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ThesisSummary

This thesis descri bes -pyhoee natural grdducts isdlatedd sy n't
from Leptosphaeria maculansnd Paecilomyces lilacinusThe first total synthesis of

two serrulatane diterpenoids froBremophilaneglectais also discussed. Due to the
segmented nature of the two projects, literature reviews and discussions for each project

are separated by chapters.

The first two chaptersare concerned with the total synthesis of the pyrone natural
products, phomayrone B and paecilopyrone Ahapter 1 gives a brief overview of
pyrones, with the isolation, biological activity and biosynthetic origins discussed, as
well as literature examples pertaining to the elaboration of pyrone rings in total
synthesis. The isation of micropyrong65) and ascosalipyrong6), as well as their
respective syntheses has been detailed, forming the foundation for the following
chapter.

Chapter 2 details the total synthesis of two structurally related natural products,
phomapyrone E76) and paecilopyrone A78). The known §-2-methylbutyraldehyde

was usedas a starting material for introduction of the stereogenicecentC of the

natural products. Key steps in the synthesse dianion addition db-keto esterso a

common aldehyde fragment and diketo ester cyclisatiBhomapyrone B76) and
paecilopyrone A78) were obtained in 11% an®% yields respectively over 9 steps.

The stereochemistrywas determined as ®-phomapyrone B 76) and (%-
paecilopyrone A{8) basedorc o mpari son of the synthesised

rotations to literature sources.



Overview of phomapyrone(B6) and paecilopyrone £78) synthesis

Chapter 3 serves as an introduction to the diterpene natural ptedwbich are
encountered predominantly amongst the plant kingdom. This chapter gives a brief
overview of diterpene biosynthesis, with particular interest in radiolabelled feeding
studies for determination of biosynthetic origins. SAR studies are discusiledhe

goal being development of a suitable antimicrobial agent for the treatment of biofilms.
Relevant literature regarding the synthesis of ditezpeatural products is presented.
This includesthe total sythesis of leubethanol and then§droxycalamenenes, which
possess similar carbon frameworks and substitution patteEf$3@nd EN4.

Chapter 4 reports the total synthesis of the EN3 and EN4 serrulatane natural products
that were isolated &im the Australian desert plariremophila negtcta The synthesis
elaborates on the previous total syntheses by our group, which utilised a silver catalysed
cycloisomerisatiorof 5-alkoxy-1,5-enynes for construction of the aromatic ring. The
total syntheses of 8, idihydroxyserrulatl4-ene (EN3) and-hydroxyserrulatl4-en

19-oic acid (EN4) were achieved in 17 steps. Analysis of the spectroscopic data as well
as the specific rotations allowed for the determination of the stereochemistry at C1, C4
and C11 as @, 4S 119) for both natural products.



EN3: R = CH,OH
EN4: R = CO,H

Overview of the synthesis of EN316) and EN4(147)

General concluding remarks can be founcthapter 5, which summarises the main
findings of the previoufour chapters as well as possibidire directions for chapters 2
and 4 Chapter 6 is divided intotwo subsections containing experantal procedures
for chapters 2and 4. Finally, the appendicescontain'H, **C, COSY, HMQC and

HMBC NMR spectra for dected compounds in Chapterard4.
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The abbreviations used throughout this thesis are listed below with their corresponding

systematic or standard (trivial) names.

Abbreviation

°C

1D

2D

A1,3
Ac,0O
AcOH
ACP

ag.

app

AT
BF:.ELO
BH3;.SMe,
BH3. THF
Bn

BnBr
Bu,BOTf
n-BuLi
t-Bu
t-BuOH
t-BulLi

C

CeHs

ca.

CaH,
calcd.
cat.

CCly
CH,ClI,
CH3CN
CHCl3
CoA
COosy
CS
CSA
CDCls
CDsOD
(CD3),CO

Standard Name

degrees Celsius
one dimensional
two dimensional
allylic 1, 3 strain
acetic anhydride
acetic acid

acyl carrier protein
aqueous
apparent

acyl transferase

boron trifluoride diethyl etherate
boranedimethyl sulphide complex
boranetetrahydrofurarcomplex

benzyl

benzyl bromide
dibutylboron triflate
butyl lithium
tertiary-butyl
tertiary-butanol
tertiary-butyl lithium
concentration (g/100 mL)
benzene

circa - approximately
calcium hydride
calculated

catalytic

carbon tetrachloride
dichloromethane
acetonitrile
chloroform

coenzyme A
correlation spectroscopy
carbon disulfide
camphor sulfonic acid
deuterated chloroform
deuterated methanol
deuterated acetone
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u chemical shift (parts per million)

DBU 1,8-diazabicyclo[5.4.0]lundeE-ene

DCE 1, 2-dichloroethane

DCM dichloromethane

DDQ 2,3-dichloro-5,6-dicyanel,4-benzoquinone
DH dehydratase

DIAD diisopropyl azodicarboxylate

DIBAL diisobutylaluminium hydride

DIPEA N,N-diisopropylethylamine

iPLNEt diisopropylethylamine

DMAP 4-(N,N-dimethylamino)pyridine

DMF N,N-dimethyformamide

DMP DessMartin periodinane

DMPU 1,3-Dimethyt3,4,5,6tetrahydre2(1H)-pyrimidinone
DMSO dimethyl sulfoxide

dr diastereomeric ratio

E entgeger{opposite)

e.e. enantiomeric excess

ent enantiomer

equiv. equivalents

ER enoyl reductase

ESI electrospray ionisation

Et ethyl

Et,O diethyl ether

EtzN triethylamine

et.al. et alia(and others)

EtOAC ethyl acetate

(EtO)%LCO diethyl carbonate

EtOH ethanol

h hours

H2 Hydrogen

HCI hydrogenchloride

HF hydrogen Fluoride

HMBC heteronuclear multiple bond connectivity
HMDS hexamethyldisilazide

HMQC heteronuclear multiple quantum coherence
HRESIMS high resolutiorelectrospray ionisatiomass spectroscopy
HTS high throughpuscreening

Hz hertz

IBX 2-iodoxybenzoic acid

ICsg half maximal inhibitory concentration

IR infrared

iPr iso-propyl

i-PrMgCl iso-propylmagnesium chloride
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K2CGOs
KMnOy4
KOH
KR

KS
LDA
LiAIH 4
LiBH4
LIHMDS
lit.

M+
mCPBA
Me
MeCN
(MeO)%CO
MeOH
MeOSQF
MHz
MIC
min
mmo
mol
m.p.
MS

m/z

NA

N&pS,03.5H,0

NaSO,
NaBH,
NADH
NaH
NaHCG;
NaHMDS
NaOH
NaSEt
NBS
NH,4CI
NMR
nOe

NT

[O]

OTf
Ooxoné®

coupling constant (Hz)

potassium carbonate

potassium permangate

potassium hydroxide

ketoreductase

ketosynthase

lithium diisopropylamine

lithium aluminium hydride

lithium borohydride

lithium hexamethyldisilazide
literature

molecular ion (masspectrum)
metachloroperbenzoic acid

methyl

acetonitrile

dimethyl carbonate

methanol

methyl fluorosulfonate (magic methyl)
megahertz

minimum inhibitory concentration
minutes

millimole

mole

melting point

mass spectrum

massto-charge ratio

not active

sodium thiosulfate pentahydrate
sodium sulfate

sodium borohydride
nicotinamide adenine dinud#ade hydride
sodium hydride

sodium bicarbonate

sodium hexamethyldisilazide
sodium hydroxide

sodium ethanethiolate
N-Bromosuccinimide
ammonium chloride
nuclear magnetic resonance
nuclear Overhauser effect
not tested

oxidation
trifluoromethanesulfonate
potassium peroxymonosulfate
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PCC
PDC
Ph
PhMe
PKS
PMB
PMBCI
PMP
PPh
ppm
quant.
(R

Ry

rt

SAR
sat.

C)
SIiO,
SM
Sn(OTf)
TBAF
TBS
TBSCI
TBSOTf
TFA
TFAA
TfOH
THF
TiCly
TIPS
TIPSOTf
THF
TiCly
TLC
TMS
TMSCI
TMSOTf
™

X4

Z

<

>

pyridinium chlorochromate
pyridinium dichromate

phenyl

toluene

polyketide synthase
para-methoxybenzyl
para-methoxybenzythloride
para-methoxyphenyl
triphenylphosphine

part per million

guantitative

Rectugright)

retention factor

room temperature
StructureActivity -Relationship
saturated

Sinister(left)

silica gel

starting material

tin(ll) trifluoromethanesulfonate
tetrabutylammonium fluoride
tertiary-butyl dimethylsilyl
tertiary-butyl dimethylsilyl chloride
tertiary-butyl dimenhyilsilyl triflate
trifluoroacetic acid
trifluoroacetic anhydride
trifluoromethanesulfonic acid (triflic acid)
Tetrahydrofuran

Titanium tetrachloride
triisopropylsilyl

triisopropylsilyl triflate
tetrahydrofuran

titanium tetrachloride

Thin Layer Chromatography
trimethylsilyl

trimethylsilyl chloride
trimethylsilyl trifluoromethanesulfonate
trade mark

mixed fexanes
zusammeftogether)

less than

greater than
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Chapter 1Summary

Chapter 1 introdues polyketide atural products andliscussestheir biosynthetic
originsas well as biological activitied iteratureexamples detailing construction of the
pyrone moiety in total syntheses are reviewed, along with methodology used previously
by the Perkins research grodphe isolation ojphomapyrone E76) and paecilopyrone

A (78) from Leptosphaeria macularendPaecilanyces lilacinuss also detailed.
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1.1 Polyketide Biosynthesis

Metabolites within an organism can lokvided into two groups. The first are the
primary metabolites and consist of compounds such as common fats, sugars and amino
acids. These molecules perform critical roles within the organism and therefore the
structures are highly conserved amongst species.s€hend class are termed the
secondary metabolites and include the terpenoids, phenols, alkaloids and polyketides to
name a few. These are not essential for survival of the organism but instead convey
some specific evolutionary advantage. As such, spe@es bvolved the ability to
synthesise different secondary metabolites to perform roles relating to predation,
defence and signalling. Although fundamentally different in their roles within
organisms, the fatty acids and polyketides are synthesised byarsienkzymatic
machinery.

The mechanisms involved in both fatty acid and polyketide biosynthesis employ
enzymes termed ketosynthases (KS), acyl transferases (AT) and acyl carrier proteins
(ACP), which are attached to the growing chaiBoth processes employ acetyl
coenzyme A (CoA) and malon@oA units in decarboxylative thioester Clais
condensations to assemble the growing ch&chémel.l). A ketoreductase (KR)
enzyme may catalyse the reduction of the newly introduced carbonyl to the secondary
alcohol. The dehydratase (DH) enzyme may then caathe dehydration of this
alcohol to the alkene, which may be reduced further by enoyl reductase (ER) to the
saturated alkyl chain.

During fatty acid biosynthesis, all of these steps occur during each iteration until a fatty
acid with highly contlled dhain length is produced witan even number of carbon
atoms. The chain length is typically}, 16 or 18 carbons lonyut shorter fatty acids

such as butyric acid are also possfbléowever, Polyketide Synthases (PKS) can vary
markedly notonly in the number of iterations (chain length) but also in the starter units
empl oyed. PKS6s have been observed to utild@i
the construction of growing polyketide chains. Furthermore, the essential KR, DH and
ER erzymes in fatty acid biosynthesis are not obligatory during polyketide biosynthesis.
This leads to polyketide chains with varying levels of reduction, and following chain
formation, events such as condensations, cyclisations and rearrangements can increase

diversity in the structures of polyketide chains generated.
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Schemd..1: Generic representation of biosynthesis of fatty acids and polyketides

(@]
=

W)

(¢)]
@

1.2 Biosynthetic Origirof Pyrones

Pyrones are polyketide secondary metabolites formed through cyclisation of a growing
polyketide chain. They are frequently encountered in both marine and terrestrial
organisms, possessing a vast array of biological activitiekiding: plant growth
regulation® germicidal activitie$,antitumor, antibacteridland antiparasiticactivities.
Pyrones have also been implicated as quorum sensing agents, which are small diffusible
molecules used for theell-cell communication between bactetign their simplest

forms, pyrones can be described as eithgr 2r o n-gysones) br 4yrones ¢
pyrones) based on the position of the ketddehémel.2). Substitution is possible at

any d the four remaining carbons numbef8.

1 (o]
0+_O_s w
T
I 5

4 (e}

2-pyrone 4-pyrone

Schemd.2: General structures gdyrones
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Depending on the Kingdom or phyla of the particular organism, the secondary
metabolitesmay be biosynthesised by evolutionarily distinct pathways. For example,
fungi synthesise apparent polypropionate natural products through elongation of a
polyacetate chain, with methyl substituents introduced witd&hosyl methioning.
Conversely, maringastropodshave been shown to incorporate intagt gfopionate

units, along with the capability of utilising a mixed acetate/propionate pathway to
generate diverse structures. Bacteria have been observed to synthesisspjoolstes
through either of these two pathways, leading to ambiguity as to the biosynthetic origin
of secondary metabolites from marine organisms known to have symbiotic relationships
with bacteria.

In relatively few examples, the same secondary metabdidwe been synthesised by
entirely different taxa employing distinct sequences of PKS and different building
blocks. Independent studies Bgdra¥’ and Fontand have shown that two structurally
similar natural product classes; the optapyrones and the placidenes, are
biosynthesised by two different pathwd$chemel.3).

