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Polyunsaturated fatty acids are metabolically converted into lipid me-

diators which play an important role in the regulation of several biological

processes, including inflammation, resolution, and homeostasis. The anti-

inflammatory epoxy fatty acids are degraded in vivo by the enzyme soluble

epoxide hydrolase to give the corresponding 1,2-dihydroxy fatty acids (Di-

HFAs). One endogenous DiHFA which demands further biological evalu-

ation is 4S,5S-dihydroxy docosopentaenoic acid (DPA).

This master’s thesis aimed to develop a synthesis of 4S,5S-dihydroxy

DPA using the ethyl ester of docosahexaenoic acid (DHA) as a convenient

starting material. The retrosynthetic analysis of the target molecule

involved the conversion of the ethyl ester of DHA into an 18C aldehyde,

followed by the synthesis of the S,S-diol via a furanyl ketone intermediate.

The ethyl ester of DHA was converted into an epoxy ester using a three-

step procedure. However, the protocol used to prepare the 18C aldehyde

from the epoxy ester gave impure product and poor reproducibility.

Preparation of the furanyl ketone by Stille coupling failed. The synthesis of

the ketone was finally achieved by the use of 2-lithiofuran and Dess-Martin

oxidation, albeit in low yield. Because of these challenges, the full synthesis

was not accomplished.
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Sammendrag
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Flerumettede fettsyrer konverteres metabolsk til lipidmediatorer som

spiller en viktig rolle i reguleringen av flere biologiske prosesser,

inkludert inflammasjon, oppløsning og homeostase. De antiinflammat-

oriske epoksy-fettsyrene omdannes in vivo av enzymet løselig epoksid-

hydrolase til tilsvarende 1,2-dihydroksy-fettsyrer. En endogen dihydroksy-

fettsyre som behøver videre biologisk evaluering er 4S,5S-dihydroksy-

dokosopentaensyre (DPA).

Denne masteroppgaven hadde som formål å utarbeide en syntese

av 4S,5S-dihydroksy-DPA ved å bruke etylesteren av dokosaheksaensyre

(DHA) som et praktisk utgangsstoff. Den retrosyntetiske analysen

av målmolekylet involverte omdannelsen av etylesteren av DHA til et

18C-aldehyd, etterfulgt av syntesen av S,S-diolen via et furanylketon-

intermediat. Etylesteren av DHA ble omdannet til en epoksyester ved

hjelp av en tretrinns prosedyre. Protokollen anvendt for å lage 18C-

aldehydet fra epoksyesteren ga imidlertid urent produkt og dårlig reprod-

userbarhet. Syntese av furanylketonet ved hjelp av Stille-kobling mislyktes.

Ketonet ble til slutt syntetisert ved bruk av 2-litiumfuran og Dess-Martin-

oksidasjon, riktignok med lavt utbytte. På grunn av disse utfordringene

kunne ikke hele syntesen fullføres.
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1 Introduction

1.1 Aim of study

The aim of this master’s thesis was to synthesise 4S,5S-dihydroxy DPA (1),

depicted in Fig. 1.1, in a stereoselective manner. 4,5-dihydroxy DPA is a

dihydroxylated metabolite of DHA reported from human serum samples in

2013 by Lundstrøm et al.1 However, the literature on the biological activity

of this fatty acid is deficient as of yet.

COOH

OH

OH

4S,5S-dihydroxy DPA (1)

Fig. 1.1 Chemical structure of 4S,5S-dihydroxy DPA (1).

Polyunsaturated fatty acids (PUFAs) are endogenously converted

into lipid mediators which play an important role in the regulation of

inflammation, resolution, and homeostasis. Among these are the epoxy

fatty acids (EpFAs), which are produced by the cytochrome P450 oxidase

system and hold special scientific interest due to their anti-inflammatory,

analgesic, and cardiovasculoprotective effects.2 The major pathway by

which EpFAs are degraded is epoxide hydration by the enzyme soluble

epoxide hydrolase, giving the corresponding 1,2-dihydroxy fatty acids.3

Currently, it is of interest to study the effects of PUFAs and their metabolites

against pain and itch. The synthesis of 4S,5S-dihydroxy DPA is thus

of interest in order to investigate the compound’s biological actions, as

well as to perform exact configurational assignment. When available,

4S,5S-dihydroxy DPA (1) will be subjected to in vitro biological assays via

collaborations in Oslo, Boston, and Durham.

Fig. 1.2 presents the retrosynthetic analysis upon which the synthesis

for this project was based. This strategy is built on a semisynthetic
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Fig. 1.2 Retrosynthetic analysis of 4S,5S-dihydroxy DPA (1).

approach using the ethyl ester of docosahexaenoic acid (6) as a starting

material, informed by previous experience in the LIPCHEM group.4 The

first part of the synthetic strategy involves the cleavage of the double

bond between C4 and C5 to generate the 18C aldehyde 4, using a

previously described procedure.5 This is followed by the regeneration of

the carboxylic end of the fatty acid by way of a coupling or addition

reaction, with formation of the S,S-diol through stereoselective reduction.

Conveniently, this strategy preserves five of the six Z-configured double

bonds present in the starting material.

1.2 Inflammation and resolution of inflammation

Inflammation is a protective response of biological tissue to extraneous

threats such as injury or infection. Generally, inflammation is acute, and

restoration of normal tissue function is indeed the outcome.6 However,

if the pathogen should persist, the acute inflammatory response may

turn into chronic inflammation. In contrast to acute inflammation, this

is a prolonged destructive response, characterised by the presence of

mononuclear and macrophage-derived cells in tissues, which leads to

tissue damage and local cell proliferation.7

The nonspecific (innate) inflammatory response occurs immediately

2



as a series of cellular and humoural responses following tissue dam-

age.7 Pattern recognition receptors expressed on innate immune cells bind

pathogen-associated macromolecules and promote the production of pro-

inflammatory mediators, such as cytokines and chemokines.8 Aided by

paracrine mediators, including leukotriene and prostaglandin lipids,9,10

they induce vasodilation, exudation, platelet aggregation, expression of

adhesives on arterial endothelium, and increased vascular permeability.7

Through these mechanisms, leukocytes are recruited to the tissue. Addi-

tionally, they give rise to some of the cardinal symptoms of inflammation:

increased blood flow to the local area produces redness and raised temper-

ature, as well as oedema due to increased transfer of fluids into the tissue,

and pain is caused by increased hydrostatic pressure and increased concen-

tration of histamine and bradykinin.7

Once the invading pathogen has been eliminated or the damaged tissue

repaired, the inflammatory response needs to be terminated. The resolu-

tion of inflammation was previously largely thought to be a passive pro-

cess, consisting of the dissipation of leukocyte chemoattractants.6 How-

ever, during the 20th century, the discovery of potent resolvents which re-

turn inflamed tissues to homeostasis gave rise to an emerging understand-

ing of resolution as an active biochemical process. During resolution, the

synthesis of pro-inflammatory mediators ceases, and their catabolism be-

gins. This leads to the clearance phase, where polymorphonuclear leuk-

ocytes diminish, as they are removed by monocyte-derived phagocytes.7

The phagocytes subsequently leave the site of inflammation via lymphatic

drainage or apoptosis. The mediators of resolution are chiefly polyunsat-

urated fatty acid derivatives which are generated locally. During the res-

olution phase, lipid mediators undergo class switching, whereby leukocytes

are reprogrammed by eicosanoids to synthesise pro-resolving lipid medi-

ators.10 The specific roles of polyunsaturated fatty acids in inflammation

and resolution shall be covered in greater detail in Section 1.3.

Failure of resolution results in the development of chronic inflamma-

tion, resulting in secondary necrosis, scarring, and tissue damage. This

mechanism is likely the cause of most immune-mediated inflammatory dis-

eases, including rheumatoid arthritis, asthma, psoriasis, and inflammatory

bowel disease.11

3



1.3 Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA) (7),

eicosapentaenoic acid (EPA) (8), and docosahexaenoic acid (DHA) (9)

are crucial in the regulation of a range of physiological processes. In

addition to their roles in cell membrane structure12 and cell signalling,13

these compounds are converted into manifold oxygenated lipid mediators

which modulate inflammation and immune function by three main

metabolic pathways: the cyclooxygenase (COX), lipoxygenase (LOX), and

cytochrome P450 (CYP450) pathways.3,14

1.3.1 Arachidonic acid

COOH

AA (7)

Fig. 1.3 Chemical structure of arachidonic acid.

Arachidonic acid (AA, 7) is an ω-6 PUFA synthesised from linoleic

acid, an essential fatty acid.15 It is one of the most abundant fatty acids

in the brain,13 as well as a major fatty acid in skeletal muscle.16 AA (7)

acts as precursor to the eicosanoids, a diverse class of paracrine signalling

molecules which modulate inflammation and cardiovascular physiology.7

The eicosanoids derived from AA (7) are generally pro-inflammatory,15

comprising the prostanoids (prostaglandins, prostacyclin, thromboxanes),

and the leukotrienes. AA (7) is usually stored in esterified form in the

phospholipid pool, and is released by phospholipase A2, which may

be activated by a diversity of pathological stimuli.17 The free AA (7)

is metabolised by the COX pathway to generate prostanoids, the LOX

pathway to generate leukotrienes and lipoxins, and the CYP450 pathway

to generate epoxyeicosatrienoic acids.

1.3.2 ω-3 PUFAs

The ω-3 PUFAs are characterised by the presence of a double bond at the

third position counting away from the terminal methyl group. This class

of PUFAs includes eicosapentaenoic acid (EPA, 8), docosahexaenoic acid

(DHA, 9), and n-3 docosapentaenoic acid (n-3 DPA, 10). ω-3 PUFAs are

4
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n-3 DPA (10)

Fig. 1.4 Chemical structures of eicosapentaenoic acid, docosahexaenoic

acid, and n-3 docosapentaenoic acid.

essential fatty acids that must be obtained through diet. EPA (8), DHA (9),

and n-3 DPA (10) may be biosynthesised from dietary α-linolenic acid,15

but are acquired much more efficiently from oils of fish18,19 and algae.20

ω-3 PUFAs serve several critical functions in human physiology. DHA

(9) is a structural component of the central nervous system. It is one of

the most abundant fatty acids in the brain together with AA (7),13 and also

occurs in high concentration in the retina of the eye.21 In these tissues, DHA

(9) is a key factor in maintaining cognitive and neurological function.15
ω-

3 PUFAs are also converted into a variety of lipid mediators distinct from

those synthesised from AA (7).

Notably, EPA (8), DHA (9), and n-3 DPA (10) are precursors to the

non-lipoxin specialised pro-resolving mediators (SPMs) and the ω-3 epoxy

fatty acids (EpFAs), which promote the resolution of inflammation.18 EPA

(8) gives rise to the E-series resolvins, DHA (9) the D-series resolvins,

protectins, and maresins, and n-3 DPA (10) is precursor to the n-3 DPA

resolvins, protections, and maresins. The positive health effects of ω-

3 PUFAs have been attributed in part to the production of these lipid

mediators. The protective effects of ω-3 PUFAs, SPMs, and EpFAs will be

discussed further in Sections 1.3.4 and 1.4.

1.3.3 Inflammatory eicosanoids

1.3.3.1 Prostanoids

Free intracellular AA (7) is rapidly metabolised to prostanoids by COX-

1 and COX-2 (Scheme 1.1), two membrane-bound enzyme isoforms

which are ubiquitous in human cells.7 While COX-1 is a constitutive,

ubiquitously distributed enzyme, COX-2 is inducible, accompanying

inflammatory response.22 The first step involves the cyclisation of AA (7)

5
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Scheme 1.1 Biosynthesis of prostanoids from arachidonic acid (7).7

into prostaglandin (PG)G2, quickly followed by reduction to PGH2.

