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ABSTRACT
A total synthesis towards the methyl and ethyl esters of two sulphur-containing heterocyclic

fatty acids that have been isolated from rapeseed oil, mustard oil, and garlic, was attempted.
Since MS-EI analyses has been the sole method used for structure elucidation of these
compounds, the aim of the synthesis was to obtain more extensive spectroscopic data of the

fatty acids, and to confirm the proposed structures of the target molecules.

Altogether, five synthetic strategies were explored, where the key carbon-extending reactions
used in the various synthetic pathways included lithiation-alkylation, oxidative cross-couplings,
and olefination reactions. Of the five synthetic strategies explored herein, only one pathway
afforded the complete carbon-skeleton common to both target molecules, which in this case
was constituted by ethyl (£)-8-(5-hexylthiophen-2-yl)oct-2-enoate. However, the a,p-
unsaturated ester could not be purified to a satisfactory degree. With time being at its limit,
optimisation of some of the low-yielding reaction steps leading to this intermediate, as well as

conducting the remaining hydrogenation steps, was left for future work.



SAMMENDRAG
Det ble forsekt & utfeore en totalsyntese av metyl- og etylesterne av to svovelinneholdende

heterosykliske fettsyrer som er blitt isolert 1 sma mengder fra rapsolje, sennepsolje og hvitlek.
Formalet med totalsyntesen var & bidra til strukturoppklaring av disse fettsyrene, som kun er

blitt strukturbestemt ved bruk av MS-EI tidligere.

Fem ulike syntesestrategier ble utprovd, der alkylering ved bruk av organlitiumreagenser,
oksidative  krysskoblinger og olefineringsreaksjoner utgjorde de mest sentrale
karbonforlengende reaksjonstypene i de ulike synteseveiene. Kun én av de fem forskjellige
syntesestrategiene skulle vise seg a lede frem til det felles karbonskjelettet til mélforbindelse,
som 1 denne sammenheng ble utgjort av etyl (£)-8-(5-heksyltiofen-2-yl)okt-2-enoat. Dessverre
lot det seg ikke gjore & isolere denne o,B-umettede esteren med en slik grad av renhet at
forbindelsen kunne omdannes videre til malforbindelsene. De  gjenstidende
hydrogeneringstrinnene samt forbedring av enkelte lavtytende reaksjonstrinn ble dermed

overlatt til fremtidig arbeid.
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1. INTRODUCTION
1.1.  BACKGROUND
Mustard seed: 2, rapeseed® # 3, and garlic® 7 oils have long traditions in Oceanic® and Asian® "
11 folk medicine as remedies for a variety of conditions, including colds'?, muscle pains!?,
hypertension'?, oxidative stress’”> ', and inflammation® 7 1. In addition, mustard and garlic are
known as effective antimicrobial agents’. For this reason, mustard has long been used as a food
preservative® ® ?. Many of the beneficial effects associated with mustard, rapeseed, and garlic

have been linked to organo-sulphur compounds® 7 '* (figure 1.1).

OH O 5
CJ»N\/Q/ il ok WSWS\‘S/\;&

g @] NH>
1 2 3

Figure 1.1: Some organo-sulphur compounds found in mustard (1)° and garlic (2-3)’.
In 1988, a novel group of organo-sulphur compounds was discovered by Wijesundera and

Ackman'>, who reported the probable occurrence of three sulphur-heterocyclic fatty acids

115

(SHFAs) as minor components of unrefined rapeseed oil™>. Based on mass spectrometric

analyses, the authors tentatively suggested the structures 4-6 for the previously undocumented
sulphur-containing fatty acids in rapeseed oil. Given their resemblance to oxygen-heterocyclic

fatty acids, the authors conjectured that the SHF As were likely to be native to the rape plant!>,

Figure 1.2: Shows the proposed structures of the SHFAs 4-6.

However, it is often assumed that alkyl-thiophenes, and sulphur-containing acids and esters
arise from thermal and photochemical processing of unsaturated lipids in the presence of
sulphur sources, in nature, or during analytical workup of organic samples'®->2. Thus, when a
similar finding was made in 2000, by a group of geologists who reported the occurrence of a
series of thiophene-, thiolane-, and thiane-containing fatty acids in Spanish algal sediments
(figure 1.3)*, the incorporation of the heterocyclic moieties into the fatty acids were attributed
to be the result of a geochemical preservation process of originally unsaturated fatty acids 2°.
Like Wijesundera and Ackman’’, the researchers used MS as the sole mean of structure

elucidation?3.
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Figure 1.3: Shows the general structure of the SHFAs found in Spanish sediments, where x=6-12, y=0-
6, p=7,10,11,12, p=0,1,2,5, m= 7-9, and n=2-4.

The existence of SHFAs as natural products was again reported in 2006, when Dembitsky et
al.** reported the occurrence of three new SHFAs (7-9, figure 1.4) in garlic (Allium sativum)**.
Encouraged by the findings of Wijesundera and Ackman'®, as well as the fact that bacteria of
the genus Streptomyces are known to produce sulphur-containing carboxylic acids when grown
in methionine-enriched environments®> 2%, the authors postulated that the SHFAs were naturally

{24

occurring in the garlic plant=®. Again, M'S was the only method used for structural determination

of the SHFAs?*.

' YA
M\ COOH L , COOH AT T~ COOH
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Figure 1.4: Shows the proposed structures of the SHFAs 7-9.

In 2017, Eibler et al.?’ reported the presence of a total of 21 SHFAs (figure 1.5) in unrefined
oil samples from rape- and mustard seeds, both of which plants are members of the Brassica
genus®’. Their occurrence in samples of native mustard and rapeseed oil that had been prepared
without the presence of external sulphur sources, suggests that SHFAs could be products of
biosynthesis, and not some artefacts arising from chemothermal processing, as appears to be
the case for the SHFAs found in algal sediments. While the three 3-methylated structures 4-6
were not among the structures proposed by Eibler et al.?’, MS analyses produced spectra
corresponding to those obtained by Dembitsky et al.?* for compound 8, indicating some

commonality between the SHFAs found in both garlic and species of the Brassica genus.

)]
MOH

Figure 1.5: Eibler et al.”’ reported the occurrence of 21 different tetrahydrothiophene-containing fatty
acids, where x = 3-12 and y = 0-8

Currently, little is known about the structural, chemical, and biological properties of these
SHFAs. Although MS is a highly sensitive and versatile analytical tool, it has its limitations in

that it cannot distinguish between fragments of the same molecular mass with different



structures. Similarly, it does not discriminate against optical or geometric isomers. Since all
SHFAs have been elucidated by MS analyses exclusively, a more extensive characterisation of
the SHFAs using complementary techniques such as NMR and IR, is expedient to confirm the

proposed structures, assuming that these are, in fact, natural products.

1.2. NATURAL PRODUCTS
Throughout history, natural products have been recognised for their therapeutical properties,
having uses in the treatment of a wide range of illnesses>®>’. Natural products are organic
compounds that are produced by organisms in the primary or secondary metabolic pathways>'.

As such, natural products can be categorised as primary or secondary metabolites®'.

Primary metabolites, which category comprises carbohydrates, amino acids, lipids, and nucleic
acids, are vital to the growth and development of all organisms and are widely distributed, with
little or no structural variation, in all lifeforms®!. In contrast, secondary metabolites are
compounds that perform specialised functions and are produced only by a limited number of
organisms, for example to provide them with a competitive advantage against competitors or
predators. In medicinal natural product chemistry, it is generally the secondary metabolites that

are of pharmacological value®!.

Before being put into pharmacological use, many secondary natural products are structurally
modified to attain some desirable property. Molecules that share the same gross structural

features but differ with respect to a functional group or an atom are called analogues.

For example, penicillin G*? (10, figure 1.6) is an antibacterial compound produced by the
fungus Penicillium chrysogenum (P.chrysogenum), that antagonises gram positive bacteria®>
34, Since it decomposes under acidic conditions, 10 is normally administered by intramuscular
or intravenous injection®* *°>. However, ampicillin (11, figure 1.6), an analogue of the natural
product 10 in which an additional amine group is inserted between the amide bond and the
phenyl group tolerates the acidic environment of the gut and is therefore suitable for oral
intake’¥ 3%, Furthermore, the insertion of the amine group allows 11 to permeate the cell walls

of some gram-negative bacteria, thus broadening the spectrum of bacteria the analogue

inhibits 3% 36,
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Figure 1.6.: Shows the structures of penicillin G (10) and its structural analogue, ampicillin (11).
Hence, small structural modifications to a molecule might significantly alter the bioactivity of

a compound.

1.2.1. FATTY ACIDS
In terms of their structure, SHFAs constitute a peculiar group of fatty acids. Generally, fatty
acids are characterised as monocarboxylic acids with a linear, aliphatic hydrocarbon chain
constituted by 4-28 carbon atoms, where the hydrocarbon chains can be saturated,
monounsaturated, or polyunsaturated®’; i.e., they may contain zero, one, or several carbon-
carbon double bonds. Fatty acids are normally considered to be primary metabolites, and are
widely distributed in substances such as waxes, plant- and animal fats, where they occur as
triacylglycerol esters, and function as water repellents, thermal insulation and energy storages>®
39, Since fatty acids constitute parts of phospholipids, which make up cellular membranes>®,

they also function as permeability barriers in the cell®

. Furthermore, via their incorporation in
diacylglycerols, fatty acids are important secondary messengers and facilitators of intracellular

signalling®®.

Not all fatty acids needed to sustain normal biological functions can be biosynthesised in human
metabolic pathways. Thus, dietary intake of certain ®-3 and -6 polyunsaturated fatty acids
(PUFAs)**# i e, fatty acids that are unsaturated from the third and sixth carbon counted from
the non-carboxyl end, is usually required to sustain normal growth and development.
Particularly, intake of a-linolenic acid (12) is considered essential as it can be further
metabolised to eicosapentaenoic acid (EPA, 13) and docosahexaenoic acid (DHA, 14) (figure

1.7)38:49-41 "both of which are associated with numerous health benefits.

Supplementation of EPA and DHA in the diet has been linked to improved cardiovascular

44-46 40, 44

health*® 424 as well as hypolipidemic**®, anti-inflammatory**#*, and anticancer® effects. As
such, fatty acids constitute a group of compounds capable of stimulating several health-

promoting effects.
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Figure 1.7.: Shows the structures of a-linoleic acid (12) EPA (13) and DHA (14).
1.2.1.1.  FURAN FATTY ACIDS

Furan fatty acids (FFAs) are structurally analogous to SHFAs in that they have a heterocycle
embedded in the hydrocarbon chain, only with oxygen constituting the heteroatom in place of
sulphur. Compared to SHFAs, FFAs are more widely distributed in nature, and are found in
both aquatic and earthbound lifeforms, with fish being particularly rich sources of FFAs".
Although non-methylated FFAs have been detected*®, FFAs usually contain methyl groups at
the 3-position or the 3,4-positions of the furan ring (figure 1.8)%.
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Figure 1.8: Shows the general structure of an FFA, where x = 8, 10, or 12, y = 2, 4, or 6, R = H or
CHs, and R = H or CH3.* %

Similar to EPA and DHA, intake of FFAs has been linked to a reduced risk of cardiovascular
disease?’, as well as hypolipidemic®®, and anti-inflammatory! effects. Additionally,

t49’ 52-55

antioxidan , and antimicrobial activities*® of FFAs have been reported.

In one study®!, the ethyl ester of an FFA (15a, figure 1.9) was found to have a more potent anti-
inflammatory effect than the corresponding EPA ethyl ester’'. Another FFA (16, figure 1.9)
proved capable of inhibiting the growth and development of methicillin-resistant
Staphylococcus aureus (MRSA)’S, the occurrence of which is becoming an increasingly
worrisome public health problem, making this a very interesting finding. The free fatty acid of
the former (15b) was examined for its antioxidative effect on brain cells, producing results

which indicated its effectiveness in counteracting the onset of Alzheimer’s disease™.
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Figure 1.9: Shows the structures of FFAs shown to have anti-inflammatory (15a), anti-Alzheimer (15b),
and antimicrobial (16) effects.

The potent radical scavenging ability of FFAs has been ascribed to the furan ring, which is
capable of neutralising two lipid peroxyl radicals (LO) via their addition to the 2,5-positions*’

(scheme 1.1.).

Scheme 1.1.: Shows the mechanism by which FFAs neutralise LOs

Addition of the first radical at the 2- or 5-position results in the opening of the furan ring and
generates a mesomeric radical to which a second LO may add, yielding a diacetal structure®’.
3,4-methylated FFAs have been shown to exhibit higher antioxidant activity than tocopherols
(vitamin E)*. Thus, the incorporation of 3,4-methylated FFAs into phospholipids has been

viewed as especially important for the stability of fatty acids in food and biological systems>*.

While the biological effects of SHFAs may not be identical to FFAs, it is conceivable that they
might show similar activities. This is exemplified by one study in which the hypolipidemic
effects of synthetic fatty acid analogues that had furan- and thiophene-moieties embedded in
their structures (22, 23, figure 1.10) were examined; in this study, the thiophene and furan fatty
acid analogues were found to have comparable antihyperlipidemic effects®’. Biological
assaying of SHFAs may therefore produce interesting results, if FFAs are indicative of their
potential biological activities. Furthermore, the natural abundance of FFAs makes it

conceivable that SHF As are also naturally occuring'>.



Figure 1.10: Shows the structures of the furan- and thiophene-containing fatty acid analogues found to
have comparable hypolipidemic effects”’.

1.2.1.2.  5-LIPOXYGENASE AND LTA4 HYDROLASE INHIBITORS
Although little is known about the biological effects of SHFAs, a compelling analogy can be

drawn from three studies in which compounds designed to inhibit production of pro-
inflammatory leukotrienes were synthesised. Leukotrienes are a group of compounds that are
generated by the action of 5-lipoxygenase (5-LO) in the metabolism of the w-6 PUFA
arachidonic acid (AA, 24) as part of the inflammatory response of white blood cells®®. In
particular, leukotriene B4 (LTB4, 25), which is formed from leukotriene A4 (LTA4, 26) (figure
1.11.), has been identified as a significant mediator of inflammatory conditions such as

psoriasis, ulcerative colitis, and rheumatoid arthritis>°.
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Figure 1.11: Shows the structures of AA (24), and two leukotrienes, LTBy (25), and LTA4 (26).
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As such, impeding on 5-LO action was the target in one study, in which Corey et al”” reported

a 5-LO inhibitory effect of the sulphur-containing fatty acid analogues 27-29 (figure 1.12).
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Figure 1.12.: Shows the sulphur-containing fatty analogues 27-29a,b with 5-LO inhibitory effects.
The authors found that the enzyme was completely deactivated when incubated with the

irreversible inhibitors under aerobic conditions over time®.
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A similar finding was obtained later, when Hanko et al”' investigated the 5-LO inhibitory

effects of a series of sulphur-containing fatty acid analogues, all mimicking the proposed



transition-state intermediate 30 (figure 1.13). The authors hypothesised that substituting the
negative charge with a non-ionised electronegative atom would create a stable intermediate,
which again would inhibit 5-LO activity. Of all the analogues that were investigated, the most
potent inhibitory effect was exhibited by 31, which bore most structural resemblance to 30°'.
Shortening the carbon chain length or altering the functionality of the carbon chain by replacing
a double bond with a single or a triple bond significantly reduced the potency of the inhibitors®'.
By comparing the inhibitory action of sulphur-containing analogues to that of corresponding
non-sulphur-containing analogues, the authors concluded that the sulphur moiety was essential

to obtain optimal inhibitory effect®!.
E@ 0 0
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Figure 1.13: Shows the proposed transition state intermediate (30) and the most potent 5-LO inhibitor
(31) of the structures investigated by Hanko et al®

In a later study®”, compounds that specifically targeted inhibition of LT A4 hydrolase, an enzyme
that catalyses the formation of LTB4 from LTA4 were designed. Of the numerous compounds
that were analysed, the two thiophene-containing fatty acid analogues 32 and 33 (figure 1.14)
exhibited the most potent inhibitory effects, with the fractions of in vitro inhibition being 84%
and 90% respectively>®. An important structural feature of these compounds appeared to be the
lengths of the carboxylic-chain substituents on the thiophene, which corresponded exactly to
the distance between the carboxyl group and the triene moieties of LTA4>°. Of the two thiophene
fatty acids, only 33 was metabolically stable, exhibiting a 40% inhibitory effect on LTB4

bioproduction when administered orally to rats’.
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Figure 1.14: Shows the structure of the two most potent LTA4 hydrolase inhibitors.
While the hypothesised therapeutical effects of these enzyme inhibitors were not confirmed in
this study, the finding is still noteworthy given the structural resemblance of 32 to, for example

7, which was one of the structures elucidated by Dembitsky et a/?*.



1.2.1.3.  TETRADECYLTHIOACETIC ACID
Tetradecylthioacetic acid (TTA, 34, figure 1.15) constitutes another fascinating case study
relating to sulphur-containing fatty acid analogues. TTA is a saturated 3-thia-substituted fatty

62-65

acid reported to induce hypolipidemia®™, as well as various immunomodulatory responses,

66, 67 63, 67 64, 68, 69

such as anti-oxidative , cardioprotective , and anti-inflammatory actions.

Furthermore, TTA has been reported to exhibit anti-proliferative effects on malignant cells’®
72

QO
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Figure 1.15: Shows the structure of TTA (50).
An interesting biochemical effect of the inclusion of a heteroatom, such as sulphur or oxygen,
at the B-position is that it prevents compounds from being B-oxidised®? 6% 6% 7376 Instead, TTA

62,74,77

is initially catabolised via w-oxidation , which is otherwise a minor pathway for biological

degradation of fatty acids*®. The slow metabolic degradation of the 3-heterosubstituted fatty

analogues appears to enhance the biological impact these compounds may have® 76,

Many of the beneficial effects of TTA have been linked to its interactions with peroxisome
proliferator activated receptors (PPARs), for which TTA is a potent ligand®% % 67-73-78 PPARs
are a group of nuclear receptors responsible for regulating fatty acid metabolic processes’®,
including those relating to insulin sensitisation””. Furthermore, PPARs are involved in
regulatory aspects of inflammatory responses, cell cycle control, apoptosis, atherosclerosis,
and”, by stimulating proliferation of cells, carcinogenesis®’. Thus, ligand-binding of TTA to
the PPARa-receptor has been suggested to stimulate hypolipidemia through induction of fatty
acid oxidation®?, and may also explain the observed anti-inflammatory and stenosis-reducing
effects of TTA post-surgey®® However, some studies indicate that the beneficial effects of TTA

are not due to PPAR-activation alone’" ®!