E. funerea o) 0 N A

@]
\)ko@ - S |

L. maculans/

P. lingam
o o J PP N
o 0 ONa \|
®NH,4
o]
N 1

Schemd..3: Biosynthesis of phomapyrong Amethylcyercenel) (1) in E. funerea and L.
maculans

The phomapyrones were initially isolated in 1994 by Pedtad. from the terrestrial
fungusLeptosphaeria maculart$ The fungi was cultured in the presence oias *C
radiolabelled building blocks and NMR spectroscopy used to determine the percentage
of incorporation within phomapyrone A1)(*° Pedras showed that during the

biosynthesis ofl, radiolabelled acetate and malonate units were incorporated as

6
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identified by the increase iC abundance at the highlighted positions. There was no
observable increase C abundance upon incubation lof maculans/P. lingamvith
radiolabelled propionate units, however upon incubation with deuterated methionine,
incorporation was observed at tfaur methyl positions. It was therefore determined
that phomapyrone Al) was biosynthesised through an acetate/malonate pathway with
methyl substituents introduceth S-adenosyl methionine.

Radiolabelled feeding studies Bypntanaet al. examined the incorporation of acetate
and propionate units in the biosynthesistlted compound they reported @&snethyt
cyercenel (1) (samechemical structuras phomapyrone A), which was isolated from
the marine molluscE. funerea® Addition of 3C labelled propionate resulted in
incorporation of propionate units at the highlighted positi@ghémel.4). Fontanaet

al. also investigated the biosynthesis of the placidenes, which were isolated from the
Mediterranean mollusk. dendritica**> It was observed that for placidene 2),(there

was no incorporation of radiolabelled acetate units, whilst placiden8) Ghfwed
incorporation between G@3, C6C7 and C16C11!* Placidene E 4) showed
incorporation of radiolabelled acetate at-C2 indicating that the biosynthesis of these
natur al products is due to PKS6és capable o
units at different stages. This is distinct from the phomapyrones isolated Hieom t
fungusLeptosphaeria maculansvhich utilises methylation of a preformed polyacetate
chain to form the same polypropionate structure.

PMe OMe
placidene A (2) placidene C (3) placidene E (4)

Schemd..4: structures of placidenes (2), C 3) and E @) andincorporationof radiolabelled
acetate (@) and propionate (€) units

1.3 Isolation andBiological Activities ofPyrones

Natural products, whether of marine or terrestrial origin, are highly sought after mainly

for their biological activity and therapeutic potential. Quite often, when a secondary

7
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metabolite is isolated from a natural source, the primary role of the metaldlhin

the organism is unknown. It is therefore not surprising when they are reported as having
no significant biological activity, especially when the researchers are interested in a
specific function and therefore submit the molecule to a narrow smp®assays.
Furthermore, they are often assessed for their activity against human cell lines, and
considering that this would not be their intended target in most cases, it is probable that
they may not show activity. Nevertheless, therelfeeincreasg interest surrounding

both marine and terrestrial natural products.

One particularly interesting class of organisms are the marine molluscs, which are soft
bodied creatures that are vulnerable to predation. Due to this susceptibility, it has been
hypothesised that they may produce an array of bioactive molecules associated with
defence of the organism. The cytotoxic polypropionate constituent Auripyror® A (
was isolated from the sea hddelabella auricularia(Aplysiidae) in 1996 by Suenaga

and ceworkers (Schemel.5).*® Auripyrone A 6) had potent activity against HeLa S

cells with an IG, value of 0.26ng/mL, leading our group*® Junget al’®** and
Kigoshi et al?**to investigate its synthesis.

Another gpyrone metabolite, tridachiahydropyrones),( was isolated from the
Caribbean sacoglossan mollu&idachia crispateby Ciminoet al in 19967 Although

no biological activities were reported for this compound, its bicyclic fused pyrone ring
and adjacent stereocenters represented an appealing target for the development of
synthetic methodology. Jeffegt al. devdoped methodology applicable to the synthesis

of the tridachiones through a common cyclohexenone syrttidtis methodology was
applied to the synthesis of the reported structuretrahstridachidydropyrone

(4R, 9R)-6.2%" The spectroscopic and physical properties of tthes-diastereomer

were inconsistent with the reported literature data. Notably*Hhend*C NMR data

for C9 and C17 of thérans-diastereomedid not match lte natural product. This led
Jeffery to propose that the structure of tridachiahydropyrénegeded to be revised to

the cis-diastereome(4S, 9R)-6, which was later supported through total synthesis by
Moses and cevorkers®?° In addition, a number of biosynthetically related natural
products have also been isolat@b] and their phtochemical relationships examined

by multiple groups.

Scheuer and Faul kn erlodbaoaytrigachisne @ wndergods aat (1)
phot ochemi cal -phatadeoxytridachione8) ot in Yivio and in vitro
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when exposed to sunligfft>* Furthermore, Moses was able to successfully synthesis
(°)-ocellapyrone A 9) and ()-9,10deoxytridachione 7q) through either thermal or
photochemicalelectrocyclisationinvolving geometric isomers of dinear polyene
precursor. Moses rationalised that because these two natural products had previously
been ceaisolated, their synthesis demonstrated a plausible biosynthetic pathway from a
common polyene fragment. The above staidighlight the photochemical relationships

between these esolated natural products.

Tridachiahydropyrone (6)

auripyrone A (5) (revised structure)

(-)-9,10-Deoxytridachione (7)

Cyercene A (10) 1" Placidene A (2)

Schemd.5: Complex 4pyrone secondary metabolites and oxygenated derivhtive

T h emethoxygpyrone cyercene AlQ) has been isolated from the dorsal appendages
(cerata) of the autotomizing ascoglossan molldgerce cristallina® Cimino et al®
hypothessed that cyercene ALO) was involved in defence of the mollusc due to its
ichthyotoxic activity as we | | regereratitee i ng
processes. Aside from cyercene(X0), a number of other structurally related natural

products such as placidene 3 pave been isolated with varying geometries of polyene
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chains. Notably, cyercene A0) has been shown to interconvert toquiene A 2) and
isoplacidene A in sunlight through photoisomerisaffon.

Studies by Jones and Zuidema in 2006 investigated the photosensitising activity of
several 2methoxygpyrones as well as thetme t h opyrpne @nalogue¥. They
determined that the-thethoxygpyrones were more effective photosensitising agents,
capable of producing singlet oxygen. Furthermore, theyehpreviously shown that
irradiation of cyercene A10) in the presence of oxygen leads to the hydroperdiige
leading them to suggest that metabolites from molluscs may be a form of biological
prodrug, with the hydroperoxides likely irritants to predat such as fish. It is
interesting to note that these molluscs or associated bacteria have evolved the enzymatic
capabilities of methylating specific pyrone positions, as there seems to be a
disproportionate number of-rRethoxy g-pyrones isolated comparégdo  t-pyrene U
analogues, potentially due to their triplet photosensitising aBflity.

Nocapyrones AD (12-15) were isolated from the organic extract of thecardiopsis
strain HB383 from the marine spondsalichondria panacean 2010 Schemel.6).*
Each pos smeetioxgpyroaenmoitty withC3 and G methyl substitution, but
differed in the alkyl chain appended &.@\ll compounds were tested for cytotoxicity
and antimicrobial properties, but were found to be inactive. The structurally related
violapyrones AE (16-20) were extracted fronstreptomyces violasceisolated from
Hylobates hoolockfeces in 2013 by Huang and -wmrkers. Interestingly, the
violapyrones pssess a very similar carbon framework to that of the nocapyrones, with
the key difference being the-rty d r o-pyrpne ting. Violapyrones {E (19-20)
possessed no biological activity, whereasCA16-18) exhibited moderate activity
against Bacillus subtils and Staphylococcus aureusvith MIC values between

47 33/ L.

The nigerapyrone2(-27) were isolated from the marine mangralerived endophytic
fungus Aspergillus nigervA-132 in 2011 They possess an unsaturated alkyl chain
appende d-pyrore maigty. Whng observed that although the nigerapyrones
exhibited some weak <cytotoxic ac-pyionest i es
with C3 methyl substitution exhibited the togoxic activities, with the unsubstituted
analogues having no observable activity. The marinopyr&830) were isolated from

a marinederived actinomycetes, with marinopyrone E)(exhibiting a 13nM nitric

oxide inhibitory activity in LPSstimulated RAW 264.7 macrophage cefis.

10
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Marinopyrones A and B28-29) did not exhibit any significant activity, which was

rationalised as being due to the hydrophilic nature of the side chain.

nocapyrone A (12): R = OH nocapyrone C (14): R = OH violapyrone A (16): n =1
nocapyrone B (13): R=H nocapyrone D (15): R ==0 violapyrone B (17): n =2

o

violapyrone C (18): R =
violapyrone D (19): R = =0 nigerapyrone A (21): R=H nigerapyrone C (23):
R =

violapyrone E (20): OH nigerapyrone B (22): R = Me nigerapyrone D (24):

OMe marinopyrone A (
marinopyrone B (

nigerapyrone F (25): R = H, A7_g, Ag_1g trans, Aqq1.q2 Cis

O O A
nigerapyrone G (26): R = H, A7_g Aqq.12 trans, Ag_g cis |
nigerapyrone H (27): R = H, A7_g cis, Ag_10, A11.12 trans X

marinopyrone D (30)

Schemd..6: Pyrones isolated from natural sources

Analysis of the structures of the aforementioned natural products and their biological
activities reveals some interesting aspects. For instance, the biological properties
appeared to be predominantly determibgdhe side chain. Methylation of the pyrone
ring at G resulted in increased activity, whilst the substituentmn@s less important.
There was no apparent difference in biological activity between the two structural
i somer s of gpalthoodn e ts mdthoxygpyrones had been shown to be
more efficient triplet photosensitising agents. Cytotoxic activity was observed for the

nigerapyrones and marinopyrone Eb), indicating that this may be due to unsaturation

11
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of the side chain. Cytotoxic aciiy was less when the side chain was fully saturated,

with oxygenation of the side chain resultingass of antimicrobial activity.

1.4 Literature Methods for Pyrone Synthesis

Following the isolation and identification of new compounds, there is ofsufficient

material to perform exhaustive testing for bioactivitymay not be possible to simply

increase the quantity of material available for extraction, as it may not be ecologically

viable to obtain kilogram quantities of the organism to isolatégnams of the target

compound. Instead, synthetic methodology must be developed to access sufficient
quantities for testing and further structural identification. To date, a variety of different
methods have been published for the formation of pyrormes ¢ti ng f rketan ei t h e
esters or diketones. Although not all methods for pyrone formation are presented here, a
representative selection is shown. Examples are given that include construction of the
pyrone moiety both before and after introduction dfeotfunctionality such as side

chains.

The known 3methylpentane,4-dione 31 has been used to synthesise theyrone32
(Schemel.7).3¥*° Treatment of diketon8lwi t h NaHMDS at 178 AC fo
addition of dimethyl carbonate afforded the diketo ester, which was heated under reflux

in benzene -pyronex@f ford the U

NaHMDS
(Me0),CO, THF, DBU, benzene, O+ __O
o -78°Ctort O O 0 reflux |
OMe X
82% 70%
OH
31 32

Schemd..7: Synthesis of pyron82 from 3methylpentan®,4-dione31

Beifusset al. synt hesi sed -pgrones astarting tfrgm ttwefcomiercially

available ethyR-methyl acetoacetate8%) (Schemel.8).*! Formation ofthe dianion

with 2 equivalents of LDA, followed by addition of the aziridiB¢led to formation of

the enol tautomeB5. The ester was hydrolysed to the-patassium salt of the
carboxylate36, which then under went a fAandl e cycl
TFAA af f or-myione §7 int 67-86% Wields. Whilst this synthesis is high

12
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yielding and does not require oxidation following addition of the dianion, it still
requires formation of th&l-acyl aziridine34 possessing other functionality present in

the molecule.

i. LDA, THF,
OYR -78t0 0 °C
EtO ii. 34, —78 °C OH O O
W + N _— = )\)J\/u\
O O /\ 58-77% R OEt
33 34 35
KOH, EtOH,
l rt, 30 min
81-98%
0._O_ _R TFA, TFAA, °
| —20°Cto 0 °C, 2h OK O O
NS
NS
67-96% R OK
OH
37 36

Schemd.8: Sy nt hpgrenesdronottibis-pbtassium salts of-Bydroxy3-oxopert4-
enoic acids'!

Hua et al. employed thedilithio-bisenolate38 as a nucleophile for addition to methyl
3,4-dimethoxybenzoat89 affording the enol tautometO (Schemel.9).*? In order to
effect cyclisation the neat enol tauton#® was heated to 160 °C under reduced
pressure 3nmHg ) , af f-pyrodei4inimg83% Yyiedd. AJ an alternative to these
forcing reaction conditions, Junet al** hydrolysed the ester to the ipstassium
carboxylate using the aforementioned reaction conditions, then cyclised the bis
potassium salt with TFAA irEt,O at room temperature. The aryl pyrodé& was
obtained in slightly lower yield than the reduced pressure procedure, but the conditions

employed were less forcing, meaning they were applicable to more sensitive substrates.

13
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OMe
EtO
\[(@OMe OMe
7
> EtO
OLi OLi jﬁ(\(@om

THF, -78t0 0 °C 0 e} OH
38 54% 40
160 °C, neat
OMe 3 mmHg
83%
(@) (0]
| OMe
S - OR
OH i. KOH, MeOH/H,0

41 ii. TFAA, 72% (two steps)

Schemd..9: Synthesis of aryl pyron#l from ethyl acetoacetate®

Meshramet al synthesised salinipyrone A42) through nucleophilic addition to a
Weinreb amide $cheme1.10).** Cannulation of the Weinreb amidt to the pre
formed bisenolatel4 afforded diketo ested5 in 62% yield. The crude mixture was
dissoled in toluene and heated at reflux with DBU affording pyré6én 56% yield.
Salinipyrone A 42) was obtained in 90% yield following deprotection of the silyl

protecting group.