PGH2 is further converted to various prostaglandins by cell type-

dependent synthases.22 The prostaglandins exert a variety of important

effects in homeostasis. PGE2 is found in various tissues, and plays a house-

keeping role, modulating gastrointestinal mucosal protection, secretion,

and motility,23 vasodilation and blood flow, as well as inflammation and

bronchoconstriction.7

Thromboxane and prostacyclin are critical mediators of vascular

physiology. Thromboxane synthase is expressed in platelets, and synthes-

ises thromboxane A2 from PGH2.7 Thromboxane induces vasoconstriction

and platelet aggregation. It binds to thromboxane receptors and stimulate

ADP release, thus making the platelet surface more adhesive. Vascular en-

dothelium, on the other hand, expresses prostacyclin synthase, which pro-

duces PGI2. Prostacyclin functions as an antagnoist to thromboxane, acting

6



as a vasodilator and inhibitor of platelet aggregation.

1.3.3.2 Leukotrienes

COOH

5-LOX

5-HPETE

COOH

OOH

LTA4

COOH
O

LTA4

hydrolase

Conjugation
with glutathione

Cysteinyl leukotrienes

LTB4

COOH

OH OH

7

Scheme 1.2 Biosynthesis of leukotrienes from arachidonic acid (7).7

The leukotrienes are synthesised from AA (7) by LOX enzymes

(Scheme 1.2) found in lung tissue, platelets, mast cells and leukocytes.24

5-lipoxygenase (LOX) catalyses the incorporation of a hydroperoxy group

at C5 in AA (7), thereby converting it to 5-hydroperoxyeicosatetraenoic acid

(HPETE).7 5-LOX is further responsible the transformation of 5-HPETE

to the epoxide leukotriene A4 (LTA4). This intermediate is converted

enzymatically by leukotriene A4 hydrolase to LTB4, or by conjugation with

glutathione to cysteinyl leukotrienes (LTC4, LTD4, and LTE4), in a cell

type-dependent manner. LTB4 is mainly produced by neutrophils, while

the cysteinyl leukotrienes are produced chiefly by eosinophils, mast cells,

basophils, and macrophages.

LTB4 binds to BLT receptors to exert several pro-inflammatory effects.

It causes neutrophil chemotaxis and adherence, production of toxic oxygen

metabolites, and release of granular enzymes.25,26 It also stimulates pro-

liferation of and release of cytokines from macrophages and lymphocytes.

7



LTB4 is part of the pathophysiological profile of many inflammatory con-

ditions, such as rheumatoid arthritis, psoriasis, and inflammatory bowel

disease.25

The cysteinyl leukotrienes exert major inflammatory actions on the

respiratory and cardiovascular systems.27,28 In the respiratory system, they

act as spasmogens, in addition to enhancing mucus secretion. In the cardio-

vascular system, LTC4 and LTD4 induce coronary vasoconstriction, but

vasodilation in other vessels, and increase vascular permeability locally.

The cysteinyl leukotrienes are among the most important inflammatory

mediators in the pathogenesis of asthma.

1.3.4 Pro-resolving fatty acids

1.3.4.1 Specialised pro-resolving mediators

COOH

15-LOX

15-HPETE

OOH

COOH

5,6-epoxy-15-HETE

OH

COOH
O

5-LOX

5-LOX

LTA4

COOH
O

12-LOX or
15-LOX

LXA4

OH

COOH

HO OH

LXB4

COOH

OH

HO OH

Hydrolase LXB4 hydrolase

7

Scheme 1.3 Biosynthesis of lipoxins from arachidonic acid (7).7,29

In 1984, Serhan et al.30,31 reported the formation of lipoxins from AA

(7) by 5- and 12- or 15-LOX in leukocytes. This discovery represented

8



the advent of our understanding of the anti-inflammatory lipid mediators

known as specialised pro-resolving mediators (SPMs), as more findings

were made of the potent pro-resolving actions of the lipoxins.32 Since then,

the amount of recognised SPMs has expanded dramatically to include

numerous resolvins, maresins, and protectins. These compounds fulfil a

similar function to the lipoxins, but are distinguished by their biosynthetic

origin, being derived from the ω-3 fatty acids EPA (8), DHA (9), and n-3

DPA through the COX and LOX pathways.18

Lipoxins and resolvins oppose pro-inflammatory stimuli chiefly by act-

ing on a system of G protein-coupled receptors expressed in leukocytes.18,29

Among other actions, these mediators inhibit leukocyte trafficking33–35 and

inflammatory cytokine production,36 reduce pain,29,37 and activate non-

phlogistic phagocytes.38–40

1.3.4.2 Epoxy fatty acids

COOH

5,6-EET

COOH

O

8,9-EET

COOH

O

CYP2J

11,12-EET 14,15-EET

COOHCOOH

O O

CYP2C

7

Scheme 1.4 Biosynthesis of epoxyeicosatrienoic acids from arachidonic

acid (7).41

The epoxy fatty acids (EpFAs) are a broad class of anti-inflammatory

PUFA derivatives synthesised by cis-epoxidation via the CYP450 pathway.3

One of the double bonds present in the fatty acid is enzymatically epoxy-

genated, with each CYP epoxygenase producing several regioisomers.41

CYP450 is also able to produce the pro-inflammatory hydroxylated fatty

acid 20-hydroxy eicosatetraenoic acid;42 there seems to exist an equilibrium

between the synthesis of hydroxylated and epoxygenated products.43

EpFAs act as both autocrine and paracrine mediators, and have sev-
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eral biochemical targets.41 Like the SPMs, EpFAs exhibit pro-resolving ac-

tions, generally promoting a return from inflammation to homeostatic con-

ditions, but also importantly participate in the regulation of cardiovascular

and renal function. EpFAs relax vascular smooth muscle,44 promote an-

giogenesis,45 inhibit leukocyte adhesion,46 thromboxane synthesis and, in-

dependently, platelet aggregation,47 and might enhance lipid metabolism

and regulate insulin sensitivity.48

ω-3 EpFAs have shown many similar actions to the EpFAs derived

from AA (7) on the cardiovascular system, including vasorelaxant,49,50

anti-thrombotic,51 and vasculoprotective52,53 effects. EpFAs derived from

EPA (8) and DHA (9) inhibit platelet aggregation, but only weakly inhibit

thromboxane synthesis.51 DHA (9)-derived EpFAs have shown the most

potent activation of calcium-activated potassium channels50 and inhibition

of platelet aggregation.51 Furthermore, epoxygenated derivatives of EPA

(8) and DHA (9) exert antihyperalgesic effects peripherally, and epoxygen-

ated DHA (9) also centrally.54

1.3.5 Dihydroxy fatty acids

sEH

5,6-EET

COOH

O

14,15-EET

COOH

O

slow

sEH

fast

5,6-DHET

COOH

14,15-DHET

COOH

HO OH

HO OH

7

Scheme 1.5 Biosynthesis of dihydroxyepoxyeicosatrienoic acids from

epoxyeicosatrienoic acids.55

EpFAs are rapidly metabolised by multiple pathways, of which the

most important is hydration by soluble epoxide hydrolase (sEH), giving the

corresponding 1,2-dihydroxy fatty acids (DiHFAs).41,45 The sEH is broadly

distributed in mammalian tissue, with highest activity in the liver, followed

by the kidney, and lower levels in extra-hepatic tissues.56 In many tissues,

sEH co-localises with CYP2C9.57 Several EpFAs are excellent substrates for

sEH, although there seems to be a preference toward epoxides distal to

the carboxylic end, as substrates such as 5,6-EET show poor conversion

rates.3,55
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The activity of DiHFAs is generally attenuated compared to their par-

ent EpFAs, and so this was initially viewed as a pathway of inactivation by

reducing the pool of EpFAs.3 However, diols derived from ω-6 fatty acids

appear to have distinct, generally pro-inflammatory effects.58 High levels

of DiHFAs appear to be associated with respiratory distress, retinopathy,

and coronary artery disease.48,59,60 However, seemingly opposite actions

have been described. Low concentrations of dihydroxyoctadecenoic acid

might also suppress neutrophil respiratory burst, thus hindering destruct-

ive actions of reactive oxygen species.61 Decreased sEH activity has been

correlated with atherosclerosis,62 perhaps indicating a vasculoprotective

effect of DiHFAs.63 Dihydroxyeicosatrienoic acids also appear to modulate

fatty acid metabolism by promoting β-oxidation.48

Relatively little is known of the actions of ω-3 DiHFAs. Recent stud-

ies have, however, demonstrated that DiHFAs derived from DHA ex-

hibit concentration-dependent protective or toxic effects on the oculovas-

cular system.60,64 19,20-dihydroxy DPA has been shown to be able to par-

ticipate in physiological retinal angiogenesis, and prevent retinopathy of

prematurity at low concentrations through inhibition of astrocyte apop-

tosis.65 However, supra-physiological concentrations of 19,20-dihydroxy

DPA have been implicated in the pathophysiology of diabetic retinopathy

by disrupting vascular endothelial function.66

It is becoming apparent that DiHFAs are not just inactivated metabolites

of EpFAs, but have distinct biological actions. As DiHFAs, particularly

those derived from ω-3 PUFAs, have not yet been exhaustively examined,

they may fulfil a physiological role that has yet to be described.

1.4 Marine ω-3 PUFAs as pharmaceuticals

ω-3 PUFAs such as EPA (8) and DHA (9) are amply found in fish oils,18

and are widely used as dietary supplements due to their association with a

variety of health benefits.67 These positive effects include reduced expres-

sion of pro-inflammatory factors,68,69 reduction of serum triglycerides,70

neuroprotection,71,72 and consequent preventive effects against rheumat-

oid arthritis,73, cardiovascular disease,74 Alzheimer’s disease,72 type 2 dia-

betes,75,76 and cancer.77 The health benefits associated with ω-3 PUFAs

have made them attractive to the pharmaceutical industry.

In 1994, Omacor®, an orally administered drug containing the ethyl
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esters of DHA (9) and EPA (8), was approved for marketing by the

Norwegian Medicines Agency.78 Developed by Pronova BioPharma, a

company with its roots in the Norwegian cod liver oil industry and Norsk

Hydro, it was the first patented drug developed in Norway. Omacor®

is indicated for the treatment of endogenous hypertriglyceridaemia. Its

mechanism of action is complex and not fully understood, involving

multiple processes.78 DHA (9) and EPA (8) are poor substrates for

enzymes involved in the hepatic synthesis of triglycerides, and inhibit

esterification of other fatty acids. They inhibit acyl CoA:diacylglycerol

acyltransferase, which catalyses the final step in the acyl-CoA-dependent

biosynthesis of triglycerides, and increase peroxisomal β-oxidation of fatty

acids in the liver. Hepatic triglyceride secretion is also reduced, while

degradation is enhanced. Additionally, cholesterol levels are attenuated.79

These actions lead to a decrease in triglycerides and very-low-density

lipoprotein. Omacor® was also authorised for secondary preventive

treatment after myocardial infarction in several EU countries in 2000, but

a 2019 reassessment by the European Medicines Agency’s committee for

human medicines concluded that this use should be terminated due to a

lack of evidence.80

Since the approval of Omacor®, other pharmaceutical companies

have followed suit. In 2014, AstraZeneca won FDA approval for

Epanova®, a free fatty acid formulation of DHA (9) and EPA (8) for

use in patients with severe hypertriglyceridaemia.81 In 2021, the Irish-

American company Amarin Pharmaceuticals’ Vazkepa® was authorised

for European markets.79 Vazkepa® is a formulation of EPA-only esters

indicated to reduce the risk of cardiovascular events as an adjunct to statin

therapy in patients with elevated serum triglyceride levels.

It is only recently that the pharmacodynamics of ω-3 fatty acids

have been understood to be connected to their specialised pro-resolving

lipid mediator derivatives.18 As our understanding of the properties and

biological actions of PUFAs grows more sophisticated, the future is likely

to see more therapeutics based around these compounds.

