dried over MgSO,, filtered and
evaporated under reduced pressure. Analysis of NMR spectra at this point showed no
cis isomer remained. The product was redissolved in CH,Cl, and recolumned. The
pure trans product was eluted in 5% MeOH. Removal of the solvent afforded a thick

yellow oil (2.1115 g, 67%).

¢) From terthiophene phosphonate
6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecene-2-
carbaldehyde (0.8368 g, 2.82 mmol) and terthiophene phosphonate (20 mL x
0.14 mmol/mL solution in THF, 2.80 mmol) were dissolved in dry CH,Cl, (20 mL)
and stirred under N,. On addition of potassium tert-butoxide (1.2750 g, 11.36 mmol),
the solution turned briefly dark red, before being left to stir for 30 minutes. H,O
(40 mL) was added, then the solution neutralized with aq. HCl. The organic layer
was separated, before the aqueous layer was washed with CH,Cl, (3 x 30 mL). The
combined organic layers were washed with water (50 mL) and evaporated under
reduced pressure. The yellow residue was dissolved in CH,Cl, and loaded onto a
silica column. A small amount of 1,2-bis(|2°,2”;57,2""|terthiophen-3"-yl)ethene was
eluted in CH,Cl, before the pure trans product was eluted in 2% MeOH and

evaporated to yield a yellow sticky oil (1.4712 g, 97%).

'H NMR (400 MHz, CD,Cl,)  3.76-3.80 (m, 8H, OCH,9, 10, 12, 13); 3.91-3.95 (m,
4H, OCH,7, 15); 4.14-420 (m, 4H, OCH,6, 16); 6.86 (d, 1H, *J = 8.1 Hz, ArH4);
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6.97 (d, IH, *J = 16.1 Hz, H,,,y1"); 7.03-7.06 (m, 2H, ArH1,3); 7.05 (dd, I H, J =
5.1 Hz, *J = 3.6 Hz, ThH4””); 7.13 (dd, 1H, *J = 5.2 Hz, *J = 3.6 Hz, ThH4"); 7.20
(dd, 1H,J = 3.6 Hz, *J = 1.2 Hz, ThH3"); 7.21 (d, 1H, *J = 16.1 Hz, H,,,,2"); 7.22
(dd, IH, *J = 3.6 Hz, *J = 1.2 Hz, ThH3"); 7.26 (dd, 1H, *J = 5.1, *J = 1.2 Hz,
ThH5""); 7.39 (dd, 1H,*J = 5.1 Hz,*J = 1.2 Hz, ThH5"); 7.40 (s, | H, ThH4™).

“C NMR (100.6 MHz, CD,Cl,) & 68.30CH,; 68.5 OCH,; 68.9 OCH,; 69.0 OCH,;
69.8 OCH,; 69.8 OCH,; 70.4 OCH,; 704 OCH,; 111.2 ArCI; 113.2 ArC4;119.3
Clingi2'5 119.8 ArC3;121.9 ThC4”’; 123.8 ThC3™"; 124.6 ThC5""; 126.0 ThC5™;
126.5 ThC3"; 127.5 ThC4”; 127.6 ThC4""; 130.1 ArC2;130.3 C,;,,,1"; 130.4 ThC2™";
134.9 ThC2”; 135.5 ThC5™’; 136.2 ThC3’; 136.3 ThC2””; 148.9 ArCO; 148.9
ArCO.

Electronic spectrum (MeCN) A, nm/(log €) 329.0 (4.57).

HRMS (FAB) M" calc 540.1099, found 540.1128.

2-(2’-[2”,2’";5’",2""]Terthiophen-3"’-yl-vinyl)-6,7,9,10,12,13,15,16,18,19-

decahydro-5,8,11,14,17,20-hexaoxa-benzocyclooctadecene (Il)

a) From crown ether phosphonate
(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-

hexaoxabenzocyclooctadecen-2-yImethyl)-phosphonic acid diethyl ester (1.5467 g,
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3.34 mmol) and |2,2";5',2"|terthiophene-3'-carbaldehyde (1.2026 g, 4.35 mmol,
1.3 eq) were dissolved in dry tetrahydrofuran (30 mL) and stirred under N,.
Potassium tert-butoxide (0.5600 g, 4.99 mmol, 1.5 eq) was added in five portions at
half-hourly intervals and the solution left to stir for a further 30 minutes before the
tetrahydrofuran was removed under reduced pressure. The product was redissolved in
CH,Cl, and loaded onto a silica column. A small amount of [2,2";5',2"|terthiophene
was eluted in CH,Cl, before the product was eluted as a cis:trans mixture (1:49) in
5% MeOH. The product was then dissolved in dry benzene (40mL) under Ar. Three
portions of thiophenol (20 uL) and 1,1’-azobis(cyclohexanecarbonitrile) (22 mg)
were added at hourly intervals and the solution irradiated with heating for a total of
3 hours. The solution was washed with 1| M NaOH (30 mL) and H,O (30 mL) before
the combined aqueous extracts were washed with CH,Cl, (2 x 30 mL). The combined
organic layers were then washed with H,O (50 mL), dried over MgSQ,, filtered and
evaporated. Analysis by NMR spectroscopy at this point showed no cis isomer
remaining. The product was dissolved in CH,Cl, and columned on silica.
Evaporation of the pure trans product eluted in 5% MeOH gave a yellow sticky oil

(0.8023 g, 41%).

b) From terthiophene phosphonate

Terthiophene phosphonate (40 mL x 0.135 mmol/mL solution in THF, 5.40 mmol)
and 6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxa-
benzocyclooctadecene-2-carbaldehyde (1.8380 g, 5.40 mmol) were stirred in dry
CH,Cl, (40 mL) under N, before potassium tert-butoxide (2.4140 g, 21.5 mmol) was
added, causing the solution to go temporarily dark red. After stirring at room
temperature for 30 minutes, CH,Cl, (20 mL) and H,O (100 mL) were added and the
solution acidified with aq. HCl. The organic layer was separated and the aqueous
layer extracted with CH,Cl, (50 mL) before the combined organic layers were washed
with H,O (80 mL) and the solvent removed under reduced pressure. The sticky
orange/brown residue was dissolved in CH,Cl, and purified by flash column
chromatography on silica. 1,2-bis(]2°,27;5”,2”’| Terthiophen-3”-yl)ethene was eluted
in CH,Cl, (85.8 mg, 6% ) before the desired product was eluted in 2% MeOH.
Removal of the solvent afforded 2-(2°-127,2°"*;5°",2”” |terthiophen-3"""-yl-vinyl)-
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6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecene as a dark yellow oil (2.8342 g, 89%).

'H NMR (400 MHz, CD,Cl,) & 3.61 (s, 4H, OCH,12, 13); 3.62-3.65 (m, 4H, OCH,10,
15); 3.68-3.70 (m, 4H, OCH,9, 16); 3.83-3.87 (m, 4H, OCH,7, 18); 4.12-4.17 (m, 4H,
OCH,6, 19); 6.84 (d, 1H, *J = 8.2 Hz, ArH4); 7.00 (d, 1H, *J = 16.3 Hz, H,,,,1");
7.01-7.05 (m, 2H, ArHI, 3); 7.05 (dd, 1H,*J = 5.1 Hz, *J = 3.6 Hz, ThH4™); 7.13
(dd, 1H, *J = 5.1 Hz, J = 3.6 Hz, ThH4"); 7.22 (dd, |H, *J = 3.6 Hz, *J = 1.2 Hz,
ThH3"); 7.23 (d, 1H, *J = 16.1 Hz, H,,,,;2"): 7.23 (dd, 1H,*J = 3.7 Hz, *J = 1.1 Hz,
ThH3""); 7.28 (dd, 1H, *J =5.1 Hz, *J = 1.1 Hz, ThH5™"); 7.41 (dd, 1H, *J = 5.1 Hz,
4J = 1.2 Hz, ThH5"); 7.44 (s, |H, ThH4™).

PC NMR (100.6 MHz, CD,Cl,) & 68.00CH,; 68.0 OCH,; 68.8 OCH,; 68.9 OCH,;
69.9 OCH,; 69.9 OCH,; 70.0 OCH,; 70.0 OCH,; 70.1 OCH,; 70.1 OCH,; 110.4
ArCl; 112.4 ArC4;119.2 C;,,27; 119.5 ArC3; 121.9 ThC4”’; 123.8 ThC3™™"; 124.5
ThC5””; 126.0 ThC5”; 126.5 ThC3”; 127.5 ThC4”; 127.6 ThC4””; 130.0 ArC2;
130.1 C,y 17 130.3 ThC2™; 1349 ThC2”; 135.4 ThC5™; 136.2 ThC3™’; 136.3
ThC27”; 148.4 ArCO; 148.4 ArCO.

Electronic spectrum (MeCN) A, nm/(log €) 330.0 (4.58).

max

HRMS (FAB) M" calc 584.1361, found 584.1387.

(6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-
benzocyclopentadecen-2-ylmethyl)-triphenyl-phosphonium chloride (lll)

I Q/O
Ca 7
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2-Chloromethyl-6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-pentaoxa-

benzocyclopentadecene (1.0924 g, 3.45 mmol) and triphenylhosphine (1.5203 g,
5.80 mmol) were dissolved in toluene (10 mL), then heated to reflux for 21 hours.
The reaction mixture was diluted with hexane (15 mL) and cooled to room
temperature before cooling in ice. The precipitate that formed was separated by
filtration and dried under vacuum. The dry precipitate was then ground up,
recrystallised from CH,Cl,/toluene, and recovered by filtration on a 0.45 um HVLP
membrane (Millipore) to give the 15-crown-5 phosphonium salt as a white solid

(1.239 g, 62%).

'H NMR (400 MHz, CDCl,) & 3.62-3.67 (m, 12H, OCH,); 3.79-3.80 (m, 2H, OCH,);
3.95-3.96 (m, 2H, OCH,); 5.14 (d, 2H, *J,,, = 13.8 Hz, CH,P); 6.44 (dd, IH, *J =
8.3 Hz, *J = 2.4 Hz, ArH3); 6.51 (d, 1 H, *J = 8.3 Hz, ArH4); 6.70 (d, 1H, */ = 2.0 Hz,
ArH1); 7.54-7.69 (m, 15H, ArH).

P NMR (162.0 MHz, CDCl,) & 23.8 PPh,.

Electronic spectrum (CHCl;) A, nm/(log €) 269.0 (3.77), 276.0 (3.78).

HRMS (FAB) (M-CI)" calc 543.2300, found 543.2325.

(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecen-2-ylmethyl)-triphenyl-phosphonium chloride (IV)

{"”Em%

&)

IO
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2-Chloromethyl-6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecene (0.6230 g, 1.727 mmol) and triphenylphosphine (0.7651 g,
2.917 mmol, 1.7 eq) were dissolved in dry toluene (10 mL). The solution was heated
to reflux for 20 hours before being diluted with toluene (10 mL) and cooled to room
temperature. The solution was cooled in ice before being filtered through a 0.45 pum
HVLP membrane filter (Millipore). After drying under vacuum, the phosphonium

salt was obtained as a white solid (0.731 g, 68%).

'H NMR (400 MHz, CDCl,) & 3.57-3.69 (m, 12H, OCH,); 3.79-3.81 (m, 4H, OCH,);
3.96-3.98 (m, 4H, OCH,); 5.14 (d, 2H, 2Jc_p= 13.8 Hz, CH,P); 6.44 (d, 1H,*J =
8.6 Hz, ArH); 6.50 (d, |H, *J = 8.4 Hz, ArH); 6.68 (s, IH, ArHI); 7.54-7.69 (m, 15H,
ArH).

*'P NMR (162.0 MHz, CDCl,) § 23.6.

Electronic spectrum (CHCI,) kmax nm/(log €) 269.5 (3.83), 276.0 (3.83).

HRMS (FAB) (M-Cl)* calc 587.2563, found 587.2559.

6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-
benzocyclopentadecene-2-carbaldehyde (V)

A,
@O\jﬂ

6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,1 7-pentaoxa-benzocyclopentadecene-2-

carbaldehyde was prepared according to the method of Ungaro, El Haj and Smid."
3,4-dihydroxybenzaldehyde (5.00 g, 0.036 mol) and sodium hydroxide (3.00 g,
0.075 mol) were stirred under N, in |-butanol (50 mL). 1,I1-dichloro-3,6,9-
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trioxaundecane (8.32 g, 0.036 mol) was added and the mixture refluxed for 27 hours
before cooling to room temperature. The solution was acidified with 18% HCI, the
solids filtered out and washed with methanol and the solvent removed under reduced
pressure. The oily residue was adsorbed onto silica and extracted with heptane for
26 hours using a soxhlet apparatus. The heptane was removed and the product
solidified from 3:2 isopropyl alcohol:hexane. After the product was filtered, washed
with hexane and dried under vacuum, 6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-
pentaoxa-benzocyclopentadecene-2-carbaldehyde was obtained as a white solid

(4.37 g, 41%, lit. 40%").

Spectroscopic properties were in agreement with published data.'

6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-hexaoxa-
benzocyclooctadecene-2-carbaldehyde (VI)

o™ o
et
o/

6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecene-2-carbaldehyde was prepared according to the method of
Ungaro, El Haj and Smid." 3,4-dihydroxybenzaldehyde (5.00 g, 0.036 mol) and
sodium hydroxide (3.00 g, 0.075 mol) were stirred under N, in |-butanol (50 mL).
1,14-dichloro-3,6,9,12-tetraoxaundecane (9.91 g, 0.036 mol) was added and the
mixture refluxed for 27 hours before cooling to room temperature. The solution was
acidified with 18% HCI, the solids filtered and washed with methanol and the solvent
removed under reduced pressure. The oily residue was adsorbed onto silica and
extracted with heptane for 26 hours using a soxhlet apparatus. The heptane was
removed and the product solidified from 3:2 isopropyl alcohol:hexane. After the

product was filtered, washed with hexane and dried under vacuum, the title compound
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was obtained as a white solid (6.669 g, 54%, lit. 25%"°).

Spectroscopic properties were in agreement with published data.'

(6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-

benzocyclopentadecen-2-yl)-methanol (VII)
A
(\ OH\OH
o
a
Cols

6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecene-2-
carbaldehyde (6.0400 g, 20.38 mmol) was dissolved in 1:1 THF:ethanol (60 mL)
before sodium borohydride (0.8045 g, 21.27 mmol) was added and the solution left to
stir under Ar for 17 hours. The reaction was quenched by the slow addition of 1M
HCI (50 mL). After the cessation of effervescence, the product was extracted with
CH,Cl, (3 x 50 mL). The combined organic extracts were washed with H,O (50 mL),
dried with MgSO,, filtered and evaporated to yield the title compound as an oil which
could be solidified by treatment with isopropyl alcohol and hexane (5.43 g, 89%, lit.
64% using LiAl*").

'H NMR (270.2 MHz, CDCl,) 8 2.52 (brs, I1H, OH); 3.74 (s, 8H, OCH,9, 10, 12, 13);
3.86-3.90 (m, 4H, OCH,7, 17); 4.09-4.12 (m, 4H, OCH,6, 16); 4.56 (s, 2H, ArCH,);
6.78-6.88 (m, 3H, ArH1, 3, 4)

“C NMR (68.1 MHz, CDCl,) & 65.0 CH,OH; 68.8 OCH,; 69.1 OCH,; 69.5 OCH,;

70.4 OCH,; 71.0 OCH,; 112.9 ArC; 113.8 ArC; 119.7 ArC; 134.3 ArC; 148.3 ArCO;
149.0 ArCO.
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(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecen-2-yl)-methanol (VIil)

.
NS A

NN

Formylbenzo-18-crown-6 (3.6131 g, 10.6 mmol) was dissolved in 1:1 THF:ethanol
(60 mL) before sodium borohydride (0.4030 g, 10.7 mmol) was added and the
solution left to stir under Ar for 20 hours. The reaction was quenched by the slow
addition of IM HCI (50 mL), and after the cessation of effervescence, was extracted
with CH,CIl, (3 x 45 mL). The combined organic extracts were washed with H,O
(60 mL), dried with MgSO,, filtered and evaporated to leave an oil. Some further
impurities were removed by vacuum distillation, leaving the title compound

(2.5305 g, 70%).

'H NMR (270.2 MHz, CDCl,) 6 2.82 (br s, |H, OH); 3.64-3.77 (m, 12H, OCH,9, 10,
12,13, 15, 16); 3.89-3.92 (m, 4H, OCH,7, 18); 4.12-4.16 (m, 4H, OCH,6, 19); 4.57
(s, 2H, ArCH,); 6.80-6.90 (m, 3H, ArH1, 3, 4).

“C NMR (68.1 MHz, CDCl;) 8 65.0 CH,OH; 69.0 OCH,; 69.1 OCH,; 69.6 OCH,;

70.5 OCH,; 70.6 OCH,; 70.7 OCH,; 70.8 OCH,; 113.0 ArC; 113.8 ArC; 119.8 ArC;
134.2 ArC; 148.3 ArCO; 148.8 ArCO.

2-Chloromethyl-6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-pentaoxa-

benzocyclopentadecene (I1X)

1
C:@ﬁ
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The title compound was prepared according to the method of Hyde et al.*"
Hydroxymethylbenzo-15-crown-5 (5.43 g, 18.2 mmol) was dissolved in dry benzene
(10 mL) and thionyl chloride (2.8 mL, 4.57 g, 38.4 mmol) in benzene (10 mL) added.
The solution was left to stir under Ar for 2 hours before H,O (50 mL) was added and
the benzene layer separated. The aqueous layer was extracted with CH,Cl, (3 x
50 mL) before the combined organic extracts were washed with H,O (50 mL), dried
over MgSO,, filtered and evaporated. The title compound was obtained by
recrystallisation with petroleum ether (b.p. 40-60°C) to yield a white solid (1.7912 g,
28%).

'H NMR (270.2 MHz, CDCl;) & 3.75 (s, 8H, OCH,9, 10, 12, 13); 3.88-3.92 (m, 4H,
OCH,7, 15); 4.11-4.16 (m, 4H, OCH,6, 16); 4.53 (s, 2H, CH,Cl); 6.81 (d,*/ = 8.8 Hz,
ArH4); 6.89-6.93 (m, 2H, ArH1, 3).

“C NMR (68.1 MHz, CDCl;) & 46.6 CH,CI; 69.0 OCH,; 69.5 OCH,; 70.5 OCH,;
71.1 OCH,; 113.6 ArC; 114.3 ArC; 121.6 ArC; 130.3 ArC; 149.0 ArCO; 149.2
ArCO.

2-Chloromethyl-6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-
hexaoxa-benzocyclooctadecene (X)

The title compound was prepared according to a method similar to that published by

1.2“

Hyde et a Hydroxymethylbenzo-18-crown-6 (2.5305 g, 7.39 mmol) was
dissolved in dry benzene (20 mL) and thionyl chloride (1.10 mL, 1.79 g, 15.08 mmol)
in benzene (15 mL) added. The solution was left to stir under Ar for 2 hours before

H,O (20 mL) was added and the benzene layer separated. The aqueous layer was
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extracted with CH,Cl, (5 x 20 mL) before the combined organic extracts were washed
with H,O (50 mL), dried over MgSQ,, filtered and evaporated. The title compound
was obtained by recrystallisation with petroleum ether (b.p. 40-60°C) to yield a white
solid (0.7725 g, 29%).

'H NMR (270.2 MHz, CDCl,) 6 3.63-3.76 (m, 12H, OCH,9, 10, 12, 13, 15, 16); 3.88-
3.92 (m, 4H, OCH,7, 18); 4.12-4.17 (m, 4H, OCH,6, 19); 4.52 (s, 2H, CH,C]); 6.81
(d, *J = 8.8 Hz, ArH4); 6.87-6.90 (m, 2H, ArH|1, 3).

“C NMR (68.1 MHz, CDCl,) 8 46.5 CH,CI; 69.1 OCH,; 69.5 OCH,; 70.5 OCH,;
70.6 OCH,; 70.7 OCH,; 70.8 OCH,; 113.7 ArC; 114.4 ArC; 121.6 ArC; 130.3 ArC;
148.9 ArCO; 149.0 ArCO.

2-[2’-(4”-Nitro-phenyl)-vinyl]-6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-
pentaoxa-benzocyclopentadecene (XI)

-
ﬂ“
*

10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecen-2-

ylmethyl)-triphenyl-phosphonium chloride (100.9 mg, 0.174 mmol) and 4-
nitrobenzaldehyde (39.8 mg, 0.263 mmol, 1.5 eq) were dissolved in dry CH,Cl,
(5 mL) and stirred under N,. 1,8-diazabicyclo|5.4.0Jundec-7-ene (130 mL,
0.869 mmol, 5.0 eq) was added and the solution left to stir for 4.5 hours. The product
was subjected to column chromatography, and fractions collected in CH,Cl,, 1%
MeOH/CH,Cl, and 2% MeOH/CH,Cl,. The fractions collected in CH,Cl, and 1%
MeOH were separately subjected to column chromatography (1% MeOH/CH,Cl,) and

several subfractions collected from each. Subfractions were individually analysed by
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NMR spectroscopy and TLC (5% MeOH/CH,Cl,), and those containing only product
were combined and the solvent removed by reduced pressure to yield the trans

product as a yellow solid (21.1 mg, 29%).

'"H NMR (400 MHz, CDCl,) & 3.78 (s, 8H, OCH,9, 10, 12, 13); 3.92-3.96 (m, 4H,
OCH,7, 15); 4.17-4.23 (m, 4H, OCH,6, 16); 6.88 (d, I H,*J = 8.8 Hz, ArH4); 6.99 (d,
IH,*J = 16.2 Hz, H,,,,2); 7.09-7.11 (m, 2H, ArHI, 3); 7.19 (d, 1H, *J = 16.2 Hz,
H,i,1); 7.60 (d, 2H, *J = 8.8 Hz, ArH2", 6™); 8.21 (d, 2H, *J = 8.6 Hz, AtH3", 57).

“C NMR (100.6 MHz, CDCl,) 8 68.7 OCH,; 69.1 OCH,; 69.4 OCH,; 69.5 OCH,;
70.3 OCH,; 70.4 OCH,; 71.0 OCH,; 71.0 OCH,; 111.9 ArC3; 113.4 ArC4; 121.4
ArCl; 124.1 ArC3”, 57,1243 C,,,,2°; 126.5 ArC2", 67; 129.6 ArC2; 133.1 C,;,,1";
144.1 ArC17; 146.4 ArC4”; 149.2 ArCO; 150.1 ArCO.

vinyl

Electronic spectrum (MeCN) A, nm/(log €) 278.5 (3.54), 382.5 (3.86).

HRMS (EI) M" calc 415.1631, found 415.1626.

2-[2’-(4”-Nitro-phenyl)-vinyl]-6,7,9,10,12,13,15,16,18,19-decahydro-
5,8,11,14,17,20-hexaoxa-benzocyclooctadecene (XII)

IO |

e

o/

(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,1 1,14,17,20-hexaoxa-

benzocyclooctadecen-2-ylmethyl)-triphenyl-phosphonium chloride (106.4 mg,
0.1708 mmol) and 4-nitrobenzaldehyde (35.3 mg, 0.2336 mmol, 1.4 eq) were stirred
in dry CH,Cl, under Ar. 1,8-diazabicyclo[5.4.0]undec-7-ene (75 mL, 0.502 mmol,
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2.9 eq) was added and the solution was left to stir for 4 hours. The solvent was
removed under reduced pressure to give a yellow oily/solid. This material was
subjected to column chromatography and the product eluted in 2% MeOH/CH,CI, to
give a 1:1 mixture of cis and rrans products as a yellow solid (104.8 mg). The
product was dissolved in dry CH,Cl, (10 mL) and stirred under N,. I, (140 mg, 3 eq)
was added and the solution left to stir, shielded from light, for 3.5 hours. Saturated
Na,S,0, (25 mL) was added and the solution left to stir overnight before the mixture
was diluted with H,O (30 mL) and the yellow organic layer was separated. The
aqueous layer was washed with CH,Cl, (3 x 10 mL), before the combined organic
layers were washed with H,O (20 mL), dried over MgSO,, filtered and evaporated.
The yellow solid product was purified by column chromatography (CH,Cl,, 1%
MeOH/CH,Cl,, 2% MeOH/CH,Cl,) and multiple fractions collected. Fractions were
analysed by TLC (5% MeOH/CH,Cl,) and 'H NMR spectroscopy, and those
containing pure product were combined to leave the title compound as a yellow solid

(7.0 mg, 9%).

'H NMR (400 MHz, CD,Cl,) 8 3.62 (s, 4H, OCH, 12, 13); 3.64-3.67 (m,4H, OCH, 10,
15); 3.69-3.71 (m, 4H, OCH,9, 16); 3.85-3.90 (m, 4H, OCH,7, 18);4.15-4.21 (m, 4H,
OCH,6, 19); 6.88 (d, IH, *J = 8.8 Hz, ArH4); 7.04 (d, IH, *J = 16.3 Hz, H,;,2):7.11
(dd, 1H, %/ = 8.8 Hz, *J = 1.9 Hz, ArH3); 7.11 (d, IH, *J = 2.0 Hz, ArH1); 7.24 (d,
IH, *J = 16.3 Hz, H,,17); 7.63 (d, 2H, *J = 8.7 Hz, ArH2”, 67); 8.19 (d, 2H, *J =
8.9 Hz, ArH3",57).