X OEt
OLi OLi
OTBS 0] 44
7N N N/O\ -
: | THF, 0 °C, 3 h,
43 62%
DBU, toluene,
reflux, 6 h,
56%
TBAF, THF,
HO 7 N OH 0°Ctort, TBSO P~ N OH
(0] | (0] |
90%
42 o) 46

Schemd.10. Meshramés synt ha8i s of Salinipyr
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A further addition to this methodology was made by Yaetual. during the reported
synt hesi s oplyrongs 47649 (Schame kl11). They were isolated from
Penicillium corylophilumDAOM 242293, which was collected from damp building
materials in Halifax, Canada*® One particularly interesting aspect of their synthesis
utilised the chiral thiazolidinethionas a laving group. Yadav and ewmorkers were
able to successfully displace the chiral auxili&y through addition of the dianion
formed from ethyl2-methyl acetoacetatgl to acces$2. Thiscircumvenedthe need to
manipulate the oxidation state at Ghemel.12).*

OH 07 OH OH 07 OH OH O
HO 5 OH 5 OH HO 5 OH

47 48 49

Schemd.11: Upyrones isolated from Penicillium corylophiltin

Subsequent cycl i sdiketdesteb2to the cortespontling pyeo#d b, a
proceeded in 44% yield. The yield for this type of cwtlisn was lower than previous

literature examples. One possible reason for this lovd yrey be the presence of the

b-si |l yl oxy subst it ue n-eliminatioh due to thenacidic fataregdr one t
the C7 hydrogens of pyroné3. Overall, Yadavet al. were able to successfully

synthesise pyrones 47-49 through nucleophilic displacement ofN-acyl
thiazolidinethiones with the dianion formed from etByiethylacetoagtate 51.

Following DBU mediated cyclisation, this allowed for the expedient construction of the

pyrone moiety and hence synthesis of the natural prodidets.
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O O

Eto)H)k
O OTBS

i\\ W 51 O O O OTBS
N s OTBS > .
52

S EtO s OTBS
A .33, NaH, n-BuLi,

Bn 5 THF, 0 °C to 10 °C

ii. 50, 10 min, 91%

DBU, benzene
60 °C, 3 h, 44%

) CSA, MeOH 0
0°Ctort,1h
"o on - "o ores
0,
HO™ NF T OH 79% HO™ N - OTBS
47 53

Schemd.12Yadavds syanediesi s of

Dioxinoneshave been shown by Barredt al. to be excellent substrates for alkylation
and cyclisation’” Further work by Omurat al. have shown that alkylation of 1,3
dioxin-4-ones is possible witaldehydes when treated with amuivalent of lithium
diisopropylamide(LDA) (Schemel.13).” Starting from the commercially available
ethyl propionateb4, Omura synthesised dioxino®® in threesteps. Subsequeatdol
reaction with acetaldehyde ah®A as the basafforded the secondary alcohol, which
was immediately oxidised to ketor&6 using standard Swern oxidation reaction
conditions*®*° Subjection of keton&6 to a solution of sodium methoxide in methanol

at 0 °C afforded thentermediate diketo est&7 through acetonide deprotection, which
then underwent cyclisation under the basic conditions to afford p&®ime83% vyield.

Met hyl at i @xygemwith methgl flubrosulfonate occurred in 93% yield to
afford g-pyrone59. Omura and coworkers were then able to append a side chain through
deprotonation of pyron9wi t h L DA and a lpkepysa@fonyl aldehydei t h
in 74% yield. Subsequent acetylation and reductive elimination of the hydroxy sulfone

afforded verticipyone 60) in 59% yield.
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i. LDA, THF
>< -78°C,1h ><
(0] 3 steps o~ Yo ii. CH3CHO, 1 h o o~ Yo
\)J\OEt ﬁ\(go iii. Swern [O] Wo
64% (2 steps)
54 55 56
MeONa
MeOH
0°C, 83%
MeOSO,F
MeO.__O CH,Cl, 0._0
| | rt, 93% | Q Q@ 0
< N < WOMG
(0] OH
59 58 57
‘ 44% (2 steps) MeO

o verticipyrone (60)

Schemd.13 Omurads synthesis of verticipyr

Since verticipyrone §0) was initially reported to have significalMADH-fumarate
reductase inhibitory activity, Omura also tested a variety of analogues to determine the
StructureActivity Relationships (SAR). During their investigations, they observed that
the pyrone ring with no side chain had less activity, whilstirévative with no methyl
substituents on the pyrone ring watso inactive. Incorporatingis double bond
geometry increased the activity to 2.0 nM, whilst there was little difference observed
when the position of the double bond was altered or removed d +methyl
substituent of the alkyl chain was removed. The greatest activity was observed when
there was hydr ox y-position withtlG, walues lbetwegn 0.85 andk he b
0.3 nM.

Aside from the wd & et Beteastorg &ramides, synthefic
efforts have also been made using transition metals as catalystpyimri formation.

Work by Negishiet al. utilised a palladium catalysed alkynylzihaloacrylic acid
coupling with alkynesl, followed by a zinc catalysed lactsaion for the formation of
6-alkyl 2-pyrones62 in two steps $chemel.14).%° Lee et al. have also shown that the
tert-butyl ynoate63is capable of undergoing aehidaedig cyclisation in the presence of

a gold(l) catalyst to afford the corresponding violapyrore#).t* For more gamples of
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transition metal catalysed formation ofp2y r ones see Leeos

Advances in the Synthesis of}rones?

i. n-BuLi, -78 °C _ 5-10% ZnBr,
ii. ZnBr,, 0 °C CO.H THF N
R— >~ /_\ o - |
iii. 5 mol% Pd(PPhg);, R 86%-93% R~ 07 O
61 THF 62
/ - \J .
I CO,ZnBr 92%-95% R = n-Hex, i-Pr, Cy, Ph
PPh;
Alu
NL
Tf Tf

73%
63 violapyrone | (64)

Schemd.14: transition metal catalysed synthesis gbygones®>!

1.5 Isolation andbynthesisof Micropyroneand Ascosalipyroe

10 mol%
> =
AN |
OtBu MeNO,/AcOH (1:4) 0 0

revi

Previous work by the Perkins research group has established methodology pertinent to

the synthesis of two maringolyketide metabolites; ascosalipyrone and micropyrone

(Schemel.15).>® Micropyrone (65) was isolated from the platielichrysum italicum

ssp. microphyllumin 2007 by Appendincet al,>* whilst ascosalipyron€66) was

isolated from the marine fungusscochyta salicornia®f the green algéJlva sp.in

2000 by Koénig and coworkePs The structures were determined based on 1D and 2D

NMR experiments, as well asassspectranetry. Although the skeletal structures were

determined, the stereochemistry at &hd @® was not established. Since there are two

stereocenters in each natural product, there are four potential stereoisomers; two

diastereomers and their associated enantiomers.
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Schemd..15; Potential stereoisomers(clg‘_rm)(i;gopyroﬁﬁ(RzMe) and ascosalipyrong6

The synthetic strategy developed by C. Grdgamployed a diastereoselective boron
aldoP® reaction betweeiN-acyl oxazolidinones7-S (synthesised in 3 steps frorB){
phenylalanine) and ©-2-methylbutyraldehyde6g) (Schemel.16). This allowed the
installation of thesynsyn stereochemistry of the C2 methyl and C3 hydroxyl, which
was protected as the silyl ether. Reduction of the auxiliary and oxidation of the
corresponding alcohol to aldehy@i® was achieved in 51% yield over 4 steps. By using
the ([R) stereochemistry of the Evans auxilia§7-R, the correspondingsyn

diastereomeric dehyde70was also obtained in 45% yield over 4 steps.

O OTBS

H Z Z
0O O o 57'&« ER-
L 69
N +
O_{)H H)K:/\ 51% (4 steps)
Bn pusd \
67 68 O OTBS

70
45% (4 steps)

Schemd.16. Gr egds synthesis of theé9add7&st er eomer i

Formation of thesodiclithio bisenolaté® o f  tkbte estérg1 and51 was achieved
using sodium hydride and-butyl lithium, with aldition of aldehyder0 resulting in

f or mat i o+ e b-bydrdikyh estergi§chemel.17). Subsequent oxidation with
DessMartin Periodinan® ®* (DMP) afforded the diketo esters, which underwent

cyclisation to the silyl protected pyrones when treated with base. To achieve the total
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synthesis ofentmicropyrone (65), the silyl protecting group wasemoved and

secondary alcohol oxidised to furnish taeti-isomer65 in 9 linear steps and 10%

overall yield.
i. NaH, 0 °C,
ii. n-BuLi, —10 °C, THF R =
EtO . EtO . S
0O O iii. 70, ~78 °C O O O OTBS
71: R = Me iv. DMP, H,0, CHCl, 72:R = Me DBU
51: R =H 73:R=H benzene
60 °C,3h
40% HF
1:1 CH,Cl,/CH3CN,
rt, 3 h

R = Me: ent-micropyrone 65 (10% over 9 steps)
R = H: ent-ascosalipyrone 66 (5% over 9 steps)

Schemd.1727 Gr egg 6 s snycnopytoeess) and entascasalifiyrond66)>

This process was repeated using the diastereomeric aldéByide obtain the (R)-
diastereomersSchemel.18). By comparison of th&lMR spectraand optical rotations
for the two diastereomers to micropyraie®), the sereochemistry ofmicropyrone(65)
was determined ag$, 9S) through synthesis ¢7R, 9R)-entmicropyrone(65).

The difference in overall yield observed betwemmascosalipyrong66) and ent
micropyron&(65) is due primarily to the substituent@$ of the pyrone ring. During the
base mediated cyclisation, diketo es® underwent a smooth reaction affording
pyrone 74 in modest yield (45% after trituration) as a single stereoisomer. However,
when subjected to the same cyclisation conditions, tleadidiketo ester3 returned
pyrone 75 as the major product (25%) as well as it8 €pimer as an inseparable
mixture. C. Gregg attributed this marked difference in reactivity toGhemethyl
substituent ofpyrone 74. X-ray analysis ofentmicropyrone(65) and its @ epimer

revealed that the conformation abo@-C7 was such that theThydrogen eclipsed the
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C5 methyl in both cases. It was rationalised by C. Gregg that this minimises‘the A

strain experienced by the methyl substituent.

R
EtO + H -
O O O OTBS
71: R = Me 69 65: R = Me: (7R, 9S)
51:R=H 66: R = H: (7R, 9S)

Schemd.18 Gr egg6s s7R,03dlasteseonsers osfng aldahgde fragméat

1.6 Isolation ofPaecilopyroneA andPhomapyrone B

Phomapyr ore®77)Aver€ isolated by Pedrast al'? in 1994 from the
pathogenic fungukeptosphaeria maculansvhich is associated with the plant disease
known as Blackleg in cruciferous crog@chemel.19).*° Although phomapyrone B76)

had no clinically significant biological activity in the limited assays, it was identified as
a potential marker for detection of Blackleg in crucifers. The structures of
phomapyrones AC were determined based HRESIMS and NMR spectroscopy.

Schemd..19: natural products isolated from Leptosphaeria maculdng6-77)'* and
Paecilomyces lilacinus7g-80)%®

All three metabolites possessed a methyl substituet® atf  tplrene rihg, as well
as oxygen functionality at4. For phomapyrone Alj, the oxygen was methylated,
whilst phomapyrones & (76-77) possessed the free hydroxyl group. Phomapyrone A

(1) also comained two degrees of unsaturation in its side chain as well as three vinylic
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methyl groups.The molecular formula for pmapyrone B 16) was determinedas
C12H1604 based on the observed 224.1048 m/z indicating five degrees of unsaturation.
The position othe ketone a€8 and methyl aC9 was determined based on long range
NMR correlation experiment$homapyrones B76) and C {7) were optically active
indicating that they were present with some degree of enantiomeric exdeddaat
phomapyrone B76) and (7 for phomapyrone C7(7).

In 2009 a structurally related secondary metabolite, paecilopyroi@Avas reported

by Elbandyet al.® from the fungusPaecilomyces lilacinuassociateavith the marine
spongePetrosia sp. (Schemel.19). The marine sponge was collected from waters
around Jeju Island in October 2004. The sponge was dissected following sterilisation
and the fungal and yeast colonies from the spdrgsue were cultured on agar plates
with PMG medium. ThePaecilomyces lilacinustrain (JO4dl) 9 was determined
based on morphology and its 18S rDNA sequence.

Interestingly, Elbandyt al. also isolated natural products consistent with phomapyrone
B (76) and phomapyrone C77) alongside paecilopyrone B/'Y) and a number of
phomaligols 80), where the substituents ai Bhd R could be variations of; Me, OH,
OCHjz, OCOCH or OOH.The structures were determined based on NMR spectroscopic
analysis as welbs mass spectrometry. The structure of paecilopyrone 78)(was
determined based on the molecular formula gHgO., which was obtained from the
HRFABMS ion of 283.0916 m/ z "icnoNMRamlyssndi ng t
revealed two methyl singlets saxiated with the pyrone ring, whilst Elbandy also
compared the NMR data to the previously isolated phomapyro®)BEdr structural
confirmation.