, and so the total therapeutic mechanisms of TTA
remain elusive. Nevertheless, this demonstrates the impact the inclusion of a heteroatom into

fatty acids may have.

1.3.  ORGANO-SULPHUR COMPOUNDS IN GARLIC, MUSTARD, AND RAPESEED
Many of the therapeutical properties of garlic, mustard and rapeseeds are attributed to their

organo-sulphur contents, the occurrence of which is well-documented’*- 1%-82-% Notably, garlic

oil has been shown to alleviate oxidative stress and inflammation, and to prevent



hyperglycaemia, which is causative of diabetes®’. In addition, garlic oil has also been linked to
various immunomodulatory effects such as suppressing allergic responses by impeding on the
release of B-hexosaminidase, which stimulates histamine response®. Furthermore, garlic oil has
been shown to inhibit proliferation of malignant cells®. To this end, allicin (35), diallyl sulphide
(36), diallyl disulphide (37), and diallyl trisulphide (38), are some of the organo-sulphur species
that have been identified as important biologically active components of garlic oil (figure
1.16)".

Figure 1.16: Shows the structures 35-38.
In the Brassica species, sulphur-containing components such as isothiocyanates are believed to

originate from hydrolysis of glucosinolates®* 860! (scheme 1.2)

OH o
I Glucosmolase
HO O I - 5 = —I- a=C=MN-
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R
Glucosinolate Isothiocyanate

Scheme 1.2.: Shows the enzymatic hydrolysis of a glucosinolate®®, where R = arbitrary side chain.
Isothiocyanates have been of particular pharmaceutical interest as they are capable of
stimulating anti-inflammatory and antioxidative responses”, as well as inhibiting microbial

growth®. In this context, allyl isothiocyanate (39, figure 1.17), which is found in both mustard

85, 93 93, 94

and rapeseeds , constitutes an interesting example, as it has exhibited anticancer ,

neuroprotective®® °°, insecticidal®®, antiparasitic®®, cardioprotective®®, and antidiabetic
properties®® *°, in addition to antimicrobial activities®® and anti-inflammatory®’ effects.
&_\:‘\, "
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Figure 1.17: Shows the structures of allyl isothiocyanate (39)

Apart from exhibiting pharmacological activities, isothiocyanates also play a role as flavouring
agents’?. In rapeseed oil, a widely used cooking oil, attention has therefore been aimed at the
impact these sulphur-containing compounds have on the quality of the canola oil as a food

product. Sulphur-containing compounds in rapeseed oil have been categorised as volatile,

10



thermolabile, and non-volatile!> 3% 190 The volatile compounds, mainly isothiocyanates,
thiocyanates, and sulphates, have been linked to inhibitory effects on hydrogenation catalysts®"
101 and disagreeable odours, which, interestingly, resemble garlic'’?. Since hydrogenation is an
effective way of increasing the shelf-life of canola oil, by preventing oxidation and resulting
off-flavours of the 0il'**, the former can be viewed as problematic. However, volatile sulphur
compounds have been found to constitute only a small part of the total sulphur content of canola
0il®. Indeed, the discovery of SHFAs was brought about by the realisation that a significant
part of sulphur-containing compounds in rapeseed oil is constituted by these non-volatile
compounds, which may also inhibit hydrogenation'>. Thus, a proper characterisation of SHFAs

can also be of industrial interest.

1.4. CHEMICAL BACKGROUND

1.4.1. STRUCTURE ELUCIDATION
The structures of all the SHFAs described in literature to have occurred in plants'> %27 have

been elucidated by the use of MS with an electron ionization (EI) source at 70eV. The advantage
of this technique is that it generates spectra that are reproducible across most or all mass
spectrometers'®. Once a chemical structure has been confirmed, a comparison with formerly
obtained MS spectra therefore provides a means of identifying the compound. A limitation of
structure determination by the sole use of MS is that the mass spectra do not provide exact
information about how the fragments that constitute the compound were originally connected,

sometimes making interpretation complicated'?.

The challenge of structure determination by MS is illustrated by the discussion of Eibler et al.?’

in their structure elucidation of 40. Based on the fragmentation pattern, four structures (40-43),

all corresponding to the same molecular mass and formula, could appear plausible (figure 1.18).
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Figure 1.18: Shows the structures 40-43.
Assuming that SHFAs are biosynthesised from commonly occurring fatty acids, the authors

eliminated 41 as a possibility since its biosynthesis would most likely have required a

11



methylated Ci7-precursor, which is a highly unconventional fatty acid structure®’. Notably, 41
would correspond to the structures proposed by Wijesundera and Ackman'®, and be highly

P* 42 was

analogous to most of the reported structures of FFAs. By reference to Dembitsky ef a
also ruled out by Eibler ez al.?’, as the spectrum showed a base peak at m/z 229, which reportedly
is uncharacteristic for the thiane-containing fatty acids**. Since the fragmentation pattern
seemed to correspond to 40 to a higher degree, 43 was also ruled out as a possibility, leading

them to conclude that 40 was the most probable structure corresponding to this spectrum?’.

While the arguments provided for this structure are well-considered, their discussion
exemplifies how structure determination by MS is not necessarily a straightforward task. Thus,
MS is seldom the sole method of structure elucidation for molecules smaller than 2000 Da'?.
Instead, MS analyses are routinely and advantageously coupled to complementary techniques
such as NMR, IR, and X-ray crystallography when the structures of smaller, novel molecules

are to be determined'?.

Another limitation of EI-MS is that it cannot be used to assign stereochemistry to optically
active molecules. All the SHFAs with a saturated heterocycle contain at least two chiral centra,
which, in theory, could give rise to 2°=4 stereoisomers (figure 1.19). As evidenced by optical
rotation measurements performed on samples containing mixed fractions of SHFAs, the

naturally occurring SHFAs are likely to be enantiomerically pure®’

0
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Figure 1.19: SHF As with saturated five-membered rings may give rise to four different stereoisomers.
However, since the structures have only been investigated by MS, no information is currently
available about the absolute configurations of SHFAs found in samples of mustard seed,

rapeseed, and garlic oil.

1.4.1.1.  TOTAL SYNTHESIS AS A MEANS OF STRUCTURE ELUCIDATION
The above section illustrates how structure determination of previously undocumented natural

products can be challenging. Even when complementary spectroscopic techniques are used,
structure elucidation may be complicated'’® 97, Indeed, in a review'% covering challenges
relating to modern structure elucidation, it was estimated that over 300 structural revisions,
some of which included gross reassignments of the originally suggested structures, were

undertaken only in the 14 year period from 1990-2004'%. The misassigned structures ranged

12



from simpler chemical structures such as the coumarin 45, to more complex molecules such as
the marine antineoplastic agent bryostatin 3 (47) (table 1.1.)'%. Another interesting example
includes the structural revision of (-)-mucosin (49), an eicosanoid with an unusual bicyclic core

isolated from the Mediterranean sponge Reniera mucosa’ 1%

Table 1.1.: Shows the misassigned and the reassigned structures of two compounds.

Misassigned Structure Revised Structure
Me
MeO 0. _Me
Me O 0 |
=
MeO Me

OMe O

OMe

44 45

Me

COOH

48 49

Originally, the coumarin structure had been determined by the combined uses of UV, IR, MS,
and NMR'!. However, a total synthesis of the originally suggested structure 44'!! revealed
discrepancies between the spectral data of the synthetically produced 44 and those reported in

literature for the natural product!!!

. Spectra consistent with those obtained for the natural
product were generated only when the structure and the total synthesis strategy was revised to

451,

Similarly, the structure of 47 was originally elucidated by combining spectroscopic techniques
including NMR, UV, and MS'!?, reassigned by extensive 2D NMR analyses'!'> "% and

confirmed by total synthesis!!>.

13



When a total synthesis of 48, which was the structure that had originally been proposed for (-)-
mucosin, was performed, spectral analyses of 48 proved that the stereochemistry of the natural

product had been misassigned'®

. Aided by density functional theory calculations, the structure
was reassigned to 49, of which a new total synthesis was performed!”. The spectra that 49

generated agreed with those obtained of the natural product'®.

As these examples demonstrate, there may be challenges related to the interpretation of spectral
data, and total synthesis is sometimes the best way to confirm a structure. Indeed, as the
coumarin and (-)-mucosin examples illustrate, total synthesis can be key to discovering that a
structure has been misassigned in the first place. Given the lacking spectroscopic
documentation that exist for SHFAs, a total synthesis could be an appropriate way of attaining

more extensive characterisation, and to confirm the structures of these peculiar natural products.

1.4.2. THE ALKYNE ZIPPER REACTION
The alkyne zipper reaction is a process in which a linear, internal alkyne is isomerised to a

terminal alkyne (scheme 1.3).
R
M — = R%\
n

Scheme 1.3: The alkyne zipper reaction involves the isomerisation of an internal to a terminal alkyne.
The alkyne zipper reaction is usually performed using potassium 1,3-diaminopropanide
(KAPA) as a catalyst, which has the advantage that it can act as a simultaneous proton donor

and acceptor''® 117, The isomerisation proceeds via a rapid proton exchange between the alkyne

and the diamine catalyst (scheme 1.4)''7- 118,
III B H KAPA B _ H I[I I'ﬁ CH; ETI I]I
RoCrU=C-CoCHY | RECSCSCE0OH) = gocscacag —» R-C-C-C=C-CH;
H H 2 i “Hay I-li [ s I—ll I—|I
H)y KNETI Wi . A
50 ), i
e o ”,N NH 53
51 52

R-C=C-H
54
Scheme 1.4: Mechanism of KAPA-catalysis'"’.

A contributing factor to the efficiency of the reaction is the favourable geometry formed

between the diamine catalyst and the alkyne''®. The 1,3-proton transfers in alkyne-allene
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systems are, to varying degrees, of both inter- and intramolecular nature!'®, as mediated by the

base catalyst!'®.

Since the alkyne zipper reaction involves the formation of a product that is less
thermodynamically stable than the starting material, it is termed a “contra-thermodynamic”
process!!® 117 Particularly, the terminal alkyne is significantly less thermodynamically stable
species than the internal alk-2-yne!?® 2!, Instead of being governed by thermodynamics, the
internal-to-terminal alkyne isomerisation may therefore be viewed as a kinetically controlled
process in which the formation of the alk-2-yne-carbanion constitutes the rate-determining

120

step’~". Upon deprotonation, the alk-2-yne tautomerizes between the two carbanionic species

shown in scheme 1.5 below!?°.

e
R-C=C-CH,

55 56

Scheme 1.5: Shows the two electronic tautomeric states of the alk-2-yne cation.

12

Of the two tautomeric forms, 55 constitutes the more stable species'?’, as the greater s-character

of the carbon on which the negative charge rests in 55 contributes to lowering the energy of the

120 Consequently, 55 is also the predominant tautomeric from, and a terminal alkyne

carbanion
is therefore more susceptible to be formed upon re-protonation'?’. Since it commences in the
formation of the carbanion, production of the alk-1-yne is generally favoured if the catalyst is

in molar excess'%’.

Currently, the alkyne zipper reaction is not widely applied in synthetic reactions. However, it
has been predicted to have a greater impact in the years to come!??, and provides an interesting

means of obtaining acetylene functionalisation.

1.4.3. TRANSITION METAL CATALYSED REACTIONS
1.43.1.  OXIDATIVE CROSS-COUPLING
Reactions that lead to the formation of new carbon bonds are fundamental to organic synthesis.
One way of achieving such transformations is through oxidative cross-coupling, in which a
transition metal is used to catalyse the carbon-extension. A series of name-reactions, such as

127, 128

the Sonogashira'?® 4, Negishi'?> 1%, and Suzuki-Miyaura couplings, fall into this

category.
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In the oxidative cross-coupling between an organic nucleophile and electrophile, the
mechanistic cycle (scheme 1.6) is initiated by the oxidative addition of the metal catalyst (M)
to the organic electrophile (R;-X)'?*!*!. The resulting species (Ri-M-X) then undergoes trans-
metalation with the organic nucleophile (R2M;) to form a R;-M-Rz intermediate!?*!3!, The
cycle terminates in cross-coupling of the organic substrates and the concomitant reductive

elimination and regeneration of the metal catalyst!2>-13!

Reductive elimination
,
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Scheme 1.6.: Outlines a general mechanism for oxidative cross-coupling
Coupling of two electrophiles or two nucleophiles can be achieved in an analogous manner.
The former requires an extra reductant to compensate for the electron-deficiency of the two

substrates, while the latter requires an additional oxidant for the opposite reason??? 130, 132134,

While the steps of oxidative addition and reductive elimination are general to all oxidative
cross-coupling reactions, the trans-metalation step differs in each reaction, since it relies on

different organometallic species and reaction conditions'®> 13,

The Sonogashira reaction traditionally involves the palladium-catalysed coupling of a vinyl or
aryl halide to a terminal alkyne, where copper(I)iodide usually is present as a co-catalyst, along

with an amine base as a solvent and activator (scheme 1.7)"37-13°,

Pd(0),Cul )
A= + H-——=—R =— » Ar—=—R + EtNHHX
Et;NH

Scheme 1.7: The Sonogashira coupling involves a terminal alkyne and an aryl or vinyl halide.
Since it depends on the combined actions of two metal catalysts, a comprehensive
understanding of the reaction mechanism has not yet been formed'3” 3. As such, it is generally

accepted that the reaction proceeds via two separate catalytic cycles — one involving the

16



oxidative addition of the palladium(0) catalyst to the aryl or vinyl halide, and the other the

association of the copper co-catalyst with the alkyne to form the active alkynyl copper

intermediate (scheme 1.8)'371%°.
II.
Ri—X RE_Illjd_x
Cu———R, R;NH'X
&) Palladium Cycle Copper Cycle \ﬁ RiN
Pd"L»
H—==—U2R;
CUEC'_/ Cu™X
R
] pg’L,
RI—R;
Ry

Scheme 1.8.: The Sonogashira reaction proceeds via two separate cycles’’

The oxidative insertion of the palladium(0) catalyst into the vinyl or aryl halide is by some
considered to be the rate-limiting step'>” 13141 However, evidence suggesting that the trans-
metalation is rate-limiting has also been provided'#> ¥, Although the reaction sequence of the
copper cycle is poorly understood, it is believed that the alkyne associates with the copper salt
in coordination with the base to form the alkynyl copper intermediate’3’'*°. The two cycles
meet in the subsequent trans-metalation step, in which both substrates are coordinated to the
palladium(II) catalyst before they eventually undergo cross-coupling and reductive elimination

of the palladium(0) catalyst'3” 138,

The Sonogashira reaction is one of the most common ways of coupling alkynes to obtain
arylacetylenes or enyne structures'*!: %414 The reaction exhibits high functional group
tolerance and can generally be run under mild conditions in a reaction setup that is technically
undemanding'®’> 144 145 147 However, the Sonogashira coupling is limited by the tendency of
terminal alkynes to undergo homocoupling in the presence of copper and oxygen, which usually

requires that the often-expensive acetylene reagent is added in excess!®7- 146: 148149,

Cul

Oy
R————H = R—R

Scheme 1.9: Terminal alkynes may undergo homocoupling in the presence of copper and air.
For oxidative cross-couplings that do not involve acetylenes, the Suzuki cross-coupling reaction

has the most far-reaching applications in both industry and academia'** 13152 In the Suzuki
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coupling reaction, organoboronic acids or esters constitute the active nucleophile that may
undergo cross-coupling with an organic halide or pseudohalide (scheme 1.10). As such, the
weakly nucleophilic organoboron compound requires activation by an appropriate base to
participate in the trans-metalation step'>>.

Pd(D)

R-X R —B(OR"), 22, R-R

Scheme 1.10: General outline of a Suzuki reaction, where X = CI, Br, I, R and R’ = (alkyl), vinyl or
aryl, and R’’’ = H or alkyl substituent.

The Negishi reaction resembles the Suzuki cross-coupling reaction except that organozinc
species typically constitute the nucleophile that may undergo Pd- or Ni-catalysed cross-

)153

coupling to an organic halide or triflate (scheme 1.11)>°. Unlike the organoboron species used

in the Suzuki reaction, the organozinc compounds do not require activation of an additional

base, owing to their greater intrinsic reactivity'>*.

M'(n)
R-X R'—ZnX — R-R
Scheme 1.11: General outline of a Negishi reaction, where X = CI, Br, I, R and R’ = (alkyl), vinyl, aryl,
or alkynyl and M = Pd, Ni, n = 0, II

Oxidative cross-coupling reactions involving sp>-hybridised species have historically been
limited by the slow oxidative addition of transition metal into the alkyl halide, and the tendency
of alkyl halides to undergo B-hydride elimination during the catalytic process'>>8, Thus, these
types of catalytic transformations have typically featured two unsaturated species'?>. However,
as oxidative cross-coupling reactions have been developed to suit a broader substrate scope,

159-163

examples of Sonogashira- , Suzuki-'6% 165

, and Negishi!®'®_type cross-couplings
involving sp’-hybridised species have emerged in literature, with one interesting example of
the latter, featuring the oxidative cross-coupling of two sp>-hybridised species, being depicted

in scheme 1.12 below!'"°,

o Br BiZn~ ™~ “COOEt

COOEt
OTBS

. S 3 k .. .
Scheme 1.12: Literature example of an sp>-to-sp® Negishi type cross-coupling'”’.
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1.4.3.2.  TRANSITION METAL-CATALYSED REDUCTION
Reduction of alkenes and alkynes is often achieved by a transition metal catalysed process, with

138 As outlined in

the most common hydrogenation catalysts being palladium and platinum
scheme 1.13. below, hydrogenation takes place on the surface of the metallic catalyst, which is
usually distributed on an inert support, such as charcoal'*®. The catalytic process is initiated as
hydrogen adsorbs to the surface of the metal catalyst, causing breakage of the H-H bonds'?®.
The hydrogen atoms are then made available for metal-mediated attachment to the organic
substrate'*®. Subsequently, the unsaturated hydrocarbon is bonded to the metal, and hydrogen

is transferred from the metal to the alkene'3.

g CHO
H
CHO CHO
g CHO H a
— — Q#H _J
Metal catalyst Metal catalyst T‘W’“

Scheme 1.13.: Shows the transition metal-catalysed hydrogenation of an alkene'*

Alkynes undergo transition metal-mediated hydrogenation by an analogous mechanism, in
which the corresponding alkane is usually afforded!*. As indicated by the intact aldehyde group
in scheme 1.13, reduction of carbon-carbon bonds is usually favoured over reduction of

carbonyl groups under these conditions'®,

1.4.3.3. METALLIC CATALYST POISONING EFFECT OF SULPHUR
Although use of transition metal catalysis can be highly advantageous in cross-coupling and

redox reactions, there are some limitations to applying transition metal catalysis to thiophene

compounds, owing to the chemical properties of the heteroatom.