1.5 Previous work by the LIPCHEM group

Our research group has previously worked with a wide range of endo-

genously formed oxygenated PUFA derivatives, including protectins82 and
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maresins,83 E-series resolvins,84,85 n-3 DPA resolvins,86,87 protectins88 and

maresins,89 and various other epoxy fatty acids90 and hydroxylated fatty

acids.91–93 While these syntheses have mainly been performed as conver-

gent syntheses, some have instead been based on semisynthesis from fatty

acid starting materials.

A review by Vik and Hansen4 discusses the benefits of synthesising

PUFA derivatives from commercially available PUFAs. Derivatives of

fatty acids such as AA (7), EPA (8), and DHA (9) contain multiple Z-

skipped double bonds which render the preparation of these compounds

challenging, and syntheses have typically relied on methods such as

reduction of internal alkynes and Z-selective Wittig or modified Horner-

Wadsworth-Emmons reactions, which often suffer from issues in terms of

selectivity. By employing fatty acids like AA (7), EPA (8), and DHA (9)

as starting materials, it is possible to preserve the Z-configured double

bonds already present in these molecules while incorporating the desired

functionalities synthetically.

O 1) DBU, Et2O

2) DIBAL-H, CuI,
THF, HMPA

O
1) NaHMDS, THF,

-100 °C

2)

IPh3P O

O

O

O
1) aq. HCOOH,

dioxane

2) NaClO2, NaH2PO4,
2-Me-2-butene,

MeCN, H2O

COOH

12 13
14

15

11

Scheme 1.6 Synthesis of juniperonic acid (11).94

This strategy has proven its utility in a number of syntheses. In

2010, Vik et al.94 synthesised juniperonic acid (11) starting from EPA

(8) (Scheme 1.6). Aldehyde 12 was prepared using a three-step

iodolactonisation-epoxidation-oxidative cleavage procedure. Subsequent

rearrangement to an α,β-unsaturated aldehyde using DBU, followed by re-

duction of the conjugated double bond with DIBAL-H/CuI, afforded the

stable aldehyde 13. A Wittig reaction with phosphonium iodide 14 using

NaHMDS as a base provided acetal 15. Hydrolysis of compound 15 fol-

lowed by Pinnick-Lindgren oxidation yielded juniperonic acid (11).
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1) DBU, Et2O
2) DIBAL-H, CuI,

THF, HMPA

O
NaClO2, NaH2PO4,

2-Me-2-butene COOH

MeCN, H2O

COOMe

1) DIBAL-H, CuI,
THF, HMPA

2) LiOH, H2O, MeOH

PPh3CHCOOMe,
CH2Cl2

COOH

COOEt 1) LiAlH4, Et2O

2) DMP, CH2Cl2

O

1) PPh3CHCOOMe,
THF

2) DIBAL-H, CuI,
HMPA, THF

COOMeKOH

MeOH, H2O

COOH

4

10

19 17

20 16

18 21

22

Scheme 1.7 Synthesis of stearidonic acid (17), ETA (16), and n-3 DPA

(10).5

In 2012, Hansen and co-workers5 synthesised three ω-3 PUFAs, ETA

(16), n-3 DPA (10), and stearidonic acid (17), using DHA (9) or the

ethyl ester of EPA (18) as starting materials (Scheme 1.7). ETA (16) and

stearidonic acid (17) were prepared via an 18C aldehyde (4) derived from

DHA (9). The aldehyde was rearranged with DBU into its corresponding

α,β-unsaturated aldehyde, and the conjugated double bond selectively

reduced using DIBAL-H/CuI in the presence of HMPA. Pinnick-Lindgren

oxidation of the aldehyde (19) so formed gave stearidonic acid (17). An E-

selective Wittig reaction of aldehyde 19 gave an α,β-unsaturated ester (20),

which after reduction of the conjugated double bond and hydrolysis, gave

ETA (16). n-3 DPA (10) was prepared from a C20 aldehyde (21) derived

from the ethyl ester of EPA (18). An E-selective Wittig reaction followed

by reduction gave a C22 ester (22), which after hydrolysis provided the
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desired PUFA (10).

In 2016, Primdahl et al.92 published stereoselective syntheses of 5-(S)-

HETE (23), 5-(S)-HEPE (24), and (+)-zooxanthellactone (25) using AA (7),

EPA (8), and DHA (9), respectively, as starting materials (Scheme 1.8). The

free fatty acids were converted into their corresponding iodolactones 26a–

c, which were subsequently esterified under alkaline conditions to hydroxy

esters 27a–c. Oxidation of the alcohols by Dess-Martin or Swern protocol

afforded ketones 28a–c which could then be asymmetrically reduced by

CBS reduction before a final hydrolysis or cyclisation to the desired

compounds 23, 24, and 25.

1) DBU, toluene

26a: R=a, n=2
26b: R=b, n=2
26c: R=c, n=1

I

O O
R

2) Et3N, MeOH

27a: R=a, n=2
27b: R=b, n=2
27c: R=c, n=1

Rn

OH

COOMe
n

DMP, CH2Cl2

or (COCl)2, DMSO,
Et3N, CH2Cl2,

-78 °C

28a: R=a, n=2
28b: R=b, n=2
28c: R=c, n=1

R

O

COOMe
n

(R)-2-Bu-CBS-
oxazaborolidine,
catecholborane

CH2Cl2, -78 °C

(S)-27a: R=a, n=2
(S)-27b: R=b, n=2
(S)-27c: R=c, n=1

R

OH

COOMe
n

O

O25

TFA,
CH2Cl2

23: R=a
24: R=b

R

OH

COOH

LiOH,
H2O, iPrOH

a:

b:

c:

Scheme 1.8 Synthesis of 5-(S)-HETE (23), 5-(S)-HEPE (24), and (+)-

zooxanthellactone (25).92

The syntheses described above have served as an important foundation

for the synthetic approach employed in this project.
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1.6 Synthetic methods

In the synthesis of derivatives from PUFA starting materials, a number

of methods have become conventional. Regioselective iodolactonisation

and epoxidation reactions are prevalent. As is oxidative cleavage of the

resulting epoxides to aldehydes. These procedures afford useful building

blocks which are found ubiquitously in the syntheses PUFA-derived

natural products and analogues. For examples of their applications, refer

to Section 1.5.

KHCO3, KI3,
THF, H2O

COOH
carbonyl-

diimidazole

CH2Cl2

O

N
N

H2O2, Et2O,
Li-imidazolide,

KHSO4

O O

H
O

COOH

O

I

O O

LiOH,
THF, H2O

COOH

O

7

Scheme 1.9 Regioselective epoxidations of AA (7) by Corey and co-

workers.95

An early protocol for regioselective epoxidations of AA (7) was de-

veloped by Corey and co-workers (Scheme 1.9).95 Selective epoxidation of

the 14,15 double bond was achieved by the preparation of arachidonylim-

idazole followed by treatment with hydrogen peroxide in the presence of

catalytic lithium imidazolide. The selectivity of this reaction was explained

by the formation of an energetically favourable 15-membered cyclic inter-

mediate. Selective epoxidation of the 4,5 double bond was also performed

via iodolactonisation of AA (7), followed by basic hydrolysis. When iod-

olactonisation occurs under basic conditions, the carboxylate anion attacks

the carbon of the cyclic iodonium ion through an SN2 mechanism.96 Only

the double bond closest to the carboxylate participates, thus giving the
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δ- and γ-lactones for Δ5- and Δ4-PUFAs, respectively, in accordance with

Baldwin’s rules.97

The iodolactonisation reaction has later been developed considerably

and used for other PUFAs such as EPA (8) and DHA (9). Later iterations

have improved many aspects of the Corey protocol by utilising I2 and

collidine bases in MeCN or CH2Cl2.4 These conditions give shorter reaction

times, more reproducible yields, and avoid the use of large excesses of

reagents. Stenstrøm and co-workers98 have reported a one-pot procedure

for the conversion of the ethyl ester of EPA into its corresponding δ-

iodolactone. Said synthesis was achieved by hydrolysis of the ester with

LiOH, followed by addition of HI to neutral pH, and finally addition of I2.

The above procedures were used in the preparation of aldehyde 4.

In addition to these more PUFA chemistry-based reactions, organometal

chemistry was utilised in the synthesis of ketone 3. These methods will be

discussed following sections.

1.6.1 Stille coupling

R'SnR''3

PdLn

RX R R'

Scheme 1.10 General outline of the Stille reaction.99

The Stille reaction99 is a versatile carbon-carbon bond forming,

palladium-catalysed coupling reaction between a stannane and an electro-

philic coupling partner. It was named after the American chemist John K.

Stille, who developed the reaction in the late seventies.100 The Stille coup-

ling is remarkable due to its impressive scope. The reaction accepts organ-

otin compounds containing a variety of functional groups, including car-

bonyls, alkenes, alkynes, and aryls.99 Moreover, stannanes are quite stable

and tolerate oxygen and moisture well. Various substrates may be used.

Typically, the electrophile is a halide or pseudohalide, but allylic acetates

may also be reactive.101

The catalytic cycle begins with oxidative addition of the halide to the

palladium, generating a 16 e- Pd(II) intermediate. The trans complex

is energetically favoured, and is formed by isomerisation.102 Next, the

organostannane forms an 18 e- cyclic transition state with the palladium

and the halide, exchanging L for the R group of the stannane. The R
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Scheme 1.11 Catalytic cycle of direct Stille coupling. Adapted from

Stille.99

group is then transferred to the palladium, and the tin halide dissociates.

With a stoichiometric amount of stannane, only one group is transferred.99

Different groups transfer from tin selectively, with simple alkyl groups

having the poorest transfer rates. The transmetalation step is slower

than both subsequent steps, and is thus rate-determining. Before the

final elimination step, the trans R groups must isomerise back to a cis

intermediate for the coordination of their bonding. Finally, the complex

undergoes a concerted reductive elimination, whereby the R groups of the

stannane and substrate form a σ bond and dissociate from the palladium,

which returns to its 14 e- Pd(0) state.

Stille coupling of acid chlorides, even when sterically hindered or

proximal to various other functionalities, typically gives high yields with

hardly any byproduct formation under mild, neutral conditions.99

1.6.2 Organolithium reagents

Organolithium reagents were first prepared by Schlenk in 1917, and later

elaborated by Ziegler, Gilman, and Wittig.103 This class of compounds

contains strongly polar carbon-lithium bonds. As such, organolithium

compounds are a useful source of nucleophilic carbon. As nucleophiles,

organolithium reagents can add to carbonyl electrophiles to form carbon-

carbon bonds. Compared to Grignard reagents, organolithium compounds

are less prone to reduce sterically hindered ketones. They are also very

strong bases, reacting irreversibly with water to form hydrocarbons.

Organolithium reagents exist as aggregates.103 Generally, lower aggreg-

ates are more reactive. The structure of the aggregate is determined by
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solvent effects and steric effects between the ligands on lithium. Lewis

bases such as THF and HMPA may coordinate organolithium complexes

and deaggregate them, thereby increasing the reagent’s solubility and re-

activity.104 However, reactions with organolithium compounds in THF

should be performed at low temperature. At temperatures above 0 ◦C,

THF is susceptible to deprotonation by organolithium bases, followed by

cycloreversion to ethylene and the lithium enolate of acetaldehyde.105
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2 Results and discussion

2.1 Synthesis of epoxide 5

Epoxide 5 was prepared from the ethyl ester of DHA (6) over three steps,

as shown in Scheme 2.1, using a literature procedure.5 First, the ethyl ester

of DHA (6) was hydrolysed to DHA (9). Compound 9 was subsequently

subjected to an iodolactonisation reaction to afford iodolactone 29. Finally,

basic solvolysis of the lactone and epoxidation yielded epoxide 5. The

outline of this synthesis is given in Scheme 2.1. The synthesis was

performed multiple times, first using 2 g of the starting material, then later

at a 6 g scale. The total yield over the three steps ranged from 52% to 76%.