3C NMR (100.6 MHz, CD,Cl,) 8 67.9 OCH;; 68.0 OCH,; 68.8 OCH,; 68.8 OCH,;
69.9 OCH,; 69.9 OCH,; 70.0 OCH,: 70.1 OCH,; 110.2 ArCl; 112.2 ArC4; 120.6
ArC3; 123.7 ArC3”, 57 123.8 C,,,,2"; 126.2 ArC2”, 6”; 128.9 ArC2; 132.7 C,,,,I";
144.0 ArC17; 146.1 ArC4"; 148.5 ArCO:; 149.3 ArCO.

vinyl

Electronic spectrum (MeCN) A nm/(log €) 383.5 (4.27), 280.5 (3.95).

HRMS (FAB) M" calc 459.1893, found 459.1881.
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(6,7,9,10,12,13,15,16-Octahydro-5,8,11,14,17-pentaoxa-benzocyclopenta-
decen-2-ylmethyl)-phosphonic acid diethyl ester (XIII)

<0\O/\!) Q0
- \j:@v’zo N

2-Chloromethyl-6,7,9,10,12,13,15,16-octahydro-5,8,1 1,14,17-pentaoxa-
benzocyclopentadecene (4.8371 g, 15.3 mmol) was heated to reflux with triethyl
phosphite (80 mL, as the solvent) and allowed to reflux for 24 hours under Ar. The
reaction mixture was cooled to room temperature before the majority of the triethyl
phosphite was removed under vacuum (0.0l mm Hg) at room temperature, with
subsequent heating to 100°C. This yielded the impure 15-crown-5 phosphonate as a
pale oil (6.6133 g, <100%).

'H NMR (400.1 MHz, CDCl,) 8 1.23 (t, 6H, *J = 7.1 Hz, CH,); 3.05 (d, 2H, °J,, ,=
21.2 Hz, CH,P); 3.74 (s, 8H, OCH,); 3.87-3.89 (m, 4H, OCH,); 3.99 (q, 4H, *J =
7.0 Hz, POCH,); 4.08-4.13 (m, 4H, OCH,); 6.78-6.83 (m, 3H, ArH]1, 3, 4).

“C NMR (100.6 MHz, CDCl,) & 16.3 CH,; 33.0 'J,.,= 138.8 Hz, CH,P; 62.1 POCH,;
68.7 OCH,; 68.9 OCH,; 69.4 OCH,; 69.5 OCH,; 70.3 OCH,; 70.3 OCH,; 70.9
OCH,6, 16; 113.9 ArC; 115.4 ArC; 122.4 ArC; 124.2 ArC; 148.0 ArCO; 148.9
ArCO.

*'P NMR (162.0 MHz, CDCl,) 8 28.0.

Electronic spectrum (MeCN) A, nm/(log €) 203.0 (4.59), 231.5 (3.88), 282.0 (3.44).

max

HRMS (FAB) MH" calc 419.1835, found 419.1842.
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(6,7,9,10,12,13,15,16,18,19-Decahydro-5,8,11,14,17,20-
hexaoxabenzocyclooctadecen-2-ylmethyl)-phosphonic acid diethyl ester
(XIV)

7
g ojg\j“r’”j

J Y

2-Chloromethyl-6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxa-
benzocyclooctadecene (5.0458 g, 14.0 mmol) was heated to reflux with triethyl
phosphite (80 mL, as the solvent) and allowed to reflux for 23 hours under Ar. The
reaction mixture was cooled to room temperature before the majority of the triethyl
phosphite was removed under vacuum (0.0lmm Hg) at room temperature, then with
heating up to 100°C. This yielded the impure (6,7,9,10,12,13,15,16,18,19-decahydro-
5,8,11,14,17,20-hexaoxabenzocyclooctadecen-2-ylmethyl)-phosphonic acid diethyl
ester as a pale oil (5.8276 g,90%).

'H NMR (400.1 MHz, CDCl,) & 1.22 (t, 6H, *J = 7.1 Hz, CH,); 3.05 (d, 2H, J,, , =
21.2 Hz, CH,P); 3.66 (s, 4H, OCH,); 3.69-3.71 (m, 4H, OCH,); 3.74-3.75 (m, 4H,
OCH,); 3.88-3.91 (m, 4H, OCH,); 3.96-3.99 (m, 4H, POCH,); 4.10-4.13 (m, 4H,
OCH,); 6.79-6.84 (m, 3H, ArHI, 3, 4).

*C NMR (100.6 MHz, CDCl,) & 16.3 CH,; 32.6 'J,.,= 138.8 Hz, CH,P; 62.0 POCH,;
69.0 OCH,; 69.1 OCH,; 69.5 OCH,; 69.6 OCH,; 70.6 OCH,; 70.7 OCH,; 70.7 OCH,;
70.8 OCH,; 114.1 ArC; 115.6 ArC; 122.4 ArC; 124.3 ArC; 147.9 ArCO; 148.8

ArCO.

P NMR (162.0 MHz, CDCl,) 4 27.8.
Electronic spectrum (MeCN) )»max nm/(log €) 203.5 (4.57),233.0 (3.91), 281.0 (3.56).

HRMS (FAB) M calc 462.2019, found 462.2025.
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2-(2’-Thiophen-3”-yl-vinyl)-6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-
pentaoxa-benzocyclopentadecene (XV)

(6,7,9,10,12,13,15,16-Octahydro-5,8,1 1,14,17-pentaoxa-benzocyclopenta-decen-2-
ylmethyl)-phosphonic acid diethyl ester (2.0055 g, max 96.6% pure, 4.63 mmol) and
thiophene-3-carbaldehyde (0.6019 g, 5.37 mmol) were stirred in dry THF (35 mL)
before potassium tert-butoxide (1.0822 g, 9.64 mmol) was added and the solution left
to stir at room temperature under N, for 3 hours. The reaction mixture was
neutralized with 2M HCI and the solvent removed under reduced pressure. The
product was dissolved in CH,Cl, (40 mL) and H,O (40 mL), the organic layer
separated and the aqueous washed with CH,Cl, (20 mL). The combined organic
layers were washed with H,O (20 mL), dried with activated neutral Al,O,, filtered and
dried under vacuum to give a creamy coloured solid. Recrystallisation from
CH,Cl,/hexane afforded an off-white solid, melting point = 139-142°C (0.7162 g,
41 %).

'H NMR (400 MHz, CDCl,) & 3.77 (s, 8H, OCH,9, 10, 12, 13); 3.91-3.95 (m, 4H,
OCH,7, 15); 4.14-4.16 (m, 2H, OCH,6); 4.18-4.20 (m, 2H, OCH,16); 6.83 (d, 1 H, *J
= 8.2 Hz, ArH4); 6.87 (d, 1H, *J = 16.3 Hz, H,,,,1'); 6.98 (d, 1H, *J = 16.2 Hz,
H,,2"); 7.00 (dd, 1H, °J = 8.2 Hz, *J = 2.0 Hz, ArH3); 7.02 (d, IH, *J = 1.9 Hz,
ArH1); 7.21-7.22 (m, | H, ThH4"); 7.30-7.33 (m, 2H, ThH2", 57).

”C NMR (100.6 MHz, CDCl,) 8 68.8 OCH,; 69.0 OCH,; 69.4 OCH,; 69.5 OCH,;
70.3 OCH,; 70.4 OCH,; 70.9 OCH,; 71.0 OCH,; 111.3 ArCl; 113.8 ArC4; 120.1
ArC3;121.2 C,;,,2"; 121.6 ThC4™; 124.8 ThC2™; 126.1 ThC57; 128.3 C,;,,17; 130.8
ArC2; 140.1 ThC3”; 148.8 ArCO; 149.1 ArCO.

vinyl
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Electronic spectrum (MeCN) )\max nm/(log €) 216.0 (4.27), 298.5 (4.39), 318.0 (4.41).

HRMS (FAB) M" calc 376.1344, found 376.1340.

Anal. Calculated for C,,H,,0,S: C, 63.81; H, 6.43: S, 8.52. Found: C, 62.72; H,
6.78; S, 7.99.

2-(2’-Thiophen-3”-yl-vinyl)-6,7,9,10,12,13,15,16,18,19-decahydro-
5,8,11,14,17,20-hexaoxa-benzocyclooctadecene (XVI)

ahe
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Thiophen-3-ylmethyl-phosphonic acid diethyl ester (0.2063 g, 0.88 mmol) and
formylbenzo-18-crown-6 (0.3066 g, 0.90 mmol) were dissolved in dry CH,Cl, (5 mL)
before potassium tert-butoxide (0.1980 g, 1.76 mmol) was added and the solution left
to stir at room temperature under N, for 1 hour. H,0O (10 mL) was added and
neutralized with 2M HCI. CH,Cl, (10 mL) was added and the organic layer
separated. The aqueous layer was washed with CH,Cl, (10 mL) before the combined
organic layers were washed with H,O (20 mL) and the solvent removed under
reduced pressure. The yellow residue was dissolved in CH,Cl, and purified by
column chromatography on silica. A cream-coloured fraction eluted in 2:98
MeOH:CH,Cl, was washed with distilled H,O, then dried to yield an off-white solid,
melting point = 80-83°C (0.2300 g, 62%).
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'"H NMR (400 MHz, CD,Cl,) & 3.62 (s, 4H, OCH, 12, 13); 3.63-3.66 (m, 4H, OCH, 10,
15); 3.68-3.71 (m, 4H, OCH,9, 16); 3.83-3.88 (m, 4H, OCH,7, 18); 4.12-4.14 (m, 2H,
OCH,6); 4.16-4.19 (m, 2H, OCH,19); 6.83 (d, I H, "/ = 8.2 Hz, ArH4); 6.89 (d, I H, *J
=16.3 Hz, H,;,,1"): 6.99-7.01 (m, IH, ArH3); 7.01 (d, 1H,*J = 16.0 Hz, H,;,,,2"); 7.03
(d, 1H, %/ = 2.0 Hz, ArH1); 7.24-7.25 (m, 1H, ThH 4”); 7.32-7.35 (m, 2H, ThH 2",
57).

“C NMR (100.6 MHz, CD,Cl,) 4 68.0 OCH,; 68.0 OCH,; 68.9 OCH,; 68.9 OCH,;
69.9 OCH,; 69.9 OCH,; 70.0 OCH,; 70.1 OCH,; 109.8 ArCl; 112.4 ArC4; 119.3
ArC3;120.5 C,;,,2"; 121.3 ThC4™; 124.4 ThC2™; 125.8 ThC5™; 128.0 C,;, 175 130.1
ArC2;140.0 ThC3™; 148.2 ArCO; 148.4 ArCO.

vinyl

Electronic spectrum (MeCN) A nm/(log €) 217.5(4.21),298.5 (4.31), 318.5 (4.34).

max

HRMS (FAB) M" calc 420.1607, found 420.1612.

4-Methoxy-3-[2’-(2”- methoxy-ethoxy)-ethoxy]-benzaldehyde (XVII)

Toluene-4-sulfonic acid 2-(2-methoxy-ethoxy)-ethyl ester (9.0356 g, 32.9 mmol),
isovanillin (4.9993 g, 32.9 mmol) and anhydrous potassium carbonate (4.5445 g,
32.9 mmol) were heated to 110°C in dry DMF (40 mL) under N, for 92 hours. The
mixture was cooled and the solids filtered off and washed with CH,Cl,. The solvent
was removed under reduced pressure before the residue was redissolved in H,O
(200 mL) and CH,CI, (100 mL). The organic layer was separated, washed with H,O
(100 mL), dried over MgSQO,, filtered and evaporated. The crude product was
purified by column chromatography on silica and eluted with CH,Cl, to yield a pale

orange oil (5.9955 g, 72%).
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'H NMR (400 MHz, CDCl;) d 3.36 (s, 3H, 2”"OCH,); 3.54-3.57 (m, 2H, OCH,2");
3.70-3.72 (m, 2H, OCH,1"); 3.89-3.91 (m, 2H, OCH,2’); 3.92 (s, 3H, ArOCH,;); 4.22-
4.25 (m, 2H, OCH,!’); 6.95 (d, 1H, *J = 8.2 Hz, ArH5); 7.42 (d, 1H,*J = 1.9 Hz,
ArH2); 7.45 (dd, 1H,J = 8.2 Hz, *J = 1.9 Hz, ArH6); 9.81 (s, IH, CHO).

“C NMR (100.6 MHz, CDCl,) & 56.0 ArOCH;; 58.9 2"OCH;; 68.3 OCH,!|"; 69.4
OCH,2"; 70.7 OCH,1"; 71.8 OCH,2”; 110.6 ArCS5; 111.0 Ar2; 126.7 ArC6; 129.9
ArCl; 148.8 ArC3; 154.8 ArC4; 190.7 CHO.

Electronic spectrum (MeCN) A, nm/(log €) 204.0 (4.09), 229.5 (4.23), 273.5 (4.03),
306.0 (3.91).

HRMS (FAB) M’ calc 254.1154, found 254.1143.

4-Methoxy-3-[2'-(2”-{2"-methoxy-ethoxy}-ethoxy)-ethoxy]-benzaldehyde
(XVI)

0
H/“\@:O\/\O/\/O\/\O/
o

Toluene-4-sulfonic acid 2-(2-]2-methoxy-ethoxy|-ethoxy)-ethyl ester (10.4922 g,
33.0 mmol), isovanillin (4.9982 g, 32.9 mmol) and anhydrous potassium carbonate
(4.5469 ¢, 32.9 mmol) were heated to 110°C in dry DMF (40 mL) under N, for
77 hours. The mixture was cooled and the solids filtered off and washed with CH,Cl,.
The solvent was removed under reduced pressure before the residue was redissol ved
in H,O (100 mL) and CH,Cl, (100 mL). The organic layer was separated and the
aqueous layer extracted with CH,Cl, (2 x 50 mL). The combined organic extracts

were then washed with H,O (50 mL), dried over MgSO,, filtered and evaporated. The
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crude product was purified by column chromatography on silica and eluted with

CH,Cl, to yield a yellow oil (5.5160 g, 56%).

'H NMR (400 MHz, CDCl;) & 3.36 (s, 3H, 2""OCH,); 3.52-3.55 (m, 2H, OCH,2");
3.63-3.69 (m, 2H, OCH,I1""); 3.72-3.75 (m, 2H, OCH,1”); 3.89-3.93 (m, 2H,
OCH,2"); 3.93 (s, 3H, ArOCH,); 4.22-4.25 (m, 2H, OCH,1"); 6.96 (d, IH, *J =
8.2 Hz, ArH5); 7.43 (d, 1H, *J = 1.8 Hz, ArH2); 7.46 (dd, 1H,’J = 8.2 Hz, *J =
1.9 Hz, ArH6); 9.83 (s, | H, CHO).

“C NMR (100.6 MHz, CDCl;) & 56.0 ArOCH;,; 59.0 2"°OCH;; 68.4 OCH,1°; 69.4
OCH,2’; 70.5 OCH,!1”’; 70.6 OCH,2"; 70.8 OCH,1"; 71.9 OCH,2’; 110.6 ArCS;
111.0 ArC2; 126.8 ArC6; 129.9 ArCl; 148.8 ArC3; 154.8 ArC4; 190.8 CHO.

Electronic spectrum (MeCN) A
306.0 (3.95).

max NM/(lOg €) 203.5 (4.15), 229.5 (4.27), 273.5 (4.07),

HRMS (FAB) M" calc 298.1416, found 298.1402.

4-Methoxy-3-[2’-(27-{2"’-[2””-methoxy-ethoxy]-ethoxy}-ethoxy)-ethoxy]-
benzaldehyde (XIX)

0
/

Toluene-4-sulfonic acid 2-(2-]2-methoxy-ethoxy|-ethoxy)-ethyl ester (11.9212 g,
32.9 mmol), isovanillin (5.0123 g, 32.9 mmol) and anhydrous potassium carbonate
(4.5530 g, 32.9 mmol) were heated to 110°C in dry DMF (40 mL) under N, for
96 hours. The mixture was cooled and the solids filtered of f and washed with CH,Cl,.
The solvent was removed under reduced pressure before the residue was redissolved

in H,O (100 mL) and CH,CI, (100 mL). The organic layer was separated, and the
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aqueous washed with CH,Cl, (2 x 50 mL), then the combined organic extracts were
washed with H,O (50 mL), dried over MgSQO,, filtered and the solvent evaporated.
The crude product was purified by column chromatography on silica and eluted with

CH,Cl, to yield a yellow oil (5.4996 g, 49%).

'H NMR (400 MHz, CDCl,) 6 3.36 (s, 3H, 2""OCH,); 3.52-3.54 (m, 2H, OCH,2™");
3.62-3.63 (m, 2H, OCH,1"); 3.64-3.66 (m, 4H, OCH,1™", 2™"); 3.66-3.68 (m, 2H,
OCH,2"); 3.71-3.74 (m, 2H, OCH,1”); 3.89-3.92 (m, 2H, OCH,2"); 3.93 (s, 3H,
ArOCHy,); 4.22-424 (m, 2H, OCH,1"); 6.96 (d, 1H, *J = 8.2 Hz, ArH5); 7.42 (d, H,
*J = 1.8 Hz, ArH2); 7.46 (dd, 2H, *J = 8.2 Hz, *J = 1.9 Hz, ArH6); 9.83 (s, 1H, CHO).

“C NMR (100.6 MHz, CDCl,) 8 56.0 ArOCH;; 58.9 2""OCH,; 68.3 OCH,1"; 69.4
OCH,2’;70.4 OCH,!1"™; 70.5 OCH,2™; 70.5 OCH,2""; 70.5 OCH,1"’; 70.8 OCH,1";
71.8 OCH,27”; 110.7 ArC5; 110.9 Ar2; 126.8 ArC6; 129.9 ArCl; 148.8 ArC3; 154.8
ArC4;190.8 CHO.

Electronic spectrum (MeCN) A, .. nm/(log €) 203.5 (4.20), 229.5 (4.34),273.5 (4.14),
306.0 (4.02).

HRMS (FAB) MH" calc 343.1757, found 343.1761.

3-Methoxy-4-[2’-(2”-methoxy-ethoxy)-ethoxy]-benzaldehyde (XX)

H J\@O\
O/\/ O\/\‘O/

Toluene-4-sulfonic acid 2-(2-methoxy-ethoxy)-ethyl ester (9.0209 g, 32.9 mmol),
vanillin (5.0031 g, 32.9 mmol) and anhydrous potassium carbonate (4.5571 g,

33.0 mmol) were heated to 110°C in dry DMF (40 mL) under N, for 69 hours. The

mixture was cooled and the solids filtered off and washed with CH,Cl,. The solvent
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was removed under reduced pressure before the residue was redissolved in H,O
(100 mL) and CH,Cl, (100 mL). The organic layer was separated, and the aqueous
layer extracted with CH,Cl, (2 x 50 mL). The combined organic layers were washed
with H,O (50 mL), dried over MgSO,, filtered and evaporated. The crude product
was purified by column chromatography on silica and eluted with CH,CI, to yield a

pale oil (6.9615 g, 83%).

'H NMR (400.1 MHz, CDCl,) 8 3.36 (s, 3H, 2"OCH,); 3.54-3.56 (m, 2H, OCH,2");
3.70-3.72 (m, 2H, OCH,1"); 3.89 (s, 3H, ArOCH,); 3.90-3.93 (m, 2H, OCH,2’); 4.25-
4.27 (m, 2H, OCH,1°); 6.99 (d, IH, *J = 8.2 Hz, ArH5); 7.38 (d, 1H, *J = 1.9 Hz,
ArH2); 7.41 (dd, 1H, *J = 8.2 Hz, *J = 1.9 Hz, ArH6); 9.83 (s, IH, CHO).

“C NMR (100.6 MHz, CDCl,) 8 55.9 ArOCH;; 59.0 2"OCH;; 68.4 OCH,1°; 69.3
OCH,2’;70.8 OCH,1’; 71.8 OCH,2”; 109.2 ArC2; 111.8 ArCS5; 126.6 ArC6; 130.2
ArCl; 149.8 ArC3; 153.8 ArC4; 190.8 CHO.

Electronic spectrum (MeCN) A nm/(log €) 203.0 (4.08),229.5 (4.17),274.0 (4.01),

max

307.0 (3.92).

HRMS (FAB) M" calc 254.1154, found 254.1152.

3-Methoxy-4-[2’-(2”-{2’”-methoxy-ethoxy}-ethoxy)-ethoxy]-benzaldehyde
(XXI)

H J\E:IO\
D/\/O \./\0/\\/0\

Toluene-4-sulfonic acid 2-(2-]2-methoxy-ethoxy|-ethoxy)-ethyl ester (10.5100 g,
33.0 mmol), vanillin (5.0131 g, 32.9 mmol) and anhydrous potassium carbonate

(4.5507 g, 32.9 mmol) were heated to 110°C in dry DMF (40 mL) under N, for
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77 hours. The mixture was cooled and the solids filtered off and washed with CH,Cl,.
The solvent was removed under reduced pressure before the residue was redissolved
in H,O (100 mL) and CH,Cl, (100 mL). The organic layer was separated and the
aqueous layer extracted with CH,Cl, (2 x 50 mL). The combined organic extracts
were washed with H,O (50 mL), dried over MgSO,, filtered and evaporated. The

crude product was purified by column chromatography on silica and eluted with

CH,Cl, to yield a pale oil (5.4275 g, 55%).

'H NMR (400 MHz, CDC,) 6 3.36 (s, 3H, 2""OCH,); 3.51-3.54 (m, 2H, OCH,2™");
3.62-3.64 (m, 2H, OCH,1™"); 3.64-3.67 (m, 2H, OCH,2"); 3.72-3.75 (m, 2H,
OCH,17); 3.90 (s, 3H, ArOCH;); 3.90-3.93 (m, 2H, OCH,2’); 4.25-4.27 (m, 2H,
OCH,1"); 7.00 (d, 1H, *J = 8.2 Hz, ArH5); 7.39(d, IH, *J = 1.9 Hz, ArH2). 7.42 (dd,
IH, "/ = 8.2 Hz,*J = 1.9 Hz, ArH6); 9.83 (s, IH, CHO).

“C NMR (100.6 MHz, CDCl;) § 55.9 ArOCH,; 58.9 2""OCH,: 68.4 OCH,1’; 69.3
OCH,2"; 70.5 OCH,1"’; 70.5 OCH,2"; 70.8 OCH,I"; 71.8 OCH,2""; 109.2 ArC2;

111.8 ArC5; 126.6 ArCé6; 130.1 ArCl; 149.8 ArC3; 153.8 ArC4; 190.9 CHO.

Electronic spectrum (MeCN) A, nm/(log €) 203.0 (4.13), 229.5 (4.22), 274.0 (4.06),
307.0 (3.97).

HRMS (FAB) M" calc 298.1416, found 298.1415.

3-Methoxy-4-[2'-(2”-{2’"-[2"”-methoxy-ethoxy]-ethoxy}-ethoxy)-ethoxy]-
benzaldehyde (XXII)

o)
H O
T Vs
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Toluene-4-sulfonic acid 2-(2-|2-methoxy-ethoxy|-ethyl)-ethyl ester (11.9267 g,
32.9 mmol), vanillin (5.0086 g, 32.9 mmol) and anhydrous potassium carbonate
(4.5545 g, 33.0 mmol) were heated to 110°C in dry DMF (40 mL) under N, for
96 hours. The mixture was cooled and the solids filtered off and washed with CH,Cl,.
The solvent was removed under reduced pressure before the residue was redissolved
in H,O (100 mL) and CH,Cl, (100 mL). The organic layer was separated, and the
aqueous washed with CH,Cl, (2 x 50 mL) before the combined organic extracts were
washed with H,O (80 mL), dried over MgSO,, filtered and evaporated. The crude
product was purified by column chromatography on silica and eluted with CH,Cl, to

yield a yellow oil (6.070 g, 54%).

'H NMR (400 MHz, CDCl,) & 3.36 (s, 3H, 2""OCH,); 3.51-3.54 (m, 2H, OCH,2"™");
3.61-3.63 (m, 2H, OCH,1""); 3.64-3.65 (m, 4H, OCH,1™’", 2™"); 3.66-3.67 (m, 2H,
OCH,27); 3.71-3.74 (m, 2H, OCH,!”); 3.90 (s, 3H, ArOCHy;); 3.90-3.93 (m, 2H,
OCH,2’); 4.25-4.27 (m, 2H, OCH,1"); 7.00 (d, 1H, *J = 8.2 Hz, ArH5); 7.39 (d, |H,
“J = 1.9 Hz, ArH2); 7.42 (dd, 1 H, *J = 8.1 Hz, *J = 1.9 Hz, ArH6); 9.83 (s, | H, CHO).

“C NMR (100.6 MHz, CDCl,) 8 55.9 ArOCH;: 58.9 2""OCHj;; 68.4 OCH,!"; 69.3
OCH,2’; 70.4 OCH,1’; 70.5 OCH,2"; 70.5 OCH,2’; 70.5 OCH,1”’’; 70.8 OCH,1™;
71.8 OCH,27; 109.2 ArC2; 111.8 ArC5; 126.6 ArC6; 130.2 ArCl; 149.8 ArC3;

153.8 ArC4; 190.9 CHO.

Electronic spectrum (MeCN) A, nm/(log €) 203.0 (4.16), 229.5 (4.26), 274.0 (4.10),
307.0 (4.01).