Sulphur has a high affinity for chemisorption to transition metal catalysts!”'"'”®>, Thus, sulphur-
containing compounds exhibit severe poisoning effects on metallic catalysts, as bonding of
sulphur to the catalysts will make the metallic catalysts unavailable for binding to their
substrates!”'!7®, Even when present in trace amounts only, sulphur will inhibit the catalytic
effect of the transition metals, making it suitably termed a transition metal-catalyst poison'’".
The poisoning effect is linked to the valence electron configuration of the catalyst poison, where
inhibition is exhibited only if the toxic element possesses an unfilled valence orbital that can
participate in the formation of chemosorptive bonds with the metal catalyst, thereby impeding

on the access of the reactant to the catalyst active site!’!"17>,
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In thiophene, the sulphur atom possesses one lone pair that participates in the aromatic sextet.
Meanwhile, it retains another lone pair that is available for bonding to other elements, as

illustrated in scheme 1.14. below.

H
,-f’{\ ¥ " Lone pair part of aromatic sextet
H— £
K

H H \\_/ Lone pair not part of aromatic sextet

Porlpr =P

Scheme 1.14: The sulphur in thiophene contains a lone pair that does not participate in the aromatic
system 7

Due to the strength of the chemisorptive bond formed between sulphur and transition metal-
catalysts, catalytic hydrogenation of thiophene compounds is highly ineffective, as the
exchange between the thiophenes adsorbed to the metallic catalyst and the thiophenes in the
free phase will occur very slowly!”!. For catalytic hydrogenation of thiophenes to occur at a
significant scale, the metal catalyst would therefore need to be present in equal or excess molar
amounts to the thiophene compound!”>. Alternatively, metal-catalysed reduction of thiophenes
has been reported to occur under harsh conditions, such as elevated temperatures and
pressures' > 17 However, in these instances, the hydrogenated product was only obtained in
moderate yields, often along with the de-sulphurisation products'’®. Thus, alternative

approaches need to be taken when thiophene compounds are to be reduced.

1.4.4. IONIC HYDROGENATION
A route to hydrogenation that is compatible with sulphur-containing compounds, is reduction

by ionic hydrogenation. Ionic hydrogenation is a reduction method in which hydrogen is
introduced to an electron-deficient carbon centre by the combined actions of a proton donor

(acid) and a hydride donor (scheme 1.15)"77-178,

| % A R;SiH | (1)
X — + - | H
” @
Sev e [ D=¥ e x| ReSH, _H
E E E

Scheme 1.15: General outline of ionic hydrogenations of saturated (1) and unsaturated carbon centres,
where R3SiH constitutes the hydride donor
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The method depends on the formation of a carbenium ion, and the relative stability of the
carbocationic species formed!””> 17, The carbon centre must be sufficiently electron-deficient
to effectuate hydride transfer from the donor molecule!”’. Thus, if the positive charge of the
cationic species can be appreciably stabilised within the molecule structure, the carbenium ion
will be incapable of abstracting a hydride ion from the donor molecule'”’. Meanwhile, if the
intermediate carbocation is too unstable, ionic hydrogenation will not occur. For example, the
dioxelium ion (57) is too stable to accept a hydride ion, whereas the secondary cyclohexylium
cation (58) is too unstable to undergo this transfer'”’. Compared to the secondary cation (58),
the tertiary carbocation (59) possesses the appropriate stability that allows it to undergo ionic

hydrogenation'””.

)]

T o O

57 58 59

Figure 1.20: Carbenium intermediates that are too stable (57), too unstable (58), or appropriately
stable (59) to undergo ionic hydrogenation'”’

The most commonly used hydride donors are organosilanes, which, compared to metal hydride
alternatives such as germanes and stannanes, generally exhibit less reactivity toward the acid,
allowing for a broader range of applications!””17°. The hydridic nature of silanes lies in the
polarity of the Si-H bond, in which the lesser electronegativity of silicon leaves the hydrogen
with a partial negative charge (R3Si®"-H%)!7”- 1% As such, silanes do not spontaneously transfer
hydride ions when dispersed in solution with an unsaturated hydrocarbon!’”- ¥, Hydrogenation
occurs when the silane is activated, usually by transition metals or a Brensted/Lewis acid'”” 18
181 Furthermore, as delineated in figure 1.21. below, the hydride-donating ability of the silane
is influenced by the substituents of the silicon, where triethylsilane generally displays the

greatest donating power, while diphenylsilane constitutes the weakest hydride donor!”® 17

Et ;IJ .C3Hjq Ilil Ll:nh Ilnh El:nh
| ;

Et—Si—H CsHyjgn—Si—H H-51—H H-Si—H Ph—Si—H H-Si—H
| E: L)

Et n-C3Hyg Et Ph Ph Ph

Decreasing hydride-donating ability

Figure 1.21.: Order of decreasing hydride-donating ability of silanes’’.
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Triethylsilane (Et3SiH) is most frequently chosen as the hydride donor, in conjunction with
trifluoroacetic acid (CF3CO,H) as the proton donor'7®!8% 182 The CF3;CO,H/Et;SiH-
hydrogenating pair is capable of reducing thiophenes'’> !”°. Like in electrophilic substitutions
to thiophenes, hydrogenation of thiophenes is favoured at the a-positions!’> !”. The ionic
hydrogenation process of thiophenes to tetrahydrothiophenes is therefore initiated by the
addition of a proton to the 2-position, which results in the formation of a thiophenium ion
(61)!5. A hydride ion is then donated from the silane to the 3-position of the thiophene,
generating the 2,3-dihydrothiophene intermediate (62)!”°. Subsequent rapid hydrogenation of
the intermediate affords the tetrahydrothiophene 64 as the product'’® (scheme 1.15.). The
alternative route, in which the hydride is added to the 5-position of the intermediate instead of

the 3-position is unlikely to occur, as the dihydrothiophene 65 is not observed as a product!”.

R ~g7 "R" R~ g7 R Im\ = P R

R' S R" S
60 61 62 63

QL l“’
O

S

65 64
Scheme 1.15: Mechanism of ionic hydrogenation of thiophenes'”.

The presence of alkyl substituents at the o-positions significantly enhances the rate of
hydrogenation of thiophenes when compared to unsubstituted thiophenes'”: 7. Oppositely,
thiophenes with strong electron-withdrawing substituents, such as halogens, carboxy or ester
groups in conjugation to the aromatic system are largely deactivated for hydrogenation by this

method'”°.

Since carbonylic compounds are only moderately activated for ionic hydrogenation by
CF3CO:H, ionic hydrogenation can be used to selectively reduce carbon double bonds in the
presence of carbonyl compounds'”. Indeed, this preferentiality is also seen in o,B-unsaturated
ketones, where the alkene bond is selectively reduced over the carbonyl group (scheme 1.16),
affording the corresponding saturated ketones in high yields!”. Similarly, reduction of

thiophenes can be achieved without affecting an ester group'”.

5 0 RH O
“e=C—C—r" H/H  H_(—¢—C—pe
R H — T

Scheme 1.16: o,[-unsaturated ketones are reduced to the corresponding ketones when the

hydrogenating pair is present in amounts that allow for reduction of one double bond only'”.
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Compared to corresponding alkenes, alkynes are less susceptible to hydrogenation by

organosilicon compounds!”’

, and studies concerning ionic hydrogenation of alkynes are
limited!”® 182 183 " Ag such, alkynes in conjugation with electron-rich aryl groups have been
reported to be completely hydrogenated in modest yields using the CF3;CO.H/Et3SiH-

hydrogenating pair!”’ 84

, with improvements in yield being reported when stronger acid
conditions were employed!””- ¥, However, alkyne reduction by this hydrogenation pair is slow,
largely causing the Et3;SiH to decompose before significant hydrogenation is effectuated!®>. To
this end, the tungsten hydride (Cp(CO)sWH) in conjunction with CF3CO-H has proven to be a
more effective hydride donor in the reduction of alkynes, capable of reducing the triple bond
via the initial formation of divinyltriflate intermediates (scheme 1.17)'%3. Nevertheless, ionic

hydrogenation of alkynes is a slow process'®*.

Ph Ph
2HOTS Ph Pl CH; S @® )
Ph - Y= S=/""cpoc)yW--| OTf Cp(OC);W-| OTf
2Cp(CO);WH TfO CH: TfO I\CH H C)
'H; 3

l

Ph{CH»)>CHj

Scheme 1.17.: Shows the reduction of an alkyne via divinyl triflate intermediates.

1.4.5. OLEFINATION REACTIONS
Olefination reactions are reactions that lead to the formation of new carbon-carbon double
bonds. One of the earliest reported reactions in this category is the Wittig reaction'®®, which

involves the reaction of an aldehyde or a ketone with a phosphonium ylide to afford an alkene

(scheme 1.18)'871%,

FLoo 8

- B — + d_,px

. PR
R R Y

Zork

R"

Scheme 1.18: Outline of the Wittig reaction, where X, Y, Z = alkyl, aryl, or alkoxy substituents.

The mechanistic details of the reaction has been a topic of discussion throughout the years!®-
190 however, the modern interpretation appears to be that the reaction is initiated by
nucleophilic attack of the negatively charged ylide carbon on the carbonyl centre, resulting in

a four-membered cyclic intermediate (scheme 1.19)13% 189191,
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Scheme 1.19: The Wittig reaction is initiated by the formation of the oxaphosphetane intermediate'.

Lacking intrinsic stability, the oxaphosphetane intermediate then collapses, in a process that

generates the olefin along with the phosphine oxide (scheme 1.20)'*.

Z

y—_pi o 9
X YX‘R" — = * z-B
" . # X
% R R R g
Zor K

Scheme 1.20: The alkene is generated from the collapse of the oxaphosphetane intermediate'*

One drawback of the Wittig reaction is that the neutral phosphonium oxide by-product is often
difficult to separate from the alkene product'®?. This challenge is largely overcome in the
Horner-Wadsworth-Emmons (HWE)!** 14 olefination reaction, which may be viewed as a
modified version of the Wittig reaction'®> 1°®. In the HWE olefination, phosphonate ions are
used in place of the phosphonium ylide (scheme 1.21), which generates the easy-to-remove

phosphorus acid salts, along with the target alkene'*!: 12,

9] 0 ; (9] R™
3ase
RO),0OP
( }:_', ﬁ’)\OR R“)'I\Rm [ ROJ]\%\R“
R’ R
EorZ

Scheme 1.21: Outlines the HWE olefination.

Both olefination reactions provide the advantages that the phosphorous reagents are easy to
prepare, offer high reactivity, and tolerate a wide set of conditions and substrate scope'®* 1%’
Furthermore, both the Wittig and the HWE reaction can be tuned to be highly stereoselective
by managing the reaction conditions and the properties of the phosphorus-containing

HUCICOphﬂeSlSS’ 191, 196, 198.

For example, in the Wittig reaction, use of non-stabilised ylides, i.e., ylides that carry alkyl
substituents on the ylidic carbon provide a high degree of (Z)-stereoselectivity, whereas
stabilised ylides — those containing aryl, vinyl, halo, or alkoxy substituents on the ylidic carbon

— predominantly furnish the (E)-stereoisomer!8% 11,

Similarly, the HWE olefination preferentially leads to the formation of (£)-isomers when

traditional reactions conditions and di-alkylated phosphonate species are employed. As such,
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the reaction can be made highly (Z)-selective under the appropriate conditions when
phosphonates such as bis(trifluoroethyl)phosphonoacetates, or diphenylphosphonoacetates,

that carry highly electrophilic or bulky substituents on the phosphorus atom, are employed'*"
196, 198

Apart from providing a means of obtaining a high yield of geometrically pure stereoisomers,
these olefination reactions also serve a role as carbon-carbon extending reactions, further

adding to their usefulness to organic synthetic reactions.

1.4.6. SUBSTITUTION REACTIONS

1.4.6.1.  THE FINKELSTEIN REACTION
The Finkelstein reaction is a halide exchange reaction in which one halogen group is substituted

by another (eq.1)!*.

RX+X =—=RX +X (1)
The reaction typically involves the exchange of a chloro- or a bromo group with a fluoro or an
iodo group via an Sy2 mechanism. The preparation of iodides by this method usually achieved

by the use of Nal in acetone. This produces the alkyl iodide along with sodium chloride or

bromide'”’ (scheme 1.22).

R .
Ry Nal(aq) 1 NaX (s) ;R-
pnCX ——= |G X [ —— 1,
2 R; R:JRj RBR1
X=Cl Br

Scheme 1.22: The Finkelstein reaction proceeds via an Sy2 mechanism.
Since both salts are insoluble in this medium, the equilibrium is shifted in favour of product
formation, as reagents for the reverse reactions are made unavailable'”. Thus, iodides can be

readily obtained from the parenting alkyl chlorides or bromides.

1.4.6.2.  THE APPEL REACTION
One way of converting primary and secondary alcohols into the corresponding organic halide

is through the Appel reaction, in which the hydroxyl group is substituted by a halogen by the
combined actions of triphenylphosphines and halogenomethanes®”. The reaction is initiated by
attack of the phosphine on the halogen attached to the halogenomethane, resulting in a Sn2-
type displacement of the halogen to the phosphine centre (scheme 1.23)**. The anionic species

that arises from de-halogenation of the halogenomethane then proceeds to deprotonate the
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hydroxyl group, thus activating the alcohol as a stronger nucleophile’®.

Subsequent
nucleophilic attack of the alkoxy species on the positive phosphine centre displaces the halogen
once again to the solution?”. The carbon centre attached to the triphenylphosphine is then
subjected to nucleophilic attack by the displaced halide anion, leading to the elimination of the

triphenylphosphine oxide, and the generation of a halogenated product>®.

p— Ph ) Eae ;A )\ " Ph R-r
7 LY ."‘ 1 ) H D R 1
PhsP Cl—-CCl; —= Ph—P*-Cl CCly ﬁ» Ph—P{C1 -D)\R
1 [ !

Ph Ph ™~

|

e P
Cl )\ R" P O R"
Ph;PO
Scheme 1.23: The Appel reaction®”
200, 201

While the reaction traditionally features a carbon tetrachloride , it has been modified to

202-204

include the production of bromides and iodides , making it a synthetically useful reaction

that may activate primary and secondary alcohols for further modifications.

1.5. SYNTHETIC STRATEGIES

Since 8 has been reported to occur in both Allium and Brassica’* %’

, a total synthesis and
subsequent structure determination of this compound is of particular interest. With 7, which has
been isolated from garlic?*, differing from 8 only with respect to the unsaturation of the
heterocycle, a total synthesis of this molecule should be achievable through a similar synthetic
route. Insofar as no data exist that could be used to confirm the absolute stereochemistry of the
optically active SHFA 8, an asymmetric synthetic approach is not targeted initially.
Furthermore, since only the methyl esters of the SHFAs have been isolated thus far, a synthetic

approach should be taken towards the fatty acid methyl esters 65 and 66 (figure 1.22).
O @]
W ~
L s” T o il
65 66

Figure 1.22: The structures of the target molecules.

1.5.1. FORMER SYNTHESES OF SHFAS
Currently, the only recorded synthesis approach leading to a naturally occurring SHFA appears

to be one reported for 8, which is described in a patent®®. This synthetic strategy involved
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irradiating 9,12-octadienoic (67) and elemental sulphur with ultrasonic waves to afford a
mixture of 8 and its corresponding dihydrothiophene analogue (68) in yields of 56% and 39%,

respectively?®® (scheme 1.24).

Sg(s) 8
- -
L OH Microwaves _ o
67 \/\/\M\OH

68
Scheme 1.24: Outlines the synthesis process described in the patent’”.

In addition, total synthesis of polyunsaturated analogues have been achieved by Flock et al.?%

(61-62) and by Yasser et al’’’” (63a,b) (figure 1.23).

63a, b
a)R=H b: R=Me

Figure 1.23: Shows the structures of polyunsaturated analogues obtained by total synthesis.
Yet, there does not seem to be any records of a total, piecewise, synthesis of the natural products

reported to occur in A//ium and Brassica.

1.5.2. STRATEGY I
One retrosynthetic analysis is presented in scheme 1.25 below and involves a convergent

approach towards the target molecules.

i
65,66 —— g

S = X s
5 = 1 e ¢ o

67 68 69

— g — \\/‘\/’\,/Br + Zf \B ’/\L + \OH
5 8 X OH Br
70 71 72 73 74 75

Scheme 1.25.: Retrosynthesis, Strategy 1
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The pivotal step of this synthetic approach is the formation and subsequent reduction of the
intermediate 67, which in turn hinges on the successful cross-coupling of alkyne ester 69 to the
alkyl thiophene 68. Synthesis of the key intermediate 67 can be accomplished via a Sonogashira
cross-coupling procedure between 68 and 69. The coupling partner 69 can be synthesised from
74 and 75 and isomerised via the alkyne zipper reaction to achieve the acetylene

functionalisation that the cross-coupling requires.

Considering the poisoning effect of sulphur on metal catalysts, and the relatively low
thermodynamic reactivity of alkynes?®®, the cross-coupling step might impose one of the
greatest challenges of this synthetic route. The toxic effect of thiophene on metal catalysts might
also make catalytic hydrogenation an unsuited method for reduction of the alkyne. Since the
alkyne is unlikely to be compatible with ionic hydrogenation to any large degree, finding a
method that selectively reduces the triple bond to an alkane without affecting the ester moiety

is also a key step.

1.5.3. STRATEGY 2
A linear synthetic strategy (scheme 1.26) can also be envisioned for the syntheses of 65 and 66.

i 0
0 /N
6566 ——> N :;u\(%D\ By — I N X
MO/ s 87 Yy M on L g X\\\TMS
h
67 76 77 68 78

P e W Q — \M@
72 73 70
Scheme 1.26.: Retrosynthesis, Strategy 2.
In this case, the two cross-coupling steps leading to 67 are also the most crucial since they
furnish the final carbon skeleton. Given the relative reluctance of sp*-hybridised species to
participate in oxidative cross-coupling, the sp-to-sp® cross-coupling between 76 and 77 might
constitute the greatest challenge of this synthetic approach, especially when considering the

potentially inhibitory effect of the thiophene on transition metals.

1.5.4. STRATEGY 3
Both the strategies outlined above rely heavily on acetylene functionalisation and palladium-

catalysed cross-couplings, in which scenarios the poisoning effect of thiophene, and appropriate
activation of the alkyne might be limiting to the successes of the carbon-extending reactions.