COOEt Hydrolysis COOH

Iodolactonisation

I

O O
Epoxidation

O

COOMe

6 9

29

5

Scheme 2.1 Outline of the preparation of epoxide 5 from DHA ethyl ester

(6).

2.1.1 Preparation of DHA (9)

COOEt

LiOH·H2O

EDTA•Na2

EtOH (96%)
1.5 h, 60 °C

COOH

6 9

Scheme 2.2 Conditions for the preparation of DHA (9).
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DHA (9) was prepared from its ethyl ester (6) by basic hydrolysis with

LiOH. EDTA·Na2 was employed as a radical scavenger.

The recorded 1H spectrum of DHA (9) is shown in Fig. 7.1, and

the corresponding 13C spectrum in Fig. 7.2. The spectral data were in

agreement with those previously reported for this compound.106

2.1.2 Preparation of iodolactone 29

COOH 2,6-lutidine, I2

CH2Cl2, 0 °C, 16 h

O O

I

9 29

Scheme 2.3 Conditions for the preparation of iodolactone 29.

DHA (9) was deprotonated using 2,6-lutidine and treated with I2 to

produce a cyclic iodonium, which could in turn react with the carboxylate

to selectively give a Baldwin-favoured97 5-exo-tet ring closure, affording

iodolactone 29.

The recorded 1H and 13C spectra of the crude mixture containing

compound 29 are shown in Fig. 7.3 and Fig. 7.4, respectively. The spectra

show that 2,6-lutidine was retained even after the workup. The signals at

7.49 and 6.98 ppm in the 1H NMR spectrum correspond to 2,6-lutidine, and

its presence additionally accounts for the signal at 2.61 - 2.50 integrating

for five protons, rather than one.107 The signals at 157.6, 137.1, 120.5, and

24.4 ppm in the 13C spectrum also belong to 2,6-lutidine.107 Otherwise, the

spectral data were in agreement with those reported in the literature.92

2.1.3 Preparation of epoxide 5

K2CO3

MeOH, r.t., 3 h

O

I

O COOMe

O

29 5

Scheme 2.4 Conditions for the preparation of epoxide 5.

Solvolysis of iodolactone 29 in MeOH using K2CO3 as a base enabled

an intramolecular epoxidation, expelling iodide, which finally afforded

epoxide 5. The obtained 1H and 13C spectra are found in the appendix
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(Fig. 7.5 and Fig. 7.6). The spectral data were in agreement with those

reported previously for this compound.5

2.2 Synthesis of aldehyde 4

COOMe

1) HCOOH, Ac2O,
r.t., 20 h

2) LiOH, H2O, MeOH,
r.t., 23 h

3) NaIO4, MeOH, H2O,
r.t., 2 h

O

O

5 4

Scheme 2.5 Conditions for the preparation of compound 4.

The preparation of aldehyde 4 from epoxide 5 was performed over three

steps, initially based on a procedure performed in the LIPCHEM group

previously by Jakobsen et al.5 The synthesis of compound 4 presented more

of a challenge compared that of compound 5 due to a problematic workup

in the second step. It was attempted several times, with varying success in

terms of both yield and purity. Thus the literature procedure by Holmeide

and Skattebøl108 referenced in Jakobsen et al.’s paper was investigated,

and it was observed that the former achieved quite satisfactory results.

A comparison between the two procedures revealed a couple of key

differences.

Firstly, Holmeide and Skattebøl’s procedure used a 10:1 mixture

of formic acid and acetic anhydride in the first step, which is con-

sistent with Corey and co-workers’ analogous treatment of methyl 5,6-

epoxyarachidonate.109 The mixture of excess formic acid and acetic an-

hydride contains acetic formic anhydride, which functions as a formylating

agent.110 According to Corey et al.,109 two products are formed: a di-

formate, as well as a formate lactone, resulting from an intramolecular

reaction between a hydroxy group and the activated carbonyl of the methyl

ester.

The second reaction step consisted of basic hydrolysis of the esters

formed during the first step to produce a diol 30. Jakobsen et al. acidified

the mixture to pH < 3 during the workup, while Holmeide and Skattebøl

describe the mixture as "neutralised". The choice of pH during the workup

proved to be crucial. An acidic pH value favours the formation of a

stable hydroxy lactone 31 from diol 30 (Scheme 2.6). Indeed, the hydroxy

γ-lactone was the major byproduct when following the initial protocol.
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However, the carboxylic acid is deprotonated at neutral pH, elevating

the compound’s solubility in aqueous solvent. The optimal pH value

for the workup was determined as being slightly below 4. Yet even this

gave a mixture of aldehyde and lactone, and to achieve consistent results

would require very sensitive control of the pH value. Thus, the synthesis

of aldehyde 4 through diol 30 seems unsuitable as it does not afford

reproducible results. The implications of the poor stability of diol 30 must

also be taken into account when its stereoisomer 4S,5S-dihydroxy DPA is

finally prepared, as lactonisation may pose an issue in the final hydrolysis

step. This could render preparing a pure sample for characterisation

difficult.

COOH H+

HO OH OHO

O

30 31

Scheme 2.6 Formation of hydroxy lactone 31 from diol 30 in acidic

environment.

A precedent strategy for the synthesis of compound 4 was described

by Flock et al.111 Applying this approach, epoxide 5 would be cleaved

directly with periodic acid in dry methanol to give an acetal 32. This

intermediate may in turn be converted to aldehyde 4 by acidic hydrolysis

(Scheme 2.7). Byproduct formation was noted as a challenge with the

periodic acid cleavage, and the yields reported are moderate, leading to

the development of Holmeide and Skattebøl’s revised approach.108 The

acetal strategy does, however, provide a significant advantage over the

later three-step procedure used in this project. Unlike aldehyde 4, acetal

32 is quite stable and may be purified by flash column chromatography.

Thus, using the acetal strategy allows for the preparation of chemically

pure aldehyde 4.112

During the final attempt at the synthesis, compound 4 was separated

from the corresponding lactones by flash column chromatography. The

lactone mixture was hydrolysed again, extracted at pH 4, and oxidised

to give the aldehyde in a 1H NMR-estimated 39% yield. The crude

product was used in the following reactions as purification by flash column

chromatography would lead to isomerisation of the aldehyde into a stable

α,β-unsaturated aldehyde 33.111
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Scheme 2.7 Conditions for the preparation of aldehyde 4 and its isomer-

isation to aldehyde 33 described by Flock et al.111

The 1H NMR spectrum of the crude mixture containing aldehyde 4 is

shown in Fig. 7.7. The signal at 3.22 ppm integrates for one proton less than

expected. This is due to the presence of the hydroxy γ-lactone byproduct

discussed previously, which increases the intensity of all signals except

for those at 9.67 and 3.22 ppm, which are unique to the aldehyde. This

also contributes to the low integral for the aldehydic proton. It should

also be noted that all derivatives synthesised from aldehyde 4 showed

the expected number of protons in their corresponding peaks. Otherwise,

the signals were in agreement with those reported for this compound

previously.113 The corresponding 13C NMR spectrum is shown in Fig. 7.8.

The signals were in agreement with those reported in the literature.112

2.3 Synthesis of ketone 3 - Stille coupling route

It is said that all roads lead to Rome; however, the same was not the

case for ketone 3. The original retrosynthetic analysis for this project

envisioned the preparation of 3 by Stille coupling of acid 34 and 2-

(tributylstannyl)furan, which would avoid the oxidation step necessary

when going the organolithium route via alcohol 36. On paper, the Stille

reaction should be perfectly suited for this compound, as it should give

high yields under mild reaction conditions, with no side reactions.99 Yet in

practice, the Stille protocol failed to give the desired product.

2.3.1 Preparation of acid 34

The synthesis of a fatty acid similar to compound 34 had previously been

performed in the LIPCHEM group by Vik et al. in high yield.94 The same

Pinnick-Lindgren protocol was therefore used for the synthesis of acid 34.
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O
NaClO2, NaH2PO4,

2-Me-2-butene

MeCN, H2O,
r.t., 2.5 h

COOH

4 34

Scheme 2.8 Conditions for the preparation of compound 34.

Aldehyde 4 was reacted with NaClO2 in a phosphate buffer over 2.5 h to

afford acid 34 in a 1H NMR-estimated 63% yield. 2-Me-2-butene was used

as an HOCl scavenger.

The crude product was used in the following reaction as testing the

Stille reaction was prioritised at the time, and significant tailing and thus

loss of acid 34 was anticipated in case of column chromatography. The

product of the synthesis of acid 34’s purity was comparable to that of

the synthesis of aldehyde 4. The major expected impurities apart from

possibly 3-chloro-2-methylbutan-2-ol should not react competitively in a

Stille coupling.

The 1H NMR spectrum of the crude mixture containing acid 34 is shown

in Fig. 7.9. The signals were in agreement with those previously described

for this compound.113

2.3.2 Attempted Stille couplings

COOH

1) (COCl)2, DMF, CH2Cl2,
45 min, 0 °C     r.t.

2) Bu3SnFN, THF,
catalyst(s), temp., 20 h

O

O

34 3

Scheme 2.9 General conditions for the attempted preparation of com-

pound 3 by Stille coupling.

Stille coupling of acid chloride 35 derived from compound 34 and

2-(tributylstannyl)furan was attempted multiple times. The chlorination

step was based on a literature procedure114 using DMF as a catalyst.

Unfortunately, the Stille reaction refused to afford a product under various

conditions (Table 2.1).

The reaction was first attempted at r.t. TLC of the reaction mixture

showed a UV-active spot with Rf 0.6 (EtOAc:heptane 1:2) for which ketone 3

was initially thought to be a candidate, but 1H NMR of the product showed

that the desired compound had not been formed. Instead, additional

signals had appeared in the alkanic-allylic area of the spectrum, indicating
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Table 2.1 Conditions used in the attempted Stille couplings of 34 and 2-

(tributylstannyl)furan.

Entry Catalyst Co-catalyst Temperature

1 10 mol% PdCl2(PPh3)2 r.t.

2 10 mol% PdCl2(PPh3)2 reflux

3 10 mol% PdCl2(PPh3)2 3 eq. LiCl reflux

4 10 mol% Pd(PPh3)4 reflux

that perhaps some competing addition to the acyl chloride had occurred. It

was concluded that the Stille reaction was not proceeding quickly enough,

so the reaction temperature was increased to reflux for all subsequent

attempts. Additionally, the chlorination reaction and the Stille coupling

were consolidated into a sequential one-pot synthesis, in order to lessen

the acid chloride’s exposure to the environment.

Despite the increased reaction temperature, the lack of a coupling

product and decomposition or loss of the acid chloride was still observed.

It was thus decided to attempt the use of LiCl as an additive in order to

enhance the rate-determining transmetalation step.99 When this did not

produce the desired reaction either, a final attempt was made changing the

type of catalyst from a Pd(II) catalyst to the 18 e- Pd(0) catalyst palladium

tetrakis. Ultimately, also this failed to yield ketone 3. The Stille reaction

was thus abandoned.

2.4 Synthesis of ketone 3 - Organolithium route

As the Stille coupling reaction failed to give a product, an alternative route

employing an organolithium reaction was pursued.

2.4.1 Preparation of alcohol 36

O

THF, -80 °C, 0.5 h

OLi
OH

O

4 36

Scheme 2.10 Conditions for the preparation of alcohol 36.

Alcohol 36 was synthesised by a reaction between aldehyde 4 and
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2-lithiofuran according to a literature procedure.115 The organolithium

reagent was generated in situ over the course of 2 h, then reacted with the

aldehyde over 0.5 h at -80 ◦C to give compound 36.