HRMS (FAB) MH" calc 343.1757, found 343.1750.
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3'-(2"'-{4""-Methoxy-3""-[2"""-(2"""-methoxy-ethoxy)-ethoxy]-phenyl}-
vinyl)-[2,2';5",2"]terthiophene (XXIII)

—
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4-Methoxy-3-|2"-(2”-methoxy-ethoxy)-ethoxy|-benzaldehyde (0.3583 g, 1.41 mmol)
and terthiophene phosphonate (10 mL x 0.140 mmol/mL solution in THF, 1.40 mmol)
were stirred under N, in dry CH,Cl, (10 mL) before KO'Bu (0.3970 g, 3.54 mmol)
was added and the solution left to stir at room temperature for 1 hour. H,O (20 mL)
was added and neutralized with aqueous HCIl. H,O (20 mL) and CH,Cl, (20 mL)
were added, and the organic layer separated. The aqueous layer was extracted with
CH,Cl, (20 mL), then the combined organic layers washed with H,O (20 mL) and the
solvent removed under reduced pressure. The residue was dissolved in CH,Cl, and
purified using flash column chromatography on silica. After 1,2-
bis(]2°,2;5,2" Jterthiophen-3"-yl)ethene (20.1 mg, 3%) was eluted in CH,Cl,, the
desired product was eluted in 2% MeOH. Removal of the solvent under reduced
pressure yielded 3'-(2"'-{4""-methoxy-3""-[2""'-(2"""-methoxy-ethoxy)-ethoxy|-
phenyl}-vinyl)-[2,2";5',2"Jterthiophene as a dark yellow oil (0.6144 g, 88%).

'H NMR (400.1 MHz, CD,Cl,) & 3.35 (s, 3H, 2”””OCH,); 3.52-3.55 (m, 2H,
OCH,2""); 3.66-3.68 (m, 2H, OCH,1”""); 3.82-3.84 (m, 2H, OCH,2"""); 3.86 (s,
3H, ArOCH,); 4.14-4.16 (m, 2H, OCH,1""); 6.88 (d, 1 H, *J = 8.2 Hz, ArH5™); 7.00
(d, IH,%J = 16.1 Hz, H,,,,2""); 7.05 (dd, 1H, "J = 5.1 Hz, *J = 3.6 Hz, ThH4"); 7.05-
7.09 (m, 2H, ArH2"", 6°); 7.13 (dd, 1H, *J = 5.2 Hz, *J = 3.6 Hz, ThH4); 7.22 (dd,
IH,*J = 3.6 Hz, ¥/ = 1.2 Hz, ThH3); 7.23 (d, IH, *J = 162 Hz, H,;,,,1™"); 7.24 (dd,
IH,?J = 3.6 Hz,*J = 1.2 Hz, ThH3”); 7.29 (dd, IH, *J = 5.1 Hz, *J = 1.2 Hz, ThH5");
7.41 (dd, 1H,%J =5.1 Hz,*J = 1.2 Hz, ThH5); 7.44 (s, | H, ThH4").
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“C NMR (100.6 MHz, CD,Cl,)  55.5 ArOCH;; 58.3 2"""OCH;; 68.1 OCH,I™™";
69.3 OCH,2"’; 70.2 OCH,I"”; 71.6 OCH,2”"”; 110.9 ArC2””; 111.4 ArC5™™;
119.2 C;;,y 177, 119.9 ArC6™; 121.9 ThC4°; 123.8 ThC3”; 124.6 ThC5™; 126.0 ThCS;
126.5 ThC3; 127.5 ThC4; 127.6 ThC4™; 129.9 ArC17"; 130.1 C,;,,2""; 130.4 ThC27;
1349 ThC2; 135.5 ThCS’; 136.2 ThC3’; 136.4 ThC2; 148.1 ArC3””; 149.3 ArC4™”.

Electronic spectrum (MeCN) )\max nm/(log €) 328.5 (4.61).

HRMS (FAB) M" calc 498.0993, found 498.1012.

3'_(2lll_{4"ll-Methoxy_3llll-[2"lll _(2ll|lll-{2IIIllll_methoxy-ethoxy}_ethoxy).
ethoxy]-phenyl}-vinyl)-[2,2';5',2"]terthiophene (XXIV)
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4-Methoxy-3-[2’-(27-{2’"-methoxy-ethoxy }-ethoxy)-ethoxy|-benzaldehyde

(0.4053 g, 1.36 mmol) and terthiophene phosphonate (10 mL x 0.135 mmol/mL
solution in dry THF, 1.35 mmol) were stirred under N, in dry CH,Cl, (10 mL) before
KO'Bu (0.3960 g, 3.50 mmol) was added, causing the solution to go dark red. The
solution was left to stir at room temperature for 1 hour before H,O (20 mL) was
added and neutralized with aqueous HCI. H,O (20 mL) and CH,Cl, (20 mL) were
added, and the organic layer separated. The aqueous layer was extracted with CH,Cl,
(20 mL) before the combined organic layers were washed with H,O (20 mL) and the
solvent removed under reduced pressure. The residue was dissolved in CH,Cl,, and

"

purified using flash column chromatography. After 1,2-bis({2°,2”;5”,2" Jterthiophen-

3”-yl)ethene (53.3 mg, 15%) was eluted in CH,Cl,, the desired product was eluted in
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2% MeOH. Removal of the solvent under reduced pressure yielded 3'-(2"'-{4""-
methoxy-3""-{2""-(2"""-{2""""-methoxy-ethoxy }-ethoxy)-ethoxy|-phenyl}-vinyl)-
[2,2";5',2"|terthiophene as a dark yellow oil (0.6477 g, 88%).

'H NMR (400.1 MHz, CD,Cl,) & 3.33 (s, 3H, 2"""OCH,); 3.49-3.51 (m, 2H,
OCH,2™"""); 3.58-3.60 (m, 2H, OCH,1™""""); 3.61-3.64 (m, 2H, OCH,2"""); 3.67-
3.70 (m, 2H, OCH,1™"""); 3.83-3.85 (m, 2H, OCH,2™"""); 3.86 (s, 3H, ArOCH,); 4.15-
4.17 (m, 2H, OCH,1""); 6.88 (d, IH, *J = 8.2 Hz, ArH5™); 7.01 (d, 1H, *J =
16.1 Hz, H,,,,2""); 7.05 (dd, 1H,*/ = 2.0 Hz, ArH2"™"); 7.06 (dd, 1H, "/ = 5.1 Hz, *J =
3.6 Hz, ThH4™); 7.08 (dd, 1H, *J = 8.2 Hz, *J = 2.0 Hz, ArH6™™); 7.14 (dd, IH, *J =
5.1 Hz, *J = 3.6 Hz, ThH4); 7.22 (dd, 1H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3); 7.23 (d,
IH,*J = 16.2 Hz, H,,,,1""); 7.24 (dd, IH, *J = 3.6 Hz, *J = 1.2 Hz, ThH3"); 7.29 (dd,
IH,%J =52 Hz,*J= 1.1 Hz, ThH5"); 7.42 (dd, IH,*J = 5.2 Hz, *J = 1.2 Hz, ThH5);
7.45 (s, 1H, ThH4").

BC NMR (100.6 MHz, CD,Cl,) & 55.5 ArOCH,; 58.3 2”"”OCH,; 68.0 OCH,1"""";
69.3 OCH,2"™"; 70.1 OCH,1™"*; 70.1 OCH,2"""""; 70.4 OCH,1"; 71.5 OCH,2"""";
110.8 ArC2™™; 111.4 ArC5""; 119.2 C,,,,1™"; 119.8 ArC6™; 121.9 ThC4'; 123.8
ThC3™; 124.6 ThC5™; 126.0 ThC5; 126.5 ThC3; 127.5 ThC4; 127.6 ThC4™; 129.9
ArCI™; 130.1 C,,,,2""; 130.4 ThC2"; 134.9 ThC2; 135.4 ThC5'; 136.2 ThC3'; 136.3
ThC2™; 148.1 ArC3™™"; 149.3 ArC4™".

Electronic spectrum (MeCN) A, nm/(log €) 328.5 (4.60).

HRMS (FAB) M’ calc 542.1255, found 542.1278.
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3'_(2"!_{4llll-Methoxy-3lll l-[2lllll-(2lll lll_{2lllllll _[2“llllll_methoxy-ethoxy]-
ethoxy}-ethoxy)-ethoxy]-phenyl}-vinyl)-[2,2';5',2"]terthiophene (XXV)

e
———
T
S
—
. ‘\/\0/\\/ \/\O/\/ ~
0/

4-Methoxy-3-(2’-(27-{2’"-[2””-methoxy-ethoxy |-ethoxy }-ethoxy)-ethoxy |-
benzaldehyde (0.4624 g, 1.35 mmol) and terthiophene phosphonate (10 mL x
0.135 mmol/mL solution in dry THF, 1.35 mmol) were stirred under N, in dry CH,Cl,
(10 mL) before KO'Bu (0.3909 g, 3.48 mmol) was added. The solution was left to stir
at room temperature for 30 minutes before H,O (20 mL) was added and neutralized
with aqueous HCIl. CH,CIl; (20 mL) was added, and the organic layer separated. The
aqueous layer was extracted with CH,Cl, (20 mL) before the combined organic layers
were washed with H,O (20 mL) and the solvent removed under reduced pressure.
The residue was dissolved in CH,Cl, and purified using flash column
chromatography. After 1,2-bis(|2°,2;57,2"" |terthiophen-3"-yl)ethene (21.6 mg, 6%)
was eluted in CH,Cl,, the desired product was eluted in 2% MeOH. Removal of the
solvent under reduced pressure yielded 3'-(2"'-{4""-methoxy-3""-[2"""-(2"""-{2"""'-
[2""""-methoxy-ethoxy|-ethoxy }-ethoxy)-ethoxy|-phenyl}-vinyl)-
[2,2"5',2"|terthiophene as a dark yellow oil (0.7363 g, 93%).

'H NMR (400.1 MHz, CD,Cl,) & 3.32 (s, 3H, 2""""OCH,); 3.47-3.50 (m, 2H,
OCH,2"); 3.56-3.58 (m, 2H, OCH,17"""); 3.58-3.60 (m, 4H, OCH, """, 2°");
3.62-3.64 (m, 2H, OCH,2”"); 3.68-3.70 (m, 2H, OCH,I’™"""); 3.83-3.85 (m, 2H,
OCH,2""""); 3.86 (s, 3H, ArOCH,); 4.15-4.17 (m, 2H, OCH,1""""); 6.87 (d, 1H, J =
8.1 Hz, ArH5"); 7.00 (d, 1H, *J = 16.1 Hz, H,;,,2""); 7.05-7.08 (m, 2H, ArH2"™",
6""); 7.06 (dd, I1H,*J =5.1 Hz, *J = 3.6 Hz, ThH4"); 7.13 (dd, 1H,*J =5.2 Hz, ¥/ =
3.6 Hz, ThH4); 7.22 (dd, 1H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3); 7.23 (d, IH, *J =

16.2 Hz, H,;,,17""); 7.24 (dd, 1H, *J =3.6 Hz, *J = 1.2 Hz, ThH3"); 7.29 (dd, 1H,J =
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5.1 Hz, *J = 1.2 Hz, ThH5"); 7.41 (dd, 1H, *J = 5.2 Hz, *J = 1.2 Hz, ThH5); 7.44 (s,
IH, ThH4").

“C NMR (100.6 MHz, CD,Cl,) & 55.5 ArOCH;; 58.2 2""""OCH,; 68.0 OCH, 1",

69.3 OCH,2””’; 70.0 OCH,I””"”; 70.1 OCH,2”"”; 70.2 OCH,2”’; 70.2
OCH,I’"*; 70.4 OCH,1”; 71.5 OCH,2°"; 110.8 ArC2”; 111.4 ArC5™; 119.2
Coinn!”75 119.8 ArC6™; 121.9 ThC4’; 123.8 ThC3™; 124.6 ThC5™; 126.0 ThCS; 126.5

vinyl
ThC3; 127.5 ThC4; 127.6 ThC4”; 129.9 ArCI™"; 130.1 C,;,,2""; 130.4 ThC2’; 134.9
ThC2; 135.4 ThC5’; 136.2 ThC3’; 136.3 ThC2”; 148.1 ArC3; 149.3 ArC4™”.

Electronic spectrum (MeCN) A_,. nm/(log €) 328.5 (4.59).

HRMS (FAB) M" calc 586.1518, found 586.1529.

3'-(2"-{3""-Methoxy-4""-[2"™" -(2""""-methoxy-ethoxy)-ethoxy]-phenyl}-
vinyl)-[2,2';5',2"]terthiophene (XXVI)

-
el
=
)
—
= o
e s ™~
O/\/o\/\o/

3-Methoxy-4-[2’-(2”-methoxy-ethoxy)-ethoxy|-benzaldehyde (0.3593 g, 1.4]1 mmol)
and terthiophene phosphonate (10 mL x 0.140 mmol/mL solution in THF, 1.40 mmol)
were stirred under N, in dry CH,Cl, (10 mL) before KO'Bu (0.3997 g, 3.56 mmol)
was added and the solution left to stir at room temperature for 30 minutes. H,O
(20 mL) was added and neutralized with aqueous HCI. H,O (20 mL) and CH,Cl,
(20 mL) were added, and the organic layer separated. The aqueous layer was

extracted with CH,Cl, (2 x 15 mL), before the combined organic layers were washed
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with H,O (15 mL), dried over MgSO,, filtered and evaporated. The residue was
dissolved in CH,Cl,, and purified using flash column chromatography. After 1,2-
bis([2°,2;57,2" |terthiophen-3"-yl)ethene (32.7 mg, 9%) was eluted in CH,Cl,, the
desired product was eluted in 2% MeOH. Removal of the solvent under reduced
pressure yielded 3'-(2"'-{3""-methoxy-4""-[2"""-(2"""-methoxy-ethoxy)-ethoxy |-
phenyl}-vinyl)-|2,2";5'2" |terthiophene as a dark orange oil (0.6227 g, 89%).

'H NMR (400.1 MHz, CD,Cl,) 8 3.35 (s, 3H, 2"""OCHj,); 3.53-3.55 (m, 2H,
OCH,2); 3.65-3.68 (m, 2H, OCH,1"); 3.81-3.83 (m, 2H, OCH,2""); 3.88 (s,
3H, ArOCH;); 4.12-4.14 (m, 2H, OCH,1"""); 6.87 (d, IH,*J = 8.9 Hz, ArH5""); 7.02
(d, 1H, *J = 16.5 Hz, H,i,yi277)5 7.02-7.05 (m, 2H, ArH2™", 6™"); 7.06 (dd, IH, =
5.2 Hz,*J =3.6 Hz, ThH4"); 7.13 (dd, 1 H, *J = 5.1 Hz, *J = 3.6 Hz, ThH4); 7.22 (dd,
IH,*J =3.6 Hz, *J = 1.2 Hz, ThH3); 7.24 (dd, I H, °J = 3.6 Hz, *J = 1.2 Hz, ThH3");
7.25(d, 1H, *J = 16.6 Hz, Hyi 175 7.29 (dd, 1H, *J =5.1 Hz, *J = 1.2 Hz, ThH5");
7.41 (dd, 1H,*J = 52 Hz,*J = 1.2 Hz, ThH5); 7.45 (s, IH, ThH4").

BC NMR (100.6 MHz, CD,Cl,) & 55.4 ArOCH;; 58.3 2"""OCH,; 68.0 OCH,1™";
69.2 OCH,2™; 70.2 OCH,1; 71.5 OCH,2”""; 109.2 ArC2"”; 112.8 ArC5™";
1192 ArC6™"; 119.3 C,;,, 1775 121.9 ThC4'; 123.8 ThC3™; 124.6 ThC5™; 126.0 ThCS;
126.5 ThC3; 127.5 ThC4, 127.6 ThC4™; 130.1 C,;,,2™"; 130.3 ArC1””; 130.4 ThC2’;

134.9 ThC2; 135.5 ThCS5’; 136.2 ThC3’; 136.3 ThC2”; 148.0 ArC4””; 149.3 ArC3™".

Electronic spectrum (MeCN) A.,. nm/(log €) 329.0 (4.59).

HRMS (FAB) M" calc 498.0993, found 498.1019.
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3'-(2"'-{3""-MethOxy-4""-[2'""-(2"""-{2"“'"-methoxy-ethoxy}-ethoxy)-
ethoxy]-phenyl}-vinyl)-[2,2";5',2"]terthiophene (XXVII)
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3-Methoxy-4-]2°-(2”-{2""-methoxy-ethoxy }-ethoxy)-ethoxy|-benzaldehyde

(0.4054 g, 1.36 mmol) and terthiophene phosphonate (10 mL x 0.135 mmol/mL
solution in dry THF, 1.35 mmol) were stirred under N, in dry CH,Cl, (10 mL) before
KO'Bu (0.4096 g, 3.65 mmol) was added and the solution left to stir at room
temperature for 30 minutes. H,O (20 mL) was added and neutralized with aqueous
HCl. H,0O (20 mL) and CH,Cl, (20 mL) were added, and the organic layer separated.
The aqueous layer was extracted with CH,Cl, (20 mL), before the combined organic
layers were washed with H,O (20 mL) and the solvent removed under reduced
pressure. The resulting residue was dissolved in CH,Cl, and purified using flash
column chromatography on silica. 1,2-bis(|2°,2”;5”,2""|terthiophen-3"-yl)ethene
(31.1 mg, 9%) was eluted in CH,Cl,, the desired product was eluted in 2% MeOH.
Removal of the solvent under reduced pressure yielded 3'-(2"'-{3""-methoxy-4""-
{2""-(2"""-{2""""-methoxy-ethoxy }-ethoxy)-ethoxy |-phenyl }-vinyl)-

[2,2";5',2" |terthiophene as a dark orange oil (0.6811 g, 93%).

'H NMR (400.1 MHz, CD,Cl,) & 3.33 (s, 3H, 2”’OCH,); 3.49-3.52 (m, 2H,
OCH,2""""); 3.58-3.60 (m, 2H, OCH,1™""); 3.61-3.64 (m, 2H, OCH,2"™"); 3.67-
3.69 (m, 2H, OCH,17""); 3.82-3.84 (m, 2H, OCH,2"""); 3.88 (s, 3H, ArOCH,); 4.13-
4.15 (m, 2H, OCH,1"""); 6.88 (d, 1H, *J = 8.9 Hz, ArH5""); 7.02 (d, IH, *J =
16.6 Hz, H,;,,2""); 7.03-7.05 (m, 2H, ArH2"", 67"); 7.06 (dd, IH, *J = 5.2 Hz, "/ =
3.6 Hz, ThH4”); 7.14 (dd, 1H,*J = 5.2 Hz, *J = 3.6 Hz, ThH4); 7.23 (dd, IH, *J =
3.7 Hz, *J = 1.2 Hz, ThH3); 7.24 (dd, 1H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3"); 7.25 (d,
IH,* =16.6 Hz, H,;,,,1""); 7.29 (dd, 1H,J = 5.1 Hz, *J = 1.2 Hz, ThH5"); 7.41 (dd,
IH,*J =52 Hz,*J = 1.2 Hz, ThHS); 7.45 (s, 1H, ThH4").
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“C NMR (100.6 MHz, CD,Cl,)  55.5 ArOCH;,; 58.3 2""""OCH,; 68.0 OCH,! ",
69.2 OCH,2"";70.1 OCH,1’; 70.2 OCH,2"""; 70.4 OCH,1; 71.5 OCH,2™""",;
109.2 ArC2™; 112.8 ArC5™"; 119.2 ArC6""; 119.3 C,;,,17"; 121.9 ThC4’; 123.8
ThC3”; 124.6 ThC5”; 126.0 ThCS; 126.5 ThC3; 127.5 ThC4; 127.6 ThC4™; 130.1
C,imy2""5 130.3 ArC17”; 130.4 ThC2'; 134.9 ThC2; 135.5 ThCS’; 136.2 ThC3’; 136.3

ThC2”; 148.1 ArC4””; 149.3 ArC3””.

Electronic spectrum (MeCN) kmax nm/(log €) 329.0 (4.60).

HRMS (FAB) M’ calc 542.1255, found 542.1233.

3'_(2'"-{3IIII_Meth0xy-4llIl_[2lllll_(2""lI_{2lllllll‘[2llllllll-methOXy-ethoxy]_
ethoxy}-ethoxy)-ethoxy]-phenyl}-vinyl)-[2,2';5',2"]terthiophene (XXVIII)
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3-Methoxy-4-|2’-(27-{2°”-]2"-methoxy-ethoxy |-ethoxy }-ethoxy)-ethoxy]-

benzaldehyde (0.4634 g, 1.35 mmol) and terthiophene phosphonate (10 mL x
0.135 mmol/mL solution in dry THF, 1.35 mmol) were stirred under N, in dry CH,Cl,
(10 mL) before KO'Bu (0.3856 g, 3.44 mmol) was added and the solution left to stir
at room temperature for 30 minutes. H,O (20 mL) was added and the reaction
mixture acidified with aqueous HCIl. CH,Cl, (20 mL) was added, and the organic
layer separated. The aqueous layer was extracted with CH,Cl, (20 mL), before the
combined organic layers were washed with H,O (20 mL) and the solvent removed

under reduced pressure. The residue was dissolved in CH,Cl,, and purified using
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flash column chromatography. After 1,2-bis(]2’,2”;5,2" |terthiophen-3"-yl)ethene
(24.8 mg, 7%) was eluted in CH,Cl,, the desired product was eluted in 2% MeOH.
Removal of the solvent under reduced pressure yielded 3'-(2"'-{3""-methoxy-4""-
[2""-2""-{2"""-[2""""-methoxy-ethoxy |-ethoxy }-ethoxy)-ethoxy|-phenyl }-vinyl)-
[2,2%5',2" |terthiophene as a dark orange oil (0.7463 g, 94%).

'H NMR (400.1 MHz, CD,Cl,) & 3.33 (s, 3H, 2""""OCH,); 3.48-3.50 (m, 2H,
OCH,2""™"); 3.56-3.58 (m, 2H, OCH,1”"""); 3.58-3.61 (m, 4H, OCH, 1", 27™");
3.62-3.64 (m, 2H, OCH,2""); 3.67-3.70 (m, 2H, OCH,1"™"); 3.82-3.84 (m, 2H,
OCH,2"""); 3.88 (s, 3H, ArOCH,); 4.13-4.15 (m, 2H, OCH,1"™"); 6.87 (d, IH, J =
8.8 Hz, ArH5™); 7.01 (d, IH, *J = 16.6 Hz, H,,,,;2™"); 7.02-7.04 (m, 2H, ArH2™",
6""); 7.06 (dd, 1H,*J = 5.2 Hz, *J = 3.6 Hz, ThH4™); 7.13 (dd, I1H, *J = 5.2 Hz,*J =
3.6 Hz, ThH4); 7.22 (dd, 1H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3); 7.24 (dd, IH, *J =
3.7Hz,*J = 1.2 Hz, ThH3"); 7.25 (d, IH, 'J = 15.8 Hz, H,,,1""); 7.29 (dd, IH. J =
5.2 Hz, *J = 1.1 Hz, ThH5); 7.41 (dd, 1H, *J = 5.1 Hz,*J = 1.2 Hz, ThH5); 7.45 (s,
IH, ThH4").

BC NMR (100.6 MHz, CD,Cl,) & 55.4 ArOCH,; 58.3 2""""OCH,; 67.9 OCH,I™";
69.2 OCH,2™; 70.0 OCH,I™™; 70.1 OCH,2””"; 70.2 OCH,2""""; 70.2
OCH,1™"*; 70.3 OCH,1™; 71.5 OCH,2"""; 109.2 ArC2""; 112.8 ArC5™; 119.2
ArC6™;119.3 C,,,,,1""; 121.9 ThC4'; 123.8 ThC3™; 124.6 ThC5™; 126.0 ThCS; 126.5
ThC3; 127.5 ThC4; 127.6 ThC4™; 130.1 C,,,,2""; 130.3 ArC1""; 130.4 ThC2'; 134.9
ThC2; 135.5 ThCS’; 136.2 ThC3'; 136.3 ThC2”; 148.1 ArC4””; 149.3 ArC3™".

Electronic spectrum (MeCN) A, nm/(log €) 329.0 (4.64).

HRMS (FAB) M" calc 586.1518, found 586.1510.
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3'-[2"-(3"",4""-Dimethoxy-phenyl)-vinyl]-[2,2';5',2"]terthiophene (XXIX)

3,4-dimethoxybenzaldehyde (0.5152 g, 3.10 mmol) and terthiophene phosphonate
(16.5 mL x 0.190 mmol/mL solution in CH2CI2, 3.14 mmol) were stirred under N, in
1:1 dry THF:CH,Cl, (20 mL) before KO'Bu (1.0329 g, 9.204 mmol) was added. The
solution was left to stir at room temperature for 30 minutes before H,O (20 mL) was
added and acidified with aqueous HCIl. H,O (20 mL) and CH,Cl, (20 mL) were
added, and the organic layer separated. The aqueous layer was extracted with CH,Cl,
(2 x40 mL), the combined organic layers washed with H,O (50 mL), and the solvent
removed under reduced pressure. The residue was dissolved in 1:1 hexane:CH,Cl,
and purified using flash column chromatography. After a small amount of 1,2-
bis(]2,2”:57,2"" |terthiophen-3"-yl)ethene was eluted in 1:1 CH,Cl,:hexane, the
desired product was eluted in 3:1 CH,Cl,:hexane. Removal of the solvent under
reduced pressure yielded3'-|2"'-(3"",4""-dimethoxy-phenyl)-vinyl]-
[2,2";5',2"terthiophene as a yellow solid, melting point = 114-116°C (1.0938 g, 86%).