Another limiting factor in these strategies might be selective hydrogenation of the alkyne to the
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corresponding alkane. Thus, a strategy that is less dependent on these factors can also be

envisioned (scheme 1.27)

o)
65,66 — /A
g = T O/
79
—_— W\/@\yo Ph.PW/ COMe
8 : 81
80

R Fl »E

= ATy, COMe. —— Br+
WP wo gL (]
T0 82 T2 73 83

Scheme 1.27: Retrosynthesis, Strategy 3

In this reaction scheme, carbon-carbon extension can be accomplished via an olefination
reaction between the thiophene aldehyde 80 and the triphenylphosphine ester 81, to furnish the
thiophene-diene ester 79. The a,B-unsaturated ester 82 can be obtained by oxidative ring-
opening of 3,4-dihydrofuran (83), and subsequent HWE olefination of the resulting w-hydroxy
carboxylic acid to afford the ester. Subsequent conversion of the m-hydroxyl group into the
Wittig reagent should prepare it for the final olefination reaction that furnishes the 18-carbon
skeleton. Methods involving the selective reduction of alkenes are highly developed and should
therefore be applicable to 79 as well. Indeed, it is conceivable that the synthesis of 66 can be

achieved in one concerted hydrogenation step from 79 using ionic hydrogenation.

1.5.5. STRATEGY 4
A third convergent strategy is presented in scheme 1.28 below.

7\ =~ TOH
6566 —— ' 5 5 XNy —

! OH
5 “‘:::‘* Br /\
83 84 Z 85

= A EENGEEN
A M R I NS _oH
68 75 78 75

Scheme 1.28: Retrosynthesis. Strategy 4

This strategy is founded on acetylene functionality, which is the key to obtaining the triyne
intermediate 83. The thiophene triyne can be furnished from coupling of the thiophene alkyne

84 and the 1,3-diynol 85. The former can be afforded from a Sonogashira coupling of 75 to 68,
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whereas 85 can be formed from an oxidative coupling of 75 to 78, followed by cleavage of the
TMS group to afford 85. Subsequent redox and esterification reactions should furnish the target

molecules 65 and 66.

1.5.6. STRATEGY 5
A retrosynthetic strategy that encompasses elements from both Strategy 3 and 4 is presented in

scheme 1.29. below, and involves a linear approach towards the target molecules 65 and 66.

O

/
65.66 —— . s\ = o~
i 86
— /4 \ o
s vy ®opor. ML
87 88
— / \ L= /IR _"om
s B Ry gZF WA N e Z
R Br
89 84 75
— - \‘:\“\\/OH == NP é I\}
5 80 X s
68 75 72 73
X=Br1I

Scheme 1.29: Retrosynthesis, Strategy 5

Instead of going via the triyne, the six-carbon substituent that will eventually furnish the ester
substituent is obtained by two subsequent couplings of propargyl alcohol — firstly to thiophene,
and subsequently to the propargylbromide thiophene. As such, preparation of the diyne, and its
subsequent hydrogenation are likely to be the most critical steps of this synthetic strategy. If
the intermediate 89 is obtained, the resulting alcohol might be converted into an aldehyde in

preparation for olefination.

In principle, this could be done either by proceeding directly to the diynic aldehyde 90 (path A,
scheme 1.30), or by reducing the diyne prior to oxidation of the alcohol, to afford the alkanol

91 (path B, scheme 1.30).

On the one hand, path A would be a more step-efficient approach, considering that the ao,f3-
unsaturated ester 86 eventually produced would also need reduction. Synthetising a propargylic
aldehyde might also be advantageous in that the high electron density could provide a more
reactive species, which in turn could produce a higher yield in the olefination step. However,

the enhanced reactivity of the propargylic aldehyde might also produce conjugate additions,
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alkyne-to-allene isomerisations, or other undesired side-reactions. Thus, path B will afford an

intermediate species with a more predictable behaviour and reactivity, which is also beneficial.

/o

Path A S T = 0
s -:::, //"/ OH
39
p:i;:;\‘ W\/&/\/\ﬁ
S OH
21

Scheme 1.30: Path A and B.
Having decided on a pathway. subsequent reduction of the olefin and the thiophene will then

afford the target molecules 65 and 66.

1.6.  AIM OF THE ASSIGNMENT
The aim of the assignment is to perform a total synthesis of the methyl esters of the SHFAs 7

and 8. Since the absolute configuration of 66 is unknown, an asymmetric synthesis approach is
beyond the scope of this assignment. If total synthesis is achieved, the compounds will be
subjected to MS-EI analysis for a comparison with the spectra obtained from the natural

products. Thus, confirming the gross structures of these SHFAs is also a target of this thesis.

Given the potential pharmacological properties of 65 and 66, preparation of the SHFAs for
biological assaying might also be an interesting secondary goal. However, biological testing
will not be in focus of this thesis. Hence, the main objective is to achieve total synthesis of 65
and 66, thereby contributing to structure elucidation of the SHFAs found to occur in garlic-,

rapeseed-, and mustard oil.
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2. RESULTS AND DISCUSSION

2.1.  SYNTHESIS AND HALOGENATION OF 2-HEXYLTHIOPHENE
The alkylated thiophene common to all the synthetic pathways was synthesised by coupling 1-

bromohexane (72) to thiophene (73) (scheme 2.1.), according to a literature procedure®”. Due
to a Covid-19-related lockdown, the reaction was left stirring for two weeks when attempted
the first time, affording 70 in a 55% yield. Evidence for the successful reaction was provided

by the spectral data, which were in agreement with those reported in literature?®* 21°,

S HI'W S

73 72 70

Scheme 2.1.: Alkylation of thiophene

A new attempt at the reaction afforded 70 in a 58% yield, which was only a moderate
improvement to the original attempt. Hence, it appeared that the reaction yield was not
significantly affected by the extended period of time in which it was allowed to run in the first

attempt.

Since THF was used as the only solvent, it is conceivable that the n-BuLi was poorly
disaggregated under the given reaction conditions. Furthermore, it could be that the n-BuLi
exhibited some degree of interaction with the THF solvent in addition to interacting with the
thiophene. Thus, the reaction was attempted a third time, this time adding a small amount of
HMPA in the hope that this would improve dissociation of the n-BuLi aggregates, and thereby
the yield. However, the improvement was only moderate, and the compound was afforded in a
60% yield. This slight improvement did not justify the additional purification step required for
the removal of HMPA, which had been distilled along with the target compound 70.

It is conceivable that adding a greater molar excess of the organolithium reagent could help
improve the yield, as this would ensure a more complete deprotonation of the thiophenes in
solution. Alternatively, a more reactive organolithium reagent such as sec-BuLi or fers-BuLi
might be employed for the same purpose. However, the former could also have led to poly-
substitution if already-substituted thiophenes were lithiated in place of the intended
unsubstituted thiophene molecules. Furthermore, considering the relative quanta of the target
compound that was nevertheless obtained, the low cost of the cross-coupling reagents, and the

hazard of handling organolithium reagents, testing these hypotheses did not appear worthwhile.
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Subsequent to its synthesis, 70 was brominated according to a literature procedure?!!. This
afforded 68a in an 84% yield (scheme 2.2.). Spectral data corresponded to those reported in

literature?'!,

S g7 X
70 68a.b
aX=Br.b)X=1
Scheme 2.2.: Halogenation of 70.

Iodination was also attempted according to a different literature procedure?'?. Following the
original procedure, 70, and NIS, which was used as the iodinating agent, were added in exact
equimolar amounts (1:1). Judging from the 'H NMR spectrum of the crude product, this
reaction afforded the mono-iodinated target molecule in a 3:1 mixture together with the
unreacted starting material. Since the iodinated 68b, and 70. proved impossible to separate by
flash column chromatography, the reaction was attempted again, this time adding a slight excess
of NIS, in a ratio of 1.1 equivalents of NIS to 1 equivalent of 70. This produced the mono-
iodinated product exclusively in a 96% yield. Spectral data were in agreement with those

reported in literature®'2,

2.2. STRATEGY l: SYNTHESIS OF 2-OCTYN-1-OL AND 7-OCTYN-1-OL
In the first step towards the eight-carbon carboxylic substituent envisioned for Strategy 1, 2-
octyn-1-ol (71) was synthesised by coupling 1-bromopentane (74) to propargyl alcohol (75)
(scheme 2.3.) in an 82% yield.

n-Bul.1

MLoSem B2

Br
74 75 71

Scheme 2.3.: Synthesis of 71.

Indicative of the successful reaction was the NMR spectra of the purified compound, which
were in agreement with literature data®! 214,

The alkynol 70 was isomerised to 7-octyn-1-ol (92) via the alkyne zipper reaction (scheme 2.4.)

in a 70% yield by following a literature procedure®!>. A comparison of 'H and '*C NMR data

213,214

with literature values confirmed the success of the reaction.
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Scheme 2.4.: Isomerisation of 71.

The isomerisation reaction was originally performed using KH/1,3-diaminopropane as a
catalyst. When the potassium hydride was not washed prior to running the reaction, the mineral
oil co-eluted along with the alkynol, and had to be removed mechanically by a Pasteur pipette.

Thus, washing of the salt proved advantageous to the purification process.

When addition of the diamine to the washed hydride was attempted at room temperature, this
resulted in a vigorous reaction that left the fume hood covered in a diamjne foam. At a later

stage, this was circumvented by cooling the reaction flask to 0°C before adding the solvent.

To test if a less hazardous procedure could be developed, the alkyne zipper was also attempted
using sodium hydride in conjunction with 1,3-diaminopropane instead of potassium hydride.
Sodium hydride provides the advantage of being less pyrophoric in reaction with air than
potassium hydride. Furthermore, NaH has a much more uniform distribution of crystals than
KH in mineral oil, which makes it easier to weigh out the intended amounts accurately.
However, it appeared that the diamine solvent was poorly activated by this hydride, as

isomerisation did not occur. This, perhaps, reflects the relative reactivities of the hydrides.

A literature search found that a NaH-based zipper reaction had been performed in conjunction
with 1,2-diaminoethane instead of 1,3-diaminopropane?'®. Therefore, the alkyne zipper reaction
was attempted again using the NaH/1,2-diaminoethane pair at a slightly elevated temperature.

This time, the reaction went to completion, affording the isomerised alkynol in a 43% yield.

One explanation for the success in this case could be that NaH was more effectively solvated
in 1,2-diaminoethane owing to the smaller alkyl moiety of the solvent. However, the yield was
significantly lower than that obtained when KH was used. An attempt at improving the yield
by treating the aqueous phase with HCl to a neutral and acidic pH before phase extraction was
performed. This was to ensure that the alkynol was protonated, so that it remained in the organic
phase upon subsequent workup. In this way, the alkynol was afforded in a 50% yield. The
modest improvement in yield did not justify the amounts of HCI required to neutralise the

strongly basic diamine solution.
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Thus, even though this latter procedure allows for the use of a slightly less hazardous reagent,
it comes at the expense of atom efficiency, which must be taken into consideration when

choosing between the two catalyst pairs.

2.3.  STRATEGY 1l: OXIDATION AND METHYLATION OF 92
The next step in Strategy 1 involved oxidation of the alkynol 92, which was achieved according

to a modified literature procedure?!'®. This afforded the alkynolic acid 93 in a 75% yield.

O
——/'/"\M —.’Cr()g E{j 504 ——/'\/\)'L
— OH “Acetone — OH
92 93

Scheme 2.5: Oxidation of 92.

The acid was then esterified according to a different literature procedure®!’, affording the

methyl ester 69 in a 90% yield. In both cases, spectral data were in agreement with literature

values?!% 217,

o (CH;);SICHN, 0

:#.\/\)LOH MeOH = ___ /\/\)LO/

1.t -

93 69
Scheme 2.6: Esterification of 93.

2.4. STRATEGY 1: ALTERNATIVE SYNTHESIS ATTEMPT OF 7-OCTYNYOIC ACID AND
METHYL 7-OCTYNOATE
Despite the relative success of the alkyne zipper reaction, it was decided to attempt an

alternative synthesis strategy for the eight-carbon carboxylic substituent, involving the eventual
production of 93 from the coupling of ethynyltrimethylsilane (78) to 6-bromohexanoic acid
(77) to produce 94. The advantage of this approach was that it could potentially reduce the
synthetic pathway by a step, and that acetylene functionalisation could be obtained without
using pyrophoric hydrides. The cross-coupling was executed by following a literature

procedure?!®,

T™MS O n-Buli TMS O
\\ g H'-\/\A)]\ 78°C. -20°C w
W o TG -
8

7 77 94

Scheme 2.7: Synthesis of 94.
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The major product of this reaction appeared to result from nucleophilic attack on the carbony],
and the target cross-coupling product was afforded in a 11% yield only, as indicated by a

comparison with literature data?'® 2%,

Before this strategy was abandoned, transition-metal catalysed coupling of the methyl ester of
77 to 78 was attempted. A rationale for this approach is that nucleophilic attack of the carbonyl
would not occur in the absence of a strong organolithium base, so that the transition metal
catalysis could, to a greater extent, facilitate the desired Csp-to-Csps cross-coupling. Using the
methyl ester seemed especially appropriate, considering that the methylated SHFAs were the

targets of the synthesis.

Firstly, the methyl ester 95 was afforded from the commercial grade carboxylic acid 77 in an

86% yield by following a literature procedure??’.

MeOH
p-toluensulphonic acid
Heat
9 Benzene s O
' OH ™ ' o~
77 H,0 95

Scheme 2.8: Synthesis of the methyl ester 95.

Palladium-catalysed cross-coupling of 95 to 78 was then attempted, however, no cross-coupling
product was obtained in this case.
PA(0)

Cul
(@] Et;N TMS O
—_—

TMS
8

7 95 96

Scheme 2.9: Attempted synthesis of 96.

On the one hand, the use of 78 and 95 to obtain the eight-carbon substituent is a marginally
more step-efficient approach than going via the alkynols 71 and 92 to obtain the same molecule.
This approach is also advantageous in that the hazard of employing potassium hydride is
avoided. Furthermore, use of the toxic chromium(VII) is avoided, which provides both

environmental benefits and reduced health risk.

However, since organolithium reagents seem to mainly target the carbonyl centre, efficient

cross-coupling requires the use of precious transition metals. Although the transition metals are
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used in catalytic amounts only, their application may also have negative environmental impacts.
In addition to this, 77 and 78 are significantly more expensive than 74 and 75. Thus, even when
considering the cost of the additional solvents used as a reaction medium and for purification
in the five-step synthesis of the eight-carbon chain, the original strategy is more economically
feasible. Moreover, the synthesis of 92 does not require the removal of a protecting group,
arguably making it more atom efficient than the synthesis of 96. Thus, further attempts at

synthesising the acetylene ester substituent through this synthetic route was not performed.

2.5.  STRATEGY l: SONOGASHIRA CROSS-COUPLING
An attempt at connecting 92 and 68a by a Sonogoshira cross-coupling reaction was performed.

The literature procedure??! was conducted at room temperature, using triethylamine as the only
solvent, and bis(triphenylphosphine)palladium(Il) dichloride as the palladium salt, with both

reagents being present in the reaction mixture initially.

A rationale for this approach is that the triphenylphosphines could conceivably act as chelating
agents, sequestering the toxic effect of sulphur on the palladium catalyst. Nevertheless, the
intended cross-coupling proved unsuccessful. Instead, the diyne 98 was isolated as the major
product of the reaction (scheme 2.10). Thus, it appears that the competing homocoupling

reaction was favoured under these conditions.

g Br Cul, -

: g S
68a Et;N = OH
| rt. 97
M ’W\—_:;//\V/\/\
OH — HO e (0)=1

In the referenced procedure®?!, the thiophene did not contain an alkyl substituent. Given the
reported success of the otherwise analogous procedure, one explanation could therefore be that
the added hexyl substituent made it so that 68a. was not properly solvated in triethylamine.
Thus, the reactants may not have come into satisfactory contact with each other. Another
explanation could be that the room temperature in the laboratory was too low to overcome the
kinetic barrier of this heterocoupling reaction. In addition, it is possible that the reaction

conditions were not sufficiently anaerobic, which could further facilitate alkyne dimerization.
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A new attempt at a Sonogashira cross-coupling was therefore attempted, this time between 69
and 68b by following a different literature procedure???. Relative to the former procedure,
modifications in the new procedure included raising the temperature to 90°C, and slowly adding
the alkynol to the reaction mixture. Given that slow addition of the alkyne has been reported to

be a way of overcoming the issue of homocoupling!4® 148 223 the latter seemed especially

appropriate.
Pd(0)
Cul
(Me,CH),N
O 90°C
L2 F o aga
E 87 1 = o~
68b 69

Scheme 2.11: Attempted Sonogashira cross-coupling

However, the reaction conditions seemed to predominantly result in cleavage of the iodide
group instead of cross-coupling. To test if the more stable bromide could facilitate cross-
coupling, coupling of 68a to 69 was attempted by following the same procedure. While it
appeared that the brominated species tolerated the reaction conditions, the attempt did not result

in cross-coupling.

As a final modification to the procedure, the reaction was attempted a final time adding THF
as a co-solvent, to rule out that poor solubility had been an error source. No cross-coupling

product was afforded with this modification either.

Having ruled out solubility, temperature, and presence of air as possible error sources, it
appeared that the failure of the acetylenic ester to undergo cross-coupling was due to

insufficient activation of the cross-coupling partners.

Before abandoning this approach entirely, a third literature procedure®®’ that involved a highly
analogous reaction system was therefore attempted. In the new procedure, piperidine was used
as the base, and was added in catalytic amounts only. Given the high similarity of the reaction
system, the hope was that this base would somehow enhance the interaction of the copper
cocatalyst with the acetylene. However, this did not result in cross coupling either. Thus, with
all efforts being fruitless, no further attempts at Sonogashira couplings in Strategy I were

undertaken.
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2.6.  STRATEGY 2: ATTEMPTED SYNTHESIS OF 67
Instead of synthesising the skeleton of the eight-carbon carboxylic substituent prior to

attachment to 68, the synthetic strategy was revised to involve a linear synthesis sequence.
Starting from 68, the next in this sequence concerned coupling 78 to 68a, thus producing the

first building block of the carboxylic substituent (scheme 2.12).

TMS\\
\/\/\ﬂ B > -
e
s” "X  Pd(PPh)Cl S o
68a.b Cul 929 2
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90°C

The Sonogashira coupling of 68a and 78 was attempted by following the procedure referred to
above???. Although it failed in the coupling of the alkyne ester 69, the 'H NMR analysis of the
crude product indicated that the cross-coupling in this case was successful, as peaks
corresponding to the literature data for 99 were produced?** 2%, Furthermore, no dimerization
products could be detected in the spectrum, or in any fractions eluted from the silica gel flash
chromatography. However, the spectrum of the crude oil also revealed that some 68a remained
in the crude mixture. After an initial purification attempt, the starting material appeared to
remain in a significant amount, and the compound was still not satisfactorily purified after two

subsequent attempts at purification by silica gel flash chromatography.