While the reaction was reliable and easy to perform, a few vexatious

issues were still present. Firstly, the obtained yields were generally poor,

the yield obtained initially being only 11% (over the four steps from

epoxide 5). One potential cause for the loss of product was determined

to be the workup, which had followed the procedure of Tang et al.115

The reaction mixture was quenched with water, extracted with Et2O, and

washed with sat. aq. NH4Cl and brine. However, using this procedure,

formation of emulsions was observed during extraction. Therefore, a

different workup described by Yang and Zhou116 was introduced: the

mixture was quenched with sat. aq. NH4Cl rather than water, and

extracted with EtOAc. This increased the yield to 25%. Quenching the

reaction mixture with NH4Cl after the mixture had warmed to r.t. led to

the formation of a salt precipitate which could be dissolved by the addition

of water. Quenching the mixture after about 10 min of warming gave two

layers with a clean border.

In order to further improve the yield, it was attempted to increase the

amount of BuLi and furan from 1.2 and 1.6 equivalents, respectively, to 1.5

and 1.9 equivalents. This measure gave a slightly though not significantly

higher range of yields of 26% to 34%, but ultimately had more drawbacks

than intended. The increased amount of organolithium species seemed

to promote byproduct formation, which relates to the other major issue,

namely purity.

Due to the synthesis of aldehyde 4 employing a protocol not allowing

for purification by column chromatography, any byproducts generated, in-

cluding hydroxy lactone 31, were inexorably brought to the organolithium

reaction. This is doubly unfortunate, because these impurities both con-

sumed 2-lithiofuran and rendered isolation of alcohol 36 unattainable. In

the MS spectrum of the product mixture containing alcohol 36 (Fig. 7.17),

three major impurities with m/z values of 441.2975, 485.2662, and 797.5834

are shown. Unfortunately, the impurities have not been isolated so as to

identify them, but it is possible to suggest structural characteristics for

some of them.

During Dess-Martin oxidation of alcohol 36 to ketone 3, it was observed

that the Rf value of one of these impurities in EtOAc-heptane increased,
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which would indicate the oxidation of an alcohol. The mass of 485.2662

could correspond to a diol 37 formed from the reaction between hydroxy

lactone 31 and 2-lithiofuran, involving dehydration of the resultant tertiary

alcohol to form a conjugated double bond (Scheme 2.11). The formation of

this compound would be enhanced by the presence of excess 2-lithiofuran

when using the larger equivalents of BuLi and furan. The impurity with

a mass of 797.5834 is possibly the product of lithiated furan reacting with

both aldehyde 4 and a decomposition product of hydroxy lactone 31. The

impurity with a mass of 441.2975, however, was not oxidised by DMP, and

thus should not contain an alcohol group which would react in a Dess-

Martin oxidation. It is therefore likely not a decomposition product of

hydroxy lactone 31.

The described impurities were seemingly not separable from alcohol

36 by column chromatographic purification. Repeated column chromato-

graphy reduced the yield of the product without any increase in purity.

HO O

O

OH

HO O

O
OLi

HO OH

O

O

OLi
HO O

O

OH
OH -H2O

Calc. mass [M+Na+]: 485.2662

31

37

Scheme 2.11 Proposed formation of possible byproduct 37.

2.4.2 Characterisation of alcohol 36

2.4.2.1 NMR assignments

The assigned shifts for compound 36 are listed in Table 2.2.

The recorded 1H NMR spectrum of alcohol 36 (Fig. 7.11) contains ten

signals integrating for thirty protons. The most upfield triplet signal at
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Table 2.2 1H NMR (400 MHz) and 13C NMR (101 MHz) shifts for

compound 36 in CDCl3.

OH

O
1

2
34567

8
910

11

14
12 13 15 16

17
18

20

21 22

23

19

36

Pos. δH [ppm] Mult. Int. δC [ppm] COSY HMBC

1 4.73 q 1 67.5 2, 19 20

2 2.72 – 2.57 m 2 33.8 1, 3, 4 1, 3, 4, 20

3 5.60 – 5.48 m 1 131.6 2, 4, 5 1, 2, 4, 5

4 5.47 – 5.25 m 9 124.7 2, 3, 5 -

5 2.93 – 2.75 m 8 25.9 - -

6 5.47 – 5.25 m 9 - - -

7 5.47 – 5.25 m 9 - - -

8 2.93 – 2.75 m 8 - - -

9 5.47 – 5.25 m 9 - - -

10 5.47 – 5.25 m 9 - - -

11 2.93 – 2.75 m 8 - - -

12 5.47 – 5.25 m 9 - - -

13 5.47 – 5.25 m 9 - - -

14 2.93 – 2.75 m 8 - - -

15 5.47 – 5.25 m 9 127.1 14, 16 -

16 5.47 – 5.25 m 9 132.2 15, 17 -

17 2.15 – 2.02 m 3 20.7 16, 18 15, 16, 18

18 0.98 t 3 14.4 17 16, 17

19 2.15 – 2.02 m 3 - 1 1, 2, 20

20 - - - 156.2 - -

21 6.28 - 6.21 m 1 106.2 22 22, 23, 20

22 6.37 – 6.29 m 1 110.3 21, 23 20, 21, 23

23 7.42 – 7.35 m 1 142.1 22 21, 20
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0.98 ppm corresponds to the terminal methyl group. The signal at 2.15 –

2.02 ppm corresponds with both the allylic protons adjacent to the terminal

methyl, and the OH proton. The signal integrated for either two or

three protons, depending on the water content of the solvent, and when

integrating for three protons had a slightly asymmetric shape. The COSY

spectrum of alcohol 36 (Fig. 7.15) showed correlations with the protons of

positions 1, 17, and 18, indicating both the OH and the methylene. The

signal at 2.72 – 2.57 ppm thus corresponds to the allylic protons at position

2, while the eight doubly allylic protons give rise to the multiplet at 2.93 –

2.75 ppm. The quartet at 4.73 ppm corresponds to the deshielded proton

adjacent to the hydroxy group. The ten vinylic protons give rise to the

multiplets at 5.47 – 5.25 ppm and 5.60 – 5.48 ppm, the latter belonging to

the proton closest to the alcohol group. In the COSY spectrum of alcohol

36, the signal at 5.60 – 5.48 ppm correlated with the protons at position 2.

The final three signals at 6.28 - 6.21 ppm, 6.37 – 6.29 ppm, and 7.42 – 7.35

ppm correspond to the furan moiety. Their respective positions of 21, 22,

and 23 were determined by COSY and HMBC (Fig. 7.16).

For the proton signals only belonging to a single position, HSQC

(Fig. 7.14) was used to determine their corresponding carbons in the 13C

NMR spectrum (Fig. 7.12). The signals at 14.4 ppm, 20.7 ppm, and 33.8

ppm correspond to the sp3 carbons at positions 18, 17, and 2, respectively.

The sp2 carbon at position 3 produces the signal at 131.6 ppm. The carbons

of the furanyl group give rise to the signals at 106.2 ppm, 110.3 ppm, and

142.1 ppm. The signal at 156.2 ppm did not correlate with any protons and

thus belongs to position 20. COSY and HMBC was used to determine the

signals corresponding to positions 4, 15, and 16. The signal at 124.7 ppm

corresponds to position 4, the signal at 127.1 to position 15, and the signal at

132.2 to position 16. Finally, the signal at 25.9 ppm was assigned based on

comparison with data from compound 3. The remaining nine signals could

not be assigned, as they could not be distinguished by means of COSY or

HMBC. The remaining carbons at the double allylic positions give shifts in

the area 25.8 - 25.66 ppm. The vinylic carbons give shifts in the area 128.7 -

127.97 ppm.
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2.4.2.2 Mass spectrometry

HRMS of alcohol 36 (Fig. 7.17) gave m/z 349.2137 for [M+Na]+. The

molecular formula C22H30NaO2 with a calculated mass of 349.2138 was

confirmed with an accuracy of 0.3 ppm.

The spectrum also showed signals for impurities at m/z 441.2975,

485.2662, 797.5834, and 947.5414. For the signal at m/z 485.2662, the

molecular formula C30H38NaO4 with a calculated mass of of 485.2662 was

confirmed with an accuracy of 0.2 ppm.

2.4.2.3 UV-Vis spectroscopy

The UV-Vis spectrum of alcohol 36 (Fig. 7.18) contained no detected peaks

in the area of 200 - 400 nm. However, the decline observed between 200

nm and 240 nm should almost certainly be taken to correspond to a peak

around 200 - 210 nm, in agreement with the furan moiety.117 Cf. the UV-Vis

spectrum of ketone 3 (Fig. 7.27). Compound 36 was weakly active when

visualised with UV light, requiring a relatively high concentration to be

clearly visible.

2.4.2.4 IR spectroscopy

The IR spectrum of alcohol 36 (Fig. 7.19) showed the O-H bond as a

weak broad band at 3383 cm-1. At 3014 cm-1, a signal corresponding with

aromatic C-H stretching was observed.

2.4.3 Preparation of ketone 3

CH2Cl2,
r.t., 41 h

O

O

OH

O DMP, NaHCO3

36 3

Scheme 2.12 Conditions for the preparation of ketone 3.

The oxidation of alcohol 36 to ketone 3 proved to be yet another

challenging step. Compound 36 unfortunately seemed to be a poor

substrate for oxidation, requiring long reaction times. In addition to

this, the impurities which were carried over from the previous reactions

gave very complex product mixtures, making monitoring reactions more

difficult.
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It was initially thought that the oxidation could be performed using

MnO2 as the oxidising agent, yet when this was attempted, no conversion

of the starting material was observed. In order to ascertain the activity of

the MnO2 used, the method was tested using 4-methoxybenzyl alcohol as

a simpler substrate. 1H NMR of the reaction mixture after 2.5 h confirmed

the conversion to 4-anisaldehyde. The ineffectiveness of MnO2 may be due

to a lack of contact between the hydroxy moiety and the oxidant. While we

would expect an unsaturated fatty acid derivative to have a large surface

area, one possible explanation might be that the compound may adopt a

conformation where the carbon chain is coiled such that its methyl end

encumbers the hydroxy group. This would potentially be a larger issue for

MnO2 than for other oxidants, because MnO2 is not dissolved and contact

requires adsorption of the substrate.

Oxidation using DMP was first performed as a test reaction at a 25

mg scale. The reaction ran overnight for 20.5 h, after which the product

was extracted. However, the reaction gave only 15 mg of crude material,

and 1H NMR of the product showed only an estimated 80% conversion to

ketone 3. Thus purification would leave a negligible yield. It was decided

to investigate other methods of oxidation to see if they would give more

satisfactory results.

Swern oxidation was attempted next. TLC of the reaction mixture

showed consumption of alcohol 36; however, 1H NMR of the crude product

revealed that the desired product had not been formed. Due to doubts

about the integrity of the oxalyl chloride used, the reaction was attempted

again using a different package, yet the same result was obtained. Had

more time been available, it might have been possible to test variations

such as the Pfitzner-Moffatt or Parikh-Doering reactions, but for the time

being, reactions with activated DMSO were considered a dead end.

Oxidation with PCC was subsequently attempted, and initially seemed

promising as TLC indicated some formation of ketone 3. Yet after stirring

overnight for 19 h, TLC of the reaction mixture showed no apparent

increase in conversion. It also indicated a complex mixture of at least

six compounds. Another equivalent of PCC was added to the reaction,

but after 2 h, there was still no sign of further consumption of alcohol

36. The 1H NMR spectrum of the crude product gave the impression

of significant impurities, and determining conversion was difficult, but

a rough estimate gave approximately 45% conversion. PCC thus gave
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inferior results compared to DMP. This, in addition to the issues of toxicity

and griminess associated with PCC, made DMP seem like the preferable

option.