'H NMR (400.1 MHz, CD,Cl,) & 3.87 (s, 3H, 4""OCH,); 3.90 (s, 3H, 3""OCH,); 6.88
(d, IH,*J = 8.4 Hz, AtH5™™); 7.04 (d, IH, *J = 16.1 Hz, H,,,2""); 7.06-7.09 (m, 2H,
ArH2"”, 6™); 7.08 (dd, 1H, *J = 5.1 Hz, *J = 3.6 Hz, ThH4"); 7.16 (dd, 1H, *J =
5.2 Hz, *J = 3.6 Hz, ThH4); 7.25 (dd, 1H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3); 7.26 (dd,
IH, =3.6 Hz,*J = 1.1 Hz, H3"); 7.30 (d, 1H, *J = 16.1 Hz, H,,,,,1""); 7.31 (dd, I H,
J=5.1 Hz, *J = 1.2 Hz, ThH5”); 7.43 (dd, 1H, *J = 5.1 Hz, *J = 1.2 Hz, ThH5); 7.48
(s, | H, ThH4").

“C NMR (100.6 MHz, CD,Cl,) 6 55.3 3""OCH; 55.3 4™OCH,; 108.8 ArC2"";

111.0 ArC5™”; 119.1 C,;,,177; 119.3 ArC6™; 121.8 ThC4'; 123.7 ThC3”; 124.5
ThCS5; 125.9 ThCS; 126.4 ThC3; 127.5 ThC4; 127.6 ThC4”; 129.8 ArC17”; 130.1
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C,inyi277: 130.3 ThC2’; 134.9 ThC2; 135.4 ThC5’; 136.2 ThC3'; 136.3 ThC2"; 148.9
ArC4””; 148.9 ArC3™".

Electronic spectrum (MeCN) A, nm/(log €) 329.0 (4.65).

HRMS (FAB) M* calc 410.0469, found 410.0450.

Anal. Calculated for C,,H,s0,S;; C, 64.36; H, 4.42; S, 23.43. Found: C, 64.27; H,
4.15; S, 23.16.

3-(2’-{4"-Methoxy-3"-[2"'-(2"""-methoxy-ethoxy)-ethoxy]-phenyl}-vinyl)-
thiophene (XXX)

A/

O™ ™SO

4-Methoxy-3-]2’-(2”-methoxy-ethoxy)-ethoxy|-benzaldehyde (0.5510 g, 2.17 mmol)
and thiophene phosphonate (0.5055 g, 2.16 mmol) were stirred under N, in dry
CH,Cl, (20 mL) before KO'Bu (0.6948 g, 6.19 mmol) was added and the solution left
to stir at room temperature for 1 hour. H,O (20 mL) was added and neutralized with
aqueous HCI. CH,Cl, (20 mL) was added, and the organic layer separated before the
aqueous layer was extracted with CH,Cl, (20 mL), and the combined organic layers
were washed with H,O (20 mL). The solvent was removed under reduced pressure
before the residue was dissolved in CH,Cl,, and purified using flash column
chromatography. After initially eluting in CH,Cl,, the solvent was changed to 1%
MeOH to elute the desired product as a pale yellow band. Removal of the solvent
under reduced pressure yielded 3-(2’-{4"-methoxy-3"-[2"'-(2""-methoxy-ethoxy)-
ethoxy |-phenyl}-vinyl)-thiophene as a beige solid, melting point = 56-58°C
(0.5650 g, 78%).
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'H NMR (400.1 MHz, CDCl,) 6 3.39 (s, 3H, 2""OCH,); 3.57-3.59 (m, 2H, OCH,2"");
3.73-3.75 (m, 2H, OCH,1”); 3.86 (s, 3H, ArOCHj;); 3.90-3.93 (m, 2H, OCH,2");
424-427 (m, 2H, OCH,1""); 6.83 (d, IH, *J = 8.3 Hz, ArH5"); 6.87 (d, IH, *J =
16.3 Hz, H,;,,,2"); 6.98 (d, 1H,"J = 16.3 Hz, H,,,17): 7.01 (dd, 1H, *J=83Hz, Y=
2.0 Hz, ArH6"); 7.10 (d, 1H, *J = 2.0 Hz, ArH2"); 7.21-7.22 (m, 1H, ThH4); 7.29-
7.33 (m, 2H, ThH2, 5).

vinyl

C NMR (100.6 MHz, CDCl,) & 55.8 ArOCH;; 58.9 2""OCH;; 68.4 OCH,1”"; 69.6
OCH,2";70.6 OCH,1™; 71.8 OCH,2”; 111.0 ArC2”; 111.6 ArC5”; 120.1 ArC6™;
121.0 C,;,,1": 121.5 ThC4; 124.7 ThC2; 126.0 ThC5; 128.2 C,;,,2"; 130.3 ArC1”;
140.1 ThC3; 148.2 ArC3”; 149.2 ArC4”.

vinyl

Electronic spectrum (MeCN) A nm/(log €) 317.0 (4.38), 298.0 (4.36), 216.0 (4.26).

max

HRMS (FAB) M" calc 334.1239, found 334.1228.

Anal. Calculated for C ¢H,,0,S; C, 64.64; H, 6.63; S, 9.59. Found: C, 63.48; H, 6.88;
S, 9.36.

3-(2'-{4"-Methoxy-3"-[2"-(2""'-{2"""-methoxy-ethoxy}-ethoxy)-ethoxy]-
phenyl}-vinyl)-thiophene (XXXI)
S

—=
—

O\/\O/\/O\/\o/

o

4-Methoxy-3-|2"-(2”-{2™ -methoxy-ethoxy}-ethoxy)-ethoxy|-benzaldehyde
(0.6755 g, 2.26 mmol) and thiophene phosphonate (0.5168, 2.21 mmol) were stirred
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in dry CH,Cl, (20 mL) under N, before KO'Bu (0.8103 g, 7.22 mmol) was added.
The solution was left to stir at room temperature for | hour before H,O (20 mL) was
added and acidified with aqueous HCl. CH,Cl, (20 mL) was added, and the organic
layer separated. The aqueous layer was extracted with CH,Cl, (20 mL) before the
combined organic layers were washed with H,O (30 mL), and the solvent removed
under reduced pressure. The resulting residue was subsequently dissolved in CH,Cl,,
and purified using flash column chromatography on silica. The column was initially
washed with CH,Cl,, then the desired product eluted in 1% MeOH. Removal of the
solvent under reduced pressure yielded 3-(2'-{4"-methoxy-3"-{2"'-(2""-{2"""'-
methoxy-ethoxy}-ethoxy)-ethoxy|-phenyl}-vinyl)-thiophene as a pale orange oil

(0.6475 g, 78%).

'H NMR (400.1 MHz, CDCl,) & 3.37 (s, 3H, 2""OCH,); 3.53-3.55 (m, 2H,
OCH,2™"); 3.64-3.66 (m, 2H, OCH,1""); 3.67-3.70 (m, 2H, OCH,2""); 3.74-3.77
(m, 2H, OCH,1”™); 3.86 (s, 3H, ArOCH,); 3.90-3.92 (m, 2H, OCH,2"™"); 4.23-4.25
(m, 2H, OCH,1™); 6.84 (d, IH, *J = 8.4 Hz, ArH5"); 6.87 (d, IH, *J = 16.8 Hz,
H,,,2"); 6.98 (d, IH, % = 16.0 Hz, H,,,,1"); 7.01 (dd, 1H, *J = 83 Hz, *J = 2.0 Hz,
ArH6"); 7.09 (d, 1H, *J = 2.0 Hz, ArH2"); 7.21-7.22 (m, 1H, ThH4); 7.29-7.33 (m,
2H, ThH2, 5).

“C NMR (100.6 MHz, CDCl,) 6 55.9 ArOCH;; 58.9 2"""OCHj,; 68.4 OCH,1"’; 69.6
OCH,2’; 70.5 OCH,1"""; 70.6 OCH,2””; 70.7 OCH,1""; 71.8 OCH,2*; 111.0
ArC2”; 111.7 ArC5”; 120.1 ArC6™; 121.0 C,;,,,1’; 121.6 ThC4; 124.7 ThC2; 126.0
ThC5;128.2 C,,,,2°; 130.3 ArC17; 140.1 ThC3; 148.3 ArC3™; 149.2 ArC4”.

vinyl

Electronic spectrum (MeCN) )\max nm/(log €) 317.0 (4.30), 298.0 (4.28), 216.5 (4.25),
205.0 (4.24).

HRMS (FAB) M" calc 378.1501, found 378.1492.

Anal. Calculated for C,)H,OsS; C, 63.47; H, 6.92; S, 8.47. Found: C, 60.84; H, 7.37,
S, 7.63.
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3-(2'-{4"-Methoxy-3"-[2"'-(2""-{2""-[2""""-methoxy-ethoxy]-ethoxy}-
ethoxy)-ethoxy]-phenyl}-vinyl)-thiophene (XXXII)

0\/\0/\/0\/\0/\\/0\

-~

4-Methoxy-3-[2°-(2”-{2""-[2""-methoxy-ethoxy|-ethoxy }-ethoxy)-ethoxy -
benzaldehyde (0.7644 g, 2.23 mmol) and thiophene phosphonate (0.5065, 2.16 mmol)
were stirred in dry CH,Cl, (20 mL) under N, before KO'Bu (0.7542 g, 6.72 mmol)
was added. The solution was left to stir at room temperature for 30 minutes before
H,O (20 mL) was added and acidified with aqueous HCIl. CH,Cl, (20 mL) was
added, and the organic layer separated. The aqueous layer was extracted with CH,Cl,
(20 mL) before the combined organic layers were washed with H,O (30 mL) and the
solvent removed under reduced pressure. The residue was dissolved in CH,Cl, and
purified using flash column chromatography on silica. The column was initially
washed with CH,Cl,, then the desired product eluted in 1% MeOH. Removal of the
solvent under reduced pressure yielded 3-(2'-{4"-methoxy-3"-[2""-(2""-{2"""-[2"""-
methoxy-ethoxy|-ethoxy}-ethoxy)-ethoxy|-phenyl}-vinyl)-thiophene as a pale yellow
oil (0.4991 g, 55%).

'H NMR (400.1 MHz, CDCl,) & 3.37 (s, 3H, 2"""OCH,); 3.53-3.55 (m, 2H,
OCH,2"); 3.62-3.64 (m, 2H, OCH,17"”); 3.64-3.68 (m, 4H, OCH,1 ", 2"""); 3.68-
3.70 (m, 2H, OCH,2""); 3.74-3.76 (m, 2H, OCH,1"); 3.87 (s, 3H, ArOCH;); 3.90-
3.93 (m, 2H, OCH,2""); 4.23-4.26 (m, 2H, OCH,1™"); 6.85 (d, 1H, °J = 8.3 Hz,
ArH5"); 6.88 (d, I1H,*/ = 16.2 Hz,H,;,,2"); 6.99 (d, lH, */=16.2Hz,H,,,1°); 7.02
(dd, IH,*J =8.3 Hz,*J = 2.0 Hz, ArH6"); 7.10 (d, I H,*J = 2.0 Hz, ArH2"); 7.22-7.23
(m, IH, ThH4); 7.30-7.34 (m, 2H, ThH2, 5).

vinyl

“C NMR (100.6 MHz, CDCl,) & 55.9 ArOCH;; 59.0 2"""OCH,; 68.4 OCH,1"; 69.6
OCH,2"’; 70.4 OCH,1”; 70.5 OCH,2”; 70.5 OCH,2”""; 70.6 OCH,!1"’; 70.8
OCH,1”; 71.9 OCH,2”"”; 111.1 ArC2”; 111.7 ArC5”; 120.1 ArC6”; 121.1 C,;,., 173

vinyl
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121.6 ThC4; 124.8 ThC2; 126.0 ThC5; 128.3 C,;,,2°; 130.4 ArC1™; 140.2 ThC3;
148.3 ArC3”; 149.3 ArC4™.

Electronic spectrum (MeCN) A nm/(log €) 317.0 (4.37), 298.0 (4.35), 216.0 (4.25).

max

HRMS (FAB) M" calc 422.1763, found 422.1754.

Anal. Calculated for C,,H;,0,S; C, 62.54; H, 7.16; S, 7.59. Found: C, 61.26; H, 7.42;
S, 7.30.

3-(2'-{3"-Methoxy-4"-[2"'-(2""-methoxy-ethoxy)-ethoxy]-phenyl}-vinyl)-
thiophene (XXXIII)

)/

O

O

3-Methoxy-4-{2°-(2”-methoxy-ethoxy)-ethoxy |-benzaldehyde (0.5718 g, 2.25 mmol)
and thiophene phosphonate (0.5078 g, 2.17 mmol) were stirred under N, in dry
CH,Cl, (20 mL) before KO'Bu (0.7158 g, 6.38 mmol) was added. The solution was
left to stir at room temperature for 90 minutes before H,O (20 mL) was added and
neutralized with aqueous HCI. CH,Cl, (20 mL) was added and the organic layer
separated. The aqueous layer was extracted with CH,Cl, (20 mL), before the
combined organic layers were washed with H,O (30 mL) and the solvent removed
under reduced pressure. The residue was dissolved in CH,Cl,, and purified using
flash column chromatography on a silica column. After initially eluting with CH,Cl,,
the solvent was changed to 1% MeOH to elute the product as a pale yellow band.
Removal of the solvent under reduced pressure yielded 3-(2'-{3"-methoxy-4"-|2"'-
(2""-methoxy-ethoxy)-ethoxy|-phenyl}-vinyl)-thiophene as iridescent beige flakes
(0.5709 g, 79%, melting point = 90-93°C).
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'H NMR (400.1 MHz, CDCl,) 8 3.39 (s, 3H, 2""OCH,); 3.57-3.59 (m, 2H, OCH,2™");
3.72-3.74 (m, 2H, OCH,1"™); 3.89-3.91 (m, 2H, OCH,2"’); 3.91 (s, 3H, AfOCH,);
4.20-4.22 (m, 2H, OCH,1"’); 6.89 (d, | H, *J = 8.3 Hz, ArH5"); 6.89 (d, 1H, ¥J =
16.2 Hz, H,,,,2'); 6.99 (dd, 1H, '/ = 8.2 Hz, *J = 2.1 Hz, ArH6"); 7.00 (d, IH, *J =
16.5 Hz, H,,,,1); 7.02 (d, IH, *J = 2.0 Hz, ArH2"); 7.22-7.23 (m, | H, ThH4); 7.30-
7.34 (m, 2H, ThH2, 5).

"“C NMR (100.6 MHz, CDCl;) 8 55.8 ArOCH;; 59.0 2""OCH;; 68.4 OCH,1™""; 69.5
OCH,2™; 70.7 OCH,1"”; 71.8 OCH,2"”; 109.1 ArC2”; 113.6 ArC5™; 119.4 ArC6™;
121.2 C,;,y,17: 121.6 ThC4; 124.7 ThC2; 126.0 ThC5; 128.3 C,,,.27; 130.9 ArCI™;
140.1 ThC3; 147.9 ArC4”; 149.6 ArC3".

Electronic spectrum (MeCN) A, nm/(log €) 317.0 (4.35), 298.0 (4.33), 216.0 (4.24).

HRMS (FAB) M" calc 334.1239, found 334.1248.

Anal. Calculated for C,sH,,0,S; C.64.64; H, 6.63; S, 9.59. Found: C. 63.59; H, 6.96:
S, 9.46.

3-(2'-{3"-Methoxy-4"-[2"'-(2""-{2"""-methoxy-ethoxy}-ethoxy)-ethoxy}-
phenyl}-vinyl)-thiophene (XXXIV)

S T
—
O
/\/O\/\D/\\./O‘\

3-Methoxy-4-12°-(2”-{2’"-methoxy-ethoxy }-ethoxy)-ethoxy|-benzaldehyde
(0.6990 g, 2.34 mmol) and thiophene phosphonate (0.5224 g, 2.23 mmol) were stirred
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in dry CH,Cl, (20 mL) under N, before KO'Bu (0.8301 g, 7.40 mmol) was added and
the solution left to stir at room temperature for 60 minutes. H,O (20 mL) was added
and acidified with aqueous HCI before CH,Cl, (20 mL) was added, and the organic
layer separated. The aqueous layer was extracted with CH,Cl, (20 mL), after which
the combined organic layers were washed with H,O (30 mL) and the solvent removed
under reduced pressure. The residue was dissolved in CH,Cl,, then purified using
flash column chromatography on silica. The column was initially eluted in CH,Cl,,
then the desired product eluted in 1% MeOH. Removal of the solvent under reduced
pressure yielded 3-(2'-{3"-methoxy-4"-]2"'-(2""-{2"""-methoxy-ethoxy}-ethoxy)-
ethoxy|-phenyl}-vinyl)-thiophene as a beige semi-solid (0.6702 g, 79%).

'H NMR (400.1 MHz, CDCl,) & 3.38 (s, 3H, 2"""OCH,); 3.54-3.56 (m, 2H,
OCH,2"); 3.64-3.67 (m, 2H, OCH,1"™"); 3.67-3.69 (m, 2H, OCH,2""); 3.73-3.76
(m, 2H, OCH,1""); 3.88-3.90 (m, 2H, OCH,2""); 3.90 (s, 3H, ArOCH,); 4.18-4.21
(m, 2H, OCH,1""); 6.89 (d, 1H, *J = 8.3 Hz, ArH5"); 6.89 (d, IH, *J = 16.2 Hz,
H,,,2"); 6.98 (dd, 1H, *J = 8.1 Hz, *J = 2.1 Hz, ArH6"); 7.00 (d, 1H, *J = 16.5 Hz,
H,ni!): 7.02 (d, TH, % = 1.9 Hz, ArH2"); 7.22-7.23 (m, 1H, ThH4); 7.29-7.33 (m,
2H, ThH2, 5).

“C NMR (100.6 MHz, CDCl,) & 55.8 ArOCH;; 58.9 2™""OCHj;; 68.4 OCH,I1™"; 69.5
OCH,2""; 70.4 OCH,I""; 70.5 OCH,2""; 70.7 OCH,1™; 71.8 OCH,2"""; 109.1
ArC27; 113.6 ArC57; 119.4 ArC6™; 121.2 C,;,,17; 121.6 ThC4; 124.7 ThC2; 126.0
ThCS5; 128.3 C,,,,2"; 130.9 ArC17; 140.1 ThC3; 148.0 ArC4”; 149.6 ArC3”.

vinyl
Electronic spectrum (MeCN) A, nm/(log €) 317.5 (4.42), 298.0 (4.38), 216.0 (4.26).

HRMS (FAB) M" calc 378.1501, found 378.1491.

Anal. Calculated for C,,H,(O.S; C, 63.47; H, 6.92; S, 8.47. Found: C, 62.95; H, 7.28;
S, 8.16.
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3-(21-{3" -Meth oxy_4ll.[2ﬂl "(2“"-{2““‘-[2"""-methoxy-ethoxy]-eth oxy}-
ethoxy)-ethoxy]-phenyl}-vinyl)-thiophene (XXXV)

=
S
0\
NS \f\o/\J O\/\o/

3-Methoxy-4-[2°-(2"-{2""-[2""-methoxy-ethoxy |-ethoxy }-ethoxy)-ethoxy |-
benzaldehyde (0.7782 g, 2.27 mmol) and thiophene phosphonate (0.5167 g,
2.21 mmol) were stirred in dry CH,Cl, (20 mL) under N, before KO'Bu (0.7971 g,
7.10 mmol) was added and the solution left to stir at room temperature for 1 hour.
H,O (20 mL) was added and acidified with aqueous HCI before CH,Cl, (20 mL) was
added, and the organic layer separated. The aqueous layer was extracted with CH,Cl,
(20 mL), after which the combined organic layers were washed with H,O (30 mL)
and the solvent removed under reduced pressure. The residue was dissolved in
CH,Cl,, and purified using flash column chromatography on silica. The column was
initially eluted in CH,Cl,, then the desired product eluted in 1% MeOH. Removal of
the solvent under reduced pressure yielded 3-(2'-{3"-methoxy-4"-[2""-(2""-{2""'-
12"""-methoxy-ethoxy|-ethoxy }-ethoxy)-ethoxy|-phenyl }-vinyl)-thiophene as a beige
semi-solid (0.5954 g, 64%).

'H NMR (400.1 MHz, CDCl,) & 3.37 (s, 3H, 2"""OCH,); 3.53-3.55 (m, 2H,
OCH,2"""): 3.63-3.65 (m, 2H, OCH,1"""); 3.65-3.67 (m, 4H, OCH, 1™, 2"™""); 3.68-
3.69 (m, 2H, OCH,2""); 3.72-3.74 (m, 2H, OCH,1""); 3.88-3.91 (m, 2H, OCH,2"");
3.91 (s, 3H, ArOCH,); 4.19-4.21 {m, 2H, OCH,1”"); 6.89 (d. IH, %/ = 8.3 Hz,
ArHS5"); 6.89 (d, IH, %/ = 16.2 Hz, H,,;2"); 6.9 (dd, IH, *J = 8.2 Hz, ¥/ = 2.0 Hz,
ArH6™); 7.00 (d, 1H, *J = 16.1 Hz, H,,1"); 7.02 (d, IH, ¥/ = 1.9 Hz, ArH2"); 7.22-
7.23 (m, I H, ThH4); 7.30-7.34 (m, 2H, ThH2, 5).

“C NMR (100.6 MHz, CDCl,) 8 55.8 ArOCH;; 59.0 2”"OCH,; 68.4 OCH,1""; 69.5
OCH,2"’; 70.4 OCH,1”"; 70.5 OCH,2”"; 70.5 OCH,2""; 70.5 OCH,1””"; 70.7
OCH,I™; 71.8 OCH,2"""; 109.1 ArC2”; 113.6 ArC5”; 119.4 ArC6™; 121.2 C,;,,1";

vinyl
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121.6 ThC4; 124.7 ThC2; 126.0 ThCS5; 128.3 C
148.0 ArC4”; 149.6 ArC3".

2°; 130.9 ArC17; 140.1 ThC3;

vinyl

Electronic spectrum (MeCN) )\max nm/(log €) 317.5(4.41), 298.0 (4.38), 216.0 (4.26).

HRMS (FAB) M" calc 422.1763, found 422.1782.

Anal. Calculated for C,,H,,0O.S; C, 62.54; H, 7.16; S, 7.59. Found: C, 61.58; H, 7.56;
S,7.27.

3-[2’-(3”,4”-Dimethoxy-phenyl)-vinyl]-thiophene (XXXVI)

Thiophen-3-ylmethyl-phosphonic acid diethyl ester (0.5040 g, 2.15 mmol) and 3,4-
dimethoxybenzaldehyde (0.3573 g, 2.15 mmol) were dissolved in dry CH,CI,
(10 mL) before potassium tert-butoxide (0.6997 g, 6.23 mmol) was added and the
solution left to stir at room temperature under N, for 30 minutes. H,O (20 mL) was
added and acidified with 2M HCI. The organic layer was separated and the aqueous
layer washed with CH,CI, (20 mL), before the combined organic layers were washed
with H,O (25 mL) and the solvent removed under reduced pressure. The residue was
dissolved in CH,Cl, and rinsed through a plug of silica with CH,Cl,. The eluent was

dried to yield an off-white solid, melting point = 87-89°C, (0.2859 g, 54%).

'H NMR (400 MHz, CD,Cl,) 8 3.84 (s, 3H, 4°OCH,); 3.88 (s, 3H, 3’OCH,); 6.85 (d,
IH, °/ = 8.2 Hz, ArH5"); 691 (d, 1H, *J = 16.3 Hz, H,,,,2°); 7.01 (dd, 1H, "/ =

vinyl
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8.2 Hz, "/ = 2.0 Hz, ArH2"); 7.03 (d, IH, *J = 16.2 Hz, Hyil )5 7.04 (d, TH, Y=
2.2 Hz, ArH2%); 7.25-7.26 (m, 1H, ThH 47); 7.32-7.36 (m, 2H, ThH 27, 57).

C NMR (100.6 MHz, CD,Cl,) & 55.3 3"OCH,, 55.4 4”OCH,; 108.3 ArC2"; 111.1
AIC5™; 119.2 ArC6"; 120.5 C,,,,1"; 121.3 ThC4; 124.4 ThC2; 125.8 ThCS; 128.0
C.ni2’; 130.0 ArC17; 140.0 ThC3; 148.7 ArC4”; 149.0 ArC3”.

vinyl

Electronic spectrum (MeCN) A,.. nm/(log €) 216.5 (4.26), 297.5 (4.38), 318.0 (4.40).

HRMS (FAB) M" calc 246.0715, found 246.071 1.