To test if the more reactive iodo group would promote a more complete reaction, the same
procedure was attempted using the iodinated thiophene 68b This afforded the cross-coupling
product 97 in an 82% yield, which was a significant improvement to the 58% yield reported in
the original procedure’??. The improved yield is most likely a reflection of the enhanced
reactivity of the iodo group. As such, it is interesting to note that the iodo group was tolerated

in this case, when it had been cleaved off in the attempted cross-coupling in Strategy 1.

A rationale for this could be that the palladium-activated 68b accepted a proton in place of the
intended acetylenic cross-coupling partner 69 in Strategy 1. As such, the contrasting outcomes
of the two reactions could be a reflection of the relative acidities and reactivities of the two
alkynes. The high electropositivity of silicon relative to carbon should grant a higher electron
density to the 78 when compared to the mostly aliphatic 69. Thus, 78 should also possess higher

nucleophilicity, and improved ability to undergo cross-coupling. This, in turn, might explain
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why the cross-coupling product was generated in a high yield this instance, when the same

cross-coupling procedure failed in Strategy 1.

After having successfully obtained 99 the next step was removal of the TMS protecting group
(scheme 2.13). This afforded 76 in a 49% yield, as seen by the disappearance of the TMS peak
in the NMR spectra, and the characteristic absorption of a terminal alkyne in the IR spectrum.
BuyNF,
i o THF, f o\

99 T™S 76

Scheme 2.13: Deprotection of 99.

Coupling of the methyl ester 100 to 76 was attempted using a nickel-catalysed Sonogashira-
type coupling procedure found in literature'®. The iodinated ester 100 had been prepared from

95 via a Finkelstein reaction in an 83% yield.

Ni(II),
I\ d Cul

I\/v\)J\ SO0
g \\\: o~ CsC0O;,

DMSO,
76 100 r.t.4h

Scheme 2.14: Attempted sp-to-sp’-Sonogashira coupling.

The cross-coupling attempt proved unsuccessful, which could be a combinatory effect of the
poisoning effect of the thiophene on the metal catalyst, and the low intrinsic reactivity of
aliphatic sp>-hydridised carbons towards oxidative cross-couplings. As such, no further

attempts at finalising this strategy were pursued.

2.7.  ATTEMPT AT COBALT-CATALYSED REDUCTIVE CROSS-COUPLING
To test if the 18-carbon backbone could be prepared without going via unsaturated substituents

to the thiophene, a strategy involving the direct cobalt-catalysed cross-coupling of methyl 8-
bromooctanoate (101a) to 68 was attempted (scheme 2.15). This approach presented the
advantage of being significantly more step-efficient than the former strategies. Indeed, this
would circumvent the challenge of reducing an unsaturated substituent in addition to the
thiophene. The reason why transition-metal catalysis was chosen over organometal-facilitated
cross-coupling, which had been used to introduce the hexyl substituent, was the fear that the

strongly basic environment would only target a nucleophilic attack of the ester carbonyl.
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Scheme 2.15: Attempted reductive cross-coupling.
Methyl 8-bromooctanoate (101a) was prepared from 8-bromooctanoic acid (102) in a 97%
yield, according to the previously referenced procedure’’. The bromo group was then

substituted for an iodo group by means of a Finkelstein reaction, affording 101b in a 75% yield

(scheme 2.16).

MeOH
p-toluensulphonic acid
o Heat o :a; 0
B cetone
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Scheme 2.16: Synthesis of methyl 7-iodooctanoate

The methyl ester 101b and the alkyl-thiophene 68b were then subjected to reductive cross-
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coupling according to a literature procedure”“”. However, the attempt did not result in any cross-

coupling product.

Since the original procedure involved an unsubstituted bromothiophene, an attempt at coupling
101b to 2-bromothiophene (103a) was performed (scheme 2.17). The latter had been prepared
in a 64% yield by following a procedure??’. The attempt was intended as a positive control, to
test if the initial failure of the reaction arose from poor solubility of the reagents. However, this

did result in cross coupling either.

A 1 comn /¢
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Scheme 2.17: Positive control

As a final positive control, the same cross-coupling procedure was attempted using 2-
iodothiophene (103b) instead of 103b, to test if the more reactive iodo group would produce

the desired outcome. The former had been prepared in a 68% yield by following a literature
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procedure??®. With this final adjustment being unsuccessful as well, this strategy was

abandoned.

2.8.  STRATEGY 3: SYNTHESIS OF ETHYL (£)-7-(TRIPHENYL-AS
PHOSPHANEYLIDENE)HEPT-2-ENOATE
The third envisioned strategy was pursued in collaboration with another master student. The

first step involved the oxidative ring-opening of 3,4-dihydropyran, and subsequent HWE
olefination of the resulting carboxylic acid, to afford the w-hydroxylated a,B-unsaturated ester
82. This was done as a one-pot synthesis, according to a literature procedure (scheme 2.18)**°.
Due to an unavailability methyl diethylphosphonoacetate, the ethyl ester was synthesised
instead of the methyl ester, using the corresponding ethyl HWE-reagent (106).

0
0, (Eto);op)]\o”"\
@ HCl 0 106 . 0
0 T:IO/\/\A-)J\OH K»CO; Hc}/\/\/“\\/mo/\
83 105 ?OTSO- 82

Scheme 2.18: One-pot synthesis of ethyl (E)-7-hydroxyhept-2-enoate (82).

This afforded the (E)-isomer in a 70% yield, as was evidenced by the 'TH NMR spectrum, which
gave rise to two alkene peaks at 66.95 and 5.82, with coupling constants J = 15.7.

Subsequently, the hydroxyl group was substituted by iodine by means of an Appel-type

reaction, by following a procedure found in literature (scheme 2.19)*°.

Iy,
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Scheme 2.19: Appel substitution of 82 to afford 107.

This afforded the substitution product 107 in an 62% yield, as indicated by an upfield shift of
the protons adjacent to the substitution site, from &§ 3.65 to & 3.19. Similarly, in the *C NMR
spectrum, the carbon at which the substitution had taken place was now observed at around
033, where it had previously been observed at 6 62.67. The iodo group was then substituted by
a triphenylphosphine group by following the same literature procedure®*’, affording the Wittig
reagent 81 in a 63% yield (scheme 2.20).

42



0] PPh; 0
S
I W“\\)J\O/\\ Reflux PhsP™ = g o

107 81
Scheme 2.20: Conversion of 107 into the Wittig reagent 81.
In this case, the successful substitution was evidenced by the appearance of 15 protons in the
aromatic range of the 'H NMR spectrum, which corresponded to the three phenyl groups
attached to the phosphorus. In addition, the peak at ¢ 3.19 that had corresponded to the protons
neighbouring the iodine group was gone, and instead, a new peak at 6 3.58, corresponding to a
single proton was now observed. Thus, it was apparent that the phosphine ester was successfully

synthetised.

2.9.  STRATEGY 3: ATTEMPTED SYNTHESIS OF 79
In the next step of Strategy 3, 5-hexylthiophene-2-carbaldehyde (80) was synthesised in a 54%

yield according to a literature procedure (scheme 2.21)**!. The 'H NMR spectral data were in

agreement with those reported in the literature procedure?!.
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Scheme 2.21: Synthesis of the thiophene-aldehyde
Olefination was then attempted according to a different literature procedure (scheme 2.22)*2.

However, no olefin was produced in this reaction.

NaHMDS,
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Scheme 2.22: Attempted Wittig reaction

A reason for the failure of this reaction could be that the combination of the thiophene unit and
the three phenyl groups of the Wittig reagent gave too much steric hindrance for the two
reaction centres to come together. To this end, it was contemplated whether the use of less bulky
substituents on the phosphorus could help overcome any perceived steric hindrances. However,
since time was coming short, no further attempts at achieving this last olefination step were

conducted.
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2.10. STRATEGY 4 AND 5: SYNTHESIS OF 2-(3-BROMOPROPYNYL)-5-HEXYLTHIOPHENE
By following a literature procedure®®’, 3-(5-hexylthiophene)-prop-2-yn-1-ol (108) was afforded
by means of a Sonogashira cross-coupling between 68b and 75, in a 90% yield.

“‘\:‘\/OH
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Scheme 2.23: Synthesis of 3-(5-hexylthiophen-2-yl)prop-2-yn-1-ol (108).

Excellent yields were afforded even when the reaction was upscaled from a milligram scale to

a gram scale.

Spectral analyses were indicative of the successful cross-coupling, where the downfield shift of
one aromatic carbon from 6 69.46, corresponding to the iodinated carbon in the starting
material, to § 119.70 in the *C NMR spectrum of the product, provided the most compelling

evidence for an altered carbon skeleton.

With the cross-coupling being successful, 108 was then converted into the corresponding
brominated species (84) by means of an Appel substitution. This afforded the propargylbromide
84 in a 74% yield (scheme 2.24).
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Scheme 2.24: Appel substitution of 106.

In the "H NMR spectrum, the successful conversion was evidenced by the upfield shift of the
propargylic protons from & 4.49 to 6 4.19. Similarly, a new peak was observed in the alkane
range of the '>*C NMR spectrum, while the C-O peak at §51.96 could no longer be detected.
More significantly, a clear shift in the alkyne peaks, from & 90.46 and 79.78 to & 87.24 and
80.67, as well as a fractional shift of the four peaks in the aromatic range of about 0.3ppm for
each peak, indicated a change in the electronic environment of the n-conjugated system. Thus,

the common intermediate of strategy 4 and 5 was successfully synthesised.
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2.11. STRATEGY 4: ATTEMPTED DIYNE SYNTHESIS
An attempted synthesis of the diyne 109 was performed by following a literature procedure®*®,

in which copper(I) iodide and molecular oxygen acted as catalysts (scheme 2.25). The outcome
of the reaction could not be satisfactorily assessed from the NMR spectra of the crude residue,
and purification was therefore attempted. Even when a gradient eluent system was used, no

diyne could be detected in the eluted fractions.
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Scheme 2.25: Attempt at diyne synthesis.

Since the reaction outlined in scheme 2.25 relied on molecular oxygen as an oxidant, it is
possible that the failure arose from insufficient aerobic conditions. However, instead of

attempting the same procedure under a richer oxygen supply, it was decided to follow a second
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procedure=* that did not require an external oxidant.

The new procedure involved coupling of the iodinated acetylene 110 to 75 (scheme 2.26).

Pd(PPh;)Cl,
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Scheme 2.26: New attempt at synthesising 109.

Thus, 110 had to be procured before the reaction could be attempted. This was initially
attempted by treating TMS-acetylene with n-hexyllithium, and then introducing a solution of

molecular iodine in ether to the reaction solution (scheme 2.27).

n-hexyllithinm,
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Scheme 2.27: Attempted synthesis of 110.

Although NMR analyses of the crude oil seemed to indicate that the target compound had been
produced, 110 was not isolated after purification by silica gel flash chromatography. Since the
iodinated product had been detected in the crude oil, it is possible that exposure to UV light

caused dissociation of the alkyne-iodine bond such that the product could not be isolated.
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Alternatively, it is possible that the yield had not been very high to begin with, and that
modifications to the procedure, such as longer reaction time after addition of n-hexyllithium

and 1> could promote a better result.

However, since the procedure did not appear to be optimal, a different strategy was

attempted®*®, using NIS as the iodinating agent (scheme 2.28).
NIS,
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Scheme 2.28: Synthesis of 110.
This afforded the target compound as a semi-crystalline compound in a 40% yield.

The 110 fraction was used in the cross-coupling procedure outlined in scheme 2.26. While the
13C NMR spectrum of the crystalline crude residue could indicate that a diynic species had been
produced, it could not be isolated in any significant amount upon purification. As such, this

strategy did not appear to be optimal, and thus, it was not pursued further.

2.12. STRATEGY 5: SYNTHESIS OF THE DIYNE 89
Having obtained 84, the next step in the fifth synthetic strategy involved coupling of the

propargylic bromide to 75 (scheme 2.29).
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Scheme 2.29: Synthesis of the diyne 89.

This afforded the diyne 89 in an 85% yield, as witnessed by the appearance of four peaks in the
alkyne range in the '>’C NMR spectrum, none of which overlapped with the alkyne peaks of the
starting material. Furthermore, a slight shift of the four peaks in the aromatic range indicated a

change in the n-conjugated system.

2.13. STRATEGY 5: REDOX
Having successfully obtained 89, it was decided to follow path B outlined in the retrosynthetic

analysis, as time was becoming short. Despite the possibility that the thiophene could interfere

with the reaction, catalytic hydrogenation of the diyne was therefore attempted based on a
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literature procedure®*®. The hydrogenation proved surprisingly facile, affording the target
alkanol 91 in a 46% yield, along with the completely hydrogenated 111 in a 25% yield relative

to the starting material, when stirred under hydrogen for 24 hours (scheme 2.30).

\/\/\ﬂ\/W\
S OH

Pd/C
[\ - 91 (46%)

VR F Y g
% i \/\/\/@/\/\/
S
111 (25%)
Scheme 2.30: Hydrogenation of the diyne 89.

In both cases, the reduction was evidenced in the 'H NMR spectrum by the disappearance of
the dublet at & 4.29, corresponding to the two propargyl protons, and the singlet at o 3.45,
belonging to the protons of the -CHx group in-between the two alkynes. In addition, the 'H
NMR spectrum produced a single peak in the aromatic range, indicative of a symmetrical,
disubstituted thiophene. The main difference between the 'H NMR spectra of the two reduction
products was that the spectrum belonging to the still-hydroxylated 91 showed a peak at around
0 3.60, corresponding to the two protons adjacent to the hydroxyl group, whereas the spectrum

of 111 showed peaks corresponding to C-H-shifts only.

In the 3C NMR spectrum, no alkyne shifts could be detected, further indicating that the
reduction had been successful. Moreover, only two peaks were seen in the aromatic range in
both respective spectra, which was suggestive of a symmetric thiophene. However, in the '*C
NMR spectrum of the target molecule 91, the two aromatic carbons nearly overlapped, being
separated by a few ppms only. In contrast, the 3C NMR spectrum of the completely
hydrogenated 111 produced two distinctive peaks at 6143.12 and 123.09. In addition to the
significant difference of the aromatic carbons, the '>*C NMR spectrum of 111 produced no peak
outside the alkane range. By contrast, the spectrum of 91 showed a peak at 863.15,
corresponding to the C-O bonded carbon.

The two different outcomes were confirmed by IR spectroscopy, in which 111 produced no

hydroxyl peak, whereas 91 gave rise to the characteristic broad absorption at 3300cm™!,

The two hydrogenated compounds were readily separated by column flash chromatography,

where the completely hydrogenated product eluted in a n-hexane eluent, whereas the alkanol
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eluted only when a more polar gradient was used. However, with this undesired side reaction

constituting a significant loss of yield, the hydrogenation procedure was not optimal.

To test if a shorter reaction time would prevent over-reduction, the procedure was attempted
again, this time shortening the reaction time to 12 hours. This produced a mixture of the target
molecule and partially hydrogenated products that could not be separated by silica gel flash
chromatography. Thus, it appears that the optimal reaction time is somewhere between 12 and
24 hours. However, with time being limited, no further attempts at fine-tuning the reaction

conditions were done.

In the next step of the synthetic strategy, the alkanol 91 was oxidised to the corresponding

aldehyde in a 91% yield based on a literature procedure (scheme 2.31)*".
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Scheme 2.31: Oxidation of 91.

The successful oxidation was confirmed by the appearance of an aldehyde proton at § 9.78 in
the '"H NMR spectrum, as well as an aldehyde peak at § 202.8 in the 3*C NMR spectrum. The
IR spectrum gave no characteristic hydroxyl absorption, indicating that all the alcohol was
converted into the aldehyde, and that the oxidation had not proceeded to the corresponding
carboxylic acid. Thus, the diyne 89 had successfully been converted into the intended

olefination partner.

2.14. STRATEGY 5: OLEFINATION
In the last carbon-extending reaction of Strategy 5, the thiophene aldehyde 87 was subjected to

olefination according to a literature procedure®*’, using ethyl diethylphosphonoacetate (106) to

obtain the a,B-unsaturated ethyl ester 86 (scheme 2.32).

o
RO),0P
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Scheme 2.32: Olefination.
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The appearance of two peaks at 6 6.95 and 5.81 with coupling constants J = 15.6 Hz and J =
15.7 Hz, respectively, seemed to indicate that the (E)-alkene had been successfully synthetised.

However, it also appeared that a co-eluting impurity had been isolated in the purification
process, in a 1:1 ratio with the target product, as the integrals of the alkene protons could not
be adjusted to a higher value than 0.5 without producing a mismatch with the remaining peaks.
Furthermore, two peaks with an integral value of 1, occurring at 6 4.19 and 2.19, that could not
be accounted for based on the structure, were also observed, even after a second attempt at

purifying the compound over silica gel flash chromatography.

===z === ERELHEBRES s R il Sl

AR RER TS R T A
|
.
f
|
1 =
ol lhl ] |
SN 1. W PP T y*lj'm

Figure 2.1: The appearance of two peaks, corresponding well to an o,p-unsaturated ester indicated that
the olefination had been partially successful.

It was suspected that the observed impurities arose from unreacted HWE reagent, as the two
impurities seemed to correspond to the spectrum obtained for this reagent. Thus, it was
attempted to wash the residue using 2M NaOH, in the hope that the HWE reagent would be

deprotonated, and thereby water-soluble. However, this did not produce a cleaner spectrum.

Overall, it appeared that the carbon skeleton of the target molecule had been successfully
synthetised, although it could not be isolated with satisfactory purity. With the impurity
constituting such a significant amount of the isolated residue, it appeared counterproductive to
attempt reduction of the double bond, as the stoichiometric amounts of the reducing reagent
could not be strictly controlled. This, in turn, could lead to over-reduction, where the ester

moiety was targeted in the process, or under-reduction, where only a fraction of the already-
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mixed compound was reduced. At this stage, there was no time left to run a new series of
reactions to try to produce a different outcome. Hence, achieving the complete synthesis of the

target molecules was left for future work.
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3. CONCLUSION AND FUTURE PERSPECTIVES
Altogether, two linear, and three convergent synthetic strategies were attempted, whereof only

Strategy 5 came near completion, being limited only by the high impurity of the a,-unsaturated

intermediate isolated in the last carbon-extending step.