It was thus decided to revisit the Dess-Martin reaction. At the larger

scale used, however, conversion was significantly slower. After 18 h, TLC

still showed preservation of a large amount alcohol 36. In order to further

the conversion, another 0.5 eq. of DMP was added, and the mixture

was stirred for an additional 23 h. When even this did not advance the

consumption of alcohol 36, the reaction was considered to have reached a

stasis. Despite the increase in both eq. DMP and reaction time, a conversion

of only 63% was estimated. The product was extracted and purified to give

ketone 3 in a modest yield of 17%. Also, an impurity with m/z 441.2975,

which was also observed in the synthesis of alcohol 36, was found to still

be present in the product after column chromatography.

The reaction was attempted one more time with a different package

of DMP, as batch-to-batch variation and age may affect the reagent’s

performance.118,119 Yet the same issue of slow conversion as last time was

observed. It was thus decided to attempt an alternative method adapted

from Meyer and Schreiber.119 After a reaction time of 23 h, 1 eq. of water

was added dropwise to the reaction mixture in order to increase the rate of

conversion. According to Meyer and Schreiber, partial hydrolysis of DMP

enhances the reaction rate by providing an acetoxy periodinane hydroxide

intermediate where the increased electron-donating effect of the hydroxide

accelerates the dissociation of the remaining acetate ligand (Scheme 2.13).

Their work suggests the addition of water over 0.5 h, after which the

reaction should be complete.

RCH2OHI

OAc
OAc

AcO

O

H2O

I

OH
O

AcO

O

fast

AcO I

OH

O

+
R

H

H

O

R

Scheme 2.13 Partial hydrolysis of DMP, as outlined by Meyer and

Schreiber.119

Unfortunately, the addition of water did not lead to any noticeable

improvement in terms of conversion. TLC after the addition of water

showed no further consumption of alcohol 36, nor after another 40 min.

After a cumulative reaction time of 25.5 h, the product was extracted.
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The crude mixture showed a similar conversion to the last attempt of

approximately 57%, albeit with an even higher degree of impurity. The

product was purified by flash column chromatography to give a trivial

yield of 8%.

One possible obstacle to the Dess-Martin reaction, apart from the poor

reactivity of alcohol 36, is competitive oxidation of impurities present

in the reaction mixture. As previously discussed, the product mixture

containing compound 36 also contained a compound which underwent

oxidation by DMP. If this compound were the product of hydroxy lactone

31 being opened by 2-lithiofuran, it would be a diol, which would be

readily oxidised by DMP.120 Thus increasing the amount of DMP would

likely have been beneficial in this case, and the use of pure alcohol 36 even

more advantageous.

A comparison of the oxidation reactions tested is given in Table 2.3.

In summary, MnO2 and activated DMSO were not suitable oxidants for

compound 36, and between DMP and PCC, DMP gave the best results.

Table 2.3 Conditions and conversion estimated by 1H NMR for the

various oxidation reactions tested to synthesise compound 3.

Entry Oxidant Scale [mg] Time [h] Conversion [%]

1 13 eq. MnO2 75 22.5 0

2 2.0 eq. DMSO + 100 1.3 -

1.2 eq. (COCl)2

3 2.5 eq. PCC 150 21 45

4 1.2 eq. DMP 25 20.5 80

5 1.7 eq. DMP 100 41 63

6 1.2 eq. DMP + 100 25.5 57

1 eq. H2O

2.4.4 Characterisation of ketone 3

2.4.4.1 NMR assignments

The assigned shifts for ketone 3 are given in Table 2.4. Due to their

structural similarities, several of compound 3’s 1H and 13C shifts were

straightforwardly assigned based on comparison with alcohol 36; refer to

Section 2.4.2.1.
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Table 2.4 1H NMR (400 MHz) and 13C NMR (101 MHz) shifts for

compound 3 in CDCl3.

O

O
1

2
34567

8
910

11

14
12 13 15 16

17
18

19

20 21

22

3

Pos. δH [ppm] Mult. Int. δC [ppm] COSY HMBC

1 - - - 187.1 - -

2 3.64 d 2 37.5 3, 4, 5 1, 3, 4

3 5.76 – 5.57 m 2 131.8 2, 4, 5 2, 5

4 5.76 – 5.57 m 2 121.3 3, 5 5

5 2.94 – 2.77 m 8 26.1 2, 3, 4, 6 3, 4, 6

6 5.47 – 5.25 m 8 - - -

7 5.47 – 5.25 m 8 - - -

8 2.94 – 2.77 m 8 - - -

9 5.47 – 5.25 m 8 - - -

10 5.47 – 5.25 m 8 - - -

11 2.94 – 2.77 m 8 - - -

12 5.47 – 5.25 m 8 - - -

13 5.47 – 5.25 m 8 - - -

14 2.94 – 2.77 m 8 - - -

15 5.47 – 5.25 m 8 127.1 14, 16 -

16 5.47 – 5.25 m 8 132.2 15, 17 -

17 2.13 – 2.01 m 2 20.7 16, 18 15, 16, 18

18 0.97 t 3 14.4 17 16, 17

19 - - - 152.6 - -

20 7.21 d 1 117.3 21 19, 21, 22

21 6.57 – 6.51 m 1 112.4 20, 22 19, 20, 22

22 7.59 d 1 146.5 21 19, 20, 21
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The shifts for positions 17 and 18 were unchanged compared to the

alcohol. The 13C signal at 187.1 ppm corresponds to the carbonyl. HSQC

(Fig. 7.23) confirmed the 13C shifts of 37.5 ppm and 152.6 ppm for positions

2 and 19, respectively. COSY (Fig. 7.24) confirmed the aromatic 1H shifts of

7.21 ppm, 6.57 – 6.51 ppm, and 7.59 ppm, and the corresponding 13C shifts

of 117.3 ppm, 112.4 ppm, and 146.5 ppm for their respective positions 20,

21, and 22. Finally, HMBC (Fig. 7.25) was used to assign the 13C shifts of

131.8 ppm, 121.3 ppm, 26.1 ppm, 127.1 ppm, and 132.2 ppm to positions 3,

4, 5, 15, and 16.

2.4.4.2 Mass spectrometry

HRMS of ketone 3 (Fig. 7.26) gave m/z 347.1981 for [M+Na]+. The molecular

formula C22H28NaO2 with a calculated mass of 347.1982 was confirmed

with an accuracy of 0.2 ppm.

The spectrum also showed signals for impurities at m/z 441.2975 and

553.4591.

2.4.4.3 UV-Vis spectroscopy

The UV-Vis spectrum of ketone 3 (Fig. 7.27) showed, in the area of 190 - 400

nm, two peaks at 205 nm and 273 nm.

2.4.4.4 IR spectroscopy

The IR spectrum of ketone 3 (Fig. 7.28) showed a strong signal correspond-

ing to the conjugated C=O bond at 1679 cm-1. At 3014 cm-1, the same signal

corresponding with aromatic C-H stretching as in the spectrum of alcohol

36 was observed.
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3 Conclusions

The synthetic studies toward 4S,5S-dihydroxy DPA (1) reported in this

master’s thesis have produced the key intermediate 3 in eight steps,

starting from the ethyl ester of DHA (6), with an overall yield of 3%. Novel

compounds 36 and 3 have been characterised by various spectroscopic

methods. Certain challenges with the synthetic strategy have been

identified.

The synthesis of epoxy ester 5 proceeded without much issue, giving

pure product in high yield (76%). The protocol employed to prepare

aldehyde 4, however, was determined to be sub-optimal, as it inevitably

led to the formation of the troublesome byproduct 31. An older procedure,

involving the preparation of an acetal (32), would likely produce superior

results.

The Stille coupling protocol attempted in the synthesis of ketone 3 was

seemingly ineffective. Both the organolithium reaction and subsequent

oxidation used to synthesise ketone 3 gave poor yields (25% and 17%,

respectively). These reactions thus pose somewhat of a bottleneck to the

overall yield. The yields of both reactions were likely negatively impacted

by the impurities present from the synthesis of aldehyde 4. Neither

oxidation with MnO2 nor Swern oxidation of compound 36 afforded ketone

3. Both PCC and DMP did, however, with DMP giving the better results.

Unfortunately, the synthesis could not be completed within the given

time frame. Hopefully the work reported in this thesis will provide useful

information for future studies, and perhaps even the development of new

synthetic strategies.
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4 Future work

The aim of this project was to develop a stereoselective synthesis of 4S,5S-

dihydroxy DPA (1) from the ethyl ester of DHA (6). To that end, the

intermediate furanyl ketone 3 was synthesised and characterised. Multiple

steps still remain, however. Once the synthesis of 4S,5S-dihydroxy DPA (1)

has been achieved, biological testing of the compound may be performed.

If the same synthetic route is to be pursued in the future, the protocol

reported by Flock et al.111 should be used to synthesise pure aldehyde 4,

thus hopefully allowing for higher yields of alcohol 36 and ketone 3.

COOEt

COOH

OH

OH

O

O
CBS

reduction

OH

O
tBuOOH

VO(acac)2

O

OH

O

1) PCC

O

O

O2) DIBAL-H,
CuI, HMPA

CBS
reduction

O

O

OH

LiOH

6 3

4S,5S-dihydroxy DPA (1)

Scheme 4.1 Remaining steps in the planned synthesis of 4S,5S-dihydroxy

DPA (1).

If the obtained yields are satisfactory, the remaining steps of the

synthesis (Scheme 4.1) may be attempted. The next step involves

asymmetric reduction of the ketone to the corresponding S-configured

alcohol. The CBS reaction121 was utilised by Primdahl et al.92 in
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the synthesis of 5-(S)-HETE (23) and 5-(S)-HEPE (24) with improved

reproducibility over a Noyori protocol. When performed in CH2Cl2 with

catecholborane as the reducing agent, the product was obtained in 85%

yield and 79 % enantiomeric excess (ee). However, Noyori hydrogenation

should not be ruled out, as it has been applied to an acylfuran by Ma and

O’Doherty122 for an 89% yield and 96% ee.

Next, the furanyl alcohol is to be converted into a hydroxy di-

hydropyranone using a vanadium-catalysed Achmatowicz rearrange-

ment.123 The use of t-butylhydroperoxide as an oxidant and VO(acac)2

as a catalyst has previously proven to be an effective approach giving

high yields on a comparable substrate.124 Afterwards, all that remains is

a simple oxidation and hydrogenation procedure, another CBS reduction,

and finally hydrolysis of the lactone to yield the desired 4S,5S-dihydroxy

DPA (1).

However, if this synthetic route should prove to be challenging, an

alternative approach to the synthesis of the carboxylic end is possible.

Namely, preparing the hydroxy δ-lactone moiety as a separate fragment

and connecting it to an EPA (8)-derived C15 aldehyde (12) by a Z-

selective Wittig reaction (Fig. 4.1). This fragment could be prepared in

eight steps from commercially available 3-bromopropanoyl chloride and 2-

(tributylstannyl)furan. While this approach increases the number of steps,

the simpler substrates used in the Stille and Achmatowicz reactions would

potentially render them more compliant.

O
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Wittig

O O
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OH
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O
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OBu3Sn

+

Achmatowicz
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Stille
coupling

12

Fig. 4.1 Alternative retrosynthetic analysis using aldehyde 12 derived

from EPA (8).
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5 Experimental

5.1 Materials & general information

Unless otherwise indicated, all reactions were performed under argon

atmosphere, with aluminium foil wrapped around the reaction flask in

order to minimise exposure to light. Unless otherwise indicated, all

commercially available reagents and solvents were used in their supplied

form without further purification. All weights reported at the milligram

level were recorded on a Sartorius QUINTIX313-1S, while weights reported

at the 0.1 milligram level were measured on a VWR LAG 414i-C. Dried

solvents were dried over molecular sieves (3 Å) for at least 24 hours.

Thin layer chromatography was performed on silica gel 60 F254

aluminium-backed plates manufactured by Merck (Darmstadt, Germany).

Visualising agents used include UV light and potassium permanganate

(KMnO4).