2,14-Bis-(2-[2,2";5',2"]terthiophen-3'-yl-vinyl)-6,7,9,10,17,18,20,21-
octahydro-5,8,11,16,19,22-hexaoxa-dibenzo[a,jJcyclooctadecene
(XXXVII)

/N
\

7\

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-

hexaoxadibenzo[a,j|cyclooctadecene-2,14-dicarbaldehyde (101.6 mg, 0.24 mmol)
was dissolved in dry CH,Cl, (50 mL) under N, by sonication. Terthiophene
phosphonate (2 mL x 0.264 mol/L solution in THF, 0.53 mmol) was added, followed
by potassium tert-butoxide (0.5476 g, 4.88 mmol) causing the reaction mixture to turn
briefly dark red, then cloudy yellow. The solution was sonicated for 20 minutes, then
diluted with CH,Cl, (100 mL). H,O (20 mL) was added and acidified with 2M HCl

before the organic layer was separated and washed with H,O (20 mL). The solvent
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was removed, and the yellow residue suspended in CH,Cl, (1000 mL) then loaded
onto a short, wide silica column. After 1,2-bis(|2°,2”;5”,2" |terthiophen-3"-yl)ethene
(17.1 mg, 27%) was eluted in CH,Cl,, the product was eluted as a yellow band in 3%
MeOH. Removal of solvent under reduced pressure yielded an insoluble yellow solid

(114.7 mg, 52%).

HRMS (FAB) (M+Na)' calc 927.1047, found 927.1039.

Anal. Calculated for C,;H,,O,S,Na; C, 62.11; H, 4.34; S, 20.73. Found: C, 62.35; H,
4.48; S,20.98.

Further characterisation was not possible due to insolubility of the material in a wide
variety of common solvents including alkanes, alcohols, ethers, esters, ketones,

chlorinated solvents, aromatics, DMF and THF.

2,13-Bis-(2-[2,2';5',2"]terthiophen-3'-yl-vinyl)-6,7,9,10,17,18,20,21-
octahydro-5,8,11,16,19,22-hexaoxa-dibenzo[aj]cyclooctadecene
(XXXVIIN)

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-
hexaoxadibenzola,j|cyclooctadecene-2,13-dicarbaldehyde (50.1 mg, 0.12 mmol) was

dissolved in dry CH,Cl, (50 mL) under N, by sonication. Terthiophene phosphonate
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(1 mL x 0.26 mol/L solution in THF, 0.26 mmol) was added, followed by potassium
tert-butoxide (0.2899 g, 2.6 mmol) causing the reaction mixture to turn briefly dark
red, then cloudy yellow. The solution was sonicated for 1 hour and subsequently
washed with 2M HCI (20 mL). The solvent was removed, and the yellow residue
suspended in CH,Cl, (150 mL), before being loaded onto a short, wide silica column.
After 1,2-bis({2’,2”;57,2"" |terthiophen-3"-yl)ethene (7.5 mg, 24%) was eluted in
CH,Cl,, the product was eluted as a yellow band in 3% MeOH. Removal of solvent

under reduced pressure yielded an insoluble yellow solid (77.5 mg, 71%).
HRMS (FAB) M" calc 904.1149, found 904.1147.

Anal. Calculated for C,gH,,O.S; C, 63.69; H, 4.45; S, 21.25. Found: C, 63.37; H,
5.13;S,18.61.

Further characterisation was not possible due to insolubility of the material ina wide
variety of common solvents, including alkanes, alcohols, ethers, esters, ketones,

chlorinated solvents, aromatics, DMF and THF.

[13-(Diethoxy-phosphorylmethyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[a,jJcyclooctadecen-2-ylmethyl]-
triphenyl-phosphonium chloride
and
[14-(Diethoxy-phosphorylmethyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[a,jlcyclooctadecen-2-ylmethyl]-
triphenyl-phosphonium chloride
(XXXIX)

SN URLY
3% Mg
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Dichloromethylbenzo-18-crown-6 (1.5530 g, 3.40 mmol) was stirred in toluene
(20 mL) and triphenylphosphine (2.8297 g, 10.79 mmol) added. The mixture was
heated to reflux for 3 hours after which the solid was filtered, washed with toluene
and excess solvent removed under reduced pressure. 1,2-dichloroethane (20 mL) and
triphenylphosphine (1.8129 g, 6.91 mmol) were added and the solution refluxed for a
further 3 hours. After cooling the solution was diluted with hexane, the solid
removed by filtration, washed with toluene and dried under vacuum to yield the title

compound as an off-white powder (2.7342 g, 82%).

'"H NMR (400 MHz, CDCl,)  3.65-3.68(m, 16H, OCH,); 5.16 (d, 4H, ¥J,,, = 8.9 Hz,
CH,P); 6.45-6.46 (m, 2H, ArH); 7.13-7.20 (m, 4H, ArH); 7.54-7.71 (m, 30H, ArH).

*'P NMR (162.0 MHz, CDCl,)  23.7.
Electronic spectrum (CHCI,) A, nm/(log €) 269.5 (4.07), 276.0 (4.08).

HRMS (FAB) (M-Cl)" calc 945.3241, found 945.3274.

[13-(Diethoxy-phosphorylmethyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[a,jjcyclooctadecen-2-ylmethyl]-
phosphonic acid diethyl ester
and
[14-(Diethoxy-phosphorylmethyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[ajlcyclooctadecen-2-ylmethyl]-
phosphonic acid diethyl ester
(XL)

o
el o
o/
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Dichloromethylbenzo-18-crown-6 XLIII (1.5530 g, 3.40 mmol) was heated to reflux
with triethyl phosphite (40 mL, as the solvent) under Ar for 16 hours, before excess
triethyl phosphite was removed under vacuum. Purification by chromatograpy and

distillation failed, so the product was used without further purification.

HRMS (FAB) (MH)' calc 661.2543, found 661.2550.

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-hexaoxa-
dibenzo[aj]cyclooctadecene-2,14-dicarbaldehyde
and
6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-hexaoxa-
dibenzo[a,jlcyclooctadecene-2,13-dicarbaldehyde
(XLI)

od Tt

NN

Dibenzo-18-crown-6 was formylated using the Smith modification of the Duff
reaction according to the method of Wada er al.'”” Phosphorus oxychloride (6.95 mL,
11.44 g, 0.075 mol) was added to N-methylformanilide (9.20 mL, 10.08 g, 0.075 mol)
under Ar and left to stir at room temperature for 20 minutes. Dibenzo-18-crown-6
(6.49 g, 0.018 mol) was added and the solution heated for 5 hours at 90°C before
leaving to cool overnight. The solution was heated to 60°C and H,O added (100 mL).
The aqueous solution was extracted with CHCI; (6 x 50 mL), and the organic extracts
dried over MgSO, and solvent removed. The solid was washed with acetone and
dried to yield a 1:1 isomeric mixture of the title compounds (5.757 g, 77%, lit

90%'").
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'H NMR (400.1 MHz, CDCl,) 4 4.00-4.04 (m, 8H, OCH,); 4.20-4.24 (m, 8H, OCH,);
6.92 (d, 1H, *J = 8.2 Hz, ArH); 6.93 (d, IH, *J = 8.2 Hz, ArH); 7.35 (d, 2H, *J =
1.7 Hz, ArH); 7.42 (dd, 2H, *J = 8.2 Hz, *J = 1.8 Hz, ArH); 9.82 (s, IH, CHO); 9.82
(s, IH, CHO).

“C NMR (68.1 MHz, CDCl,) 4 68.1 OCH,; 68.2 OCH,; 68.3 OCH,; 68.4 OCH,: 69.2
OCH,; 69.3 OCH,; 69.4 OCH,; 109.7 ArC; 109.8 ArC; 111.1 ArC; 111.1 ArC; 126.7
ArC; 126.9 ArC; 129.9 ArC; 130.0 ArC; 148.8 ArC; 148.8 ArC; 153.8 ArC; 153.8
ArC; 190.7 CHO.

Electronic spectrum (CH,Cl,) }\.max nm/(log €) 232.5 (4.41),276.0 (4.26), 308.0 (4.14).

(13-Hydroxymethyl-6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-
hexaoxa-dibenzo[a,jjcyclooctadecen-2-yl)-methanol
and
(14-Hydroxymethyl-6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-
hexaoxa-dibenzo[a,jJcyclooctadecen-2-yl)-methanol
(XL

(\O/E
o]
HO/U l B
H
0 o

NN

Diformylbenzo-18-crown-6 XLI (2.5084 g, 6.02 mmol) was stirred under Ar in 1:1
THF:ethanol (60 mL) before sodium borohydride ( 0.4702 g, 12.43 mmol) was added
and the solution left to stir for 24 hours. The reaction was quenched with IM HCI
(50 mL) before the reaction mixture was extracted with CH,Cl, (3 x 45 mL). The

organic extracts were washed with H,O (50 mL), dried over MgSO,,, filtered and
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evaporated to yield the desired dialcohol XLII as an off-white powder (1.8971 g,
75%).

'H NMR (270.2 MHz, CDCl;)  3.99-4.04 (m, 8H, OCH,); 4.12-4.17 (m, 8H, OCH,);
4.58 (s, 4H, ArCH,); 6.80-6.88 (m,6H, 6 x ArH).

“C NMR (68.1 MHz, CDCl,) 665.0 CH,0H; 68.1 OCH,; 69.6 OCH,: 112.5 ArC;
119.3 ArC; 120.9 ArC; 133.7 ArC; 147.7 ArCO; 148.3 ArCO.

Electronic spectrum (CH,Cl,) A, nm/(log €) 280.5 (3.76).

'max

HRMS (FAB) M" calc 420.1784, found 420.1781.

2,14-Dichloromethyl-6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-
hexaoxa-dibenzo[aj]cyclooctadecene
and
2,13-Dichloromethyl-6,7,9,10,17,18,20,21-octahydro-5,8,11,16,19,22-
hexaoxa-dibenzo[aj]cyclooctadecene
(XL1m)

g/mi/\o/\(g | R o
P

(oS
Dihydroxymethylbenzo-18-crown-6 XLII (1.8670 g, 4.44 mmol) was stirred under
Ar in dry benzene (15 mL) before thionyl chloride (1.40 mL, 2.28 g, 19.2 mmol) in
dry benzene (30 mL) was added and the solution left to stir for 1 hour. The reaction
was quenched with H,O (50 mL) before the reaction mixture was extracted with
CH,CI, (3 x 50 mL). The organic extracts were dried over MgSO,, filtered and

evaporated to yield the desired dichloro crown XLIII as an off-white powder

(1.7904 g, 88%).
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'H NMR (270.2 MHz, CDCl,)  3.99-4.04 (m, 8H, OCH,); 4.14-4.19 (m, 8H, OCH,);
4.54 (s, 4H, CH,(Cl); 6.78-6.91 (m, 6H, 6 x ArH).

“C NMR (68.1 MHz, CDCl;) 8 46.7 CH,CI; 68.6 OCH,; 69.7 OCH,; 112.7 ArC;
113.5 ArC; 121.4 ArC; 130.2 ArC; 148.6 ArCO; 148.7 ArCO.

Electronic spectrum (CH,Cl,) A, nm/(log €) 237.5 (4.12), 282.0 (3.83).

HRMS (FAB) M" calc 458.1077, found 458.1095.

2,13-Bis-[2’-(4”-nitro-phenyl)-vinyl]-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[aj]cyclooctadecene
and
2,14-Bis-[2’-(4” -nitro-phenyl)-vinyl]-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[aj]cyclooctadecene
(XLIV)

02N
7
| O

o)

13
NO,

Bis(phosphonate)-18-crown-6 (101.0 mg, 0.15 mmol max.) and 4-nitrobenzaldehyde
(69.4 mg, 0.46 mmol) were dissolved in dry THF (10 mL) and stirred under N.,.
Potassium tert-butoxide (55.4 mg, 0.49 mmol) was added and the solution left to stir
for 2.5 hours before being neutralized with 2M HCI. The product was evaporated and
redissolved in CH,Cl,, then subjected to column chromatography on silica. Gradient

elution from CH,Cl, to 10% MeOH/CH,Cl, yielded 3 identifiable fractions. Fraction
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1 (2.2 mg, 2%) and fraction 2 (6.9 mg, 7%) consisted of the title compounds, while a
third fraction appeared to be 2-|2'-(4"-nitro-phenyl)-vinyl|-6,7,9,10,17,18,20,21 -
octahydro-5,8,11,16,19,22-hexaoxa-dibenzola,j|cyclooctadecene (5.3 mg, 7%).

'H NMR (270 MHz, CDCl,)  4.06-4.09 (m, 8H, OCH,); 4.20-4.26 (m, 8H, ArOCH,);
6.87 (d, 2H,*J = 8.6 Hz, ArH); 6.99 (d, 2H, °J = 16.0 Hz, H,;i27); 7.08-7.10 (m, 4H,
ArH); 7.19 (d, 2H, J = 16.0 Hz, H,;,,,1"); 7.60 (d, 4H, °J = 8.6 Hz, ArH2", 6"); 8.21
(d,2H,°J = 8.8 Hz, ArH3", 5”).

“C NMR (100.6 MHz, CDCl,) & 68.6 OCH,; 68.6 OCH,; 68.7 OCH,; 68.8 OCH,;
68.8 OCH,; 68.9 OCH,; 69.8 OCH,; 69.9 OCH,; 111.0 ArC; 1129 ArC; 121.2 ArC;
124.1 ArC3”, 57, 1243 C,,,2"; 126.4 ArC2”, 6", 129.5 ArC; 133.0 C,,,,1"; 144.0
ArC17; 146.4 ArC47; 148.7 ArCO; 149.5 ArCO.

vinyl

Electronic spectra (CH,Cl,) A, nm/(log €) 281.5 (4.10), 388.0 (4.39) and 275.0
(4.11),379.5 (4.32).

Mass spectra (FAB) M™ calc 654.2213, found 654.2181 and 654.2216.

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-
hexaoxadibenzo[aj]lcyclooctadecene-2,14-dicarbaldehyde (XLV)

aedibee
Lo

1,5-bis(2’-hydroxy,5 -formylphenoxy)-3-oxapentane (3.5040 g, 10.1 mmol) and
potassium hydroxide (1.1677 g, 20.8 mmol) were brought to reflux in |-butanol
(350 mL). After 2 hours the solution was cooled and di(ethylene glycol)-di-p-tosylate

(4.1900 g, 10.1 mmol) was added. The solution was then refluxed for 43 hours before
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the solvent was removed under reduced pressure. The residue was dissolved in H,O
(100 mL) and CH,Cl, (100 mL), and the CH,Cl, layer separated. The aqueous layer
was extracted with CH,Cl, (25 mL), after which the combined CH,Cl, layers were
washed with H,O (100 mL), dried over activated neutral Al,O,, filtered and the
solvent removed under vacuum. The solid was suspended in acetone, filtered, and
washed with acetone to yield a white microcrystalline powder, melting point = 214-

218°C (1.4989 g, 36%).

'H NMR (400.1 MHz, CDCl;) 6 4.01-4.06 (m, 8H, OCH,); 4.22-4.25 (m, 8H,
ArOCH,); 6.93 (d, 2H, °J = 8.2 Hz, ArH4, 12); 7.37 (d, 2H, *J = 1.8 Hz, ArHlI, 15);
7.43 (dd, 2H, "J = 8.2 Hz, *J = 1.8 Hz, ArH3, 13); 9.83 (s, 2H, CHO).

“C NMR (100.6 MHz, CDCl,) & 68.1 ArOCH,; 68.3 ArOCH,; 69.3 OCH,; 69.3

OCH,; 109.6 ArC; 111.0 ArC; 126.9 ArC; 130.0 ArC; 148.9 ArCO; 153.8 ArCO;
191.0 CHO.

Electronic spectrum (MeCN) A
307.0 (4.28).

nm/(log €) 204.0 (4.45), 230.5 (4.57),274.0 (4.37),

max

HRMS (FAB) MH" calc 417.1549, found 417.1530.

Anal. Calculated for C,,H,,0,; C, 63.45; H, 5.81. Found: C, 62.52; H, 5.79.

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-
hexaoxadibenzo[aj]cyclooctadecene-2,13-dicarbaldehyde (XLVI)
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1-(2’-Hydroxy-4’-formylphenoxy)-5-(2”-hydroxy-5"-formylphenox y)-3-oxapentane

(108.8 mg, 0.314 mmol) and sodium hydroxide (29.8 mg, 0.745 mmol) were brought
to reflux in 1-butanol (100 mL). After 4 hours the solution was cooled and
di(ethylene glycol)-di-p-tosylate (132.3 mg, 0.319 mmol) was added. The solution
was then refluxed for 40 hours before the solvent was removed under reduced
pressure. The residue was dissolved in H,O (20 mL) and CH,Cl, (20 mL), and the
CH,Cl, layer separated. The aqueous layer was washed with CH,Cl, (20 mL), the
combined CH,Cl, layers washed with H,O (20 mL), dried with activated neutral
aluminium oxide, filtered and the solvent evaporated. The solid was suspended in
acetone, filtered, washed with acetone and dried to give a cream powder, melting

point 232-235 C (17.2 mg, 13%).

'H NMR (400.1 MHz, CDCl,) 8 4.02-4.06 (m, 8H, OCH,); 4.22-4.25 (m, 8H,
ArOCH,); 6.94 (d, 2H, 'J = 8.2 Hz, ArH4, 15);7.37 (d, 2H, *J = 1.8 Hz, ArH|I, 12);
7.43 (dd, 2H, '/ = 8.2 Hz, *J = 1.8 Hz, ArH3, 14); 9.83 (s, 2H, CHO).

“C NMR (68.0 MHz, CDCl,) 8 68.3 ArOCH,; 68.4 ArOCH,; 69.3 OCH,; 69.5 OCH,;

109.8 ArC; 111.1 ArC; 127.0 ArC; 130.0 ArC; 148.8 ArCO; 153.9 ArCO; 190.8
CHO.

Electronic spectrum (CH,Cl,) A nm/(log €) 232.5 (4.51),276.0 (4.35), 309.0 (4.27).

max

HRMS (FAB) MH" calc 417.1549, found 417.1557.

1,5-bis(2’-Methoxy-5’-formylphenoxy)-3-oxapentane (XLVII)
. /O
H H
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1,5-bis(2’-Methoxy-5'-formyl phenoxy)-3-oxapentane was prepared according to the
method of Kumar and Mashraqui.*’ Isovanillin (12.1792 g, 80.0 mmol), potassium
carbonate (11.0818 g, 80.2 mmol) and di(ethylene glycol)-di-p-tosylate (16.5940 g,
40.0 mmol) were heated in dry dimethylformamide (100 mL) under nitrogen at 110°C
for 137 hours. The solution was poured into water (500 mL), causing a white
precipitate to form. The precipitate was isolated by filtering through a 0.5 xm FH
membrane (Millipore) that had been pre-saturated with methanol. The product was
re-suspended in water (300 mL) and filtered again, before being recrystallised from

ethanol to yield white crystals (11.5152 g, 77%).

'H NMR (400.1 MHz, CDCI,) 8 3.89 (s, 6H, OCHj,); 3.96-3.99 (m, 4H, OCH,2, 4);
4.22-4.25 (m, 4H, OCH,1, 5); 6.93 (d, 2H, ‘] = 8.2 Hz, ArH3"); 7.39 (d, 2H, *J =
1.9 Hz, ArH6'); 7.43 (dd, 2H, '/ = 8.2 Hz, *J = 1.9 Hz, ArH4"); 9.79 (s, 2H, CHO).
BC NMR (100.6 MHz, CDCl,) 4 56.0 OCH,; 68.4 OCH,1, 5; 69.5 OCH,2, 4; 110.6

Ar3’; 110.8 ArC6’; 126.7 ArC4’; 129.8 ArC5'; 148.6 ArCI’; 154.8 ArC2’; 190.7
CHO.

Electronic spectrum (CHCI,) A, nm/(log €) 204.0 (4.41), 230.0 (4.56), 273.5 (4.35),
305.5 (4.23).

HRMS (FAB) MH" calc 375.1443, found 375.1452.

Anal. Calculated for C,jH,,0,: C, 64.16; H, 5.92. Found: C, 63.85; H, 5.95.

1,5-bis(2’-Hydroxy-5’-formylphenoxy)-3-oxapentane (XL VIIl)
OH HO
H ]
\g/ : :o oj : T
k/o\) ©
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Sodium hydride in 20% paraffin oil (3.2649 g, 0.109 mol) was stirred under Ar with
dry DMF (150 mL). Ethanethiol (8.3 mL, 0.112 mol) was added and the mixture left
to stir for 10 minutes before 1,5-bis(2-methoxy-5-formylphenoxy)-3-oxapentane
(10.5021 g, 0.028 mol) was added. The solution was heated to 160°C for 3.5 hrs
before evaporating under vacuum with heating to 50°C. IM HCI (100 mL) was
added, followed by CH,Cl, (100 mL) and the mixture left to stir until it had
completely dissolved. The organic layer was separated, and the aqueous layer
extracted with CH,Cl, (2 x 50 mL). The combined CH,Cl, layers were washed with
H,O (100 mL), dried with MgSO,, filtered and the solvent removed under reduced
pressure. The residue was purified by flash column chromatography on silica
(gradient elution 0% - 1.5% MeOH in CH,Cl,), and the product recrystallised from
MeOH, yielding a pale tan product, mass = 7.2206 g (75%).

'H NMR (400.1 MHz, CDCl;) & 3.94-3.96 (m, 4H, OCH,2, 4); 4.28-4.30 (m, 4H,
OCH,l, 5); 7.08 (d, 2H, *J = 7.0 Hz, ArH3"); 7.48 (s, 2H, ArH6’); 7.49 (dd, 2H, J =

7.5 Hz,”J = 1.9 Hz, ArH4"); 9.81 (s, 2H, CHO).

“C NMR (100.6 MHz, CDCl,) & 69.0 OCH,1, 5; 69.3 OCH,2, 4; 113.5 ArC6; 116.0
ArC3’; 128.6 ArC4’; 129.7 ArC5’; 146.3 ArC1’; 153.3 ArC2’; 190.7 CHO.

Electronic spectrum (MeCN) }»max nm/(log €) 203.0 (4.44),227.0 (4.45),273.0 (4.31),
300.5 (4.14).

HRMS (FAB) MH' calc 347.1131, found 347.1147.

1,5-bis(2’-Methoxy-4’-formylphenoxy)-3-oxapentane (XLIX)
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1,5-bis(2’-Methoxy-4’-formylphenoxy)-3-oxapentane was prepared according to the
method of Tuncer and Erk.** WVanillin (15.2271 g, 0.100 mol) and potassium
carbonate (13.8487 g, 0.100 mol) were stirred in dimethylformamide (80 mL) before
dichlorodiethyl ether (5.9 mL, 0.050 mol) was added and the solution heated to 95°C
for 235 hours. After cooling, the solution was diluted with water (120 mL) and 2M
HCI (40 mL) added slowly. The white precipitate that formed was removed by
filtering through a 0.5 um FH membrane (Millipore) that had been pre-saturated with
methanol. The precipitate was re-suspended in H,O and filtered as previously. The
solid residue was dissolved in CH,Cl, (200 mL), washed with H,O (50 mL), dried
with MgSO,, filtered and dried under vacuum. Recrystallisation from methanol gave

white crystals, melting point = 130-131°C (15.49 g, 83%).

'H NMR (400.1 MHz, CDCl,) & 3.90 (s, 6H, OCHj;); 4.00-4.03 (m, 4H, OCH,2, 4);
4.27-4.30 (m, 4H, OCH, 1, 5); 7.00 (d, 2H, *J = 8.1 Hz, ArH6"); 7.39 (d, 2H, *J =
1.7 Hz, AtH3’); 7.41 (dd, 2H, "J = 8.0 Hz, *J = 1.9 Hz, ArH5’); 9.83 (s, 2H, CHO).
BC NMR (100.6 MHz, CDCl,) 8 55.9 OCH;; 68.5 OCH,1, 5; 69.6 OCH,2, 4; 109.2

ArC3’; 1'11.8 ArC6’; 126.5 ArC5’; 130.2 ArC4’; 149.8 ArC2’; 153.7 ArC17; 190.9
CHO.

Electronic spectrum (MeCN) A, nm/(log €) 203.5 (4.43), 229.5 (4.53), 274.0 (4.38),
306.5 (4.28).

HRMS (FAB) MH" calc 375.1444, found 375.1429.

Anal. Calculated for C,¢H,,05; C, 64.16; H, 5.92. Found: C, 64.15; H, 5.91.
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Attempted preparation of 1,5-bis(2’-hydroxy-4’-formylphenoxy)-3-

oxapentane (L)

Sodium hydride in 20% paraffin oil (1.2902 g, 43.0 mmol) was stirred under Ar in dry
DMF (100 mL) for 5 minutes before ethanethiol (3.30 mL, 44.6 mmol) was added.
After 15 minutes, when the solution had gone clear, 1,5-bis(2’-methoxy-4’-
formylphenoxy)-3-oxapentane (4.0889 g, 10.92 mmol) was added and the solution
heated to 160°C for 4 hours. After removing excess thiol, solvent and by-product
under vacuum, the residue was dissolved in CH,Cl, (100 mL) and 1M HCI (50 mL).
The organic layer was separated and the aqueous layer extracted with CH,Cl, (2 x
40 mL). The combined organic layers were washed with H,0O (60 mL), dried with
MgSO,, filtered and evaporated. The residue was purified by flash column
chromatography on silica utilizing gradient elution from 0% - 1.5% MeOH/CH,Cl,,
yielding 4-ethylsulfanyl-3-hydroxy-benzaldehyde LI (0.8735 g, 44%, melting point =
72-73°C) and 3-hydroxy-4-|2-(2-hydroxy-ethoxy)-ethoxy|-benzaldehyde LII
(0.2335 g, 9%, melting point = 70-73°C). Characterisation for these two compounds

follows. The desired product was notisolated.