While optimising the last reaction steps of Strategy 5 should be of primary focus in any future
work, it would be interesting to test if one of the convergent strategies could be brought to
completion, in order to devise a strategy that is less highly impacted by any low-yielding steps.
To this end, revisiting Strategy 1 is appealing, as the ester substituent can be built from cheap,
readily available precursors, in a straightforward, high-yielding series of reactions. In contrast,
Strategy 4 uses reagents that are significantly more expensive and, with the synthesis of the

diyne intermediate proving demanding, involves a more challenging set of reactions.

The success of Strategy I was limited by the relative inertness of the respective coupling
partners towards oxidative cross-coupling. To this end, it would be interesting to test if a
Negishi- or Suzuki-type protocol (scheme 3.1.) could promote the final cross-coupling step. A
rationale for this is that the introduction of an organozinc or organoboron group would increase
the nucleophilicity of the acetylenic cross-coupling partner 69, something which perhaps could
compensate for its reluctance to undergo cross-coupling in a Sonogashira setting. Thus, if this

strategy is revisited, an alternative means of activating the acetylene should be explored.

O R O 711
w g % \::3 ~ %

5 O . O

69 112

R = ZnX, B(OR),

Scheme 3.1: Conversion into an organozinc or organoboron species might appropriately activate the

alkyne ester 69 for cross-coupling.
What concerns Strategy 3, this is strategy already being developed by another master student.

As for Strategy 5, all reactions leading up to the reduction of the diyne produced good to
excellent yields. Although, compared to the rest of the reaction yields, the output of the initial
alkylation of thiophene was on the lower side. However, since relatively large quanta were
nevertheless obtained, one lower-yielding step this early in the synthetic process can be
tolerated. Furthermore, both thiophene and 1-bromohexane are relatively inexpensive and

readily available reagents. Thus, any attempts at improving the atom-efficiency of this step may
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be viewed as an environmentally directed effort rather than an economically motivated

endeavour.

By contrast, optimising the conditions for the hydrogenation of the diyne 89 is more critical, as
this intermediate can only be obtained over a series of steps. In this instance, a significant
production of by-products corresponds to an inefficient use of time, atomic, and economic

resources, to a much greater extent.

Future attempts at increasing the yield of the hydrogenation step will most likely be a matter of
finding the appropriate relationship between catalyst loading and reaction time; since finding
the appropriate time window between 12 to 24 hours when using the catalyst loading employed
herein, or trying to control the amount of hydrogen present in the reaction flask, will be highly
impractical, the two more feasible alternatives will be to either upscale the catalyst-to-diyne
ratio, and run the reaction for a shorter time period, or to lower the catalyst loading, and let the

reaction run for an even longer period.

The drawback of the former is that using a higher catalyst loading in this step will be more
expensive, and less environmentally friendly. In terms of the latter, the poisoning effect of the
thiophene on the metal catalyst should not be underestimated, and herein probably lies a fine

line between efficient catalysis, and partial inhibition.

When attempting the olefination reaction again, the stoichiometric equivalents should be
carefully controlled such that any remaining HWE reagent can be easily removed upon phase
extraction during the workup of the reaction. Alternatively, since the attempted procedure did

not appear to be optimal, finding a different procedure for this step might also be a viable option.

While optimising these reaction steps should be at the foremost focus of any future work, trying
to reduce the number of steps of the synthetic pathway could also be of interest eventually. To
this end, it would be interesting to test if the diynic aldehyde 90 could participate in olefination,
without producing any undesired side-reactions. In this case, tuning the hydrogenation method

to selectively reduce the alkyne and alkene bonds over the ester moiety would be essential.

Another possible way of reducing the steps of the synthetic route is to couple the commercially

prepared propargylbromide 113 directly to 68b (scheme 3.2.).
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Scheme 3.2: By direct coupling 113 to 68b the synthetic route could potentially be reduced by one step.

Even though this reagent is more expensive than both propargyl alcohol and
tetrabromomethane, the added expense of two purification steps, as well as the requirement for

buying two reagents in place of one might justify this cost.

Overall, despite the fact that the 86 could not be purified to a satisfactory degree, it appears
likely that Strategy 5 can be turned into a highly efficient synthetic pathway by fine-tuning the

reactions discussed herein.

In addition to optimising the mentioned reactions, future work will need to include finding the
appropriate redox conditions that may furnish the target molecules 65 and 66. Obtaining 65,
can be done using L-Selectride®, or other reactions setups that selectively targets the double
bonds over the ester moiety. In terms of synthetising 66, this can be achieved by ionic
hydrogenation, either by going directly from the o,B-unsaturated ester 86, or from 65. Having
developed the appropriate reaction series, obtaining the methyl esters will most likely be as
simple as substituting the ethyl Horner reagent with the corresponding methyl Horner reagent.
Alternatively, the structures may be re-esterified to the corresponding methyl esters prior to MS

analysis, for a comparison with the literature spectra.

Thus, herein is reported a promising synthetic pathway towards the target molecules 65 and 66
Although neither a total synthesis or structure confirmation, which were the main goals of this
thesis, were achieved, the general tools needed to realise a total synthesis, and to confirm the

proposed structures of the target SHFAs, have been developed.
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4. EXPERIMENTAL PROCEDURES

4.1.  GENERAL REMARKS
All reactions were carried out under a nitrogen atmosphere unless otherwise stated.

Thin Layer Chromatography (TLC) was performed on Merck TLC silica gel 60 F2s4 sheets. UV

or permanganate were used to monitor TLC unless otherwise stated.

Flash column chromatography was performed using Merck Silica Gel 60 (0.040-0.063um) as
the stationary phase.

NMR spectra were recorded on a Bruker Ascend 400 instrument at 25°C, at 400 MHz ('H
NMR) or 100 MHz (3C NMR). CDsCl was used as a solvent unless otherwise stated, and the
reference peak was calibrated to 7.26ppm ('"H NMR) and 77.16 (3C NMR).

IR spectra were recorded on an Agilent Technologies 5500 Series FTIR instrument.

UV spectra were recorded on a Biochrom Libra S32 computer.
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4.2.  SYNTHESIS OF 2-OCTYN-1-OL (71)

= OH

Figure 4.1: 2-octyn-1-o0l (71)

To a stirred solution of THF (150mL) and HMPA (42 mL) under nitrogen, propargyl alcohol
(5.83mL, 5.61g, 100mmol) was added. The mixture was cooled to -78°C before n-BuLi (80mL,
2.5M in n-hexane, 200mmol) was added dropwise. The resulting solution was heated to -30°C
and stirred for 1h before 1-bromopentane (24.4g, 20mL, 161mmol) was added dropwise. The
orange suspension was stirred at room temperature overnight, and the reaction was quenched
by the addition of water (100mL). The aqueous phase was extracted using small amounts of
ethyl acetate (5x50mL), and the combined organic phases were washed with brine (100mL),
dried over anhydrous sodium sulphate, and concentrated under reduced pressure. The crude oil
was purified using a silica gel plug (n-hexane:EtOAc 5:1), affording the alkynol 71 as a yellow

oil.

Yield: 82% (10.3g)
Ry=0.22 (Permanganate)

THNMR (400MHz, CDCls): 5 (ppm) 4.24-4.23 (s, J = 2.08 Hz, 2H), 2.22-2.17 (tq, J = 2.25
Hz, 2H), 1.67-1.38 (m, J = 5.58 Hz, 2H), 1.37-1.26 (m, J = 2.83 Hz, 4H), 0.87 (td, J=3.11 Hz,
3H)

13C NMR (100MHz, CDCI3): 5 (ppm) 86.6, 78.2,51.4,31.0,28.3,22.2,18.7, 13.9

IR: 3300, 2920.9, 2853.6, 2200, 1461.0, 1377.1, 1136.6, 1013.5 cm™!
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4.3.  SYNTHESIS OF 7-OCTYN-1-0OL (92)

{

OH

Figure 4.2: 7-octyn-1-ol (92)

Method 1:

Potassium hydride (35% suspension in mineral oil, 10.5g, 91.7mmol) was weighed in a
threeneck flask, and washed with diethyl ether (3x50mL). 1,3-diaminopropane (100mL) was
added dropwise to the washed salt at 0°C. The white suspension was stirred at room temperature
for 1 hour, affording a foaming pale-yellow solution before 2-octyn-1-ol (71) (3.33g,
26.4mmol) was added dropwise. The resulting brown mixture was stirred at room temperature
overnight, and then quenched by the slow addition of crushed ice. The aqueous phase was
extracted with ethyl acetate (3x100mL), and the combined organic layers were washed with
HCI (1M, 50mL) and brine (50mL), dried over anhydrous sodium sulphate, and concentrated
under reduced pressure. The resiude was purified using silica gel flash chromatography (n-

hexane/EtOAc 5:1), affording the alkynol as a yellow oil.
Yield: 70%
Method 2:

Sodium hydride (2g, 49.7mmol, 60% dispersion in mineral oil) was weighed out in a three-neck
round bottom flask, and washed with pentane (3x30mL). Ethylenediamine (50mL) was then
added dropwise to the flask, and the temperature was gradually raised to 50°C and stirred at
this temperature for lhour. 2-octyn-1-ol (71) (1.5g, 11.9 mmol) was added dropwise to the
resulting purple suspension, and the reaction mixture was stirred overnight. The reaction was
quenched by slow addition of water, and the aqueous phase was extracted three times with small
amounts of ethyl acetate. The combined organic layers were washed with HCI (1M), and brine,
dried over anhydrous sodium sulphate, and concentrated under reduced pressure. The residue

was purified by silica gel flash chromatography (n-hexane:EtOAc 5:1).

Yield: 43%
Ry: 0.13 (permanganate)

'H NMR (400 MHz, CDCls): 5 (ppm) 3.65 (td, J = 6.6, 2.5 Hz, 2H), 2.19 (td, J = 7.0, 2.7 Hz,
2H), 1.94 (t, J= 2.7 Hz, 1H), 1.58 — 1.32 (m, 9H).

13C NMR (100MHz, CDCl3): § (ppm) 84.7, 68.3, 63.0, 32.7, 28.6, 28.5, 25.3, 18.4
IR: 3295.6,2932.1,2859.4,2115.4, 1461.0, 1052.7 cm!
56



4.4.  SYNTHESIS OF 7-OCTYNOIC ACID (93)

w

OH

Figure 4.3: 7-octynoic acid (93)

To an ice cold, stirred solution of CrOs (3.5g, 35mmol) in water (50mL), concentrated sulphuric
acid (11.2mL) was added. A solution of 7-octyn-1-ol (92) (3.3g, 26.1mmol) in acetone (15mL)
was then added dropwise to the solution, and the reaction mixture was stirred at room
temperature overnight. The solution was diluted in EtOAc (50mL), and the aqueous phase was
extracted with small amounts of EtOAc. The combined organic phases were washed with brine,
filtered over Celite, dried over anhydrous sodium sulphate, and concentrated under reduced
pressure. The crude oil was purified by silica gel flash chromatography (n-hexane:EtOAc 5:1),

affording the acid as a pale yellow oil.
Yield = 75%

H NMR (400 MHz, CDCl3): § (ppm) 10.86 (s, 1H), 2.37 (td, J = 7.5, 1.4 Hz, 2H), 2.20 (tdd,
J=17.0,2.7, 1.4 Hz, 2H), 1.94 (td, J = 2.7, 0.9 Hz, 1H), 1.66 (pd, J = 7.4, 1.5 Hz, 2H), 1.60 —
1.30 (m, 4H).

13C NMR (101 MHz, CDCl3): 8 (ppm) 179.92, 84.27, 68.40, 33.81, 28.10, 28.05, 27.70, 24.14,
23.68, 18.23, 18.12.

IR: 3295.5, 3027.2, 2937.7, 2674.3, 2115.4, 1707.1, 1410.7, 1276.4, 1226.1, 1089.5, 940.8,
733.9 cm’!
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4.5.  SYNTHESIS OF METHYL 7-OCTYNOATE (69)
wo/
Figure 4.4: Methyl 7-octynoate (69).
To a stirred, ice-cold solution of 7-octynoic acid (93) (1g, 7.13mmol) and MeOH (16.4mL) in
diethyl ether (25mL), TMSCHN; (4mL, 2.0M in hexane, 4.3mmol) was added. The reaction
mixture was stirred overnight, then concentrated under reduced pressure. The crude product

was purified by silica gel flash chromatography (n-hex:EtOAc 7:3), affording the title product

as a clear oil.

Yield: 90% (6.48mmol, 1g)

Ry 0.63 (Permanganate)

'"H NMR (400 MHz, CDCl3): 8 (ppm) 3.67 (d, J= 1.6 Hz, 3H), 2.35 — 2.30 (m, 2H), 2.20 (dt,
J=17.1,3.5 Hz, 2H), 1.94 (t, J= 2.6 Hz, 1H), 1.68 — 1.61 (m, 2H), 1.55 (dd, J = 8.5, 6.9 Hz,
2H), 1.47 — 1.41 (m, 2H).

13C NMR (100 MHz, CDCl3): 3 (ppm) 174.24, 84.47, 68.46, 68.40, 51.63, 34.06, 28.32,28.21,
24.56, 18.37.
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4.6. ESTERIFICATION PROCEDURE WITH AZEOTROPIC REMOVAL OF WATER
To a solution of the bromocarboxylic acid (22.6mmol) in benzene (20mL) at room temperature,

methanol (4.3mL, 3.33mmol, 45mmol) and p-toluenesulphonic acid (0.22g, 1.16mmol) were
added. Subsequently, the reaction mixture was heated at reflux for 2 days with azeotropic
removal of water. The crude content was then concentrated under reduced pressure, and purified

by silica gel flash chromatography (nz-hexane:EtOAc 7:3)

4.6.1. METHYL 6-BROMOHEXANOATE (95)
0

3\/\/\)1\
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Figure 4.5: Methyl 6-bromohexanoate (95).
Yield: 85%

'H NMR (400 MHz, CDCls): § (ppm) 3.67 (s, 3H), 3.41 (t, J = 6.8 Hz, 2H), 2.33 (t, J = 7.4
Hz, 2H), 1.88 (p, J = 6.9 Hz, 2H), 1.69 — 1.63 (m, 2H), 1.52 — 1.44 (m, 2H).

13C NMR (100 MHz, CDCls): & (ppm) 173.83, 51.39, 33.63, 33.27, 32.18, 27.46, 23.87

IR: 2948.8, 2864.9, 1735.1, 1433.0, 1365.9, 1253.9, 1198.1, 1002.3, 884.9, 733.9 cm’!

4.6.2. METHYL 8-BROMOOCTANOATE (101A)
0
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Figure 4.6: Methyl 8-bromooctanoate (101a)
Yield: 97%

'TH NMR (400 MHz, CDCls): 6 (ppm) 3.56 (s, 3H), 3.29 (t, J = 6.8 Hz, 2H), 2.20 (t, J = 7.5
Hz, 2H), 1.74 (p, J = 6.9 Hz, 2H), 1.57 — 1.49 (m, 2H), 1.37 — 1.28 (m, 2H), 1.22 (p, J = 3.6
Hz, 4H).

13C NMR (100 MHz, CDCl3): § (ppm) 174.38, 51.62, 34.13,34.01, 32.82, 29.04, 29.00, 28.51,
28.08, 24.93.
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4.7. FINKELSTEIN REACTION, GENERAL PROCEDURE
To a solution of the alkyl bromide (8.96mmol) in acetone (10mL), Nal (2.68g, 17.92mmol) was

added. The solution was stirred under a nitrogen atmosphere overnight, and the solvent was
removed under reduced pressure. The residue was suspended in dichloromethane, and inorganic
salts were removed by filtration. The compound was concentrated under reduced pressure,

affording the product as a yellow oil.

4.7.1. ETHYL 6-IODOHEXANOATE

T\/\/\)J\O/\\

Figure 4.7: Ethyl 6-iodohexanoate
Yield: 83%

'"H NMR (400 MHz, CDCl3):  (ppm) 4.13 (q, J = 7.1 Hz, 2H), 3.18 (t, J = 7.0 Hz, 2H), 2.31
(t,J=7.4 Hz, 2H), 1.84 (dt, J=14.6, 7.1 Hz, 2H), 1.65 (dt, J=15.3, 7.5 Hz, 2H), 1.51 — 1.37
(m, 2H), 1.25 (t, J="7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3): 8 (ppm) 173.94, 60.77, 34.54, 33.57, 30.41, 24.32, 14.71, 7.02.

4.7.2. METHYL 8-IODOOCTANOATE (101B)

IV\A/\)L
O/
Figure 4.8: Methyl 8-iodooctanoate (101b)

Yield: 75%

'H NMR (400 MHz, CDCL): § (ppm) 3.66 (s, 3H), 3.18 (t, J = 7.0 Hz, 2H), 2.30 (t, J = 7.5
Hz, 2H), 1.81 (p, J = 7.0 Hz, 2H), 1.63 (dd, J = 11.4, 6.0 Hz, 2H), 1.43 — 1.35 (m, 2H), 1.32
(dt, J=8.1, 3.8 Hz, 4H).

13C NMR (100 MHz, CDCl3): 8 (ppm) 174.33, 51.62, 34.14,33.55,30.42, 29.03, 28.30, 24.95,
7.24
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4.8.  SYNTHESIS OF ETHYL (£)-7-HYDROXYHEPT-2-ENOATE (82)
0

HO/\/\MO/\\

Figure 4.9: Ethyl (E)-7-hydroxyhept-2-enoate (82)

To a stirred solution of 3,4-dihydropyran (8.4g, 100mmol) in water (50mL), HCI (1M, 0.9mL)
was added. The reaction was stirred for 3hours at room temperature under open air, before
potassium carbonate (15.2g, 110mmol), ethyl diethylphosphonoacetate (21.8mL, 22.4g,
110mmol) and DMSO (32mL) were added. Subsequently, the reaction flask was sealed and
stirred overnight under a nitrogen atmosphere at 50°C. The reaction mixture was extracted three
times using small amounts of EtOAc, and the combined organic layers were dried over
anhydrous sodium sulphate and concentrated under reduced pressure. The crude residue was

purified over silica gel flash chromatography () affording the title product as an oil.

Yield: 70%

'"H NMR (400 MHz, CDCl3): & (ppm) 6.95 (dtd, J=15.7, 7.0, 1.2 Hz, 1H), 5.82 (dq, J =
15.7, 1.4 Hz, 1H), 4.23 — 4.06 (m, 3H), 3.65 (q, /= 5.5 Hz, 2H), 2.24 (qd, /= 7.0, 1.5 Hz,
2H), 1.62 — 1.50 (m, 4H), 1.28 (td, /= 7.1, 1.2 Hz, 3H).