Flash column chromatography was performed on silica gel 60 (0.040 -

0.063 mm) manufactured by Merck (Darmstadt, Germany).

NMR spectra were recorded on either a Bruker AVII 400 or Bruker

AV 400 Neo spectrometer at 400 MHz for 1H NMR, and at 101 MHz for
13C NMR. Coupling constants (J) are reported in Hz, while chemical shift

values (δ) are reported in parts per million relative to the residual central

solvent resonance (CDCl3 δH = 7.26, δC = 77.16).

Mass spectra were recorded at the Department of Chemistry, University

of Oslo, on a maXis II ETD instrument, using ESI as the method of

ionisation.

UV-Vis spectroscopy was performed on an Agilent Cary 8454 UV-Vis

spectroscopy system. The Agilent OpenLab ChemStation software was

used to process the spectra.

IR spectra were recorded on an Agilent 5500 Series FTIR spectrometer.

The spectra were recorded in the range of 4000 - 650 cm-1. The Agilent
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MicroLab software was used to process the spectra.

5.2 Experimental procedures

5.2.1 Synthesis of DHA (9)

COOEt

LiOH·H2O

EDTA•Na2

EtOH (96%)
1.5 h, 60 °C

COOH

6 9

Scheme 5.1 Synthesis of DHA (9).

DHA ethyl ester (6) (6.01 g, 16.9 mmol, 1.00 eq.) was dissolved in

ethanol (50 mL, 96%) and added to a mixture of LiOH·H2O (4.95 g, 118

mmol, 7.00 eq.) and EDTA·Na2 (29.9 mg) in water (50 mL) under argon

atmosphere before stirring for 1.5 h (60 ◦C). The mixture was cooled

and quenched with HCl (40 mL, 10%) before it was extracted with 2:1

EtOAc:hexane (5×25 mL). The combined organic layers were washed with

water (20 mL) and brine (20 mL), then dried over MgSO4. The solvent was

removed at reduced pressure, affording a yellow oil (5.19 g). The product

was used in the following step without further purification. 1H NMR (400

MHz, CDCl3) δH 5.48 – 5.26 (m, 12H), 2.92 – 2.75 (m, 10H), 2.47 – 2.35 (m,

4H), 2.08 (p, J = 1.4 Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H). The acidic proton was

not detected in the spectrum. 13C NMR (101 MHz, CDCl3) δC 179.2, 132.1,

129.6, 128.6, 128.3, 128.3, 128.3, 128.1 (2C), 128.0, 127.9, 127.6, 127.0, 34.0,

25.6 (3C), 25.6, 25.6, 22.5, 20.6, 14.3. The data were in agreement with those

described in the literature.106

5.2.2 Synthesis of iodolactone 29

COOH 2,6-lutidine, I2

CH2Cl2, 0 °C, 16 h

O O

I

9 29

Scheme 5.2 Synthesis of compound 29.

Compound 29 was prepared according to a protocol reported by Ulven

and co-workers.125 DHA (9) (5.17 g, 15.7 mmol, 1.00 eq.) was dissolved in

CH2Cl2 (50 mL), and a solution of 2,6-lutidine (3.67 mL, 31.5 mmol, 2.00
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eq.) in CH2Cl2 (61 mL) was added dropwise to the acid under stirring. The

flask was subsequently immersed in an ice bath, and an ice cold mixture of

I2 (7.99 g, 31.5 mmol, 2.00 eq.) in CH2Cl2 (157 mL) was added to the flask.

The system was purged with argon and stirred for 16 h overnight at 0 ◦C.

The mixture was quenched with Na2S2O3 (260 mL, 10%), transitioning

from claret to orange, before it was extracted with CH2Cl2 (2×50 mL). The

organic layer was washed with NaH2PO4 (2×50 mL) and brine (2×50 mL),

then dried over MgSO4. The solvent was removed at reduced pressure,

affording a dark amber liquid. The product was used immediately in the

following step. 1H NMR (400 MHz, CDCl3) δH 5.62 – 5.51 (m, 1H), 5.44 –

5.26 (m, 9H), 4.26 (td, J = 7.2, 3.0 Hz, 1H), 4.12 (td, J = 7.4, 3.0 Hz, 1H), 2.90

– 2.66 (m, 11H), 2.61 – 2.50 (m, 1H), 2.47 – 2.33 (m, 1H), 2.15 – 1.98 (m, 3H),

0.97 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δC 176.3, 132.2, 131.7,

128.9, 128.7, 128.6, 128.1, 128.0, 127.5, 127.1, 126.9, 80.8, 37.9, 34.7, 28.6, 27.4,

26.0, 25.82, 25.79, 25.7, 20.7, 14.4.

5.2.3 Synthesis of epoxide 5

K2CO3

MeOH, r.t., 3 h

O

I

O COOMe

O

29 5

Scheme 5.3 Synthesis of compound 5.

Compound 29 was dissolved in MeOH (100 mL), K2CO3 (6.96 g, 50.4

mmol, 3.20 eq.) was added, and the mixture was stirred for 3 h at r.t.

Upon completion of the reaction, the mixture was filtered through celite

and washed with Et2O. Water (100 mL) and brine (100 mL) were added to

the filtrate, which was then extracted with Et2O (3×100 mL). The combined

organic layers were washed with water (2×30 mL) and brine (30 mL) and

dried over MgSO4. The solvent was removed at reduced pressure, leaving

a brown oily residue (4.91 g). The crude product was purified by flash

column chromatography on silica gel (EtOAc:hexane 1:5) to afford epoxide

5 as a pale yellow oil. Yield: 4.61 g (76% over three steps); 1H NMR (400

MHz, CDCl3) δH 5.58 – 5.25 (m, 10H), 3.69 (s, 3H), 3.03 – 2.93 (m, 2H), 2.90

– 2.77 (m, J = 6.1, 5.6 Hz, 9H), 2.59 – 2.46 (m, 2H), 2.44 – 2.31 (m, 1H), 2.30

– 2.18 (m, 1H), 2.12 – 2.02 (m, 2H), 2.01 – 1.87 (m, 1H), 1.87 – 1.73 (m, 1H),

0.97 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δC 173.3, 132.1, 130.8,
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128.7, 128.6, 128.5, 128.1, 127.9, 127.8, 127.1, 124.3, 56.7, 56.1, 51.8, 31.1, 26.3,

25.9, 25.8, 25.74, 25.65, 23.5, 20.7, 14.4. The NMR data were in agreement

with those reported in the literature.5 MS (ESI): exact mass calculated for

C23H34O3Na [M+Na]+: 381.2400, found 381.2399.

5.2.4 Synthesis of aldehyde 4

COOMe

1) HCOOH, Ac2O,
r.t., 20 h

2) LiOH, H2O, MeOH,
r.t., 23 h

3) NaIO4, MeOH, H2O,
r.t., 2 h

O

O

5 4

Scheme 5.4 Synthesis of compound 4.

Aldehyde 4 was prepared based on protocols reported by Jakobsen et

al.5 and Holmeide and Skattebøl.108 A solution of compound 5 (1.00 g,

2.79 mmol, 1.00 eq.) in HCOOH (2.9 mL, 77 mmol, 28 eq.) and Ac2O

(2.9 mL, 31 mmol, 11 eq.) was stirred under argon at r.t. for 20 h. The

mixture was concentrated at reduced pressure, affording a ruddy oil, which

subsequently was dissolved in MeOH (25 mL) and immersed in an ice

bath. A solution of LiOH·H2O (884 mg, 21.1 mmol, 7.56 eq.) in water (25

mL) was added, and the pH was confirmed to be ≥10. The mixture was

stirred under argon at r.t. for 23 h, then acidified to pH 2 using 0.5 M HCl

(70 mL). The mixture was extracted with Et2O (4×45 mL). The combined

organic layer was washed with brine (15 mL) and dried over MgSO4. The

solvent was removed at reduced pressure to afford a golden oil. The oil

was subsequently dissolved in MeOH (23 mL) and submerged in an ice

bath. A solution of NaIO4 (898 mg, 4.20 mmol, 1.51 eq.) in water (17 mL)

was added. The mixture was removed from the ice bath and allowed to

stir under argon at r.t. for 2 h. The mixture was then diluted with 47 mL

of water before it was extracted with Et2O (4×50 mL). The organic phase

was washed with sat. aq. NaHCO3 (2×30 mL) and brine (30 mL), then

dried over MgSO4. The solvent was removed at reduced pressure to give

a yellow oil (570 mg). 1H NMR (400 MHz, CDCl3) δH 9.67 (t, J = 1.9 Hz,

1H), 5.74 – 5.65 (m, 1H), 5.63 – 5.54 (m, 1H), 5.52 – 5.25 (m, 8H), 3.22 (dt, J =

7.2, 1.7 Hz, 1H), 2.95 – 2.75 (m, 8H), 2.14 – 2.00 (m, 2H), 0.97 (t, J = 7.5 Hz,

3H). The 1H NMR spectrum integrated for one proton less than expected,

see section 2.2 for an account. 13C NMR (101 MHz, CDCl3) δC 199.5, 133.3,
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132.2, 129.0, 128.8, 128.6, 127.94, 127.91, 127.2, 127.1, 118.8, 42.6, 26.1, 25.79,

25.77, 25.7, 20.7, 14.4. The 13C NMR shifts were in agreement with those

reported previously.112

5.2.5 Synthesis of acid 34

O
NaClO2, NaH2PO4,

2-Me-2-butene

MeCN, H2O,
r.t., 2.5 h

COOH

4 34

Scheme 5.5 Synthesis of compound 34.

Acid 34 was prepared using a Pinnick-Lindgren oxidation.126 Aldehyde

4 (250 mg) was dissolved in a solution of NaH2PO4·H2O (1.063 g) in MeCN

(24 mL) and water (9.6 mL). 2-Me-2-butene (5.84 mL) and NaClO2 (993 mg)

were added to the flask, and the mixture was stirred under argon at r.t.

for 2.5 h. The mixture was then diluted with 200 mL of water, acidified to

pH 2 using 0.5 M HCl (35 mL), and extracted with hexane (4×25 mL). The

combined organic layer was washed with water (20 mL) and dried over

MgSO4. The solvent was removed at reduced pressure to afford a yellow

oil (137 mg). 1H NMR (400 MHz, CDCl3) δH 5.65 – 5.54 (m, 2H), 5.50 –

5.24 (m, 8H), 3.18 (d, J = 5.3 Hz, 2H), 2.88 – 2.77 (m, 8H), 2.08 (p, J = 7.4

Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H). The acidic proton was not detected in the

spectrum. The chemical shifts were in agreement with those described in

the literature.113 13C NMR (101 MHz, CDCl3) δC 177.7, 132.2, 132.0, 128.9,

128.8, 128.6, 128.0, 127.9, 127.3, 127.1, 120.7, 32.7, 25.9, 25.8 (2C), 25.7, 20.7,

14.4.

5.2.6 Attempted synthesis of ketone 3 by Stille coupling

COOH

1) (COCl)2, DMF, CH2Cl2,
45 min, 0 °C     r.t.

2) Bu3SnFN, THF,
catalyst(s), temp., 20 h

O

O

34 3

Scheme 5.6 General conditions for the attempted preparation of com-

pound 3 by Stille coupling.

The preparation of acid chloride 35 was based on a procedure reported

by Hori et al.114 Compound 34 (45 mg, 0.16 mmol, 1.0 eq.) was dissolved
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in 2-Me-THF (1 mL), and the solvent was evaporated. The acid was

subsequently dissolved in dry CH2Cl2 (1 mL) under argon atmosphere and

immersed in an ice bath. 2 drops of dry DMF were added. (COCl)2 (20 µL,

0.23 mmol, 1.4 eq.) was added dropwise to the flask, and the mixture was

stirred at 0 ◦C for 15 min, then for another 30 min at r.t. to afford acid

chloride 35.