4-Ethylsulfanyl-3-hydroxy-benzaldehyde (LI)

'H NMR (400.1 MHz, CDCl,) & 1.27 (t, 3H, *J = 7.4 Hz, CH,); 2.85 (q, 2H, J =
7.4 Hz, CH,); 6.89 (s, 1H, OH); 7.40 (dd, IH, *J = 7.9 Hz, *J = 1.7 Hz, ArH6); 7.45
(d, IH,“J = 1.7 Hz, ArH2); 7.57 (d, I H, J = 7.9 Hz, ArH5); 9.93 (s, | H, CHO).
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“C NMR (100.6 MHz, CDCl,) 4 14.7 CH;; 29.8 CH,; 114.9 ArC2; 121.8 ArC6; 127.8
ArC4; 134.3 ArC5; 137.5 ArCl; 156.6 ArC3; 191.6 CHO.

Electronic spectrum (MeCN) A, nm/(log €) 209.5 (4.19), 245.0 (3.88), 298.5 (3.91),
329.0 (4.10).

HRMS (EI) MH" calc 182.0402, found 182.0400.

3-Hydroxy-4-[2’-(2”-hydroxy-ethoxy)-ethoxy]-benzaldehyde (LII)

o}
o
H
O/\/O\/\\OH

'H NMR (400.1 MHz, CDCl;) & 3.68-3.70 (m, 2H, OCH,1"); 3.80-3.82 (m, 2H,
OCH,2"); 3.89-3.91 (m, 2H, OCH,2"); 4.18-4.21 (m, 2H, OCH,17); 6.88 (d, 1H, J =
8.2 Hz, ArHS); 7.33 (dd, 1H, *J = 8.2 Hz, *J = 2.0 Hz, ArH6); 7.38 (d, IH, *J =
2.0 Hz, ArH2); 9.80 (s, | H, CHO).

“C NMR (100.6 MHz, CDCl,)  61.4 OCH,2”; 67.7 OCH,1"; 69.1 OCH,2’; 72.5
OCH,1"; 111.8 ArCS5; 115.2 ArC2; 124.0 ArC6; 1309 ArCl; 146.9 ArC3; 151.4
ArC4; 191.2 CHO.

Electronic spectrum (MeCN) A,.. nm/(log €) 205.0 (4.20), 228.0 (4.19), 271.5 (4.03),

'max

308.0 (3.89).

HRMS (EI) M" calc 226.0841, found 226.0843.
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3-[2’-(2”-Chloro-ethoxy)-ethoxy]-4-methoxy-benzaldehyde (LIil)

O
H
TA/C[‘L/OJ |
Isovanillin (19.4756 g, 0.128 mol) and potassium carbonate (17.6872 g, 0.128 mol)
were heated in dimethylformamide (100 mL) to 90°C before 2-chloroethy! ether
(15 mL, 0.128 mol) was added. The reaction mixture was heated for a further 113
hours, before filtering and evaporating under vacuum. The tan coloured solid was
dissolved in CH,Cl, and purified by flash column chromatography on silica. Gradient
elution (100:0 to 98:2 CH,Cl,:MeOH) gave the desired product as a white crystalline
solid, melting point = 61-63°C, (13.8724 g, 42%). A second fraction yielded 1,5-
bis(2’-methoxy-5’-formylphenoxy)-3-oxapentane XLVII as iridescent flakes after
recrystallisation from ethanol, melting point = 130-132°C (11.0463 g, 46%).

'H NMR (400.1 MHz, CDCl;) & 3.61-3.64 (m, 2H, OCH,2"); 3.82-3.79 (m, 2H,
OCH,17); 3.90 (s, 3H, OCH,); 3.89-3.91 (m, 2H, OCH,2’); 4.20-4.22 (m, 2H,
OCH,1"); 6.94 (d, 1H, 'J = 8.2 Hz, ArHS5); 7.39 (d, | H, ¥/ = 1.9 Hz, ArH2); 7.44 (dd,
IH, *J = 8.2 Hz, 'J = 1.7 Hz, ArH6); 9.80 (s, |H, CHO).

“C NMR (100.6 MHz, CDCl,) & 42.5 OCH,2"; 56.0 OCH,; 68.3 OCH,1’; 69.3

OCH,27; 71.4 OCH,17; 110.6 ArC5; 110.8 ArC2; 126.8 ArC6; 129.8 ArCl; 148.5
ArC3;154.7 ArC4; 190.7 CHO.

Electronic spectrum (CHCI,) )\.max nm/(log €) 204.0 (4.14),229.5 (4.27), 273.5 (4.07),
305.5 (3.95).

HRMS (FAB) M calc 258.0659, found 258.0657.

Anal. Calculated for C,,H,sCIO,; C, 55.71; H, 5.84. Found: C, 55.07; H, 5.68.
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1-(2’-Methoxy-4’-formylphenoxy)-5-(2”-methoxy-5"-formylphenoxy)-3-
oxapentane (LIV)

HJ\(:E:)\ /O

H
(oS 1
Sodium hydride in 20% paraffin oil (0.8361 g, 27.9 mmol) was stirred in dry
dimethylformamide (50 mL) before vanillin (4.2616 g, 28.0 mmol) was added and the
solution heated to 40°C for 30 minutes. 3-[2-(2-Chloroethoxy)-ethoxy|-4-methoxy-
benzaldehyde (7.2158 g,27.9 mmol) was added and the solution heated to 95°C under
nitrogen for a further 256 hours. After cooling, the reaction mixture was diluted with
water (50 mL) and 1M HCI (100 mL), and CH,Cl, (50 mL) added. The organic layer
was separated, and the aqueous extracted with CH,Cl, (2 x 50 mL) before the
combined organic layers were washed with H,O (100 mL), dried with MgSO,, filtered
and evaporated under reduced pressure. The brown solid thus obtained was dissolved
in CH,Cl, and purified by flash column chromatography on silica. Fractions
containing product only were combined and evaporated, then the solid recrystallised
from methanol to yield 1-(2’-methoxy-4’-formylphenoxy)-5-(2”-methoxy-5"-
formylphenoxy)-3-oxapentane as a white solid, melting point = 99-100°C, (5.7243 g,
55%).

'H NMR (400.1 MHz, CDCl;) & 3.88 (s, 3H, OCH,"); 3.90 (s, 3H, OCH,"); 3.97-4.01
(m, 4H, OCH,2, 4); 4.23-4.25 (m, 2H, OCH,5); 4.26-4.29 (m, 2H, OCH,1); 6.95 (d,
IH, */ = 8.2 Hz, ArH3"); 6.99 (d, |H, *J = 8.2 Hz, ArH6’); 7.36 (d, 1H, "J = 1.8 Hz,
ArH3’); 7.39 (dd, 1H, *J = 8.1 Hz, *J = 1.9 Hz, ArH5"); 7.41 (d, IH, *J =1.9 Hz,
ArH6”); 7.44 (dd, 1H,*/ =8.1 Hz, "/ =1.9 Hz, ArH4"); 9.80 (s, 1H, CHO"); 9.81 (s,
IH, CHO’).

“C NMR (100.6 MHz, CDCl,;) & 55.8 OCH,’; 56.0 OCH,"; 68.4 OCH,l; 68.4
OCH,5; 69.5 OCH,4; 69.7 OCH,2; 109.1 ArC3’; 110.6 ArC3”; 110.7 ArC6”; 111.8
ArC6’; 126.5 ArC57; 126.9 ArC47; 129.8 ArC5”; 130.1 ArC4°; 148.7 ArCI17; 149.7
ArC2’; 153.7 ArCl ’; 154.8 ArC2”; 190.7 CHO™; 190.9 CHO’.
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Electronic spectrum (MeCN) A nm/(log €) 204.0 (4.43), 229.5 (4.55), 274.0 (4.37),

max

306.5 (4.26).
HRMS (FAB) MH" calc 375.1444, found 375.1438.

Anal. Calculated for C,jH,,0,: C,64.14; H. 5.92. Found: C, 64.44; H, 6.00.

1-(2’-Hydroxy-4’-formylphenoxy)-5-(2”-hydroxy-5"-formylphenoxy)-3-
oxapentane (LV)

O

JﬁDH HO
+
H
a

NN

Sodium hydride in 20% paraffin oil (0.8086 g, 27.0 mmol) was stirred under Ar in dry
DMF (150 mL). Ethanethiol (2.0 mL, 27.0 mmol) was added and the mixture left to
stir for 10 minutes before 1-(2’-methoxy-4’-formylphenoxy)-5-(2”-methoxy-5"-
formylphenoxy)-3-oxapentane (4.0147 g, 10.7 mmol) was added. The solution was
heated to 160°C for 3 hours before the solvent was removed under vacuum. 1 M HCI
(100 mL) was added, followed by CH,Cl, (100 mL) and the mixture left to stir until it
had completely dissolved. The organic layer was separated, and the aqueous layer
extracted with CH,Cl, (2 x 50 mL). The combined CH,ClI, layers were washed with
H,0 (100 mL), dried with MgSO,, filtered and the solvent removed under reduced
pressure. The residue was purified by flash column chromatography on silica.
Gradient elution from 0% to 1.5% MeOH in CH,Cl, yielded 4-ethylsulfanyl-3-
methoxy-benzaldehyde LVII (0.4698 g, 22%), 4-ethylsulfanyl-3-hydroxy-
benzaldehyde LI (0.5736 g, 29%, melting point = 72-73°C), 1-(2’-hydroxy-4’-
formylphenoxy)-5-(2”-hydroxy-5”-formylphenoxy)-3-oxapentane LV (0.9686 g,
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26%, melting point = 55-66°C) and 4-hydroxy-3-[2-(2-hydroxy-ethoxy)-ethoxy|-
benzaldehyde LVIII (0.8781 g, 36%, melting point = 79-81°C).

'H NMR (400.1 MHz, CDCl,) & 3.89-3.94 (m, 4H, OCH,2, 4); 4.24-429 (m, 4H,
OCH,1, 5); 7.00 (d, I1H, '/ = 8.2 Hz, ArH6’); 7.07 (d, 1H, J = 8.6 Hz, ArH3"); 7.38
(dd, 1H, 'J = 8.2 Hz,"J = 2.0 Hz, ArHS"); 7.47-7.50 (m, 3H, ArH3’, 4", 6”); 9.79 (s,
1H, CHO”); 9.83 (s, IH, CHO").

“C NMR (100.6 MHz, CDCl;) & 69.1 OCH,; 69.2 OCH,; 69.3 OCH,; 69.6 OCH,;
1142 ArC6™; 114.3 ArC6’; 115.8 ArC3”; 116.0 ArC3’; 123.8 ArC5’; 128.5 ArC4”;
129.7 ArC5”; 131.7 ArC4’; 146.3 ArC17; 147.3 ArC2’; 151.0 ArC1’; 153.3 ArC2";

190.7 CHO™; 191.1 CHO'.

Electronic spectrum (MeCN) )\m nm/(log €) 203.5 (4.47), 227.5 (4.48), 272.0 (4.32),
303.5 (4.15).

HRMS (FAB) M" calc 347.1131, found 347.1121.

4-[2’-(2”-Chloro-ethoxy)-ethoxy]-3-methoxy-benzaldehyde (LVI)

(e}
H | S N
Z O Cl
l\/O\)

Vanillin (19.476 g, 0.128 mol) and potassium carbonate (17.700 g, 0.128 mol) were
dissolved in DMF (100 mL) with heating to 80°C for 60 minutes. 2-Chloroethyl ether
(15 mL, 0.128 mol) was added, and the solution heated for a further 119 hours at
90°C. After cooling, the solution was filtered using a buchner funnel, the solids
washed with CH,Cl,, and the filtrate evaporated under vacuum. The solid residue was

dissolved in CH,CI, (200 mL) and purified by flash column chromatography on silica.
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The title compound was eluted in CH,Cl,, and dried to yield white needles, melting
point = 55-56°C (10.2651 g, 31%). A second fraction was eluted in 98:2
CH,CI,;:MeOH and was identified as 1,5-bis(2’-methoxy-4’-formylphenoxy)-3-
oxapentane XLIX (10.4212 g, 43%).

'H NMR (400.1 MHz, CDCl,) § 3.63-3.66 (m, 2H, OCH,2"); 3.82-3.85 (m, 2H,
OCH,17); 3.90 (s, 3H, OCH,); 3.93-3.95 (m, 2H, OCH,2’); 4.25-4.28 (m, 2H,
OCH,!1°); 7.00 (d, 1H,*J = 8.2 Hz, ArH5); 7.39 (d, | H, *J = 1.8 Hz, ArH2); 7.42 (dd,
IH, *J = 8.2 Hz, *J = 1.9 Hz, ArH6); 9.84 (s, 1H, CHO).

"C NMR (100.6 MHz, CDCl,) 8 42.7 OCH,2”; 55.9 OCH,; 68.4 OCH,1’; 69.3
OCH,2’; 71.5 OCH,17; 109.2 ArC2; 111.8 ArC5; 126.5 ArC6 6; 130.3 ArCl; 149.8

ArC3; 153.6 ArC4; 190.9 CHO.

Electronic spectrum (MeCN) A_, nm/(log €) 202.5 (4.17), 229.0 (4.25), 274.0 (4.10),
307.0 (3.99).

HRMS (EI) M" calc 258.0659, found 258.0655.

Anal. Calculated for C,,H,;CIO,: C,55.71; H, 5.84. Found: C, 55.62; H, 5.79.

4-Ethylsulfanyl-3-methoxy-benzaldehyde (LVII)

'H NMR (400.1 MHz, CDCl,) & 1.40 (t, 3H, 'J = 7.4 Hz, CH,); 2.99 (q, 2H, *J =
7.4 Hz, CH,); 3.95 (s, 3H, OCH,); 7.25 (d, IH, *J = 7.9 Hz, ArH5); 7.30 (d, I1H, *J =
1.5 Hz, ArH2); 7.41 (dd, IH, *J =79 Hz, *J = 1.6 Hz, ArH6); 9.89 (s, I H, CHO).
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BC NMR (100.6 MHz, CDCl,) 6 13.4 CH,; 24.7 CH,; 55.9 OCH;; 107.4 ArC2; 124.7
ArCS; 125.0 ArCe6; 133.9 ArCl; 136.1 ArC4; 155.1 ArC3;191.2 CHO.

Electronic spectrum (MeCN) A,_. nm/(log €) 206.5 (4.23), 244.0 (3.94), 300.0 (3.98),

max

328.0 (4.20).

HRMS (FAB) MH’ calc 196.0558, found 196.0554.

4-Hydroxy-3-[2’-(2”-hydroxy-ethoxy)-ethoxy]-benzaldehyde (LVIII)
o}

A
OH

'H NMR (400.1 MHz, CDCl,) & 3.69-3.72 (m, 2H, OCH,!1"); 3.82-3.84 (m, 2H,
OCH,2"); 3.89-3.91 (m, 2H, OCH,2); 4.19-4.21 (m, 2H, OCH,1°); 7.00 (d, 1H, J =
8.1 Hz, ArHS); 7.37 (d, I1H, "J = 1.8 Hz, ArH2); 7.41 (dd, 1H, 'J = 8.1 Hz, 'J =
1.8 Hz, ArH6); 9.78 (s, 1H, CHO).

“C NMR (100.6 MHz, CDCl;) 8 61.4 OCH,2; 67.9 OCH,1"; 69.3 OCH,2’; 72.5
OCH,I™”; 111.2 ArC2; 115.6 ArCS; 128.1 ArC6; 129.4 ArCl; 146.5 ArC3; 153.0

ArC4; 190.8 CHO.

Electronic spectrum (MeCN) )\max nm/(log €) 204.0 (4.15), 228.0 (4.21), 273.5 (4.05),
301.0 (3.89).

HRMS (FAB) MH" calc 227.0919, found 227.0927.

Anal. Calculated for C,\H,,Os: C, 58.40; H, 6.24. Found: C, 58.59; H, 6.14.
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2,14-Bis-(2’-thiophen-3”-yl-vinyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[a,jJcyclooctadecene (LIX)

-

Moo

NN

S

6,7,9,10,17,18,20,21 -Octahydro-5,8,11,16,19,22-
hexaoxadibenzo|a.j|cyclooctadecene-2,14-dicarbaldehyde (155.3 mg, 0.373 mmol)
and thiophene phosphonate (191.8 mg, 0.819 mmol) were dissolved in dry CH,Cl,
(30 mL) and stirred under N,. Potassium tert-butoxide (0.9658 g, 8.606 mmol) was
added and the solution left to stir at room temperature for 30 minutes. The reaction
mixture was diluted with CH,Cl, (10 mL) and H,O (40 mL), then neutralized with
aqueous HCI. The organic layer was separated and the aqueous layer extracted with
CH,Cl, (2 x 30 mL) before the combined organic extracts were washed with H,O
(100 mL), dried over activated neutral Al,O;, filtered, and dried under vacuum. The
residue was dissolved in CH,Cl, and purified by flash column chromatography on
silica. After initially eluting in CH,Cl,, the product was removed as a pale yellow
band in 2% MeOH. Removal of solvent under reduced pressure yielded 2,14-bis-(2-
thiophen-3-yl-vinyl)-6,7,9,10,17,18,20,21 -octahydro-5,8,1 1,16,19,22-hexaoxa-
dibenzola.jlcyclooctadecene as a cream powder, melting point = 241-243°C (82.4

mg, 38%).

'H NMR (400.1 MHz, CD,Cl,) & 3.94-3.99 (m, 8H, OCH,); 4.14-4.16 (m, 4H,
ArOCH,); 4.18-4.21 (m, 4H, ArOCH,); 6.83 (d, 2H, *J = 8.1 Hz, ArH4, 12); 6.90 (d,
2H, *J = 16.3 Hz, Hypi!'); 6.99-7.04 (m, 4H, ArH1, 3, 13, 15); 7.02 (d, 2H, ) =
16.6 Hz, H,;,,2"); 7.25 (dd, 2H, *J =2.5 Hz, *J = 1.5 Hz, ThH4"); 7.32-7.36 (m, 4H.
ThH2”, 57).

Electronic spectrum (CH,Cl,) Knm nm/(log €) 299.5 (4.55), 320.0 (4.57).

HRMS (FAB) M” calc 576.1640, found 576.1655.
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2,13-Bis-(2’-thiophen-3-yl-vinyl)-6,7,9,10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo[aj]cyclooctadecene (LX)

I

(o] )@IE}

6,7,9,10,17,18,20,21-Octahydro-5,8,11,16,19,22-

hexaoxadibenzola.j|cyclooctadecene-2,13-dicarbaldehyde (153.6 mg, 0.37 mmol) and
thiophene phosphonate (186.5 mg, 0.80 mmol) were dissolved in dry CH,Cl, (50 mL)
and stirred under N,. Potassium tert-butoxide (0.9888 g, 8.81 mmol) was added and
the solution left to stir at room temperature for 30 minutes. H,O (50 mL) was added,
then acidified with aqueous HCI. The organic layer was separated and the aqueous
layer extracted with CH,Cl, (50 mL) before the combined organic extracts were
washed with H,O (100 mL) and dried under vacuum. The residue was dissolved in
CH,Cl, with sonication, and filtered on a buchner funnel to remove insoluble
material. The filtrate was then purified by flash column chromatography on silica.
After initially eluting in CH,Cl,, the product was removed as a pale yellow band in
2% MeOH. The solution was concentrated and the product precipitated with hexane.
After collection on a 0.5 um FH membrane (Millipore) and removal of solvent under
reduced pressure, 2,13-bis-(2-thiophen-3-yl-vinyl)-6,7,9.10,17,18,20,21-octahydro-
5,8,11,16,19,22-hexaoxa-dibenzo|e& jlcyclooctadecene was obtained as a as a cream

powder, melting point = 220-222°C (83.6 mg, 39%).

'H NMR (400.1 MHz, CD,Cl,) 8 3.95-3.98 (m, 8H, OCH,); 4.14-4.17 (m, 4H,
ArOCH,); 4.18-4.20 (m, 4H, ArOCH,); 6.82 (d, 1H, *J = 8.0 Hz, ArH); 6.83 (d, 1H, "/
= 8.0 Hz, ArH); 6.90 (d, 2H, *J = 16.4 Hz, Hyipil7): 7.00-7.04 (m, 4H, ArH1, 3, 12,
14); 7.02 (d, 2H, J = 16.2 Hz, H,;,,2"); 7.24-7.25 (m, 2H, ThH4"); 7.32-7.37 (m, 4H,
ThH2”,5%).

vin

Electronic spectrum (CH,Cl,) N nm/(log €) 300.0 (4.49), 320.0 (4.51).

max
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HRMS (FAB) M’ calc 576.1674, found 576.166 1.

1,5-bis-(2’-Methoxyphenyl-5'-{2”- [2"’,2””;5"”,2""’]terthiophen-3""-yl-
vinyl})-3-oxapentane (LXI)
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1,5-bis-(2’-Methoxy-5’-formylphenoxy)-3-oxapentane (0.0523 g, 0.14 mmol) and
terthiophene phosphonate (2 mL x 0.14 mmol/mL solution in THF, 0.28 mmol) were
stirred in dry CH,Cl, (4 mL) under N,. Potassium tert-butoxide (0.1460 g,
1.30 mmol) was added, and the solution Jeft to stir at room temperature for
30 minutes. H,O (20 mL) was added, and the solution acidified with aq. HCI. The
organic layer was separated and the aqueous extracted with CH,Cl, (2 x 15 mL),
before the combined organic layers were washed with H,O (15 mL) and evaporated.
The crude yellow residue was dissolved in CH,Cl, and subjected to flash column
chromatography on silica. After the removal of 1,2-bis([2°,2”;5”,2"" Jterthiophen-3"-
ylhethene (3.4 mg, 2%) in CH,Cl,, the desired product was eluted in 2% MeOH,
melting point = 55-58°C (0.1180 g, 98%).

'H NMR (400.1 MHz, CD,Cl,) & 3.83 (s, 6H, OCH,); 3.91-3.94 (m, 4H, OCH,2, 4);
4.17-4.20 (m, 4H, OCH,1, 5); 6.85 (d, 2H, *J = 8.5 Hz, ArH3"); 6.96 (d, 2H, °J =
16.1 Hz, H,,,1"); 7.03-7.06 (m, 4H, ArH4', 6°): 7.04 (dd, 2H, *J = 5.1 Hz, ¥/ =
3.6 Hz, ThH4™); 7.10 (dd, 2H, *J = 5.2 Hz, *J = 3.6 Hz, ThH4™"); 7.19 (dd, 2H, *J =
3.6 Hz, *J = 1.2 Hz, ThH3""); 7.20 (d, 2H, *J = 16.2 Hz, ThH2"); 7.21 (dd, 2H,*J =
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3.6 Hz, *J = 1.2 Hz, ThH3™"); 7.26 (dd, 2H, *J = 5.1 Hz, *J = 1.2 Hz, ThH5™""); 7.38
(dd, 2H, % = 5.1 Hz,*J = 1.2 Hz, ThH5™"); 7.40 (s, 2H, ThH4™™).

“C NMR (100.6 MHz, CD,Cl,) 8 55.5 OCH,; 68.2 OCH, 1, 5; 69.6 OCH,2, 4; 111.1
ArCeé’; 111.4 Ar3’;119.2 C,;, 27, 119.9 ArC4’; 121.9 ThC4™; 123.8 ThC3™""; 124.5
ThC5*; 126.0 ThCS™’; 126.5 ThC3™’; 127.5 ThC4™’; 127.6 ThC4™’; 129.9 ArCS5’;
130.0 C,;,,17; 130.2 ThC2™; 134.9 ThC2™"; 135.4 ThC5™"; 136.2 ThC3"™; 136.4
ThC27"’; 148.1 ArC1’; 149.4 ArC2’.

Electronic spectrum (CH,Cl,) A, nm/(log €) 330 (4.88).

HRMS (FAB) M~ calc 862.1044, found 862.1021.

1,5-bis-(2’-Methoxyphenyl-4’-{2”- [2"’,2””;56””,2"""’]terthiophen-3""-yl-
vinyl})-3-oxapentane (LXII)

W,
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1,5-bis-(2’-Methoxy-4’-formylphenoxy)-3-oxapentane (0.5230 g, 1.40 mmol) and
terthiophene phosphonate (20 mL x 0.140 mmol/mL solution in THF, 2.80 mmol)
were stirred in dry CH,Cl, (40 mL) under N,. Potassium tert-butoxide (1.4538 g,
13.0 mmol) was added, and the solution left to stir at room temperature for 1 hour.
H,O (50 mL) was added, and the solution acidified with aq. HCI. The organic layer
was separated and the aqueous extracted with CH,Cl, (2 x 50 mL), before the

combined organic layers were washed with H,O (100 mL) and evaporated. The crude
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yellow residue was dissolved in CH,Cl, and subjected to flash column

99

chromatography on silica. After the removal of 1,2-bis([2°,27;5”,2" Jterthiophen-3"-
yl)ethene (18.0 mg, 2%) in CH,Cl,, the desired product was eluted in 2% MeOH and

dried under vacuum to yield a yellow solid, melting point = 68-70°C (1.0617 g, 88%).