13C NMR (100 MHz, CDCls): & (ppm) 166.84, 148.94, 121.74, 62.67, 60.33, 32.22, 31.99,
24.37, 14.40.
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4.9.  SYNTHESIS OF ETHYL (£)-7-IODOHEPT-2-ENOATE (107)

I/\/\/\“)J\C,’/\

Figure 4.10: Ethyl (E)-7-iodohept-2-enoate (107)

Triphenylphosphine (5.134g, 19.61mmol) and imidazole (1.326g, 19.47mmol) were added to a
stirred solution of ethyl (£)-7-hydroxyhept-2-enoate (82) (2.165g, 12.57mmol) in anhydrous
dichloromethane (130mL). The resulting mixture was stirred at -20°C for 15minutes before
iodine (4.95g, 19.52mmol) was added in one portion. The reaction was stirred for additional 15
minutes at this temperature, and then for 35 minutes at room temperature. Subsequently, the
reaction was quenched by addition of a saturated solution sodium thiosulphate (15mL). The
aqueous phase was extracted three times using small portions of dichloromethane, dried over
anhydrous sodium sulphate, and concentrated under reduced pressure. The crude residue was
purified over silica gel flash chromatography (8% EtOAc in n-hexane), affording the title

product as a pale-yellow oil.

Yield: 62%

Ry 0.4

'H NMR (400 MHz, CDCl3): 8 6.93 (dt, J=15.6, 7.0 Hz, 1H), 5.83 (dt, J=15.7, 1.6 Hz,
1H), 4.18 (q, J=7.1 Hz, 2H), 3.19 (t, J = 6.9 Hz, 2H), 2.23 (qd, /= 7.2, 1.6 Hz, 2H), 1.85 (p,
J=7.0Hz, 2H), 1.59 (tt, J=9.6, 6.3 Hz, 2H), 1.29 (t, /= 7.2 Hz, 3H).

13C NMR (101 MHz, CDCl3) § (ppm) 166.55, 148.11, 121.92, 60.24, 32.74, 31.01, 28.87,
14.28, 6.15.
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4.10. SYNTHESIS OF ETHYL (E)-7-(TRIPHENYL-A5-PHOSPHANEYLIDENE)HEPT-2-ENOATE
(82)
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Figure 4.11: Ethyl (E)-7-(triphenyl-A5-phosphaneylidene) hept-2-enoate (82)

To a solution of ethyl (£)-7-iodohept-2-enoate (107) (1g, 3.56mmol) in anhydrous acetonitrile
(40mL), triphenylphosphine (4.25g, 16.2mmol) was added in one portion, and the resulting
mixture was heated under reflux overnight. The solution was concentrated under reduced
pressure, and the crude residue was purified over silica gel flash chromatography using a
gradient eluent system, starting with dichloromethane to elute the remaining
triphenylphosphine, followed by an eluent gradient with 5% MeOH in dichloromethane. This

afforded the title compound as a clear oil.
Yield: 63%
Ry 0.59

'"H NMR (400 MHz, DMSO): 5 (ppm) 7.95 — 7.68 (m, 15H), 5.75 (s, 3H), 4.09 (q, J = 7.1 Hz,
2H), 3.58 (s, 1H), 2.24 (q, J = 6.9 Hz, 2H), 1.60 (tt, /= 16.6, 7.6 Hz, 4H), 1.20 (t, /= 7.1 Hz,
3H).

13C NMR (100 MHz, DMSO): § (ppm) 165.32, 148.32, 134.71, 133.42, 133.32, 130.08,
129.95, 121.33, 118.68, 117.83, 59.51, 54.70, 29.86, 13.96.
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4.11. SYNTHESIS OF 2-HEXYLTHIOPHENE (70)
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Figure 4.12: 2-hexylthiophene (70)

To a stirred solution of thiophene (6.6mL, 7g, 80mmol) in dry THF (50mL) at -78°C, n-BuLi
(33.3mL, 2.5M in hexanes, 83.2mmol) was added dropwise. The resulting mixture was stirred
for 1 hour at this temperature, before 1-bromohexane (15.1 g, 90.0 mmol was added slowly to
the solution. The reaction solution was stirred at room temperature overnight, and then
quenched by the addition of cold water. The aqueous phase was extracted with ether (3x50mL),
and the combined organic phases were washed with water, then dried over anhydrous
magnesium sulphate, and concentrated under reduced pressure. The fraction was purified by

distillation under vacuum, which afforded the title product as a colourless oil.
B.p. (ImBar): 70°C
Yield: 58%

'H NMR: § (ppm) 7.10 (dd, J = 2.56 Hz, 1H), 6.92 (dd, J = 2.82 Hz, 1H), 6.78 (dd, J = 3.32
Hz, 1H), 2.84-2.80 (, J = 7.66 Hz, 2H), 1.72-1.66 (p, J = 7.37 Hz, 2H), 1.41-1.27 (m, J = 4.95
Hz, 6H), 0.91-0.87 (m, J = 6.70 Hz, 3H)

I3C NMR: § (ppm) 145.9, 126.63, 123.58, 122.71, 31.78, 31.59, 29.94, 28.82, 22.59, 14.09

IR: 2926.5, 2853.8, 1455.4, 851.3 cm’!
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4.12.  SYNTHESIS OF 2-BROMO-5-HEXYLTHIOPHENE (68A)
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Figure 4.13: 2-bromo-5-hexylthiophene (68a)

To a two-neck flask containing glacial acetic acid (70mL) 2-hexylthiophene (70) (7.7g,
45.8mmol) was added, and the solution was stirred for 10min. NBS (8.38g, 47.1mmol) was
then added slowly to the solution. The reaction mixture was stirred overnight, and then
quenched by the addition of NaOH (2M, 70mL). The aqueous phase was extracted with diethyl
ether (3x100mL), and the combined organic layers were washed with brine until pH = 7.
Subsequently, the organic layer was dried over anhydrous magnesium sulphate and
concentrated under reduced pressure. The crude oil was purified by silica gel flash

chromatography (n-hexane), affording the title compound as a colourless liquid.
Ry 0.55

IH NMR (3): 6.84 (d, J = 3.64 Hz, 1H), 6.52 (dd, J = 3.64 Hz 1H), 2.75-2.71 (m, J = 7.62
Hz, 2H), 1.67-1.58 (m, J = 7.60, 2H), 1.38-1.22 (m, J = 4.69 Hz, 6H), 0.92-0.83 (m, J = 6.86,
3H)

BC NMR: § 147.66, 129.37, 124.33, 108.54, 31.51, 31.42, 30.33, 28.65, 22.55, 14.06

IR: 2926.5, 2853.8, 1444.2, 1047.1, 963.2, 789.8 cm’!
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4.13. SYNTHESIS OF 2-I0DO-5-HEXYLTHIOPHENE (68B)
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Figure 4.14: 2-iodo-5-hexylthiophene (68b)

To a stirred, ice-cold solution of 2-hexylthiophene (1.2g, 7.4mmol) in a 1:1 mixture of
dichloromethane (20mL) and glacial acetic acid (20mL), NIS (1.8g, 8,14mmol) was added
slowly. The reaction mixture was stirred at room temperature overnight before the solution was
neutralised by addition of a saturated solution of NaHCOs3. The aqueous phase was extracted
with dichloromethane (3x30mL), and the combined organic layers were washed with brine
(3x20mL), dried over anhydrous magnesium sulphate, and concentrated under reduced
pressure. The crude oil was purified by column flash chromatography (n-hexane), affording the

title product as a colourless liquid.
Yield: 96%
Ry 0.54 (UV)

'H NMR (400 MHz, CD:Cly) § 7.04 (d, J = 3.6 Hz, 1H), 6.50 — 6.44 (m, 1H), 2.83 — 2.70 (m,
2H), 1.63 (p, J = 7.5 Hz, 2H), 1.41 — 1.24 (m, 6H), 0.94 — 0.83 (m, 3H).

THNMR: 7.02 (1H), 6.45 (1H), 2.79-2.72(2H), 1.65-1.52(2H), 1.37- (6H), (3H)
BCNMR: 152.56, 136.89, 126.13, 69.65, 31.85, 31.84, 39.59, 29.0, 22.89, 14.4
IR: 2926.5, 2853.8, 1433.0, 1214.9, 1041.5, 940.8, 733.9 cm’!
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4.14. SYNTHESIS OF 2-IODOTHIOPHENE (103B)
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Figure 4.15: 2-iodothiophene (103b)

To a stirred solution of thiophene (1.023g, ImL, 12.1mmol) in anhydrous ether (20mL) at -
78°C, n-HeLi (2.3M in hexane, 5.3mL, 12.19mmol) was added dropwise. The mixture was left
stirring at room temperature for 1 hour, before a solution of iodine (3.07g, 12.1mmol) in
anhydrous ether (40mL) was added slowly at 0°C. The flask was covered in aluminium foil,
and the reaction was stirred for 1 hour at room temperature. After 1 hour, the reaction was
quenched by pouring the reaction into ice water, and the aqueous layer was extracted with
diethyl ether (3x30mL). The combined organic phases were washed with saturated aqueous
sodium metabisulfite (30mL) and then brine (30mL). dried over anhydrous Na>SO4 and
concentrated under reduced pressure. The crude oil was purified using silica gel flash

chromatography (n-pentane), affording the product as a colourless oil .

Yield: 68%

'H NMR (400 MHz, MeOD): § (ppm) 7.39 (dq, J = 5.5, 1.2 Hz, 1H), 7.17 (dq, J=3.7, 1.2
Hz, 1H), 6.73 (ddd, J = 6.6, 3.0, 1.3 Hz, 1H).

13C NMR (100 MHz, MeOD):  (ppm) 136.75, 131.35, 128.59, 72.63
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4.15. SYNTHESIS OF 2-BROMOTHIOPHENE (103A)
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Figure 4.16: 2-bromothiophene (103a)
To a stirred solution of NBS (6.54g, 36mmol) in chloroform (10mL) and glacial acetic acid
(10mL), thiophene (3g, 2.87mL, 36mmol) was added. The resulting solution stirred at 80°C
for 45 minutes, and the reaction was quenched by the addition of water (20mL). The solution
was washed with KOH (1.6M, 20mL) and water (20mL), before the organic layer was dried
over anhydrous sodium sulphate and concentrated under reduced pressure. The residue was

distilled under vacuum.
Yield: 64%

'H NMR (400 MHz, MeOD): § 7.27 (dt, J = 5.6, 1.2 Hz, 1H), 6.99 (dt, J=3.7, 1.1 Hz, 1H),
6.87 —6.77 (m, 1H).

13C NMR (100 MHz, MeOD): § (ppm) 129.74, 127.47, 127.08, 111.33.
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4.16. SYNTHESIS OF 2-(5-HEXYLTHIOPHEN-2-YL)-ETHYNYL TRIMETHYLSILANE (99)
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Figure 4.17: 2-(5-hexylthiophen-2-yl)ethynyl trimethylsilane (99)
To a stirred solution of 2-iodo-5-hexylthiophene (68b) (1.83g, 7.4mmol, leq.) in
diisopropylamine (16mL) under nitrogen at room temperature, Pd(PPh3).Cl> (0.120g, 0.171
mmol, 0.02 eq.) and Cul (0.085g, 0.446 mmol, 0.06eq.) were added in one portion. The
temperature was then raised to 90°C, and when the temperature was stable,
ethynyltrimethylsilane (1.07mL, 0.757g, 7.4mmol, leq.) was added dropwise to the reaction
mixture. The solution was stirred at 90°C overnight, after which time it was allowed to reach

room temperature, The solvent was removed under reduced pressure, and the crude was purified

by silica gel flash column chromatography (n-hexane).

Yield: 82%

Rs: 0.6 (UV)

TH NMR: & (ppm) 7.04 (J 3.60, 1H) 6.60 (J = 3.60, 1H) 2.77-2.75 (J = 8.04,15.08, 2H), 1.63
(/=14.84,2H), 1.35-1.26 (J =1.72,13.16, 3.60, 2.44, 6H), 0.89-0.86 (J = 6.80, 3H), 0.27-0.26
(9H)

13C NMR (100 MHz, CDCl3): & (ppm)148.55, 132.84, 124.11, 120.54, 77.48, 76.84, 31.67,
31.65, 30.31, 28.79, 22.70, 14.21, 0.07

IR: 2954.4,2853.8,2143.4,2070.7, 1581.7, 1455.4, 1248.4, 1164.5, 1063.9, 834.5, 756.2cm’!
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4.17. SYNTHESIS OF 2-ETHYNYL-5-HEXYLTHIOPHENE (76)
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Figure 4.18: 2-ethynyl-5-hexylthiophene (76)
To stirred solution of 2-(5-hexylthiophene)-2-yl)-ethynyl-trimethylsilane (99) (3.1g,
11.6mmol) in THF (30mL) at room temperature, BusNF (1.0M in THF, 4mL, 4.00mmol) was
added. The reaction mixture was stirred overnight, filtered, and concentrated under reduced

pressure. The crude was purified by silica gel flash column chromatography (n-hexane),

affording the product as a colourless oil.

Yield: 49%

Ry 0.30

'H NMR (400 MHz, CDCl3): & (ppm) 7.09 (d, J = 3.6 Hz, 1H), 6.63 (d, J = 3.6 Hz, 1H), 3.29
(s, 1H), 2.78 (q, J = 7.5 Hz, 3H), 1.68 — 1.63 (m, 2H), 1.31 (qd, J = 7.4, 4.9 Hz, 6H), 0.90 (d,
J=6.1 Hz, 3H).

13C NMR (101 MHz, CDCL3): & (ppm) 149.08, 133.58, 126.25, 124.41, 119.63, 80.82, 77.95,
31.97, 31.96, 30.60, 29.15, 23.01, 14.52.

IR: 3306.8, 2926.5, 2853.8, 2104.2, 1461.0, 1226.1, 1142.2 1030.3, 801.0 cm’!
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4.18. SYNTHESIS OF 5-HEXYLTHIOPHENE-2-CARBALDEHYDE (80)
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Figure 4.19: 5-hexytlhiophene-2-carbaldehyde (80)

To a stirred solution of 2-hexylthiophene (70) (1.00g, 5.95mmol) in 1,2-dichloroethane (20mL),
anhydrous dimethylformamide (0.46mL, 5.95mmol) was added dropwise. The mixture was
cooled to 0°C before phosphoryl oxychloride (2.54, 5.95mmol) was added slowly. The reaction
mixture was stirred at this temperature for 20 minutes, before being heated to 85°C, and stirred
at this temperature overnight. After cooling the solution to room temperature, the reaction was
quenched by addition of water (30mL), and the aqueous phase was extracted three times using
small amounts of dichloromethane. The combined organic layers were washed with water, dried
over anhydrous magnesium sulphate and concentrated under reduced pressure. The crude oil
was purified over silica gel flash column chromatography (n-hexane/EtOAc 3:1), affording the

title product as a pale-yellow oil.
Yield: 54%
Ry: 0.82

'H NMR (400 MHz, CDCI3): 5 (ppm) 9.82 (s, 1H), 7.61 (d, J = 3.8 Hz, 1H), 6.90 (dd, J = 3.8,
1.0 Hz, 1H), 2.91 — 2.78 (m, 2H), 1.70 (h, J = 6.8 Hz, 2H), 1.36 — 1.25 (m, 6H), 0.89 (td, J =
6.2, 3.7 Hz, 4H).

13C NMR (101 MHz, CDCls) § (ppm) 182.80, 157.95, 141.74, 137.16, 125.96, 122.83, 31.59,
31.38, 30.98, 28.82, 22.65, 14.17.
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4.19. SYNTHESIS OF 3-(5-HEXYLTHIOPHEN-2-YL)-PROP-2-YN-1-OL (108)
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Figure 4.20: 3-(5-hexylthiophen-2-yl)prop-2-yn-1-ol (108)
To a stirred solution of Pd(Ph3)2Clz (297mg, mmol) and Cul (164mg, mmol) in THF (14mL),
piperidine (2.52mL, mmol) and 2-iodo-5-hexylthiophene (68b) (2.8g, 1.68mL, 9.5mmol) were
added. The reaction flask was de-aerated, then flushed under nitrogen before propargyl alcohol
(1.44g, 148mL, mmol) was added, causing the temperature in the reaction flask to increase
significantly. The reaction mixture was stirred for 3 hours at room temperature (ca. 21°C),
before the residue was suspended in EtOAc (30mL) and filtered over Celite using EtOAc as an
eluent. The resulting organic phase was washed with a saturated solution of ammonium chloride
and dried over anhydrous magnesium sulphate. The solvent was removed under reduced
pressure, and the resulting crude product was purified by silica gel flash chromatography (n-

hexane:EtOAc 9:1), affording the title product as a yellow oil.

Yield: 90% (1.9g)

R 0.1 (UV)

'H NMR (400MHz, CDCls): & (ppm) 7.03 (d, J = 3.56 Hz, 1H), 6.63 (d, J = 3.60 Hz, 1H),
4.49 (s, 2H), 2.77-2.74 (t, J = 7.58 Hz, 2H), 1.66-1.60 (p, J = 7.36 Hz, 3H), 1.36-1.26 (m, J
—7.12 Hz, d, J = 3.52 Hz, 6H), 0.89-0.86 (m, J = 6,74 Hz, 3H)

13C NMR (100MHz, CDCls): 5 (ppm) 148.74, 132.64, 124.20, 119.70, 90.46, 79.78, 51.96,
31.65,31.63, 30.30, 28.83, 22.69, 14.20

IR: 3299.6, 2924.9, 2852.2, 2220.3, 1638.1, 1465.4, 1191.4, 1012.5, 906.2, 800.0, 727.3, 195
cm’!,

UV: Amax = 246.8, 276.8, 306.6 nm, £ = 526 M"'cm’!
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4.20. SYNTHESIS OF 2-(3-BROMOPROP-1-YN-1-YL)-5-HEXYLTHIOPHENE (84)

Figure 4.21: 2-(3-bromoprop- 1-yn-1-yl)-5-hexylthiophene (84)

To a stirred, ice-cold solution of 3-(5-hexyl)-thiophene-2-yl-prop-2-yn-1-ol (108) (1.9g,
8.5mmol) and CBr4 (3.11g, 9.4mmol) in dichloromethane (60mL), PPh; (2.72g, 10.34mmol)
was added. The resulting mixture was stirred for 3 hours at room temperature (ca. 21°C), and
then concentrated under reduced pressure. The concentrate was suspended in n-pentane
(200mL) and stirred vigorously using a laboratory spoon. The resulting precipitate was filtered
off, and the organic phase was concentrated in vacuo and purified over silica gel flash column

chromatography (n-hex:EtOAc 9:1),

Yield: 74% (1.78g)

Ry 0.65

'TH NMR: 7.06 (d, J 3.60,1H), 6.64 (d, J 3.60, 1H), 4.19 (s, 2H), 2.77-2.75 (m, J 7.56, 2H),
1.68-1-61 (p, J 7.56, 2H), 1.38-1.35 (m, J 3.64, 2H), 1.31-1.26 (m, J 14.30, 5H), 0.90-0.87 (m,
J13.68, 3H)

I3C NMR: 149.13, 132.97, 124.01, 119.01, 87.24, 80.87, 31.33, 31.32, 30.02, 28.50, 22.37,
15.51, 13.88

IR: 2924.9, 2852.2, 2220.3, 1756.2, 1644.4, 1465.4, 1197.0, 1049.4, 929.6, 800.0 cm™!