Compound 35 was used immediately in the following Stille coupling.99

Representative procedure: PdCl2(PPh3)2 (10 mg, 0.014 mmol, 0.088 eq.) and

dry THF (9 mL) were added to the reaction flask, before the addition of 2-

(tributylstannyl)furan (54 µL, 0.17 mmol, 1.1 eq.). The mixture was stirred

at reflux for 20 h. The reaction mixture was subsequently diluted with

water (50 mL), and extracted with Et2O (3×40 mL). The combined organic

layers were washed with brine (15 mL), dried over MgSO4, and evaporated

to give a brown oily residue. The desired product was not formed.

5.2.7 Synthesis of alcohol 36

O

THF, -80 °C, 0.5 h

OLi
OH

O

4 36

Scheme 5.7 Synthesis of alcohol 36.

The preparation of alcohol 36 was based on a procedure reported by

Tang et al.,115 using a workup described by Yang and Zhou.116 Furan (0.30

mL, 4.13 mmol, 1.61 eq.) was added to a flame-dried round-bottom flask

and dissolved in anhydrous THF (6 mL). A 1.6 M solution of BuLi in

hexanes (1.92 mL, 3.07 mmol, 1.20 eq.) was added dropwise to the flask,

and the mixture was stirred for 2 h. Aldehyde 4 (662 mg, 2.56 mmol, 1.00

eq.) was dissolved in 2-Me-THF and evaporated, then dissolved in dry

THF (6 mL). The reaction flask containing 2-lithiofuran was immersed in

a dry ice/acetone bath, and the solution of 4 in THF was added dropwise

to the flask. The reaction mixture was purged with argon and stirred for

0.5 h, without the flask being wrapped in aluminium foil. The mixture

was allowed to warm, then quenched with sat. aq. NH4Cl (12 mL). The

organic layer was separated, and the aqueous layer was extracted with

EtOAc (6×10 mL). The combined organic layers were washed with brine

(10 mL), then dried over MgSO4. The solvent was evaporated to afford
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a yellow oil (594 mg). The crude product was purified by flash column

chromatography on silica gel (EtOAc:heptane 1:10) to afford compound 36.

Yield: 208 mg (25% over four steps); IR (neat, cm-1) 3383 (w, br), 3014, 2965,

2913, 2876; 1H NMR (400 MHz, CDCl3) δH 7.42 – 7.35 (m, 1H), 6.37 – 6.29

(m, 1H), 6.28 – 6.21 (m, 1H), 5.60 – 5.48 (m, 1H), 5.47 – 5.25 (m, 9H), 4.73 (q,

J = 4.9 Hz, 1H), 2.93 – 2.75 (m, 8H), 2.72 – 2.57 (m, 2H), 2.15 – 2.02 (m, 3H),

0.98 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δC 156.2, 142.1, 132.2,

131.6, 128.7, 128.5, 128.4, 128.1, 127.99, 127.97, 127.1, 124.7, 110.3, 106.2, 67.5,

33.8, 25.9, 25.8, 25.75, 25.66, 20.7, 14.4; MS (ESI): exact mass calculated for

C22H30O2Na [M+Na]+: 349.2138, found 349.2137.

5.2.8 Attempted synthesis of ketone 3 by oxidation with MnO2

CH2Cl2,
r.t., 22.5 h

O

O

OH

O MnO2

36 3

Scheme 5.8 Attempted synthesis of ketone 3 using MnO2 as oxidant.

The attempted oxidation of alcohol 36 using MnO2 was based on a

procedure described by Sæther et al.127 Compound 36 (85 mg, 0.26 mmol,

1.0 eq.) was added to a flame-dried flask, dissolved in dry CH2Cl2 (15 mL),

and added celite (460 mg) and MnO2 (85%, 230 mg, 2.25 mmol, 8.65 eq.).

The system was purged with argon and stirred at r.t. for 22.5 h, where

MnO2 (85%, 115 mg, 1.12 mmol, 4.31 eq.) was added in portions over

the first 4.5 h. TLC (EtOAc:heptane 1:4, UV/KMnO4 stain) indicated no

consumption of alcohol 36. The mixture was filtered through a plug of

celite and washed with EtOAc. The solvent was evaporated to recover the

starting compound in quantitative yield.

5.2.9 Attempted synthesis of ketone 3 by Swern oxidation

2) Et3N,
-78 °C      r.t., 40 min

O

O

OH

O

1) DMSO, (COCl)2,
CH2Cl2, -78 °C, 40 min

36 3

Scheme 5.9 Attempted synthesis of ketone 3 by Swern oxidation.

The attempted oxidation of alcohol 36 using activated DMSO followed
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a Swern protocol.128 (COCl)2 (31 µL) was added to a flame-dried flask

and dissolved in dry CH2Cl2 (3 mL). The flask was immersed in a dry

ice/acetone bath. DMSO (43 µL) was added dropwise under stirring.

Alcohol 36 (102 mg) was dissolved in dry CH2Cl2 (0.3 mL) and added

dropwise to the reaction flask. The mixture was stirred for 40 min, added

Et3N and removed from the cooling bath, then stirred for 40 min while

warming to r.t. The mixture was diluted with CH2Cl2 (3 mL), washed with

NH4Cl (3×4 mL) and brine (3 mL), and dried over MgSO4. The solvent was

evaporated at reduced pressure to give a brown oil (87 mg). The desired

product was not formed.

5.2.10 Synthesis of ketone 3 by oxidation with PCC

CH2Cl2,
r.t., 21 h

O

O

OH

O PCC

36 3

Scheme 5.10 Synthesis of ketone 3 by oxidation with PCC.

The oxidation of alcohol 36 using PCC was based on a procedure

reported by Aurrecoechea et al.129 PCC (247 mg) and celite (529 mg) were

added to a flame-dried flask and mixed with CH2Cl2 (3 mL). Alcohol 36

was dissolved in CH2Cl2 (1 mL) and added to the flask. After stirring at

r.t. for 20 h, TLC analysis (EtOAc:heptane 1:4, UV/KMnO4 stain) showed

incomplete conversion. PCC (99 mg) was added, and the mixture was

allowed to stir for an additional 2.5 h. Et2O (6 mL) was added dropwise

to the mixture before it was filtered through celite and washed with Et2O

(6+6+2 mL). The solvent was evaporated to give a mixture of yellow oily

and particulate residue (77 mg). The crude product was not purified or

used further.

5.2.11 Synthesis of ketone 3 by Dess-Martin oxidation

CH2Cl2,
r.t., 41 h

O

O

OH

O DMP, NaHCO3

36 3

Scheme 5.11 Synthesis of ketone 3.
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Ketone 3 was prepared using a Dess-Martin oxidation.130 Compound

36 (103 mg, 0.316 mmol, 1.00 eq.) was dissolved in dry CH2Cl2 (10 mL)

and added to a flame-dried round-bottom flask. NaHCO3 (152 mg, 1.81

mmol, 5.73 eq.) and DMP (161 mg, 0.380 mmol, 1.20 eq.) were added to

the flask. The reaction mixture was stirred at r.t. for 18 h. After analysis by

TLC (EtOAc:heptane 1:4, UV/KMnO4 stain), NaHCO3 (27 mg, 0.32 mmol,

1.0 eq.) and DMP (67 mg, 0.16 mmol, 0.50 eq.) were added, and the mixture

was stirred for another 23 h. The reaction mixture was then quenched with

sat. aq. Na2S2O3 (4 mL), and the aqueous layer was extracted with CH2Cl2

(5×5 mL). The combined organic layers were washed with NaHCO3 (5

mL), and dried (MgSO4). The solvent was evaporated at reduced pressure

to afford a yellow oily residue (127 mg). After purification by flash column

chromatography (EtOAc:heptane 1:20), ketone 3 was obtained as a clear oil.

Yield: 18 mg (17%); UV-Vis (MeOH) λmax 205 nm (ε = 2602 M-1cm-1); IR

(neat, cm-1) 3014, 2965, 2932, 1679, 1569, 1468; 1H NMR (400 MHz, CDCl3)

δH 7.59 (d, J = 1.6 Hz, 1H), 7.21 (d, J = 3.6 Hz, 1H), 6.57 – 6.51 (m, 1H), 5.76 –

5.57 (m, 2H), 5.47 – 5.25 (m, 8H), 3.64 (d, J = 1.4 Hz, 2H), 2.94 – 2.77 (m, 8H),

2.13 – 2.01 (m, 2H), 0.97 (t, J = 0.9 Hz, 3H); 13C NMR (101 MHz, CDCl3)

δC 187.1, 152.6, 146.5, 132.2, 131.8, 128.79, 128.75, 128.5, 128.1, 128.0, 127.6,

127.1, 121.3, 117.3, 112.4, 37.5, 26.1, 25.81, 25.78, 25.7, 20.7, 14.4; MS (ESI):

exact mass calculated for C22H28O2Na [M+Na]+: 347.1982, found 347.1981.
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7 Spectral data

7.1 DHA (9)
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Fig. 7.1 1H NMR spectrum of DHA (9).
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Fig. 7.2 13C NMR spectrum of DHA (9).
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7.2 Iodolactone 29
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Fig. 7.3 1H NMR spectrum of crude mixture containing iodolactone 29.

Extra shifts correspond to 2,6-lutidine.107
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Fig. 7.4 13C NMR spectrum of crude mixture containing iodolactone 29.

Extra shifts correspond to 2,6-lutidine.107
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7.3 Epoxide 5
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Fig. 7.5 1H NMR spectrum of epoxide 5.
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Fig. 7.6 13C NMR spectrum of epoxide 5.
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7.4 Aldehyde 4
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Fig. 7.7 1H NMR spectrum of crude mixture containing aldehyde 4.
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Fig. 7.8 13C NMR spectrum of crude mixture containing aldehyde 4.
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7.5 Acid 34
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Fig. 7.9 1H NMR spectrum of crude mixture containing acid 34.
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Fig. 7.10 13C NMR spectrum of crude mixture containing acid 34.
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7.6 Alcohol 36
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Fig. 7.11 1H NMR spectrum of alcohol 36.
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Fig. 7.12 13C NMR spectrum of alcohol 36.
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Fig. 7.13 DEPT-135 spectrum of alcohol 36.
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Fig. 7.14 HSQC spectrum of alcohol 36.
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Fig. 7.15 COSY spectrum of alcohol 36.
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Fig. 7.16 HMBC spectrum of alcohol 36.
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Fig. 7.17 HRMS spectrum of alcohol 36.
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Fig. 7.18 UV-Vis spectrum of alcohol 36.
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Fig. 7.19 IR spectrum of alcohol 36.
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7.7 Ketone 3
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Fig. 7.20 1H NMR spectrum of ketone 3.
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Fig. 7.21 13C NMR spectrum of ketone 3.
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Fig. 7.22 DEPT-135 spectrum of ketone 3.
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Fig. 7.23 HSQC spectrum of ketone 3.
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Fig. 7.24 COSY spectrum of ketone 3.
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Fig. 7.25 HMBC spectrum of ketone 3.
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Fig. 7.26 HRMS spectrum of ketone 3.
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Fig. 7.27 UV-Vis spectrum of ketone 3.
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Sample ID:2023-04-17T11-50-10 Method 
Name:C:\Users\Public\Documents\Agilent\MicroLa
b\Methods\Scan_4000-650.a2m

Sample Scans:16 User:admin
Background Scans:32 Date/Time:04.17.2023 11:50:10 a.m.
Resolution:4 Range:4000 - 650
System Status:Good Apodization:Happ-Genzel
File Location:C:\Users\Public\Documents\Agilent\MicroLab\Results\\2023-04-17T11-50-10.a2r

Peak Number Wavenumber (cm-1) Intensity

1 1467,8 56,720

2 1568,5 70,788

3 1678,5 55,039

4 2931,8 86,866

5 2965,4 83,495

Fig. 7.28 IR spectrum of ketone 3.
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