'H NMR (400.1 MHz, CD,Cl,) & 3.87 (s, 6H, OCH,); 3.90-3.92 (m, 4H, OCH,2, 4);
4.15-4.18 (m, 4H, OCH, 1, 5); 6.88 (d, 2H, *J = 8.8 Hz, ArH6’); 7.00 (d, 2H, *J =
16.1 Hz, H,;,,,1™); 7.01-7.03 (m, 2H, ArH5); 7.03 (s, 2H, ArH3"); 7.05 (dd, 2H, *J =
5.1 Hz, *J = 3.6 Hz, ThH4™"); 7.12 (dd, 2H, *J = 5.2 Hz, *J = 3.6 Hz, ThH4™); 7.21
(dd, 2H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3"); 7.22 (dd, 2H, *J = 3.6 Hz, *J = 1.1 Hz,
ThH3"); 7.24 (d, 2H,*J = 16.1 Hz, H,;,i2"7); 7.27 (dd, 2H, *J=5.1Hz,* = 1.2 Hz,
ThH5); 7.40 (dd, 2H, *J = 5.1 Hz, *J = 1.2 Hz, ThH5™""); 7.43 (s, 2H, ThH4"").

*C NMR (100.6 MHz, CD,Cl,) & 55.4 OCH;; 68.1 OCH, 1, 5; 69.5 OCH,2, 4; 109.3
ArC3’; 113.0 ArCé6’; 119.2 ArC5'; 119.4 C,;,,2"; 121.9 ThC4™; 123.8 ThC3™’;
124.6 ThC5”™; 126.0 ThCS5”’; 126.5 ThC3""; 127.5 ThC4”’; 127.6 ThC4™’; 130.1
Coiny1”5 130.4 ArC4’; 130.4 ThC2™; 134.9 ThC2™; 135.5 ThC5”™; 136.2 ThC3™™,
136.3 ThC2™; 148.0 ArC17; 149.3 ArC2’.

Electronic spectrum (CH,Cl,) A, nm/(log €) 330 (4.86).

HRMS (FAB) M’ calc 862.1044, found 862.1027.
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1-(2’-Methoxyphenyl-4’-{2”- [2",2””;5"” 2" "]terthiophen-3""-yl-vinyl })-5-
(2"””-methoxyphenyl-5”””-{2”””’-
[znunu,znnuus;suuuu:,2”unun]terthiophen_3u’Hun_yl_vinyl })-3-0xapentane
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1-(2’-Hydroxy-4’-formylphenoxy)-5-(2”-hydroxy-5"-formylphenoxy)-3-oxapentane
(0.5628 g, 1.503 mmol) and terthiophene phosphonate (7 mL x 0.140 mmol/mL +
15 mL x 0.135 mmol/mL solution in THF, 3.005 mmol) were stirred in dry CH,Cl,
(40 mL) under N,. Potassium tert-butoxide (1.4838 g, 13.2 mmol) was added, and the
solution left to stir at room temperature for 1.5 hours. H,O (50 mL) was added, and
the solution acidified with aq. HCl. The organic layer was separated and the aqueous
extracted with CH,Cl, (50 mL), before the combined organic layers were washed with
H,O (50 mL) and evaporated. The crude yellow residue was dissolved in CH,Cl, and
subjected to flash column chromatography on silica. After the removal of 1,2-
bis({2°,27;5”,2"" |terthiophen-3"-yl)ethene (14.2 mg, 2%) in CH,Cl,, the desired
product was eluted in 2% MeOH, melting point = 59-61°C (1.2035 g, 93%).

'H NMR (400.1 MHz, CD,Cl,) 8 3.83 (s, 3H, OCH,); 3.83 (s, 3H, OCH,); 3.89-3.92
(m, 4H, OCH,2, 4); 4.13-4.19 (m, 4H, OCH, 1, 5); 6.85 (d, 2H, *J = 8.6 Hz, ArH6",
3", 6.96 (d, 2H, *J = 16.0 Hz, Hyo 177, 177775 6.98-7.00 (m, 1H, ArH); 6.99 (d,
2H,*J = 6.9 Hz, ArH); 7.00 (s, 1H, ArH3"); 7.02 (dd, 1H, *J = 5.2 Hz, *J = 3.6 Hz,
ThH); 7.03 (dd, 1H, *J = 5.1 Hz, *J = 3.6 Hz, ThH); 7.04-7.06 (m, 1 H, ArH); 7.06 (s,
IH, ArH6""); 7.10 (dd, 1H, *J = 5.2 Hz, *J = 3.6 Hz, ThH); 7.10 (dd, IH, *J =
5.2 Hz,*/ = 3.6 Hz, ThH); 7.18 (dd, 1H, *J = 3.7 Hz, *J = 1.2 Hz, ThH); 7.19 (dd, IH,
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*J = 3.7Hz,*J = 1.3 Hz, ThH); 7.19 (dd, 1H, °J = 3.6 Hz, *J = 1.2 Hz, ThH); 7.20 (d,
2H,%/ =16.1 Hz, H,;,,,); 7.21 (dd, 1H, *J = 3.6 Hz, °J = 1.2 Hz, ThH); 7.24 (dd, 1H, *J
=5.1 Hz, *J = 1.1 Hz, ThH); 7.26 (dd, 1H, *J = 5.2 Hz, *J = 1.1 Hz, ThH): 7.37 (dd,
IH,*/ =5.1 Hz,*J = 1.2 Hz, ThH); 7.38 (dd, 1H, *J = 5.1 Hz, *J = 1.2 Hz, ThH); 7.40
(s, 1H, ThH); 7.41 (s, 1H, ThH).

3C NMR (100.6 MHz, CD,Cl,) & 55.4 OCH,; 55.4 OCH,; 68.1 OCH,; 68.1 OCH,;
69.4 OCH,; 69.5 OCH,; 109.2 ArC3’; 111.1 ArC6™”; 111.4 ArC3”"; 113.0 Ar6’;
119.2 Cypys 119.2 ArC5'; 119.3 Cyoyis 119.9 ArC4™"; 121.9 ThC4™™, 4™ 123.7
ThC3™, 3™ 124.5 ThCS™; 124.5 ThC5™""""; 126.0 ThC5™, 5""""; 126.5
ThC3™, 3™, 127.5 ThC4™, 47" 127.6 ThC4™™, 4™"; 129.9 ArC5™"; 130.0
Cymys 130.0 C,,,. 1 130.3 ThC2™™™"; 130.4 ArC4'; 130.4 ThC2™"; 134.9 ThC2™,

27770 135.4 ThCS™, 57 136.2 ThC3””, 3™7; 136.3 ThC27’, 277; 148.0
ArCl’; 148.1 ArC17"”; 149.3 ArC2’; 149.3 ArC27.

vinyl;

Electronic spectrum (CH,Cl,) A, nm/(log €) 331 (4.91).

max

HRMS (FAB) M calc 862.1044, found 862.1017.

1,5-bis(2’-Methoxy-5’-{2”-thiophen-3”’-yl-vinyl}-phenoxy)-3-oxapentane

(LXIV)
oL, P
o)
- o/ -
5 e —

Thiophen-3-ylmethyl-phosphonic acid diethyl ester (0.5157 g, 2.201 mmol) and 1,5-
bis(2’-methoxy-5’-formylphenoxy)-3-oxapentane (0.4108 g, 1.097 mmol) were
stirred in dry CH,Cl, (10 mL) and THF (5 mL) under N,. Potassium tert-butoxide

(1.2227 g, 10.90 mmol) was added and the solution left to stir at room temperature for
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1.5 hours. H,O (20 mL) was added and acidified with HCI before the crude product
was extracted with CH,Cl, (3 x 30 mL). After evaporation, the residue was dissolved
in CH,Cl, and purified by flash column chromatography on silica with CH,Cl, as
eluent. Removal of the solvent under reduced pressure yielded the title compound as

a white powder, melting point = 153-155°C (0.1623 g, 28%).

'H NMR (400.1 MHz, CDCl;)  3.86 (s, 6H, OCH,); 4.01-4.03 (m, 4H, OCH,?2, 4);
4.28-4.30 (m, 4H, OCH, 1, 5); 6.85 (d, 2H, *J = 8.3 Hz, ArH3’); 6.86 (d, 2H, *J =
16.3 Hz, H,,,,1"): 6.98 (d, 2H, "/ = 16.2 Hz, H,;,,2"); 7.03 (dd, 2H, ‘) =8.6 Hz,"J =
2.0 Hz, ArH4'); 7.12 (d, 2H, *J = 2.0 Hz, ArH6’); 7.19-7.20 (m, 2H, ThH4™"); 7.29-
7.32 (m, 4H, ThH2"", 5°").

viny!

“C NMR (100.6 MHz, CDCl;) 8 56.0 OCH;; 68.7 OCH, I, 5; 70.0 OCH,2, 4; 111.3
ArCe6’; 111.8 Ar37;120.2 ArC4’; 121.1 C,;,,2"; 121.6 ThC4™; 124.8 ThC5™"; 126.0
ThC2""; 128.3 Cyil ™5 130.5 ArC5°; 140.2 ThC3™; 148.4 ArCl’; 149.4 ArC2’.

Electronic spectrum (CH,Cl,) 7\,““ nm/(log €) 300.5 (4.63), 319.0 (4.67).

HRMS (FAB) M’ calc 534.1535, found 534.1563.

1,5-bis(2’-Methoxy-4’-{2”-thiophen-3"’-yl-vinyl}-phenoxy)-3-oxapentane

(LXV)

% =\
o
o)

Thiophen-3-ylmethyl-phosphonic acid diethyl ester (0.5146 g, 2.197 mmol) and 1,5-
bis(2’-methoxy-4’-formylphenoxy)-3-oxapentane (0.4106 g, 1.097 mmol) were
stirred in dry CH,Cl, (10 mL) and THF (5 mL) under N,. Potassium tert-butoxide
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(1.1975 g, 10.67 mmol) was added and the solution left to stir at room temperature for
2 hours. H,O (15 mL) was added and acidified with HCI before the crude product
was extracted with CH,Cl, (3 x 30 mL). After evaporation, the residue was dissolved
in CH,Cl, and purified by flash column chromatography (eluent = CH,Cl,). Removal
of the solvent under reduced pressure yielded the title compound as a white powder,

melting point = 143-145°C (0.2998 g, 51%).

'H NMR (400.1 MHz, CD,Cl,)  3.89 (s, 6H, OCH,); 3.91-3.93 (m, 4H, OCH,2, 4);
4.16-4.19 (m, 4H, OCH, 1, 5); 6.88 (d, 2H, *J = 8.3 Hz, ArH6’); 6.91 (d, 2H,°J =
16.5 Hz, H,,,,1"); 6.99 (dd, 2H, *J = 8.3 Hz, *J = 2.0 Hz, ArH5’); 7.03 (d, 2H, *J =
15.9 Hz, H,;,,2™); 7.05 (d, 2H, *J = 1.8 Hz, ArH3’); 7.25-7.26 (m, 2H, ThH4""); 7.32-
7.36 (m,4H, ThH2™", 5™").

“C NMR (100.6 MHz, CDCl,) & 55.4 OCH;; 68.1 OCH,!, 5; 69.5 OCH,2, 4; 108.7
ArC3’; 113.1 Ar6’; 119.1 ArC5’; 120.7 C,;,,,27; 121.4 ThC4™; 124.4 ThC5™; 125.8
ThC2"; 128.0 C,inl 73 130.5 ArC4'; 140.0 ThC3™’; 147.8 ArC1°; 149.4 ArC2’.

Electronic spectrum (CH,Cl,) A\, nm/(log €) 300.5 (4.70), 320.0 (4.75).

max

HRMS (FAB) M" calc 534.1535, found 534.1522.

Anal. Calculated for C,,H,,0sS,; C, 67.39; H, 5.66; S, 11.99. Found: C,66.61; H,
5.36; S, 11.69.
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1-(2’-Methoxyphenyl-4’-{2”-thiophen-3"’-yl-vinyl })-5-(2””-
methoxyphenyl-5””-{2””’- thiophen-3"”””-yl-vinyl })-3-oxapentane (LXVI)

S
oS %

Thiophen-3-ylmethyl-phosphonic acid diethyl ester (0.5113 g, 2.181 mmol) and 1-
(2’-methoxy-4’-formylphenoxy)-5-(2”-methoxy-5"-formylphenoxy)-3-oxapentane
(0.4116 g, 1.099 mmol) were stirred in dry CH,Cl, (10 mL) and THF (5 mL) under
N,. Potassium tert-butoxide (1.2595 g, 11.22 mmol) was added and the solution left
to stir at room temperature for 3 hours. H,O (15 mL) was added and acidified with
HCI before the layers were separated and the aqueous layer was extracted with
CH,CI, 2 x 15 mL). After evaporation, the residue was dissolved in CH,Cl, and
purified by flash column chromatography (eluent = CH,Cl,). Removal of the solvent
under reduced pressure yielded the title compound as a white powder, melting point =

162-165°C (0.3129 g, 53%).

'H NMR (400.1 MHz, CD,Cl,) 6 3.85 (s, 3H, OCH,""); 3.88 (s, 3H, OCH,); 3.92-
3.95 (m, 4H, OCH,2, 4); 4.17-4.20 (m, 2H, OCH,1); 4.21-4.23 (m, 2H, OCH,5); 6.87
(d, 1H, *J = 8.3 Hz, ArH3""); 6.88 (d, 1H, °J = 8.4 Hz, ArH6"); 6.89 (d, 1H, *J =
15.8 Hz, H,;,,1™"); 6.91 (d, IH, *J=16.2 Hz, H,,,17);6.99 (dd, IH, *J=83Hz,J =
2.0 Hz, ArH5°); 7.01 (d, I1H,"J = 16.3 Hz, H,,,,2"""); 7.04 (dd, IH, ’J = 8.3 Hz, %/ =

vinyl

2.0 Hz, ArH4""); 7.03 (d, 1H, *J = 16.1 Hz, H,,,2"); 7.05 (d, IH, *J = 2.0 Hz,

ArH3"); 7.09 (d, 1H, *J = 1.8 Hz, ArH6""); 7.22-7.23 (m, |H, ThH4™""); 7.25-7.26
(m, |H, ThH4™"); 7.32-7.36 (m, 4H, ThH2™", 2™, 5™, 5""").

“C NMR (100.6 MHz, CDCl;) & 55.4 OCH; 55.5 OCH;""; 68.1 OCH,l; 68.1
OCH,5; 69.5 OCH,2; 69.5 OCH,4; 108.7 ArC3"; 110.5 ArC6™"; 111.4 Ar3""; 113.1
Ar6’; 119.1 ArC5’; 119.7 ArC4””; 120.6 C,,,,.2"""; 120.7 C,;,,2""; 121.3 ThC4""™;

vinyl viny)

121.4 ThC4”’; 124.4 ThCS5™"; 124.4 ThC5”""; 125.8 ThC2™; 125.8 ThC2™™; 127.9
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Coingl”: 128.0 C,;, 1775 130.0 ArC5™”; 130.5 ArC4’; 140.0 ThC3™"; 140.0 ThC3™"";
147.8 ArC1’; 148.1 ArC17”; 149.1 ArC2””; 149.4 ArC2’.
Electronic spectrum (CH,Cl,) A, nm/(log €) 300.5 (4.68), 319.5 (4.72).

HRMS (FAB) M" calc 534.1535, found 534.1555.

5”-Bis-{2-(2’-[2”,2";5’”,2"”]terthiophen-3"’-yl-vinyl)-6,7,9,10,12,13,15,16-
octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecene} (LXVII)

4
G o

C ¢
Lol

2-(2’-127,2",5°7,2" [Terthiophen-3"-yl-vinyl)-6,7,9,10,1 2,1 3,15,1 6-octahydro-

5,8,11,14,17-pentaoxa-benzocyclopentadecene (0.1638 g, 0.303 mmol) was dissolved
in dry CH,Cl, (5 mL) under N, before anhydrous FeCl; (0.2603 g, 1.605 mmol) in dry
CH,CI, (10 mL) was added slowly. The reaction mixture was stirred for 50 hours
before being poured into MeOH (100 mL), causing a red precipitate to form. The
precipitate was collected on a 0.45 um HVLP membrane filter (Millipore) and dried
under vacuum, then extracted with CH,Cl, for 22 hours in a soxhlet apparatus. The

CH,Cl, was then concentrated and the product precipitated with MeOH, collected on
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a membrane filter as previously and dried under vacuum. This yielded the title

compound as a red solid, melting point = 213-215°C, (0.1188 g, 73%)

'H NMR (400 MHz, CD,Cl,)  3.66-3.72 (m, 16H, OCH,9, 10, 12, 13); 3.85-3.87 (m,
8H, OCH,7, 15); 4.10-4.16 (m, 8H, OCH,6. 16); 6.87 (d, 2H, *J = 8.2 Hz, ArH4);
7.04 (d, 2H,*J = 16.3 Hz, H,,,,1 ); 7.06-7.10 (m, 4H, ArH1, 3); 7.08 (dd, 2H,*J = 5.1,
4J = 3.6 Hz, ThH4™"); 7.17 (d, 2H, *J = 3.8 Hz, ThH3"); 7.26 (d, 2H, *J = 3.8 Hz,
ThH4™); 7.27 (dd, 2H, *J = 3.6, 1.2 Hz, ThH3"™"); 7.28 (d, 2H, *J = 16.3 Hz, H,,,,,2");
7.31 (dd, 2H,%J =5.1,% = 1.2 Hz, ThH5""); 7.46 (s, 2H, ThH4").

C NMR (100.6 MHz, CD,Cl,) 8 68.3 OCH,; 68.5 OCH,; 68.9 OCH,; 69.0 OCH.;
69.8 OCH,; 69.8 OCH,; 70.4 OCH,; 70.4 OCH,; 111.3 ArCl; 113.2 ArC4; 119.2
C.iny2"; 119.8 ArC3; 122.1 ThC4”; 123.9 ThC3"”; 124.2 ThC4™; 124.7 ThC5™”;
127.2 ThC3™; 127.7 ThC4”"; 130.0 ArC2; 130.2ThC2”"; 130.5 C;,,,17; 134.2 ThC2”;
135.7 ThC5™"; 136.3ThC2"; 136.6 ThC3; 137.1 ThC5”; 148.9 ArC4; 149.0 ArC18.
Electronic spectrum (CH,Cl,) )\.mm nm/(log €) 336.0 (4.82), 450.0 (4.59).

Electronic spectrum (thin film) A, nm 357.0, 499.0.

HRMS (FAB) M’ calc 1078.2041, found 1078.1985.

Anal. Calculated for C4H;,0,,S,; C,62.31; H, 5.04; S, 17.82. Found: C,61.78; H,
5.29; S, 17.35; Cl,0.70.
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5”.Bis-{2-(2’-[2”,2'";5",2""Jterthiophen-3"-yl-vinyl)-
6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxa-

benzocyclooctadecene} (LXVIII)

(O_J_\Q
Lo s

P
W,

2-(2°-127,2;5°,2|Terthiophen-3""-yl-vinyl)-6,7,9,10,12,13,15,16,18,19-
decahydro-5,8,11,14,17,20-hexaoxa-benzocyclooctadecene (0.1445 g, 0.247 mmol)
was dissolved in dry CH,Cl, (10 mL) under N, before anhydrous FeCl, (0.2340 g,
1.443 mmol) in dry CH,Cl, (10 mL) was added slowly. The reaction mixture was
stirred for 50 hours then poured into MeOH (100 mL), causing a red precipitate to
form. The precipitate was collected on a 0.45 um HVLP membrane filter (Millipore)
and dried under vacuum, then extracted with CH,Cl, for 18 hours in a soxhlet
apparatus. The CH,CIl, was then concentrated and the product precipitated with
MeOH, collected on a membrane filter as previously and dried under vacuum. This
yielded the title compound as a red solid, melting point = 208-210°C, (0.0796 g,
55%).

'"H NMR (400 MHz, CD,Cl,) 8 3.61-3.70 (m, 24H, OCH,9, 10, 12, 13, 15, 16); 3.85-
3.87 (m, 8H, OCH,7, 18); 4.14-4.16 (m, 4H, OCH,19); 4.18-4.20 (m, 4H, OCH,6):
6.87 (d, 2H, *J = 8.3 Hz, ArH4); 7.04 (d, 2H, *J = 16.2 Hz, H,,,,,1"); 7.08 (dd, 2H, *J =
5.1,%/ = 3.5 Hz, ThH4""); 7.08-7.10 (m, 4H, ArH1, 3); 7.17 (d, 2H, *J = 3.7, ThH3");
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7.26 (d, 2H,°J = 3.6, ThH4"); 7.27 (dd, 2H, "J = 3.4, 1.1 Hz, ThH3""); 7.28 (d, 2H, "/
= 16.2 Hz, H,,,2"); 7.31 (dd, 2H, *J = 5.1, *J = 1.1 Hz, ThH5""); 7.46 (s, 2H,
ThH4"").

vinyl

5C NMR (100.6 MHz, CD,Cl,)  68.0 OCH,; 68.1 OCH,; 68.9 OCH,; 68.9 OCH,;
69.9 OCH,; 70.0 OCH,; 70.0 OCH,; 70.1 OCH,; 70.1 OCH,; 70.1 OCH,; 111.2
ArCl; 113.2 ArC4; 119.2 C,,, 2"; 119.8 ArC3; 122.1 ThC4™; 123.9 ThC3™; 124.2
ThC4™; 124.7 ThC5™; 127.2 ThC3”; 127.7 ThC4”"; 129.9 ArC2; 130.2ThC2";
130.5 Cy,,1"; 1342 ThC2™; 135.7 ThC5™; 136.2ThC2™; 136.6 ThC3™; 137.1
ThC5™; 148.9 ArC4; 149.0 ArC18.

Electronic spectrum (CH,Cl,) }\’max nm/(log €) 274.5 (4.50), 335.5 (4.83), 445.5 (4.56).

Electronic spectrum (thin film) A, nm 346.0, 480.0.

HRMS (FAB) M" calc 1166.2566, found 1166.2626.

Anal. Calculated for C,H¢,0,,S.; C, 61.72; H, 5.35; S, 16.48. Found: C, 60.70; H,
5.27;8S,16.10.
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4| ,3I"I_Bis_(2” 99 _{4”” ” ’_methoxy_3”” ” ’_[2” 99919 _(2”” 173 _methoxy_ethoxy)_
ethoxy]-phenyl}-vinyl)-[2,2';5',2";5",2'";6" ,2"";5"",2""""]sexithiophene
(LXIX)

P
¢

/

3'-(2"-{4""-methoxy-3""-[2""'-(2"""-methoxy-ethoxy)-ethoxy|-phenyl}-vinyl)-
[2,2"5',2"|terthiophene (0.0558 g, 0.112 mmol) was dissolved in CHCI; (2 mL) before
anhydrous FeCl, (0.1061 g, 0.654 mmol) in CHCI, (7 mL) was added dropwise. The
solution was stirred under N, at room temperature for 66 hours. After this time the
solution was poured into MeOH (50 mL) and the resulting brown-red precipitate was
filtered off on a 0.45 um HVLP membrane (Millipore). The precipitate was dried
under vacuum, then extracted with MeOH in a soxhlet apparatus for 17 hours. The
residual red powder was dried to yield 4',3""-bis-(2"""-{4"""”’-methoxy-3"""""-[2""""-
(2"’ -methoxy-ethoxy)-ethoxy|-phenyl }-vinyl)-
[2,2',5',2",5",2™;5™,2"" 5" 2" |sexithiophene (48.2 mg, 87%, melting point = 172-
173°C).

'H NMR (400.1 MHz, CD,Cl,) & 3.32 (s, 6H, 2" OCH,); 3.50-3.52 (m, 4H,
OCH,2""""); 3.63-3.66 (m, 4H, OCH,1""™""); 3.81-3.84 (m, 4H, OCH,2"""""); 3.86
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(s, 6H, ArOCH,); 4.16-4.19 (m, 4H, OCH,1""""); 6.89 (d, 2H, *J = 8.3 Hz,
ArH5™""); 7.04 (d, 2H, *J = 16.0 Hz, H,,,,2"""); 7.08 (dd, 2H, *J = 5.2 Hz, *J =
3.5 Hz, ThH4, 4™); 7.09 (s, 2H, AtH2™"""); 7.12 (dd, 2H, *J = 8.3 Hz, *J = 1.9 Hz,
ArH6™"); 7.16 (d, 2H, *J = 3.7 Hz, ThH3”, 4*); 7.26 (d, 2H, *J = 3.7 Hz, ThH4",
3"°);7.26 (dd, 2H, *J = 3.6 Hz, *J = 1.1 Hz, ThH3, 3"); 7.27 (d, 2H, *J = 16.2 Hz,
H, 1"™); 7.31 (dd, 2H, %J = 5.1 Hz, *J = 1.1 Hz, ThHS, 5™""); 7.46 (s, 2H, ThH3",
4.