UV: Aviax = 236.9, 271.6 nm, € = 564 M"'cm’!
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4.21. SYNTHESIS OF 6-(5-HEXYLTHIOPHEN-2-YL)HEXA-2,5-DIYN-1-OL (89)

Figure 4.22: 6-(5-hexylthiophen-2-yl)hexa-2,5-diyn-1-ol (89)

To a stirred mixture of NaCOs3 (0.994g, 9.38mmol), Cul (1.19g, 6.24mmol), and n-BusNBr
(0.497g, 1.54mmol) in DMF (30mL) at -20°C, propargyl alcohol (0.37mL, 0.36g, 6.35mmol)
was added, followed by addition of 2-(3-bromoprop-1-yn-1-yl)-5-hexylthiophene (84) (1.78g,
6.24mmol). The reaction solution was stirred overnight, and diluted in diethyl ether (15mL),
causing a white precipitate to form. The resulting suspension was filtered over a short silica
plug, and the filtrate was suspended in water (30mL). The aqueous phase was extracted with
small amounts of diethyl ether, and the combined organic layers were washed with a saturated
solution of ammonium chloride, dried over anhydrous magnesium sulphate, and concentrated
under reduced pressure. The crude residue was purified by silica gel flash chromatography (#-

hexane:EtOAc 5:1), affording the title product as an liquid crystalline substance.

Yield: 85% (1.38g)
H NMR: § (ppm) 6.99 (d, J=3.60 1H), 6.60 (d, J=3.56 1H), 4.30-4.27 (dt, J=4.24, J =
2.12 2H), 3.45 (s, J = 2.10, 2H), 2.77-2.73 (m, J = 7.56, 2H), 1.66-1.60 (m, J = 14.44, 2H),
1.37-1.24 (m, J = 18.24, 3.6, 7H), 0.91-0.86 (td, 3H)

13C NMR: § (ppm) 147.96, 132.08, 124.02, 120.22, 86.21, 79.82, 79.09, 74.89, 51.45, 31.66,
31.64, 30.27, 28.82, 22.69, 14.20, 11.01

IR: 3333.1, 2930.5, 2862.2, 2287.4, 2225.9, 1733.8, 1655.6, 1538.1,1464.6, 1308.9, 1197.0,
1129.9, 916.4, 800.0 cm’!

UV: Avax = 236.9, 271.6 nm, emax = 1508 M'em™!
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4.22. SYNTHESIS OF 6-(5-HEXYLTHIOPHEN-2-YL)HEXAN-1-OL (91)
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Figure 4.23: 6-(6-hexylthiophen-2-yl)hexan-1-ol (91)

A solution of 6-(5-hexyltiophen-2-yl)hexa-2,5-diyn-1-0l (89) (630mg, 2.4mmol) and Pd/C
(10%, 398mg) in anhydrous methanol (52mL) was flushed under nitrogen before the inert
atmosphere was replaced by a H, atmosphere by sparging the reaction mixture under a H»
balloon. The reaction was stirred under a H, atmosphere overnight, then filtered, and
concentrated under reduced pressure. The crude residue was purified by silica gel flash column
chromatography using a gradient eluent system to separate the over-reduced product 111 (n-
hexane, Ry = 0.42) from the target compound 91 (n-hexane:EtOAc 5:1, Rfnexane) = 0, Rfn-

hexane:EtOAc 5:1) = 008)

Yield: 46%

Ry 0.075

'H NMR (400 MHz, CDCl3): & (ppm) 6.55 (s, 2H), 3.64 (t, J = 6.6 Hz, 1H), 2.74 (td, J = 7.7,
4.7 Hz, 4H), 1.62 (ddt, J = 23.6, 13.4, 5.1 Hz, 6H), 1.46 — 1.20 (m, 12H), 0.91 — 0.86 (m, 3H).
13C NMR (100MHz, CDCL): § (ppm) 123.50, 63.15, 32.83. 31.83, 31.74, 30.32, 30.21, 28.98,
25.63,22.73, 14.23

IR: 3355.5, 3064.7, 2930.5, 2852.2, 1722.7, 1644.6, 1560.5, 1459.8, 1376.0, 1191.4, 1129.9,
1051.6,794.4, 727.3 cm’!
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4.23. SYNTHESIS OF 6-(5-HEXYLTHIOPHEN-2-YL)HEXANAL (87)
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Figure 4.24: 6-(5-hexvithiophen-2-yl)hexanal (87)

To a solution of 6-(5-hexylthiophen-2-yl)hexan-1-0l (91) (0.260g, 0.97mmol) and DMSO
(1.ImL, 15.5mmol) in anhydrous dichlormethane (0.3mL) at 0°C, triethylamine (0.77mL,
5.53mmol) and SO3-Py (52mg, 3.25mmol) were added. The reaction was stirred for 2 hours,
and quenched by addition of brine. The aqueous phase was extracted with hexane three times,
and the combined organic layers were dried over anhydrous magnesium sulphate and
concentrated under reduced pressure. The crude oil was purified over silica gel flash

chromatography (n-hexane:EtOAc 5:1)

Yield: 91% (235mg)

Ry 0.09

'H NMR (400 MHz, CDCls) § (ppm) 9.78 (m, 1H), 6.48 (s, 2H), 2.74 — 2.64 (m, 4H), 1.58
(ddt, J=15.2, 11.5, 6.5 Hz, 6H), 1.34 — 1.23 (m, 8H), 0.82 (d, J = 6.5 Hz, 3H).

13C NMR (100 MHz) 8 (ppm) 202.80, 123.63, 123.46, 31.82, 31.73, 31.53, 30.31, 30.04,
28.97,28.70,22.72, 21.95, 14.22
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4.24. SYNTHESIS OF ETHYL (E)-8-(5-HEXYLTHIOPHEN-2-YL)OCT-2-ENOATE (86)
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Figure 4.25: Ethyl (E)-8-(5-hexylthiophen-2-yl)oct-2-enoate (86)

Sodium hydride (0.046g, mmol, 60% suspension in mineral oil) was washed three times using
n-hexane, and suspended in THF (0.3mL). To the resulting suspension, ethyl
diethylphosphonoacetate (0.25mL, 282mg, 1.26mmol) was added dropwise at room
temperature. The mixture was stirred for 1 hour, before a solution of the 6-(5-hexylthiophen-2-
yDhexanal (87) (235mg, 0.882mmol) in THF (0.3mL) was added. The reaction was stirred
overnight and quenched by addition of a saturated solution of ammonium chloride. The aqueous
phase was extracted three times using n-hexane, and the combined organic layers were dried
over anhydrous sodium sulphate and concentrated under reduced pressure. The crude residue

was purified over silica gel flash column chromatography (n-hexane:EtOAc).
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APPENDIX

A.l.  2-O0CTYN-1-OL (71) SPECTRAL DATA
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Figure A.1: '"H NMR (400MHz, CDCl;3) spectrum of 2-octyn-1-ol (71)
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Figure A.2: >C NMR (100MHz, CDCI;) spectrum of 2-octyn-1-ol (71)
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Figure A.3: IR spectrum of 2-octyn-1-ol (71)
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A.2.  7-OCTYN-1-OL SPECTRAL DATA (92)
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Figure A.4: '"H NMR (400MHz, CDCl;) spectrum of 7-octyn-1-ol (92)
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Figure A.5: °C NMR (100MHz, CDCl3) spectrum of 7-octyn-1-ol (92).
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Figure A.7.: IR spectrum of 7-octyn-1-ol (92)
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A.3. 7-OCTYNOIC ACID SPECTRAL DATA (93)
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Figure A.8: 'H NMR (400MHz, CDCl;) spectrum of 7-octynoic acid (93)
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Figure A.9: °C NMR (100MHz, CGCls) spectrum of 7-octynoic acid (93)
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Figure A.10: IR spectrum of 7-octynoic acid (93)
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A.4. METHYL 7-OCTYNOATE (69) SPECTRAL DATA
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Figure A.11: 'H NMR (400MHz, CDCI3) spectrum of methyl 7-octynoate (69)
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Figure A.13: 'H NMR (400MHz, CDCl3) spectrum of methyl 6-bromohexanoate (95)
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A.6. METHYL 8-BROMOOCTANOATE (101A) SPECTRAL DATA
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Figure A.16: 'H NMR (400MHz, CDCl;) spectrum of methyl 8-bromooctanoate (101a)
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Figure A.18: 'H NMR (400MHz, CDCl;) spectrum of ethyl 6-bromohexanoate
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Figure A.19: °C NMR (100MHz, CDCl;) spectrum of ethyl 6-iodohexanoate
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Figure A.20: 'H NMR (400MHz, CDCl;) spectrum of methyl 8-iodooctanoate (101b)

108

&UZ'#
T
ot

Pr.F_T'E

oz |

EO1T

=00t |




200
800

700

600

300

200

100

F-100

bPiL—

9IS —

E000 bE'SL

€000 9T & 7
EOID-B0 6L

_CH,

EEWLT—

ate

Finkelstein, methyl 8-bromooctano
I

AS-F17-2.2.fid

Figure A.21: >C NMR (100MHz, CDCl5) spectrum of methyl 8-iodohexanoate (101b)
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A.9. ETHYL (E)-7-HYDROXYHEPT-2-ENOATE (82) SPECTRAL DATA
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Figure A.22.: 'H NMR (400MHz, CDCl;) spectrum of ethyl (E)-7-hydroxyhept-2-enoate (82)
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Figure A.23.: >C NMR (100MHz, CDCl3) spectrum of ethyl (E)-7-hydroxyhept-2-enoate (82).
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A.10. ETHYL (E)-IODOHEPT-2-ENOATE (107) SPECTRAL DATA
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Figure A.24: 'H NMR (400MHz, CDCls) spectrum of ethyl (E)-iodohept-2-enoate (107)
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Figure A.25: >C NMR (100MHz, CDCl;) spectrum of ethyl (E)-iodohept-2-enoate (107)
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A.11. ETHYL (E)-7-(TRIPHENYL-5-PHOSPHANEYLIDENE)HEPT-2-ENOATE (82) SPECTRAL DATA

11000

:

:

.

g

:

:

:

:é

+-1000

OSWO 60E

OSWA ZE 15
8BS~
€0l
S0k~
o't

60’k
'k
(454

Etter andre kolonne og rotavapor

KH-03-4.60.fid

s
O

wz

= 08s

F owrf

Fors

Figure A.26: 'H NMR (400MHz, DMSO-d;s) spectrum of ethyl (E)-7-(triphenyl-A5-phosphaneylidene) hept-2-

enoate (82)
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Figure A.27: 3C NMR (100MHz, DMSO-ds) spectrum of ethyl (E)-7-(triphenyl-15-phosphaneylidene)hept-2-
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A.12. 2-HEXYLTHIOPHENE (70) SPECTRAL DATA
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Figure A.28: 'H NMR (400MHz, CDCl;) spectrum of 2-hexylthiophene (70)
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Figure A.29: Shows the >C NMR (100MHz, CDCl;) spectrum of 2-hexylthiophene (70)
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Figure A.30: IR spectrum of 2-hexylthiophene (70)
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A.13. 2-BROMO-5-HEXYLTHIOPHENE (68A) SPECTRAL DATA
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Figure A.31: '"H NMR (400MHz, CDCI3) spectrum of 2-bromo-5-hexylthiophene (68a)

119

1.5 1.0 0.5

2.0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5
f1 {ppm)

9.0

9.5




~B00
750

700

650

600

550

450

400

350

300

250

200

150

e —

0T —
08'BT
svuc:‘;
95°T€
99 1€

EDMD #8'9L

EDOD 91" £
EDO0-BF L

BO'BOT —

eIl —

(4] T4

T8 LT =

_._._,_-l"-
T

AS-F4-2.4.fid

Figure A.32: 3C NMR (100MHz, CDCl;) spectrum of 2-bromo-5-hexylthiophene (68a)
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Figure A.33: IR spectrum of 2-bromo-5-hexylthiophene (68a)
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A.14. 2-10DO-5-HEXYLTHIOPHENE (68B) SPECTRAL DATA
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Figure A.34: 'H NMR (400MHz, CDCI3) of 2-iodo-5-hexylthiophene (68b)
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Figure A.35: 3C NMR (100MHz, CDCl;) spectrum of 2-iodo-5-hexylthiophene (68b)
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Figure A.36: IR spectrum of 2-iodo-5-hexylthiophene (68b)
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A.15. 2-IODOTHIOPHENE (103B) SPECTRAL DATA
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Figure A.37: '"H NMR (400 MHz, MeOD-d,) spectrum of 2-iodothiophene (103b)
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A.16. 2-BROMOTHIOPHENE (103A) SPECTRAL DATA
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Figure A.39: 'H NMR (400MHz, MeOD) spectrum of 2-bromothiophene (103a)
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Figure A.40: °C NMR (100MHz, MeOD) spectrum of 2-bromothiophene (103a)
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-(5-HEXYLTHIOPHEN-2-YL)-ETHYNYL TRIMETHYLSILANE (99) SPECTRAL DATA
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Figure A.41: 'H NMR (400MHz, CDCl;) spectrum of 2-(5-hexylthiophen-2-yl)ethynyl trimethylsilane
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Figure A.42: °C NMR (100MHz, CDCl3) spectrum of 2-(5-hexylthiophen-2-yl)ethynyl trimethylsillane
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Figure A.43: IR spectrum of 2-(5-hexylthiophen-2-yl)-ethynyl trimethylsilane (99)
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A.18. 2-ETHYNYL-5-HEXYLTHIOPHENE (76) SPECTRAL DATA
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Figure A.44: 'H NMR (400MHz, CDCl3) spectrum of 2-ethynyl-5-hexylthiophene (76)
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Figure A.45: °C NMR (100MHz, CDCl;) spectrum of 2-ethynyl-5-hexylthiophene (76)
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Figure A.46: IR spectrum of 2-ethynyl-5-hexylthiophene (76)
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A.19. 5-HEXYLTHIOPHENE-2-CARBALDEHYDE (80) SPECTRAL DATA
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Figure A.47: '"H NMR (400MHz, CDCl3) spectrum of 5-hexylthiophene-2-carbaldehyde (80)
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Figure A.48: >C NMR (100MHz, CDCl;) spectrum of 5-hexylthiophene-2-carbaldehye (80)
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A.20. 3-(5-HEXYLTHIOPHEN-2-YL)-PROP-2-YN-1-OL (108) SPECTRAL DATA
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Figure A.49: '"H NMR (400 MHz, CDCl;), spectrum of 3-(5-hexylthiophen-2-yl)prop-2-yn-1-ol (108)
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Figure A.50: 3C NMR (100MHz, CDCl3) spectrum of 3-(5-hexylthiophen-2-yl)prop-2-yn-1-ol (108)
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Figure A.51: IR spectrum of 3-(5-hexylthiophen-2-yl)-prop-2-yn-1-ol (108)
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Figure A.52: UV spectrum of 3-(5-hexylthiophen-2-yl)-prop-2-yn-1-ol (108)
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A.21. 2-(3-BROMOPROP-1-YN-1-YL)-5-HEXYLTHIOPHENE (84) SPECTRAL DATA
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Figure A.53: Shows the 'H NMR (400MHz, CDCI3) spectrum of 2-(3-bromoprop-1-yn-1-yl)-5-hexylthiophene (84)
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Figure A.54: Shows the >C NMR (100MHz, CDCl;) spectrum of 2-(3-bromoprop-1-yn-1-yl)-5-hexylthiophene
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A.22. 6-(5-HEYXLTHIOPHEN-2-YL)HEXA-2,5-DYN-1-OL (89) SPECTRAL DATA
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Figure A.57: Shows the 'H NMR (400MHz, CDCI;) spectrum of 6-(5-hexylthiophen-2-yl)hexa-2,5-diyn-1-ol (89)
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Figure A.58: Shows the 3C NMR (100MHz, CDCl;) spectrum of 6-(5-hexylthiophen-2-yl)hexa-2,5-diyn-1-ol (89)
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A.23. 6-(5-HEXYLTHIOPHEN-2-YL)HEXAN-1-OL (91) SPECTRAL DATA
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Figure A.61: 'H NMR (400MHz, CDCl3) spectrum of 6-(5-hexylthiophen-2-yl)hexan-1-ol (91)
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Figure A.62: >C NMR (100MHz, CDCl;) spectrum of 6-(5-hexylthiophen-2-yl)hexan-1-ol (91)
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Figure A.63: IR spectrum of 6-(5-hexylthiophen-2-yl)hexan-1-ol (91).
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A.24. 2,5-DIHEXYLTHIOPHENE (111) SPECTRAL DATA
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Figure A.64: 'H NMR (400MHz, CDCl3) spectrum of 2,5-dihexylthiophene (111)
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Figure A.65: 3C NMR (100MHz, CDCl;) spectrum of 2,5-dihexylthiophene (111)
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Figure A.66: IR spectrum of 2,5-dihexylthiophene (111)
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6-(5-HEXYLTHIOPHEN-2-YL)HEXANAL (87) SPECTRAL DATA
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Figure A.67: 'H NMR (400MHz, CDCl;) spectrum of 6-(5-hexylthiophen-2-yl)hexanal (87)
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Figure A.68: °C NMR (100MHz, CDCl;) spectrum of 6-(5-hexyothiophen-2-yl)hexanal (87)
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Figure A.69: IR spectrum of 6-(5-hexylthiophen-2-yl)hexanal (87)
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A.26. ETHYL (E)-8-(5-HEXYLTHIOPHEN-2-YL)OCT-2-ENOATE (86) SPECTRAL DATA
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Figure A.70: 'H NMR (400MHz, CDCI3) spectrum of ethyl (E)-8-(5-hexylthiophen-2-yl)oct-2-enoate (86)
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Figure A.71: >C NMR (100MHz, CDCl;) spectrum of ethyl (E)-8-(5-hexylthiophen-2-yl)oct-2-enoate (86)
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