Paecilopyrone A18) was reported to be opélty active, indicating that one enantiomer
was present in aenantiomeric exces3he reported optical rotation for phomapyrone B
(76) from Paecilomyces lilacinusvas opposite in sign to phomapyrone #)(isolated

from Phoma lingamLeptosphaeria maculanadicating they are enantiomeric. This is
probably not too wrprising considering the distant genera to which the respective fungi
belong but it does imply a different biosynthesis. Becauserthghomapyrone B76)

was coisolated with paecilpyrone A7), it is probable that they possess the same
stereochemicatelationship at @ since they may have been processed by the same
polyketide synthase. In terms of the biosynthetic origin of paecilopyroné8pafd

phomapyrone B76), being isolated from fungi indicates they are most likely derived
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through anacetate/malonate and-aé8enosyl methionine pathway, with only one

methylation step involving-8denosyl methionine resulting in the different structures.

1.7 Synthesi®f (°)-Phomapyrone C

The structural similarities between paecilopyrone 78),( phomapyrae B (76),
ascosalipyrone6f) and micropyrone@b) indicated that methodology developed by
Greggcould be applicable to their synthesiBhe carbon skeleton of the -tsolated
phomapyrone C7{7) could be easily accessed in three steps; constituting retudiés
for the dianion addition and cyclisation proto¢S8chemel.20). This formed the basis
of my Honours research projéétas well as art of my PhD research project.

i. NaH, THF,
0 °C, 30 min
R ii. n—B_uLi, 0 °C, R
Etow 30 min > EtoW
iii. (+)-68, —78 °
O O '1"h(r) , ~18°C, O O OH
33:R=H H 81: R =H, 65%
51: R = Me 84: R = Me, 72%
O (4)-68
DMP, CH,Cl,
rt, 24 h
DBU, benzene
0+__O reflux, 12 h R
| - EtO
NS
R 1§ O O O
83:R=H, 71% 82: R =H, 70%
(£)-77: R = Me, 84% 85: R = Me, 77%

Schemd.20: Threestep synthesis of pyrones includirfy-phomapyrone ¢77)*

Treatment of ethyl acetoaceta&3) with sodium hydride at O °C, followed by addition
of n-butyl lithium afforded the bignolate(Schemel.20). Subsequent addition of }-2-
methylbutyraldehyde68) at A Q 8 af f o r-hydroty-b-keto eesteB1 in 65%
yield as a complex mixture dfiastereomersThe secondary alcohol at C5 was oxidised
with DMP g i v i n g -dikdtoeesth82 in 0% vyield. Cyclisation with DBU and
heating at reflux irbenzene for 12 hours afforded pyrdsi@in 71% vyield. The sam
synthetic sequence was applied with ettwyhethyl acetoacetatél) .  Thiideoxy-b-
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keto estel84 was obtained in 72% yield, whilst oxidation with DMP afforded diketo
ester85in a comparable 77% vyield. Cyclisation gave the racefipljomapyrone C

(77) as an amorphous solid in 84% yield.

Whilst initial synthetic efforts were made towards phomapyrone B during my Honours
research proje¢f. the total gnthesis was not achieved. The upcoming chapter details
the optimisation of methodology as well as its application to the first reported total

syntheses of phomapyrone B[ and paecilopyrone A7g).
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Chapter 2 Summary

This chapter detailthe continuation of my Honours research profécthe total

synthesis oentphomapyrone B76) and paecilopyrone A7@); two structurally related

Upyrone secondary metabolités described The ©)-stereochemistry aC9 was

installed using the knownS|-2-methylbutyraldehyde6@) as a starting material. The

total syntheses featured coupling of #mdiclithio bise no |l at es d-+&etoi ved fr
esters71 and 51 with the common aldehyde fragme®®, as well as a basmatalysed

cyclisation of the diketo esters for pyrone ring formation. The configurati@® &br

each natural product was determined through comparison of the optical rotations for the

synthesised material with the natural products.
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2.1 Retrosynthetidnalyds of Phomapyrone B76) and
Paecilopyrone A18)

As eluded to in chapter 1, there are a variety of syntheses for hoflozes and

4-pyrones. They vary markedly in reaction conditions, with temperatures ranging from

T20 AC to 160 AC.sliGowmgt hat ¢@iraviketas | pr ep:

esters can be coupled with al deipyolesd and

The prolonged reaction time$or full conversion of the starting material at high

temperatureseads to side product formation. Milder conditions have been reported
using dioxinones to afte cyclisation at 0 °C for 1 hour. The number of linear steps may
also beminimised by c¢ cketp ésters gith &mides directly, resulting in the linear

diketo ester.

(S)-76: R, = H
(S)-78: R, = Me

O O OTBS Cyclisation

o O ><
Eto% Dianion o0 Croiisat
R, Addition O}\%\ yclisation
R

51:R2=H 2

71:R2=Me 91:R2=H ><
O OTBS 92:R;=Me  5"Ng o  oTBS
R1)J\}{\;/\ : ) = :
o = Dioxinone Ry -
93: Ry =H Alkylation 89

94: R, = leaving group

Scheme.1: Retrosynthesis gdfyrone(S)-76 and pyrone(S)-78

The retrosynthetic analysis is depicted $theme2.1. Both compounls may be

obtained through oxidation of the appropriateydroxypyrone87, which in turncould
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be accessed through deprotection of the appropriate silyloxy pgrigisconnection

of the pyrone moiety reveals two potential linear precursors; the ace@haled the

b p-diketo este@0. Disconnection of the acetoniddfords either dioxinon®1 or 92

and the common aldehyde fragmef8, which possesses controlled R(34S)
stereochemistryTh e -diketo @ster®0Omay be accessed +4dior ough ¢
esters51 and 71 with the common aldehyde fragmedg, followed by oxidation of the

secondary alcohol. Alternatively, coupling with a substrate whereeBresentsa

suitable leaving grou®#) would afford the desired C5 oxidation state directly.

These two approaches follow a similar synthetic sequence; however, cyclisation from

the corresponding acetoni®® could be achieved at 0 °C with sodium methoxide for
onehour . I n cont r as t-diketw gsterdOicauld tequoeheatingat t he b,
reflux in benzene for multiple hours, whichuldresult in degradation and sigeoduct

formation.

Although alternative methods for diketo ester and pyrone ring formatmuid be
investigated, the stereochemistry &dhd O® could be obtained in a similar manner to
micropyrone 65) and ascosalipyron®&®). The two key variations in chemical structure

between the four natural producg&heme2.2) are the substituents ab@nd &, which

can be either a hydrogen atom or methyl group. Both phomapyrong6)Batd
paecilopyrone A78) possess no substituent a7,Qvhilst they have a hydrogen atom

and methyl substituentatsC r espect i v el y :ketoBegter arldioxenonea at i ng
used, the methyl substituent ab @ay be introduced allowing for synthesis of both

natural products.
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ent-micropyrone (65) ent-ascosalipyrone (66)

Scheme.2: Structures of phomapyrone Bgj, paecilopyrone A78), entmicropyrone 65) and
entascosalipyroneqb)

In terms of the absence of a methyl substituent @thGth natural products may be
accessed through use of the common aldehyde fraghBento s s e s s-ramchingn o U
(Scheme 2.3). The diastereomeric altgde fragment93 possessing thd3S,4S)
stereochemistry may be obtained from the corresponding al®&hwathich in turn may

be obtained from the reductive cleavage of chiral auxil®gxyThe silyloxy substituent

may be introduced through protection bktaldol producB7. Because the required

al dehyde f r ag mérarnching, the\seetyl shéra auriliaryd8could be

used in an asymmetric acetate aldol reaction, where X represents either oxygen or sulfur
atoms. The stereochemistry at Guld be obtained through use of the knov8)-2-
methylbutyraldehyde 68), which could be easily obtained through oxidation of the

commercially availableS)-2-methylbutarl-ol.
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[O] Reduction >>(¥ Q  QTBS
N —> : —> N :
O OTBS OH OTBS \/an -
93 95 96
ﬂ Protection
X 0 Acetate X 0 OH
)\ ? aldol )\ )Kig\/\
X\/fl + K/\ < X N :
Bn B Bn
98 (S)-68 97

Scheme.3: Retrosynthesis of aldehy88 (X = O or S)

of the three synthetic strategies, Gr eggos
afford the natural products, but the other two plausible synthetic raotdsl be
investigated fo their potential to increase overall yield amdnimise the number of

linear steps.

2.2 Model Systemdor DioxinoneFormation

The first synthetic strategy inveséetd gated
esters. Omura has shown that they canebsily onverted to the corresponding
Upyrones through acetonide deprotection and cyclisation of the intermediate diketo
ester with sodium methoxideThe reaction conditions are relatively mild, with the
temperature maintained at 0 °C for the duration of the reaction. It was believed that the
low temperatures employed may suppress @detions such as elimination.

In order to test tis methodology, asimplified model system could be used with a
commercially available aldehyd&he sequence began with synthesis of the known
dioxinone 55 (Scheme2.4).” Seltcondensation of ethyl propionafe! with sodium
hydridé® and subsequet hy dr ol y s iketo aaid99, whickl veagbroteckee as b

the acetonide through additia acetic anhydride and a catalytic quantity of sulfuric
acid. Dioxinone 55 was obtained as a yellow oil, withe *H NMR and**C NMR

spectra matdhg the reported literature spectra.
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ACZO, H2804,
i. NaH, 70 °C (CH3),0, ><
0, o
Eto# 18h,30% HON 0°Cthentt, 12h o~ g
5 ii. NaOH (0.5M) 5 5 76% ﬁﬁ/&o
THF/H,O
54 rt, 3.5 h, 96% 99 55
i. LDA, THF, 78 °C
ii. (+)-68, 78 °C, 1 h,
NaOMe, MeOH rtfor 1 h
Ox© | 0°C.1h o o><o iii. Swern [O]
-~ -
NS NS
95% WO 38%
OH over 2 steps
101 100

Scheme.4: synthesis of pyrong01

Dioxinone 55 was deprotonated withDA, then 2methylbutyraldehyd€g®)-68 was
addedvia cannulation.lmmediately bllowing purification, he secondaryalcohol was
oxidised using standard Swern oxidation conditinetone 100 was isolated as a
colourless oil and mixture of isomers38% yield over two stepsn order to complete
themodel studyacetonide deprotection and subsequent cyclisatffordedpyronel01

as a white amorphous solid in 95% yield after slow crystallisation.

2.3 Selection oin AppropriateChiral Auxiliary

With the model system completed, the next step in the synthesis was the construction of
the aliphatic aldehyd®3. The stereochemistry of the hydroxyl functionality in the
intermediates was inconsequential as this position would be oxidisdidjiowith the
carbonyl of the natural products. However, for the purposes of NMR characterisation,
synthesis of one diastereomer of aldehy@® would be beneficial. The common
aldehyde fragmen®3 could be synthesised through a stereoselective aldol reaction
between the known §)-2-methylbutyraldehyde 68) and an appropriatéN-acetyl
substituted auxiliary.

The N-acetyl group of chiral auxiliaries can have a marked effect on
diastereoselectivities compared to tiepropionyl analogues. For instance, the
stereochemicadutcome of the boron mediated aldol reaction with chiral oxazolidinones

is often poor when the acetate is us8dheme2.5).>° Pioneering work by Evans has
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previously described the use of chikahcyl oxazolidinones in aldol condensations with
various aldehydes. When thHe-propionyl auxiliary 102 was used, treatment with
dibutyl boron triflate followed by diisopropylethylamine at 0 °C affordedZfemolate,
which was then cooled 078 °C and thaaldehyde added. Evans observed that of the
four diastereomers possible, the major constituents weryttero diastereomer$03a

and 103. The threo diastereomers afiti configuration of methyl and hydroxyl)
constituted less than 1% of the reaction nrgtBelectivity for therythroisomerl03a
over 103 ranged from 141:1 to >500:1, indicating high levels of stereoinduction with
N-propionyl oxazolidinones. Conversely, use of Mwacetyl oxazolidinond 04 in the
boron aldol reaction resulted in poor stereoselectivities, some of which approached
1:1 mixtures ofL05a to 105.

0 O 0] 0] OH 0 O OH
I Bu,BOT )XN)K:AR L N -
o o : 0
Jis _
H R
102 103a 103b

R = CH(CHy),: 103a:103b = 497:1 (78%)

R = n-C4Hy: 1032:103b = 141:1 (75%)

R = CgHs: 103a:103b = >500:1 (88%)
0 O (0] OH (0] OH

0 C 0
A Bu,BOTf O)kN)vR .\ O)KN)K/'\R

N

H R
104 105a 105b
R = CH(CH3),: 105a:105b = 52:48
R = CHj: 105a:105b = 72:28
Sn(OTf),
N-ethyl piperidine

CH,Cl,

S S O
-50—-40 °C %NJ\/LR N %NJ\%R

S 0]

s>\\N S S
0

VS/ 9

H R
106 107a 107b
R = CH=CHPh:107a:107b = 97.1:2.9 (81.2%)
R = CH=C(CHs3),: 107a:107b = 97.3:2.7 (70.2%)
Scheme.5: Evans$elegthve al dol condensations with

(1) mediated acetate aldol
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Simply by changing the heteroatoms of the auxiliary and the Lewis acid used for
enolisation, Naga®®’ was able to obtain good diastereoselectivities whitacetyl
thiazolidinethionel06. Treatment with Tifll) triflate andN-et hy | pi peri di ne at
followed by addition of the aldehyde resulted in formation of the Ememssynacetate

aldol adductl07a (Scheme2.5). Here the termsynandanti refer to the stereochemical

relationship as drawn between the hydroxyl group and the C4 stereocenter of the
auxiliary. The diastereoselectivities were comparablEvans earlier work withoron

mediated aldols; howevert e r e o ¢ h e miydroxyl gositeort was rbversefi.