“C NMR (100.6 MHz, CD,Cl,) 8 55.5 ArOCH;; 58.3 2" OCH,; 68.1 OCH,1"™"";
69.3 OCH,2"""";70.2 OCH,I"™™"; 71.6 OCH,2™*; 111.0 ArC2”"; 111.5
ArCs™™" 119.1 Cyi 1777 119.8 ArC6”; 122.1 ThC3’, 47; 123.9 ThC3, 3™;
124.2 ThC4”, 3, 124.7 ThCS, 57°; 127.2 ThC3”, 47", 127.7 ThC4, 47", 129.8
ArC1™*; 129.9 ThCS’, 277, 130.5 C,;,,, 27" 134.2 ThC27, 577, 135.7 ThC2’, 577
136.3 ThC2, 2””’; 136.6 ThC4’, 37"; 137.1 ThC5”, 2; 148.2 ArC3™”""’; 149.4
ArC4,

Electronic spectrum (CH,Cl,) A, nm/(log €) 334.5 (4.83),451.5 (4.61).
Electronic spectrum (thin film) A, nm 289.5, 352.5, 528.0.
HRMS (FAB) M’ calc 994.1830, found 994.1871.

Anal. Calculated for C5,H;,04S; C, 62.75; H, 5.06; S, 19.33. Found: C, 62.48; H,
5.01; S, 19.14.
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4I,3llll_Bis_[z”””_(4”””’_methoxy_3”””,-{2””””_[2””””,_(2”””””_methoxy_
ethoxy)-ethoxy]-ethoxy}-phenyl)-vinyl]-
[2,2l;5l,2ll.’5ll,2lll;5lll,2llll;5llll,2llllI]sexithiophene (LXX)

\

%
§
{
)

3'-(2"-{4""-methoxy-3""-|2""-(2"""-methoxy-ethoxy)-ethoxy|-phenyl }-vinyl)-
[2,2";5',2"|terthiophene (0.1250 g, 0.230 mmol) was dissolved in dry CH,CI, (5 mL)
before anhydrous FeCl; (0.1802 g, 1.111 mmol) in CH,Cl, (10 mL) was added
dropwise. The solution was stirred under N, at room temperature for 114 hours.
After this time the solution was poured into MeOH (100 mL) and the resulting brown-
red precipitate was filtered off on a 0.45 um HVLP membrane (Millipore). The
precipitate was dried under vacuum, and subsequently extracted with CH,Cl, in a
soxhlet apparatus for 21 hours. The CH,Cl, was concentrated and the product
precipitated with MeOH, before being collected on a 0.45 um HVLP membrane
(Millipore) and dried under vacuum. This yielded 4',3""-bis-[2""""-(4"""""-methoxy-
32727 -(277 -methoxy-ethoxy)-ethox y|-ethoxy }-phenyl)-vinyl |-
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[2,2":5',2";5",2";5",2"";5"", 2" |sexithiophene as a red solid (86.3 mg, 69%, melting
point = 158-160°C).

'H NMR (400.1 MHz, CD,Cl,) & 3.30 (s, 6H, 2"""""OCH,); 3.46-3.49 (m, 4H,
OCH,2"""""); 3.56-3.58 (m, 4H, OCH,1"""""); 3.58-3.61 (m, 4H, OCH,2"""""");
3.65-3.67 (m, 4H, OCH,1"""""); 3.82-3.85 (m, 4H, OCH,2"""""): 3.87 (s, 6H,
ArOCH,); 4.17-4.19 (m, 4H, OCH,1""); 6.90 (d, 2H, *J = 8.3 Hz, ArH5""""); 7.04
(d, 2H, J = 16.1 Hz, H,,,,2™""); 7.08 (dd, 2H, *J = 5.1 Hz, *J = 3.6 Hz, ThH4, 4™");
7.09 (d, 2H, *J = 2.0 Hz, ArH2""""); 7.12 (dd, 2H, *J = 8.3 Hz, ¥/ = 2.0 Hz,
ArH6™""); 7.17 (d, 2H, *J = 3.8 Hz, ThH3", 4"); 7.26 (d, 2H, *J = 3.8 Hz, ThH4",
3"°); 7.27 (dd, 2H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3, 3"""); 7.28 (d, 2H, *J = 16.2 Hz,
H,, 1" 7.31 (dd, 2H, *J = 5.2 Hz, *J = 1.1 Hz, ThH5, 5™"""); 7.46 (s, 2H, ThH3",
4).

“C NMR (100.6 MHz, CD,Cl,) § 55.5 ArOCH;; 58.3 2”"""OCHj,; 68.1 OCH, 1",
69.3 OCH,2”""”;70.1 OCH,1”; 70.2 OCH,2””"*; 70.4 OCH,1”"""; 71.6
OCH,2"™™; 111.1 ArC2™'; 111.6 ArC5™™""; 119.2 C,;,,, 17" 119.8 ArC6™";
122.2 ThC3’, 477; 124.0 ThC3, 37""; 124.3 ThC4”, 3"; 124.8 ThCS, 5°°; 127.3
Th3”, 4775 127.7ThC4, 47, 129.9 ArCI1”™"; 1299 ThCS’, 277, 130.5 C,;,,,i 2™
134.3 ThC2”, 5; 135.7 ThC2’, 5°”; 136.3 ThC2, 2""; 136.7 ThC4’, 37, 137.1
ThC5”, 27, 148.2 ArC37"; 149.5 ArC4™™".

Electronic spectrum (CH,Cl,) A, nm/(log €) 334.5 (4.81), 446.0 (4.57).

Electronic spectrum (thin film) A, nm 278.5, 348.0, 499.5.

max

HRMS (FAB) M" calc 1082.2354, found 1082.2381.

Anal. Calculated for Cs;HzO,,S,; C, 62.08; H, 5.40; S, 17.76. Found: C, 61.85; H,
5.27; S, 17.85.
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4',3""-Bi$-{2”””-[4”””,-meth0xy-3”””’-(2””””'{2”””"’-[2”””””-(2””"””’-

methoxy-ethoxy)-ethoxy]-ethoxy}-ethoxy)-phenyl]-vinyl}-
[2’2I.,5l,2ll ;5"’2lll .,5lll’2ll";5llll,2lll ll]sexithiophene (LXXI)

/

{
|
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3-(2"-{4""-Methoxy-3""-[2""-(2"""-{2""""-|2""""-methoxy-ethoxy|-ethoxy } -

ethoxy)-ethoxy|-phenyl}-vinyl)-12,2"5',2" |terthiophene (0.1286 g, 0.219 mmol) was
dissolved in CH,Cl, (5 mL) before anhydrous FeCl; (0.1698 g, 1.047 mmol) in
CH,Cl, (10 mL) was added dropwise. The solution was stirred under N, at room
temperature for 112 hours. After this time the solution was poured into MeOH
(100 mL) and the resulting brown-red precipitate was filtered off on a 0.45 ym HVLP
membrane (Millipore). The precipitate was dried under vacuum, then extracted with

CH,Cl, in a soxhlet apparatus for 18 hours. The CH,Cl, was concentrated and the
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product precipitated with MeOH before being collected on a membrane as previously.
The collected red solid was dried to yield 4'3""-bis-{2""”-[4""’-methoxy-3"""""-
(272277 (2777 -methoxy-ethoxy )-ethoxy | -ethoxy }-ethoxy)-phenyl |-
vinyl}-[2,2';5',2";5",2";5", 25", 2" |sexithiophene (75.6 mg, 59%, melting point =
160-163°C).

'H NMR (400.1 MHz, CD,Cl,) & 3.30 (s, 6H, 2°""""OCH,); 3.46-3.48 (m, 4H,
OCH,2"""""); 3.53-3.55 (m, 4H, OCH,1""""""); 3.56-3.57 (m, 8H, OCH,1"""™,
27): 3.60-3.62 (m, 4H, OCH,2""""); 3.66-3.68 (m, 4H, OCH,1”"""); 3.83-3.85
(m, 4H, OCH,2"""); 3.87 (s, 6H, ArOCH,); 4.17-4.20 (m, 4H, OCH,1""™); 6.90 (d,
2H, % = 8.4 Hz, ArH5"™"""); 7.04 (d, 2H, *J = 16.2 Hz, H,;,,,2"""); 7.08 (dd, 2H, *J =
5.1 Hz, *J = 3.6 Hz, ThH4, 4™°); 7.09 (d, 2H, *J = 2.5 Hz, ArH2""""); 7.13 (dd, 2H,
3 = 8.6 Hz, *J = 2.0 Hz, ArH6™"); 7.17 (d, 2H, *J = 3.8 Hz, ThH3", 4™); 7.26 (d,
2H, *J = 3.8 Hz, ThH4", 3); 7.27 (dd, 2H, *J = 3.6 Hz, *J = 1.3 Hz, ThH3, 3™™");
7.28 (d, 2H,*J = 16.1 Hz, H,,,,,1 ™™"); 7.31 (dd, 2H, *J = 5.1 Hz, */ = 1.1 Hz, ThHS5,
5°");7.46 (s, 2H, ThH3’, 4™").

“C NMR (100.6 MHz, CD,Cl,) & 55.5 ArOCK 58.3 2""""""OCH,; 68.1
OCH,17""; 69.3 OCH,2""""; 70.0 OCH,1””"”"; 70.1 OCH,1”””"; 70.2
OCH,2””’;70.2 OCH,2""; 70.4 OCH,1™"; 71.5 OCH.2"""™"; 111.2
ArC2™" 1116 ArC5™™"; 119.2 C,,, 1™ 119.8 ArC6™"; 122.2 ThC3’, 4™
124.0 ThC3, 3""; 124.3 ThC4”, 3"°; 124.8 ThCS, 5°7; 127.2 ThC3”, 47°; 127.7
ThC4, 475 129.8 ArC1™*; 129.9 ThCS’, 277; 130.5 C,;,,,27""; 134.3 ThC2”, 577,
135.7 ThC2’, 5”; 136.3 ThC2, 2”*; 136.7 ThC4’, 3””; 137.1 ThC5”, 27°; 148.2
ArC3™7; 149.5 ArC4™”.

Electronic spectrum (CH,Cl,) kmax nm/(log €) 335.5 (4.80), 450.5 (4.61).

Electronic spectrum (thin film) A, nm 281.5, 342.5, 485.0.

HRMS (FAB) M" calc 1170.2879, found 1170.2919.
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Anal. Calculated for C,,H,0O,,S¢; C, 61.51; H, 5.68; S, 16.42. Found: C, 61.36; H,
5.64; S, 16.40.

4l’3llll-Bis-(z”!!"_{3”””’_methoxy_4”””’_[2””””_(2””””’_methoxy_ethoxy)-
ethoxy]-phenyl}-vinyl)-[2,2';5',2";5",2"";56'",2""";5""",2""""]sexithiophene
(LXXIN)

3'-(2"-{3""-Methoxy-4""-[2""'-(2"""-methoxy-ethoxy)-ethoxy|-phenyl }-vinyl)-

[2,2";5',2"]terthiophene (0.1152 g, 0.231 mmol) was dissolved in dry CH,CI, (5 mL)
before anhydrous FeCl; (0.1714 g, 1.057 mmol) in dry CH,CI, (10 mL) was added
dropwise. The solution was stirred under N, at room temperature for 30 minutes.
After this time the solution was poured into MeOH (100 mL) and the resulting brown-
red precipitate was filtered off on a 0.45 um HVLP membrane (Millipore). The
precipitate was dried under vacuum, before being extracted with CH,Cl, in a soxhlet

apparatus for | hour. The CH,Cl, was concentrated by evaporation and sufficient
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MeOH added to precipitate the product, which was subsequently collected on a
membrane filter as before and dried under vacuum. This gave 4',3""-bis-(2"""-
{37 -methoxy-4™"""-[2""""-(2"""""" -methoxy-ethoxy)-ethoxy |-phenyl }-vinyl)-
[2,25',2"5",2",5™, 2" 5" 2" |sexithiophene as a red solid (94.6 mg, 82%, melting
point = 128-130°C).

'H NMR (400.1 MHz, CD,Cl,) & 3.35 (s, 6H, 2""""""OCH,); 3.53-3.55 (m, 4H,
OCH,2"""""); 3.66-3.68 (m, 4H, OCH,17""""); 3.82-3.84 (m, 4H, OCH,2’"""""); 3.90
(s, 6H, ArOCH,); 4.13-4.15 (m, 4H, OCH,1""""); 6.89 (d, 2H, *J = 8.9 Hz,
ATrH5™"); 7.06 (d, 2H, *J = 16.7 Hz, H,;,i27""); 7.08 (dd, 2H, ) =5.1Hz, =
3.6 Hz, ThH4, 47°); 7.06-7.09 (m, 4H, ArH2™", 6™"); 7.17 (d, 2H, *J = 3.8 Hz,
ThH3™, 4°); 7.25 (d, 2H, *J = 3.8 Hz, ThH4", 3); 7.27 (dd, 2H, *J = 3.6 Hz, ¥J =
1.2 Hz, ThH3, 3""); 7.30 (d, 2H, *J = 16.3 Hz, H,;,,,1 "™™™): 7.31 (dd. 2H, "/ = 5.1 Hz,
*J =1.1 Hz, ThH5,5™™"); 7.46 (s, 2H, ThH3", 4™").

C NMR (100.6 MHz, CD,Cl,) 8 55.5 ArOCH;; 58.3 2" OCH,; 68.0 OCH,1"""™™;
69.2 OCH,2"""";70.2 OCH,1™™™"; 71.6 OCH,2”""""; 109.3 ArC2”""’; 112.9
ArCs5™™" 119.2 Ciy 1777 119.3 ArC6™"; 122.1 ThC3’, 4™”; 124.0 ThC3, 377",
124.2 ThC4”, 3”; 124.8 ThCS5, 5; 127.2 ThC3", 4”°; 127.7 ThC4, 4°’; 130.0
ThCS’, 277, 130.2 ArC177°; 130.5 C,;,,2""";, 134.2 ThC27, 577, 135.7 ThC2’, 57,
136.3 ThC2, 2"""; 136.6 ThC4", 37"; 137.1 ThC5”, 2’; 148.2 ArC4™"""; 149.3
ArC3™™.

Electronic spectrum (CH,Cl,) Xmax nm/(log €) 336.0 (4.78), 458.5 (4.62).

Electronic spectrum (thin film) A, nm 291.0, 380.0, 510.5.

max

HRMS (FAB) M* calc 994.1830, found 994.1826.

Anal. Calculated for C5,H;,O4S; C, 62.75; H, 5.06; S, 19.33. Found: C, 60.96; H,
5.06; S, 19.09.
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4l,3""_Bis_[2”ll!!_(3”””l_methoxy_4””!1!-{2”1”1”_[2”””H’_(2””””,,_methoxy_
ethoxy)-ethoxy]-ethoxy}-phenyl)-vinyl]-
[2,2';5',2";56",2"";56"",2"";6"",2"""]sexithiophene (LXXIII)

{
)
eo

Y

3-(2"-{3""-Methoxy-4""-|2""'-(2"""-{2""""-methoxy-ethoxy}-ethoxy)-ethoxy |-

phenyl}-vinyl)-|2,2";5',2" |terthiophene (0.1257 g, 0.232 mmol) was dissolved in
CH,CI, (5 mL) under N, before anhydrous FeCl; (0.1955 g, 1.205 mmol) in CH,Cl,
(10 mL) was added slowly. The solution was stirred at room temperature for |14
hours then poured into MeOH (100 mL). The resulting brown-red precipitate was
then filtered off on a 0.45 um HVLP membrane (Millipore), dried under vacuum and
extracted with CH,Cl, in a soxhlet apparatus for 21 hours. The CH,CI, was
concentrated by evaporation and sufficient MeOH to precipitate the product added.
Collection on a membrane filter as previously, and drying under vacuum yielded

4‘,3""'biS"| 2”””-(3”9””_methoxy_4n””9 -{2””!7”-’ 2””””9 —(2”””””—methoxy—ethoxy)—
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ethoxy|-ethoxy}-phenyl)-vinyl]-|2,2";5',2";5",2";5™,2"";5"" 2" |sexithiophene as a red
solid (78.6 mg, 63%, melting point = 124-126°C).

'H NMR (400.1 MHz, CD,Cl,) & 3.33 (s, 6H, 2"""""OCH,); 3.49-3.52 (m, 4H,
OCH,2""); 3.58-3.61 (m, 4H, OCH,1"™"""); 3.62-3.64 (m, 4H, OCH,2"™""");
3.67-3.69 (m, 4H, OCH,1”""""): 3.82-3.85 (m, 4H, OCH,2""""); 3.90 (s, 6H,
ArOCH,); 4.14-4.16 (m, 4H, OCH,1 ™) 6.90 (d, 2H, *J = 8.8 Hz, ArH5"""); 7.05
(d, 2H, % = 15.6 Hz, H,;,,2""™); 7.08 (dd, 2H, *J = 5.1 Hz, *J = 3.6 Hz, ThH4, 4™");
7.07-7.09 (m, 4H, ArH2™"", 6™"); 7.17 (d, 2H, *J = 3.8 Hz, ThH3", 4™"); 7.25 (d,
2H, *J = 3.8 Hz, ThH4™, 3™);7.27 (dd, 2H, *J = 3.6 Hz, *J = 1.2 Hz, ThH3, 3™");
730 (d, 2H, *J = 15.4 Hz, H,,,,1""™); 7.31 (dd, 2H, *J = 5.1 Hz, *J = 1.1 Hz, ThHS5,
5°"); 7.46 (s, 2H, ThH3", 4.

“C NMR (100.6 MHz, CD,Cl,) 8 55.5 ArOCH,; 58.3 2™"""""OCH,: 68.0 OCH, 1",
69.2 OCH,2""" ; 70.1 OCH,1””; 70.2 OCH,2™""""; 70.4 OCH,I"""™"; 71.5
OCH,2""""; 109.3 ArC2”"*; 112.9 ArC5™""; 119.2 C,;, 17771 119.3 ArC6™ ",
122.1 ThC3’, 47, 123.9 ThC3, 3", 124.2 ThC4”, 3", 124.7 ThCS5, 57"; 127.2
ThC3”, 47°; 127.7 ThC4, 4™, 129.9 ThC5’, 27, 130.2 ArCI™"™"; 130.5 C,;,,2"™";
134.2 ThC2”, 57", 135.7 ThC2’, 57”; 136.3 ThC2, 27", 136.6 ThC4’, 3""; 137.1

ThCS5”, 27", 148.2 ArC47""; 149.3 ArC3™™"".

Electronic spectrum (CH,Cl,) A, nm/(log €) 335.5 (4.82), 448.0 (4.60).

Electronic spectrum (thin film) A, nm 279.5, 348.5, 489.0.

max

HRMS (FAB) M calc 1082.2354, found 1082.2351.

Anal. Calculated for C5HsO,,Se; C, 62.08; H, 5.40; S, 17.76. Found: C, 61.53; H,
5.36; S, 17.67.
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4l,3llll_Bis_{2”””_[3H!!”’_methoxy_4””’!!_(2””””_{2””H”,_[2”””””_(2”””””!_
methoxy-ethoxy)-ethoxy]-ethoxy}-ethoxy)-phenyl]-vinyl}-
[2,2';5',2";5",2'";5"',2"“;5"",2'""]SeXithiOphene (LXXIV)

{
;
zo
s

RN

3'-(2"-{3""-Methoxy-4""-[2""'-(2"""-{2"""'-[2""""-methoxy-ethoxy]-ethoxy }-

ethoxy)-ethoxy|-phenyl}-vinyl)-{2,2";5'2"|terthiophene (0.1294 g, 0.221 mmol) was
dissolved in CH,Cl, (5 mL) before anhydrous FeCl; (0.1736 g, 1.070 mmol) in
CH,Cl, (10 mL) was added dropwise. The solution was stirred under N, at room
temperature for 112 hours. After this time the solution was poured into MeOH
(100 mL), and the resulting brown-red precipitate filtered off on a 0.45 um HVLP
membrane (Millipore). The precipitate was dried under vacuum, then extracted with

CH,Cl, in a soxhlet apparatus for 16 hours. The CH,Cl, was concentrated and the
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product precipitated with MeOH. After filtering as previously, the red solid was dried
under vacuum to give 4',3""-bis-{2"""-| 3" -methoxy-4"""" (27" - {277 | 27
(277" -methoxy-ethoxy)-ethoxy|-ethoxy}-ethoxy)-phenyl|-vinyl }-
12,2",5,2";5",2";5™, 2" 5" 2" |sexithiophene as a red powder (108.4 mg, 84%,
melting point = 99-101°C).

'H NMR (400.1 MHz, CD,Cl,) 8 3.32 (s, 6H, 2""""""OCH,); 3.48-3.50 (m, 4H,
OCH,2™""""); 3.56-3.58 (m, 4H, OCH,1™"" ”"); 3.59-3.60 (m, 8H, OCH,1™""",
27, 3.63-3.65 (m, 4H, OCH,2™™ "); 3.68-3.69 (m, 4H, OCH,1”"""""); 3.83-3.85
(m, 4H, OCH,2""""); 3.90 (s, 6H, ArOCH,); 4.14-4.16 (m, 4H, OCH,1""""); 6.90 (d,
2H,J = 8.9 Hz, ArH5™"""); 7.06 (d, 2H, *J = 16.4 Hz, H,;,,2"™™); 7.07-7.09 (m, 4H,

vinyl
ArH2"",6"); 7.08 (dd, 2H, °J = 5.1 Hz, *J = 3.6 Hz, H4,4™"); 7.17 (d, 2H,°J =
3.8 Hz, H3",4™); 7.25 (d, 2H, *J = 3.8 Hz, H4", 3"""); 7.27 (dd, 2H, *J/ = 3.6 Hz, J =
1.2 Hz, H3,3™); 7.30 (d, 2H, */ = 16.7 Hz, H,;,,,1""™); 7.31 (dd, 2H, *J=5.1Hz, "

= 1.1 Hz, H5,5™""); 7.46 (s, 2H, H3’, 4™).

5C NMR (100.6 MHz, CD,Cl,) & 55.4 ArOCH 58.2 2""""OCH,; 67.9
OCH,1™™; 69.2 OCH,2™""; 70.0 OCH,1"™""""; 70.1 OCH,I™"""" . 70.1
OCH,2™™™"; 70.2 OCH,2"™™™; 70.3 OCH,1"""""; 71.5 OCH,2""""""; 109.2
ArC2™"; 112.8 ArC5™™"; 119.2 C,,,,, 1™ 119.3 ArC6™™""; 122.1 C3', 4™; 123.9
C3,3""; 124.1 C47, 3", 124.7 C5,5™; 127.1 C3", 4™, 127.7 C4, 47, 129.9 C5°,
2™ 1302 ArCI™ 51305 C,,,, 27 1342 €27, 5775 135.6 €27, 5773 136.2 C2, 27
136.5C4,3""; 137.0 C5,2"; 148.1 ArC4™"; 149.2 ArC3™"".

Electronic spectrum (CH,Cl,) A, nm/(log €) 336.5 (4.81), 454.0 (4.63).

Electronic spectrum (thin film) A__ nm 285.0, 344.5, 478.0.

max

HRMS (FAB) M" calc 1170.2879, found 1170.2900.

Anal. Calculated for C,HO,S4; C,61.51; H, 5.68; S, 16.42. Found: C, 61.24; H,
5.60; S, 16.26.
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4',3""-Bis-[2"""'-(3"""",4""""-dimethoxy-phenyl)-vinyl]-
[2,2I;5l’2ll;5ll,2ll| ;sm ’2"";5uu’2uul]sexithiophene (LXXV)

3'-(2"'-{3"",4""-Dimethoxy-phenyl}-vinyl)-[2,2';5',2"|terthiophene (0.1001 g,
0.244 mmol) was dissolved in CH,Cl, (5 mL) before anhydrous FeCl; (0.1437 g,
0.886 mmol) in CH,Cl, (10 mL) was added dropwise. The solution was stirred under
N, at room temperature for 30 minutes. After this time the solution was poured into
MeOH (100 mL), and the resulting brown-red precipitate filtered off on a 0.45 um
HVLP membrane (Millipore). The precipitate was dried under vacuum, then
extracted with CH,Cl, in a soxhlet apparatus for 22 hours. The CH,Cl, was
concentrated and the product precipitated with MeOH. After filtering as previously,
the red solid was dried under vacuum to give 4'3""-bis-[2"""-(3""",4""""-dimethoxy-
phenyl)-vinyl|-|2,2";5',2";5",2";5™",2"";5"",2"" |sexithiophene as a red powder
(78.8 mg, 79%, melting point = 216-218°C).

Electronic spectrum (CH,Cl,) A, nm/(log €) 275.0 (4.48), 335.5 (4.80), 445.0 (4.55).

Electronic spectrum (thin film) A, nm 284.5, 342.5, 510.0, 555.0.

max

HRMS (FAB) M* calc 818.0781, found 818.0794.

Further characterisation was not possible due to insolubility of the material in a wide
variety of common solvents, including alkanes, alcohols, ethers, esters, ketones,

chlorinated solvents, aromatics, DMF and THF.
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“Out of every fruition of success,
no matter what,
comes fortﬁ sometﬁing
to make a new eﬁ(m’t necessary”

Walt Whitman
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