Further work by Oliv8® investigated the stoichiometry effects on the acetate aldol

reaction ofN-acetyl thiazolidinethionel06 with a variety of unsaturated aldehydes,

aromatic aldehydes and aliphatialdehydes Table 2.1). Titanium(lV) chloride and

( T-sparteine (1 equivalent) were used for the mild sattin of the auxikry, resulting

in the nonEvanssyn acetate aldol productO7a as the major diastereomer. This was
attributable to the reaction proceeding through transition sSt&@) where the

thiocarbonyl was coordinated with the titanium. For the range of aldehydes tested, the
unsaturated and aromatic aldehydesdr)gave th
for the syn diastereomer, whilst the aliphatic aldehydes gave the Ilowest

di astereoseld)ctivities (707186
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Table2.1: Stoichiometry effects on the acetate aldol reaction with thiazolidinettifones

9 i) TiCl, (1 equiv.) s 9 oA s o OH
S)]\NJ\ sparteine, (X eqtiiv.) S%NMRZ + S%NMRz
\’J\R1 i) R,CHO
106: R, = iPr
108: R, = Bn 107a: syn 107b: anti
_ S ] _ S ] -
A |
Ln/T/i;\H\O 5 + N O/Hj/vjl_n
o~/ —~-¥H H—---X—0
R R
L H i L H i
TS(I) TS(I)
TiCl, (1 or 2 equiv.) TiCl, (1 equiv.)
sparteine (1 equiv.) sparteine (2 equiv.)
Base (1 equiy) Base (2 equiy)
Entry Aldehyde: R, = Syia‘:tizmi Yield Syia:tigmi Yield
1 t-CH=CH-C¢Hs 92:8 73 18:82 73
2 -CH=C(CH), 91:9 60 26:74 60
3 TCH=CH1 CH=C 96:4 94 T T
4 1 CH=CH, 1 1 27:73 65
5 1 CeHs 85:15 69 93:7 69
6 p-CeHat br 95:5 50 63:37 50
7 1 C(CHg)3 100:0 70 100:0 70
8 T CH(CgHs), 70:30 87 60:40 99
9 T CH,CH; 83:17 63 33:67 63
10 1 CH,CH,CgHs 86:14 52 36:64 52

Increasing the equivalents of base employed (2 equivalents) resulted in a reversal of
selectivity for theanti diastereomef07b as the major product. Thigas rationalised to
proceed through transition staf&S(ll) with no coordination between the metal and
thiocarbonyl group. Again, diastereoselectivities were greatest for the unsaturated
al de hyded) fayodridg tBednti diastereomefd07b. An interesting result was
observed for the aromatic aldehydes, which favouregyhdiastereometO7a (63 and

93 dr). The aliphatic aldehydes gave poorer results, with diastereoselectivities ranging
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f r om 40for 8hé anti diastereomerlO7. Olivo also investgiated theN-acetyl
thiazolidinethionel08 with 3-phenylpropionaldehydand observed a marked increase

in diastereoselectivity for thenti diasteremer with 2 equivalents of base.

Differentiation of thesynandanti diastereomers was achieved through asislgf the
chemical shifts and -provonsf For thegmajoraliasteteanrer, s f or
the most des h i e |-piotod extubited a small vicinal coupling constant K,
compared to >9 Hz -graton. Conteeselymtberménor sliasteredmere d U
possessed a large vicinalupling constant (>9 Hz) for the most-gleh i e |-pdoorm U
whil st t he -protonexhibited aesinall gignal Coupling constant(Kz).

Both diastereomers showed large geminal coupling constants greater tHanQl#/o

used this trend to agsi the configurations of the synthesised diastereomers, as well as
X-ray analysis of the majorsyn aceate aldol product formed from
4-bromobenzaldehyd&.

Based on these previous studies, the use of a thiazolidinethione would be beneficial
over the analogous oxazolidinone, as superior destetectivitiecould be obtained in

the acetate aldol reaction. A simple esation with the commercially available
titanium(lV) chloride (1M in CHCI,) could also be performed. Thiwould be

preferable to the alternative tin(ll) triflate, which m®rmally prepared from tin(ll)

chloride. A chiral auxiliary derived from phenylalanine could be used, as this would
afford a bulky phenyl substituent and hopefully better diastereoselectivities than the

valine-derived auxilian?®

2.3.1 Installation of the @ hydroxylfunctionality
Starting fom (§-phenylalanine(109), reduction of the carboxylic acid could be

achieved through complexation of the carbonyl with boron trifluoride then treatment
with borane2”®® Although this procedure afforde®)¢{phenylalanol110in high purity

as white needles and quantitative yield, the procedure was quite involved. Therefore
larger scale preparations made use of the operationally singolectron with lithium
aluminium hydride (LiAIH).”® Although the product obtained was not crystalline;
instead it was an oily yellow residue, following cyclisation with,G®der basic
conditions, the crude thiazolidinethione was obtairgahéme2.6).”*"?Acylation of the

crude thiazolidinethione with g, DMAP and AcCl #orded the crude N-acetyl
thiazolidinethione 108 Following column chromatography, theN-acetyl

thiazolidinethionel08was isolated as yellow needieshigh purity.
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BF; Et,0
BH; SMe;, i. CS,, 1M KOH
o gef'UX reflux, 16 h S o
100% (crude) 94% (crude) )k
OH J{
NH, \ _<
NH, or ii. Et;N, DMAP, 0 °C,

LiAIH,, THF _ 10min

109 0 °C then reﬂUX, 110 II. ACC', 0 C, 3h 108

Scheme.6: Synthesis of the chiral auxiliady08

In order to install the hydroxyl functionality that would later be oxidisedligm with

the ketone of the natural products, methodology by Crimthifisnd Olivd® was

employed in an asymmetric acetate aldol reaction. Treatment of Ntheyl
thiazolidinethionelO8 with TiCl,a t  C4lwed for complexation with the oxygen

and sulfur atoms Scheme?2.7). Subsequent treatment with diisopropylethylamine
(lequi val ent) and stirring for a further h
transition state3S(I) and TS(Il), with the major transition state beingtionalised by

the stability afforded from chelation of the titanium and sulfur afofhe reaction

mi xture was cool ed t §-22méslbuly@ldenydet®laddeds e x c e s
vacannul ati on. The reacti on 98)wth reacton was al
progress monitored byTLC. After disappearanceof the starting N-acetyl
thiazolidinethionel08 the reaction mixture was quenched and allowed to warm to

room temperaturédnalysis of the'H NMR of the crude reaction mixture revealed that

the major diastereomér 1a was presenti a ratio of 81:19 with the minor diastereomer

111b.
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TS(I)

—_—

—_—

-,

N

Bn

111 a (76%)

-,

A

O OH

J\/\_/\

Bn

111b (18%)

Scheme.7: Titanium(lV) mediated acetate aldol with thiazolidinethid98

The stereochemistry of the two diastereomeosild be determined using the coupling

constants observed for the two diastereonmer@ccordance wht thetrends that Olivo
a of the atdiate aldoy ptadw™y Ehis sinalysis
t hat
as well as the resttied rotation of the amide bonlhe'H N MR
the major diastereomdrlla (Figure2.1); 3.61 (1H, ddJ=17.8, 2.0 HzH,) and 3.16
(1H, dd,J=17.8, 10.1 HzH;) were compared to those of the minor diasteredrtép;

3.54 (1H, ddJ=17.3, 10.2 HzH,) and 3.27 (1H, dd}=17.3,2.1 Hz,Hy).

reportedf o r

relies ont h e

the C02
hydrogen

bondi

38

ng

e X i s kyk
f eprotons bfe

bet wee
U



Chapter2
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37 36 35 34 33 32 31 30 29 28
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8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 2.1: 'H NMR spectrum of major diastereonidrla

For the major diastereomethe signal at 3.61 pprmwas assigned using the trend
reported by Olivo as the tproton® This hydrogerexhibiteda large geminal coupling
constant of 17.8 Hawith Hp, whilst the smallercoupling constant of 2.0 Hz was
observedwith H; (Scheme2.8). The small coupling constamdicatesa small dihedral
angle thus a gaucherelationship between the two proto(8R, 4S stereochemistiy
Conversely, the protoH;, at 3.16 ppm had coupling constants of 17.8 Hz and 10.1 Hz.
The larger coupling constant of 10.1 Mith H indicatesa larger dihedral anglend
thereforean anti-relationship Hyl Hc). For the minor diastereomer, this trend was
reversed, with the larger gpling constant (10.2 Hz) observed for the mosslielded
Uproton H, (3.54 ppm) indicating ananti-relationship betweehl 1 H. and therefore

assignment of the stereochemistry 8s4%.

J§
s N ¢
ukHaHb

111b

Scheme@.8: Stereochemistry of the two acetate aldol diastereomers

In addition to NMR analysis, the minor diastereorh#ib crystallised on standing after
1 week at ~4 °C. In order to grow crystals suitable fera)X analysis,111b was

dissolved in the minimum amount of diethyl ether required for solvation, and a small
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volume of hexanes added. The mixture was allowed to stand overnight and upon
analysis the following morning revealed yellow bldile crystals. Xray analysi&
revealed that the minor diastereomer was the acataitdiastereomet11b as expected
(Figure2.2), supporting the NMR assignment of the diastereomers.

Figure 2.2: Wire frame diagram of the minor diastereomérb

2.4 Synthesis ofliphatic Aldehyde93

With installation of the 8 and @ stereochemistry complete, attention was turned to the
protection and subsequent removal of the chiral auxiliary. The major diasterEbiaer

was protected as thebutyldimethykilyl ether112 by treatment with 26-lutidine and
TBSOTf (Scheme2.9).”%""*H NMR analysis revealed that the reaction was successful,
with the characteristi¢-butyl group appearing at 0.84 ppm as a sharp singlet and
integrating for 9H Two signals from methyl groups attached to the silicon atom also
appeared at 0.1 and 0.04 ppm, each integrating for 3H and appearing as sharp singlets.
The remainingH NMR signals were similar to that observed for the starting material,
except the proto under the silyloxy substituent had shifted downfield to 436
compared to 4.0@pm for the hydroxyl substituent of the starting material.

2,6-lutidine LiBH,, EtOH
TBSOTf,CH,Cl,, s O OTBS Et,0, ~10 °C
_78°C,2h )N 1h
11a - N - . _
quant. \/an = 86% OH OTBS
112 95

Scheme@.9: TBS protection and reduction of the major diastereohidra
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Reduction of the auxiliary was conducted through portionwise additidnBi 4 to

silyl ether 112 During the reaction, the apparent yellow colour from the starting
material dissipated, leavirgy colourless solution indicating thidte auxiliary had been
cleaved The primary alcohob5 was easily separable from the free auxiliary through
trituration and chromatography, which afforded alcd@win 86%isolatedyield.

Analysis of the'H NMR spectum revealed a signal at 3.79 ppm (1H, m) attributable to
the silyloxy methine hydrogen. There was also a peak at 3.73 ppm (2H, dt) that was
assigned as the 2 hydrogens of the oxymethylene.'fhé\MR spectrum revealed
signals at 74.8 and 60.9 ppm, whiclter&s assigned to the silyloxy methine and
oxymethylene carbons. There were also no signals characteristic of the free
thiazolidinethione, indicating that both the reduction worked well and the alcohol was
of high purity. The HRESIMS was obtained for theoflol, with the observed m/z of
269.1912 in good agreement with the calculated m/z (269.1913 4d540,SiNa’).

OH ™ JMMMM
M 1‘.7 1‘.6 1‘.5 1‘.4 l‘.3 1‘.2 1‘.1 1‘.0

3.85 3.80 3.75 3.70
A (YR (G

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 2.3: 'H NMR spectrum of alcoh85

Treatment of alcohoB5 under standard Swern oxidation conditions afforded the
corresponding aldehyd@3 in 94% vyield Scheme2.10). The 'H NMR contained a
characteristic signal at 9.81 ppm integrating for 1H that was indicative of an aldehyde.

The peak previously preseat 3.73 ppm in the starting material had also disappeared,

with appearance okignals at 2.51 ppm and 2.35 ppm indicative of methylene
hydrogens U to the carbonyl. There was char
proton ( 3.2 Hz) as well ashe silyloxy methine protonJ(8.1 Hz) from the methylene

hydrogen at 2.51 ppm. THEC NMR spectrum showed a signal at 203.1 ppm, which

41



Chaper 2

was assigned to the aldehyde, whilst there was only 1 signal at 71.4 ppm indicative of
the silyloxy methine carbon. Bagse of the instability of aldehyd@3, it was not

subjected to prolonged storage, and was used without further characterisation.

i. DMSO, (COCI),
CH,Cl,, ~78 °C, 20 min

i. 95,-78°C, 1h
: | =
OH OTBS iii. Et;N, =78 °C thenrt, O OTBS
95 1h, 94% 93

Scheme&.10: Synthesis of aldehy@s.

2 4.1 Attemptedcoupling ofaldehyde93 with dioxinones
Using the same experimental conditions as the model system, dioxttomeas

deprotonated with LDA and aldehyd#8 added after 1 hourScheme?2.11). The
reaction mixture was stirred for 3 hours at
only starting dioxinone and decomposed aldehyde were observed in théttiNMR

spectrum. Alterations were made teaction times and temperatures for enolate

formation and aldehyde addition. The stoichiometry and concentration were also varied

but in each case, only starting dioxinone was observed. The inability to synthesise

alcohol 113 in addition to the low yieldobserved in the model system led to the

abandonment of this approach.

>< i. 55, LDA, THF,
TBSO O —78°C, 1h TBSO OH 0~ O

/\‘/\)J\H + S S
Mo ii.93,-78°C,3h /Y\Wo

93 55 113

Scheme.11: Attempted coupling of aldehy88 and dioxinoné5

2 4.2 Attemptedcoupling ofb-ketoesters andamides
Meshrametal.have reported t hat -Ketoesten wéreaable® f or me

nucleophilically displace Weinreb amides during the synthesis of salinipyroag) A (

To test this methodology, additional material in the form of the minor isomer was
protected as the silyl eth@d4in quantitative yield. The thioamide was converted into
the Weinreb amidé&15 following treatment with N,Ghydroxylamine hydrochloride in

CH.CI, over 96 hours §cheme2.12).”® Formationof the dianion from either ethy-
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methyl acetoacetatel o r -kefo estef71 occurred following deprotonation withDA,
with the Weinreb amidd.15 then addedsia cannulation. In each case, only starting

materials were observed.

imidazole,
S O O0TBS CH3;ONHCH3-HCI,
JO M A~ CHiClp 1t 96 Q  OTBS
S N Y > MeO. )J\/\/\
Bn -
114 115
i. 51 or 71, LDA, THF,
EtO -20°C —» 0 °C, 30 mins
i. 51 or 71, NaH, THF, R i.115, THF, 0°C, 1-3 h
0 °C, 15 mins O O
ii. n-BuLi, 0 °C, 30 mins
ii. 114, THF, -10 or -78 °C 51:.R=H
> EtO Y
trace (7S, 85)-116 R -

(7S,85)-116: R = H
(75,85)-117: R = Me

Scheme.12: attempted synthesis of diketo estet§ and117through displacement of amides

Following methodology from Yadaet al, *°

the dianion addition was performed using

the N-acyl thiazolidinethiond 14 as electrophile. No product was observed when R was

a methyl substituent. When R was a hydrogen atonthfercommercially available
ethyl2-methyl acetoacetat®dl) |, only tr ace -dketaaestelllbwass of
observed, even when the temperature was lowered 7&®& °C for addition of
thiazolidinethionel14. Interestingly, as threaction duration areaseddecomposition

of the startingN-acyl thiazolidinethiondd14 was observedwith appearance of a lower

R: spotattributed tothe free auxiliary. This indicates that thiazolidinethidrigl may

not necessarily be stable to the conditions used. One possible explanation for this may
be due to LIOH, which may be present in low concentrations im4betyl lithium
solution. Thiazolidinethiondl14 alsop 0 s s e “branehsng adljacent to the sibyy
substituent, which may account for the decreased reactivity. All attempts to synthesise

diketo ested17f r om t h e -kkio asteilavare unduccdssful.
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2.4.3 Coupling ofaldehyded3 with b-keto esters
With the two aforementioned approachedirigi to improve yield orminimise the

number of | inear steps, Greggbs met hodol og
aldehyde fragmen®3 wi t -Reto festers® The sodiclithio bisenolate formed from
ethyl2-methyl acetoacetates]) was added to aldehyd#3 (Scheme2.13). Th e- U
hydroxy-b-keto ested18was isolated as a caldess oil in 79% yield. It issportant to

note that due to the two uncontrolled stereocenters, the hydroxy ester wasl iaslate

inseparable mixture of diastereomers. This also meant th&tthed'*C NMR spectra

for the oil obtained were complicated. It was therefore decided to not fully characterise

this compound but instead treat it as an intermediate.

i) 51, NaH, THF,
0 °C, 15 mins
ii. n-BuLi, 0 °C,
30 mins
iii) 93, -78 °C
EtO + EtO
| z z
O O O OTBS 79% O O OH OTBS
51 93 118

Scheme.13: Dianion addition with ethyR-methyl acetoacetatel and aldehyd®3

2.4.4 DessMartin periodinaneoxidationof alcohol118
The alcoholl18was dissolved in CkCl, andDMP added Scheme2.14).%° In order to

increase the rate of oxidation a catalytic amount of water igCGHvas added every

5 minutes for 1 hour. AHlmwing workup and purificationthe diketo ested16 was
obtained as a light yellow oil in 94% vyield.

Analysis of the'H NMR spectrum Eigure 2.4) revealed a signal at 5.6 ppm (s, 1H),
which initially seemed erroneous considering the structure of diketo é4ter
However, a chemical shift of 5.6 ppm is indicative of vinylic protonsd avas
determined through 2D NMR spectroscopy as belonging to the proton of either enol
tautomerll6Ga or 116b. The hydroxyl proton from the enol tautomers was apparent at
15.21 ppm (d, 1H). The signal at 4.17 ppm (m, 2H) belonged to the oxymethylene of the
ester, whilst the signal at 410206 ppm (m, 1H) belonged to the silyloxy methine
proton. The signal at 3.88.34 ppm was aiftrutable to the methine prot@iphato the
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two carbonyls, whilst the signal at 2i2123 ppm was attributable to the methylene

alphato the silyloxy methine.

DMP, CH,Cl,,
cat. H,0,
it 16 h
EtO _ EtO _
O O OH OTBS 94% O O O OTBS
118 116

ﬂ (>99% enol)

EtOW - Etom;ﬂ\/k/

O OH O OTBS O O OH OTBS
116b 116a

Schem@.14: Ox i d ah )i drneéketnyestdiil8and subsequent tautomerism

The 'H NMR integration for the C4 vinyl proton at 5.6 ppm indicates that the enol
tautomers predominate. Theoretically, there may be three positions where the double
bond may exist as well &andZ isomers. The presence of the C2 methine at-3.38

ppm indcates that the enol form is eithgét6a or 116, where the geometry of the
double bond is not defined. THEC NMR spectrum Rigure 2.5) revealed signals at
193.1, 193, 190.9 and 190.7 ppm indicating the presendsvafsignificant enol
tautomers. The peak at 170.9 ppm was assigned to the ester carbonyl, whilst there were
also two signals at 100.4 and 100.1 ppm, indicative of alkenes. Whether the alkene
signals were attributable to two different double bond locatwngeometries was not

determined.
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T T T T T T
4.2 4.0 3.8 3.6 3.4 3.2

46

2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0
15.30 15.15 15.00
»\ . W
5 14 13 12 11 10 ¢ 8 6 5 4 3 2 1
f1 (ppm)
Figure24:'H NMR s p e c-tiketoestedls b, U
“ ' . .‘ ’ . | '
2‘10 260 1‘90 1‘80 1‘70 1‘60 1‘50 ILlO 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éO .’;0 “IO I;O 2‘0 1‘0 6 -‘10
f1 (ppm)
Figure25:°C NMR s p e c-tiketo ested16 b, U



Chapter2

2.5 Total Synthesis of efRhomapyrone B7(6)

Previous work by the Perkins research group has established that DBU can be effective
in mediating cyclisation® However, in the synthesis of micropyrone and
ascosalipyrone (Scheme 1.17), yields were betwee#bZb This was attributable to

t h emetbyl present, which under thectigation conditions epimerised. Therefore
modifications were made in which the temperature was lowered and reaction duration

decreased leading to decreased formation of the unwanteprsiuiects.

2.5.1Cyclisation of the diketo est&d 6
Phomapyrone Bdi not p o-methyl sisbstitaemt sdJepimerisation was not a

concern. However, during the cy-€limnatoati on wi
side-product was forming. Through TLC analysis, formation of pyrbh@was initially

observed, but withlevated temperatures and prolonged reaction times conversion of

pyrone 119 to the elimination sidg@roduct 120 predominated §cheme2.15). The

formation of side produci20 was mitigated by stopping the reaction after 3 hours,
separating the products and-swbjecting the starting material to the cyclisation
conditions. Pyrond19was obtained (ca. 40%, 60% brsm) in sufficient yield following

the aforemnentioned reaction conditions.

H DBU, CBHG
W 60 °C, 3 h
OM OTBS  40% (2 cycles)
116

1,8-Diazabicyclo[5.4.0]lundec-7-ene
(DBU)

Scheme.15: basemediated cyclisation afnol116a
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2.5.2 TBS deprotection and oxidation & C
To complete the synthesis obmpound76, the TBS ethefl19 was deprotected using

HF, affording the secondary alcoh?1in 93% vyield as white needleS¢heme2.16).

DMP oxidation in MeCN was attempted, but there was no observable produdivafter
days. This was presumably due to solubility issues associated with gh2anehich

only dissolved in high polarity solvents such as DMSO, MeOH or acetone.
Consideringthe solubility issuespnly Jones oxidation was amenable for oxidation to
the corresponding ketone. The alcoh@ll was dissolved in acetone and titrated with
Jones reagent until the orange colour was sustakodidwing purification,compound

76 was obtaned as white needles (Md8121 °C) in 66% yield Over prolonged
storage, there was an apparent yellow discolouration of the previously white needles,
although'H NMR analysis showed no significant impurities.

40% aq. HF

CH,Cl,/MeCN
i, 3 h

93%

CrO3/H2804

acetone

0°C, 20 mins  Ox,©
121 - - |

N 0]
66%
OH 76

Scheme.16: total synthesis of compouii®

Figure2.6 shows théH NMR spectrum obtained for compourifl The broad singlet at

9.71 ppm is due to the acidic proton of the hydt@tyC4, whilst the singlet at 6.8pm

is due to Hb. The peak at 3.62 ppm was assigned aswbeH7 protons, which have no
neighbouring'H nuclei. The methine proton aB@ppeared at 2.57 ppm (1h, ddq). The
singlet at 1.93 is due tolG, whilst the two gnals at 1.7 (1H, d. quin.) and 1.42 ppm

(1H, d. quin.) are due to thevo diastereotopic protons at C10 coupling with H9 and
also H1.. TheH NMR data Table2.2) is almost identical to the literature d&tavith

the only discrepancy being due to the acidic proton from the pyrone hydro®dl. at

This is to be expected as the acidic nature means the proton is exchangeable. All other

chemical shift values are in good agreement with the literature values.
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Figure 2.6: '"H NMR spectrum of compouiié

Table2.2: '"H NMR comparison for the synthesised compadtfand phomapyrone B6)*

Phomapyrone B {{6) Compound 76 _
Proton # . _ . _ Difference
500 MHz-U0 p(@imHz) 600 MHz-U p (@ imHz)

OH 7.83(br. s) 9.71(br. s) 1.88
5 6.07(s) 6.2(s) 0.13
7 3.58(AB q., 18) 3.62(AB q., 17.7) 0.04
9 2.56(ddq,6.8) 2.57(ddq,6.8) 0.01
10 1.7 (m) 1.7(dquin, 7.1, 14.2) 0
10 1.42(m) 1.42(dquin,7.2 14.2) 0
11 0.87(t, 7.5) 0.88(t, 7.4) 0.01
12 1.07(d, 6.8) 1.1(d, 6.9) 0.03
13 1.92(s) 1.93(s) 0.01

Analysis of the'*C NMR spectrum(Figure2.7) of compound?6 reveals that there is a
ketone present (208.2 ppm) as well as three carbon environments indicative of
carbonyls or enol tautome($66.6, 164.4 and 155.6 ppm). There are also an additional

two signals at 103.1 and 99.7 ppm indicative of alkenes. The signal at 208.2 ppm was
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therefore assigned a8Gwvhilst 166.6, 164.4 and 155.6 ppm were attributable2od2

and . The two alkensignals were therefore assigned &a@d .

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20
f1 (ppm)

Figure 2.7: *C NMRspectrunof compound6

Comparison of th&*C NMR chemical shift values of compouiié with that of natural
phomapyrone B reveals that most of the chemical shift values are in good agreement
(Table 2.3). However there are a few minor discrepancies that were observed. C

(D2.21 ppm), @ (D 1.61 ppm) and & (D 1.06 ppm) have differences that are all

greater than 1 ppm and therefore can be considered significant. However, since each of
these carbons is associated with the pyrone ring, and signals from enol carbons and their
adjacent carbons fluctuate with chasge acidity, it may be expected that variations in

the acidity of deuterated solvents used will lead to discrepancies in the chemical shifts
reported. Considering that all othEC NMR signals are in good agreement with the

literature valuesy ¢ 0.3 ppn), this indicates that compountb has the same carbon

skeleton as natural phomapyrone7B)(

HRESIMS analysis of compound6 reveals that the molecular ion observed (m/z
247.0944) corresponds to a molecular ion fromHgO4Na" (calad. m/z 247.0946).
Conparison of the meas % €18 c8.95encCHEY) tother ot at i o
reported |iterature value for®%itl&eecOilhiti al |
in CHCL) reveals that compound6 is the §-enantiomer of phomapyrone BE).

These results conclusively assigned the carbon skeleton and stereochemistry of the

natural product afR)-phomapyrone B.
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Table2.3: **C NMR comparison for compoufié and phomapyrone €)™

phomapyrone B Compound 76

Carbon # 1258 MHz-( & p 150 MHz-( G p Difference
2 164.4 166.61 2.21
3 99.7 99.79 0.09
4 166.6 168.21 1.61
5 103.1 104.16 1.06
6 155.6 155.78 0.18
7 45.1 45.29 0.19
8 208.2 208.5 0.3
9 48.2 48.16 -0.04
10 25.6 25.75 0.15
11 115 11.56 0.06
12 15.5 15.58 0.08
13 8.1 8.29 0.19

2.6 Total Synthesis oPaecilopyrone A718)

Using the same methodology that was previously used for comp@6ndhe

retrosynthetic analysis revealed that thethyl substituent at £of the pyrone ring

could be inst al lketadestérira®o a gubleophike Scheme2.1). b

Addition of 71 to a vigoously stirred suspension of NaH in THF at 0 °C afforded
deprotonation of the more acidic methine proton, with subsequent additiebutyl
l'ithium at T10 AC @cheme2n?). iThegeadtidn enixtlré was no | at e
cooled to 778 AC and t ®2wasadetiacannadtiche hy de f
Th e-h v d r okety esterl22 wasisolatedas acomplex mixture of isomeralong

with residualb-keto ester71, which was remeed under high vacuum before column

chromatography.
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i) 71, NaH, THF,
0 °C, 15 mins
ii. n-BuLi, —10 °C,
30 mins
iii) 93, -78 °C
EtO + EtO
I : :
O O O OTBS 81% O O OH OTBS
71 93 122

Schem@.17.synt hes+ihy do kketdydstél22]

Analysis of he *C NMR spectrum Rigure 2.8) reveakd 105 observable peaks.
Considering the chemical formula is21840sSi, with the hree uncontrolled
stereocentershere areeight potential isomers. A HRESIMS was obtained for the
complex mixture of isomers, with the observed m/z of 425.2683 in agreement with the

calculated value of 425.2699 m/z.

EtO

O O OH OTBS

I — T

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure2.8:*C NMR s pe-b v d u tRetopebtdnf2

2.6.1 DessMartin periodinane oxidation of alcohdR?2
The inseparable mixture of isomers was subjected to oxidation with-NDasis

Periodinane $cheme2.18). The inclusion of a methyl substituent at C4 resulted in a
significantly slower oxidation rate compared to the C4 hydrogen analbbfieThe

b idiketo esterl17 was obtained in high yield (92%) as a colourless oil. Based on
analysis of theH NMR spectrum, tricarbonyl17 only existed partially as the enol
tautomer as indicated by the sharp singlet observed at 1.91 ppm (1.29H). This peak was
attribuable to the vinylic methyl of either enol tautom&t7a or 117, with the
integration indicating that in solution; ~40% existed as the enol tautoiftezdower
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percentage of enol tautomell7 present in solution indicatl that perhaps

unfavourable A® strain was responsible.

DMP, CH,Cl,,
cat. H,0,
rt, 72 h
EtO _ EtO _
O O OH OTBS 92% O O O OTBS
122 17
A3 strain “
EtO p : . EtO N :
O OH O OTBS O O OH O0TBS
117b 17a

Schem@.18: Ox i d at i ehny dorfeetoyhsefi28and tautomerism

T T T T T T T T T T T T T T
43 42 41 40 39 38 3.7 36 2.7 2.6 2.5 2.4 2.3 2.2

‘ w

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure29:'H NMR s p e c-tiketo gstedl? b, U

2.6.2 Cyclisation of diketo est&fi7
Wi t h t-diketo eBted17in hand, the next step in the synthesis was the cyclisation

of the linear precursor to produce the pyrone ring. Treatment of thel&gterbenzae
with DBU and heating at refluxovernight afforded the pyrond23 in almost
quantitative yield (99%) as white needleSclieme2.19). The melting pat was
observed at a range of 2081 °C, whilst the specific rotation was recorded as +163.6

(0.94 in CHCY).
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DBU, CgHg
H
W reflux, 12 h
OM oTBS 99%

17

123

Scheme.19: Synthesis of TBS pyrod23

This result supports earlier claims made by C. Gregg about the stability pyribhree
during cyclisatior?® During the synthesis of ascosalipyro®é)( a significant degreef
epimerisation at € occurred whilst micropyrone §5) was synthesised without any
epimerisationSchemel.17). This was rationalised by consideration of the allylic strain
that may be present the pyronefor micropyrone §5) where &G possessed a methyl
substituent. In terms of explaining the dezaised propensity fdE1cB elimination of
pyronel23 the methyl substituent atb®nay eclipse the Thydrogen antperiplanar to
the silyloxy substituent, thereby proifting its abstraction by base.

2.6.3 TBS deprotection and oxidation & C
With constrution of the pyrone ring accomplished in high yield, the remaining steps in

the synthesis were attempteéti/drofluoric acid was added the TBS protected pyrone
123 (Scheme2.20). Following purification,the deprotected pyrori24 was obtainecs
an amorphous white solid, which upon NMR analystggre 2.10), was deemed

sufficiently pure.

40% aq. HF
CH2C|2, rt, 3h

L
’

OTBS Quant.

123 124

Schem@.20: Sy nt h e-lsydrexy pyrond 4
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Analysis of the'H NMR spectrum (DMS@i6) revealed hydroxyl protons at 5.6pm.

The integration for these protons was ~8H, indicating that there was also water present,
with the downfield shift presumably due to hydrogen bonding betwgsmnel24 and

H,O. Theresonancat 3.6ppm (1H, ddd) was assigned to the oxymethine proton. The
signal observed at 2.5 ppm integrated for 2H but the couplingasdastould not be

determined due to overlap with the residual DMSO peak.

3.5 3.0 2.5 1.6 1.5 1.4 1.3 1.2 1.1 1.0
11.0 10.5 10.0 9.5 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 0.0 -0
f1 (ppm)

Figure 2.10: *H NMR spectrum of pyrork24(DMSO)

Titration of Jones reagent to thieeprotectegyronel24 affordedcompound78in 49%
yield (Scheme2.21). Analysis of the'H NMR spectrum(Figure2.11) revealed that the
oxidation was successful, with the disappearance dfigmalat 3.6 ppm corresponding
to the oxymethine protoi.he signal corresponding to tigrotonsalphato the pyrone

ring were &ifted from 2.5 ppm to 3.67 ppm

CI'O3/H2804
Acetone
0°C, 20 min
e ——

49%

compound 78

Scheme.21: Synthesis of compour7d
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Comparison of théH NMR spectra reveals just how similantphomapyrone B76)

and compound/8 really are (Figure 2.11). The only difference between the two
structures is the methyl substituent & f6r compound78. Consequently, the NMR
spectra are almostentical, with the only differences appearing at 6.20 ppm for
entphomapyrone B 76). This proton was assigned as the vinylic proton & C
Conversely, compound8 hadtwo methyl singlets at 1.89 and 1.96 ppm respectively,
whilst entphomapyrone B76) possessed one whc methyl substituent at 1.93m.

The remarkable similarities between the two spectra are not too surprising considering
that Junget al. compared the spectra of paecilopyrone78) (@and micropyronegb) to
determine the position of methgubstitution®

Analysis of the"*C NMR spectrunof compound78 reveakd that therewas a ketone
present at 208.1 ppm. The signals at 165.4, 164.1 and 151.8 ppm were attributable to
C2, ¢4 and . The two signals at 109.7 and 99.4 ppm were assigned as the two

substituted alkenes.

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 2.11: Comparison of eaphomapyrone B7@) (top) and compound8 (bottom)

The HRESIMS obtained for compouri® indicated a molecular ion of 261.1108 m/z

corresponding to GH1g04Na’, which is in good agreement with the calculated value of

261.1103 m/ z. Th e?psp6e(0i25in MeOH)wasaimilaraathap f [ U]
reported for t he+28°ict.12a1 MeDK) dThia indicates thatf [ U]
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compound/8 has the same stereochemistry ataS paecilopyrone A78). Considering
C9 in compoundr8 originated from the chiral starting materi§)-@-methylbutanl-ol,
the stereochemistry at this position is fixed. The similarity in optical rotation between
compound78 and natural paecilopyrone A’§) indicates that compound8 is the
correct enantionte and therefore elucidation of stereochemistry for the natural

paecilopyrone A{8) as 09-paecilopyrone AT8).

e

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
f1 (ppm)

Figure 2.12: *C NMRspectrum of paecilopyrone &) (CDCl)

2.7 Conclusions

This chapter detailed the synthetic efforts towards phomapyron€7@3 and
paecilopyrone A(78). Nucleophilic displacement of amides and thides was
attemptedutilising the dianion formed fror-keto esters. Synthesis of pyrones through
alkylation of dioxinmes was also attempted; howevew yields and issues with
reproducibility led to the abandonment of this methodology. InstBadion addition to
the common aldehyde fragme®8 followed by oxidation and subsequenyclisation
afforded the prerequisite pyrone moieties.

The stereoselective synthesis of common aldehyde fragdiBemas achieved in 4 steps
using acetate aldol methodology with the known chikalcetyl thiazolidinethion&08

By using §-2-methyl butanl-ol as a starting material, the stereochemistry &atvas

controlled, allowing for the synthesis of a single enantiomer of each natural product.

57



Chaper 2

Entphomapyrone B 16) was obtained in 9 steps and 11% overall yield, whilst
paecilogyrone A (78) was obtained in226 yield over 9 steps. The structural similarities
between micropyronép), ascosalipyron€66), phomapyrone B76) and paecilopyrone
A (78) indicate that the marked increase in yield whéniCa methyl substituent may

be due to a similar steric interaction.

58



Chapter 3
Isolation, Biological Activity and Synthesis of
Serrulatane Natural Products



Chaper 3

60



Chapter3

Chapter 3Summary

Chapter 3introduces the terpene natural products afiscusses the many different
classes, isolation, biosynthesis as well as biological activities. Literature examples
detailing total synthesis of these natural products are given, with particular emphasis on
the @lamenene and serrulatane natural products. Development of synthetic
methodology for preparation of the B-dihydroxy calamenene core and serrulatane
prenyl tail by the Perkins research group is discussed, which underpins the work
conducted in chapter 4.
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3.1 Biosynthesis dferpeneNatural Products

The term terpene refers to a large group of primary and secondary metabolites that are
biosynthesised predominantly by plants. All terpenes are derived from functionalised
forms of isoprenel25), afive carlbon building block, with the class of terpene defined

by the number of condensed isoprene Uit For example, there are hemiterpenes
(C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25)
and triterpenes (C30). Whilst the term terpene refers to the hydrocarbon, natural
products that have undergone a skeletal asgement or other functionalisation
including oxidation are commonly referred to as terpenoids or isoprenoids.

Two common mo n o-pirened28nandDdirsoneaa (87) (Schemes.1).

Pinene is one of the most common isolated from plants giving a distinctive pine odour,
whilst limonene is found in the rinds of citrus fruits and is the principle constituent
responsible for the lemeorange aromaThe diterpenoid retinall@8) is critical for
vision in animals, whil st t he-caotened29e noi ds

which performs an essential role in photosynthesis within pfants.

Y\ @\
125 126

H N Y YN

127 128

D 0 T Y e e e e e N

129

Schemd&.1: The C5 building block isoprene (125) and common terpenoids

The biosynthesis of terpene natural produatsses through the condensation of
dimethylallyl pyrophosphate (DPP) and isopentyl pyrophosphate (IPP), dwob@nits

that produce the {gterpene geranyl pyrophosphate (GPR)hemes.2).”® Formation of

a carbocation that then adds to an electron rich carbon of the double bond in IPP is
catalysed § enzymes called prenyltransfera&®€ondensation of GPP with another

IPP molecule results in formation of thes@rpene farnesyl pyrophosphdkPP), with
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repetition of this process resulting in formation of thg @rpene, geraigeranyl
pyrophosphate (GGPPAdditionally, the taittail condensation of FPResults in the
formationof squalene, a £ triterpene critical to sterol synthesis.

OPP
IPP
Y\/OPP 4', Yé\ - WOPP
-H*
DMAPP GPP
IPP
GPP — z z AOPP
FPP
IPP
FPP —_— = = = = OPP
GGPP

Schem@.2: Biosynthesis of £C, terpenes from condensation of DMAPP and’fPP

Aside from prenyl transferases that catalyse the polymerisation of a growing isoprene
chain, terpene cyclases are also involved in the biosynthesis of terpene natural products.
They are categorised based on the chain length of dhgerte that they can
accommodate, as well as the general structure of the terpene synthesised. For example,
the Gy terpene GPP is cyclised by monoterpene cyclasgdefpenes are cyclised by
sesquiterpene cyclases and GGPP fragments are cyclisedrpgrgeyclases.

In terms of forming the carbocation, there are two possible mechanisms that have been
observed biosynthetically. The first is similar to that observed with the prenyl
transferases, whereby a carbocation is formed through ionisation duosstof the
pyrophosphate group. The second involves a pratihition mechanism for formation

of the catiorf® Although both groups of enzymes iliate addition of a cationic species

to an electrofrich double bond, the prenyltransferase enzymes involve intermolecular
additions whilst the cyclases promote intramolecular cyclisation of a cationic
intermediate. Different cyclase enzymes are als@tdapof turning the same terpene

into markedly different natural products that increase in diversity with increasing chain

lengths.
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Radiolabelled feeding studies by Keet al®' have shown that when a céike
preparation of P. elisabethaewas incubated with radiolabelled geranylgeranyl
pyrophosphatel30, elisabethatrienelBl) was observed as a secondary metabolite
(Scheme3.3). Mechanistically, loss of the pyrophosphate group would result in
formation of carbocatiod32 which following isomerisation to th& olefin 133 could
undergo a cyclisation to form the -b@embered rind. 34. Subsequent hydride shifts at
C10 and C4 would afford the bicyclic allylic cati@85 which following a second ring
closure and abstraction of the proton at C19186 would lead to elisabeth#&ne
(131)_81,82

131 136 135

Schem@.3 Proposed biosynthesis of elisabethatrieh®l} from GGPFE?

Because of their recent isolation of elisabethatrieri@7)( an intermediate in
pseudopterosin biosynthesis, Fujimottd al. proposed that the stereochemistry of
elisabethatrienel1) needed to be revise@dheme3.4).2° Elisabethatrienol137) was
found to possess th&14R, 9S 11S configuration based on detailed nuclear Overhauser
effect (NOE) experiment$. Considering elisabethatrien¢137) was biosynthetically
linked to elisabethatrienel8l) and the same stereochemical mechanism was

presumably operating for both, Fujimoto rationalised that theiqusly reported
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1S 4R, 9R, 11S configuration for elisabethatrienel31) should be amended to the

1S 4R, 9S 11S configuration. They supported this through the synthesis of
1S 4R, 9R, 11S elisabethatriene and compared the NMR spectra for the synthesised
material to that of the natural product. They found that the NMR spectra did not match;

reinforcing their claim for the reassignment of stereochemistry.

elisabethatriene (131) elisabethatrienol (137)

pseudopterosin A (139) erogorgiaene (138)

Schemes.4: Proposed biosynthesis of the pseudopterosins

Kerr et al® were also able to show that elisabethatried®1)( is conveted to
erogorgiaene 138 and pseudopterosin A139 (Scheme 3.4). Furthermore, the
serrulatane skeleton has been implicated as a putative precursor to a diverse range of
structurally related diterpene natural produ@sheme3.5).8 In particular, secondary
metabolites fromPseudopterogorgia elisabethagve been isolated containing the
amphilectane skeleton, being derived from the ¢mane skeleton through
disconnection between C5 and C13. The elisabethane natural products differ in that they
possess a C1013 carbon bond producing a five membered C ring. The ileabethanes
are again subtly different in that they possess aCC® bond poducing a five
membered C rin§’ The elisapterane, cumbiane and colombiane skedetb appear to

be derived from different cyclisation modes of the elisabethane skeleton.
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o 50

serrulatane amphilectane elisabethane ileabethane
elisapterane cumbiane colombiane

Schem@.5: Common carbon frameworks frdPseudopterogorgia elisabettfae

The biosynthesis of compounds belonging to these representative classes is more
complicated than it might first appear. In further studies conducted by*Ktve
serrulatane seepseudopterosin 140) was ceisolated with the pseudopterosins
(Scheme3.6). This led Kerret al. to propose that they must be functionalised in a
manner that would allow for formation of a carbmarbon bond between the aromatic
ring and C13. Further analysis of the rmblarity extracts fromP. elisabethae
identified two new compounds named amphilectosind#)(and B (42). They were
identified as derivatives of the sepseudopterosins, containing a double bond between
C12C13. Theydiffered in the geometry of the double bond, with amphilectosin A
(142 possessingrans double bond geometry, whilst amphilectosinIBl2) possessed
thecis double bond geometry. Incubation studies by Kerr revealed that amphilectosin A
(141) gave rise topseudopterosin Y143, whilst amphilectosin B 142) gave rise
exclusively to pseudopterosin E44).8! It was therefore determined that the double
bond geometry was responsilbta the stereochemistry at C13 of the psuodopterosins,

with amphilectosins identified as intermediates in pseudopterosin biosynthesis.
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141 (AC12_13 = trans)
140 142 (AC12_13 = CiS)

Schem@.6: Incubation studies by Kerr witRseudopterogorgia elisabettfie

3.2 IsolationandBiological Activities ofSerrulataneDiterpenes

The genusEremophilaconsists typically of plant species that are woody shrubs and
trees, with most producing attractive flowers or foliage. They were initially classified as
part of the small family Myoporaceae, which consiste&m@mophila Myoporumand
Bontia®’ The species of this family are largely found in Australia, although some
species oMyoporumhave been found in Om&a, Japan and islands of the Indian and
Pacific OceansBontia however, is a monotypic genus that is found only in the West
Indies® More recently,Eremophilahas been reclassified as belonging to the family
Scrophulariacead®®

Due to the semarid to arid climates in which they are fouemophilaspecies often
produce waxy resins comprising up to 20% of the dry weight of the plant on their
leaves. Extraction of the leaf material with an organic solvent has led teothgdn of

a variety of secondary metabolites, with lipids, flavones and terpenes the most common
constituent$”®® Amongst the most prolific terpenes isolated fr&memophilaspecies

are the serrulatanes, which argy @iterpenes biosynthesised from geranylgeranyl
pyrophosphateThe location of these secondary metabolites in leaf cuticles indicates
that they may serve a biological role in protection of the plant from grazing herbivores,
as antimicrobial agents or poss@ssecticidal properties for defence of the plant.

Whilst there are at least 260 reported species withirEteenophilagenus, relatively

few have been explored for pharmaceutically relevant metabolites. This is in part
because of the difficulty in acquig large quantities of plant material and the remote
locations in which many of the species grow. Rather than investigate all 260 species for
bioactive constituents, isolation chemists can take an ethnopharmacological approach,
where they consider the spes reportedly used in traditional medicines by Aboriginal
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Australians. Extracts fronk. sturtii have been used by indigenous Australians in the
Northern Territory to wash sores and cuts, whilst also being used in New South Wales
for the treatment of skimfections® E. duttoniihas been reportedly used for the topical
treatment of minor wounds as well as a gargle for sore thtodtsere hae been a
number of other reported uses Exemophilaspecies such as the treatment of aches and
pains as well as general wékking. All of the above ailments suggest that some
Eremophilaspecies may possess chemical constituents with either antimiavolbiar
inflammatory activity.

Using this methodology, Ndkt al. investigated the activity of 7Eremophilaspecies
against streptococci and staphyloco€cthey found that a number of these species
possess antibacterial activity against gram positive bacteria, but have no clinically
significant activity against graimmegative bacteria. In general, they were also found to
have higher activity againsiStreptococcus species (16 to 62 pgjmthan
Staphylococcus aurel(§2to 250 pg/ni). Based on the MIC values for the isolates, the

15 most active extracts were tested for activity against 68 clinical isolates of MMRSA,
with E. drummondii E. linearis E. rrulata, E. acridg E. neglectaandE. virensall
inhibiting growth of the majority of clinical isolates below 6agmL.%

Following on from their initial studies, Ndit al. isolated three serrulatane diterpenes
(145-147) as well as the previously isolated biflorin from the endemic Australian plant
Eremophila neglectin 2007 Schemes.7).** Following bioassaylirected fractionation

of the ether extract using a broth microdilution assay, the three new serrulatane
diterpenes wereharacterised using 1D and 2D NMR spectroscopy, FTIR and high
resolution mass spectrometry. The diacetat® had no reported biological activity,
whilst 8,19dihydroxyserrulatl4-ene (46) and 8hydroxyserrulatl4-en19-oic acid

(147) showed high antimiobial activity against a range of grgpositive bacteria.

Because the two natural products that we are interested in were never given a trivial
name, for the purposes of referral during the remainder of this thesis, abbreviations used
previously by Lu andGriesseret al. will be used®™ 8,19dihydroxyserrulatl4-ene

(146) will be referred to as EN3.46), whilst 8hydroxyserrulatl4-en-19-oic acid (47)

will be referred to as EN4L47) as they were the third andurth metabolites isolated

from Eremophila neglectaespectively’
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145 EN3 (146) EN4 (147)

Schem@.7: serrulatane natural products from Eremophilaglectd®

With the biological activity of EN3 and EN4 in mind, Sempteal were interested in

the potential application of EN3 and EN4 as antimicrobial agents. Particular interest
was given to EN4 due to tlearboxylic acid functionality at C19 whiatould be easily
appended to surfaces through functionalisation. In a recent publication, they
investigated the bacterial biofilm dispersion and -arftammatory activity of EN4
againstS. epidermidisand S. aures biofims.®’ The efficacy of EN4 147) was
compared to the known antiseptic chlorhexidine and the antibiotic levofloxacin.

In order to investigate the biofilm breakup activity, biofilmere established for 3, 6,

12 and 24 hourdHgure3.1). The biofilms were then incubated with the corresponding
antimicrobial for 20 hours at 37 °C, after which time the growth was stopped and the
biofilms stained with safranin. The results icate that after 12 hours, EN4 shows
superior biofilmremoving activity compared to levofloxacin, but worse activity
following 24 hours of biofilm formation. The authors suggest that the diminished
activity observed at 24 hours may be attributable to theptex matrix developed
during maturation of the biofilf with EN4 unable to penetrate the biofilm as
efficiently aschlorhexidine or levofloxacin.

Sempleet al. also raise an interesting point with respect toNh€ valuesreported ér

the respective agents. They note that the MIC value for Levofloxacin fMpéagainst
planktonic populations d8. epidermidiss significantly lower than that of EN4L47)

(82 mM). Considering these values, it would be reasonable to expect thatdewmfi
would have superior activity, but EN4 was shown to have increased activity up to 12
hours of biofilm preestablishment. These results suggest that MIC values against
planktonic populations do not always translate to the same activity againstlan biofi

from the same organisi.
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Figure 3.1: Safraninstaineddeveloped S. epidermidiaTCC 35984) biofilms with
antimicrobial treatments vs. control by Semple &t al.

Three structurally related serrulatane natural produt#8150), along with the
previously isolated wbascoside and jaceosidiereisolated from the aerial parts of the
Australian planEremophila microthecin 2013 Scheme3.8).”° They each possess the
core serrulatane scaffold, with differing substitution patterns. The same prenyl
hydrocarbon side chain with consen@b stereochemistrat C4 and C11 is present,
whilst there are also varying oxidation patteros the aromatic ring. The
stereochemistry at C4 and C11 was determined to be the safil awhich was

previously reported by Croét al.from E. drummondiin 1981

OH OH OH
OH OH

S OH xS O OH
RO )J\o \H/

148: R = COCHj
149: R = H 150 151

Scheme.8: Serrulatane natural products isolated from E. microtheca and E. drummondii

In addition to the serrulatanes isolated fremdrummondiandE. neglectaserrulatane
diterpenes have also been isolated fi&nsturtiiandE. duttonii Extracts from each of
these species have antibacterial activity against @sitive bacteria. Thiled Smith

et al.to examine the extracts frolh duttonii leading to the isolation of two serrulatane
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diterpenes 152-153), which had been previously reported in 1993 by Ma&sgtropp
and coworkers Gcheme 3.9).9%'% Furthermore, Jamie et al. isolated
3,8dihydroxyserrulatic acid1b4) and serrulatic aci@l55) following bioassayguided
fractionation of the leaéxtracts fronE. sturtii®*

Natural products possessing the serrulatane scaffold are not restricte&terttogphila
genus. In 2011, Leubethanol5f was isolated from the root bark extract of
Leucophyllum frutescerlsy Waksman and eworkers:®* Leubethanol 156) possessed
activity against multdrug resistant strains of virulemMlycobacterium tuberculosis
Erogorgiaene 131), 7-hydroxyerogorgiaenelb?7) and secepseudopteroxazolel$8)
were isolated from the West Indian gorgonian octocoPaeudopterogorgia
elisabethad®® Interestingly, 7hydroxyerogorgiaene 1670 may be derived
biosynthetically from elisabethatrienol 137), the proposed intermediate in
pseudopterosin and erogorgiaehd1) biosynthesisScheme3.4). All three compounds
were assessed for their inhibition Bfycobacterium tuberculosiswith erogorgiaene
(131) and 7-hydroxyerogorgiaenelb7) showingthe highest activity{12.5 ng/mL and
6.25ng/mL respectively) The activities, not surprisingly, were comparable to the

structurally similar leubethanol $6).

154 155

Leubethanol (156) R 158

Schemd&.9: Serrulatane natural products isolated fromerine and terrestrial organisms
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3.3 StructureActivity-Relationship (SAR) Studies

A number of studies have probed the pharmacophore of sesquiterpene and diterpene
natural products. One particular example invel¥®-curcuphenol 159). In order to
examine the SAR, Hamaret al. incubated §-curcuphenol 159 with Kluyveromyces
marxianusvar. lactis (ATCC 2628) andAspergillus alliaceus(NRRL 315) which
resulted in a number of oxygenated metaboliehémes.10).2%* The metabolites were
screened for antimicrobial properties as well as antimalarial activity, v@8h (
curcupheno(159 and the benzylic oxidised derivatité0identified as the most active
constituents. The results indicated that oxidation at the benzylic position was tolerated,

but oxidation of the side chain led to diminished activity.

OH

- OH

Aspergillus alliaceus
biotransformation

L
’

HO

OH
(S)-curcuphenol (159)

Kluyveromyces marxianus
biotransformation

‘ - OH OH

160

Scheme.10: Hamannoés bi ot rcarcushénolf59%*t i ons of ( S)

In order to investigate the pharmacophore of the serrulatane skeleton, Lu synthesised
leubethandf™ as well as a series of analogu&alfle3.1). Having the phenol free alset
hydroxyl was essential for biological activityyith protection as the methyl eth&61
resuling in a significant decrease (>23®/mL) compared to leubethanol (b®/mL).
Incorporating an additional degree of unsaturation into the side chain resulted
reduction in activity 162 >100ng/mL), whilst full saturation of the side chain also

resulted in less activityl63 44.5ng/mL). Interestingly, the short chain analodLe4
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had comparable activity to leubethantb§), indicating that a chain lefgbetween b
carbons long with one degree of unsaturation was preferable.

The synthetic analogue of EN3, termed EGIJO 165 was synthesised by Lu through
semisynthesis from EN&® For the limited number foclinical isolates tested,
EN3-CHO 165 exhibited comparable biological activities to that of leubethah®)(

The activities of EN3 and EN4 were also determined by éddil against the same
strains, with EN3 and EN4 having similar activities despite the additional functionality
at C19” These results indicate that substitution at the benzylic C19 position is well
tolerated.

Table3.1: Structures and biological activities of serrulatane diterpenes and synthetic
%4,96

analogue

156: R = H 162: diene 165: R = CHO
161: R = Me 163: alkane 164 146: R = CH,OH
‘R= : 147: R = CO,H

Minimum Inhibitory Concentration ( eg/mL)

Compound Number 156 161 162 163 164 165 146 147

S. aureus
(ATCC 29213)
S. aureus
(ATCC 25923)
S. aureus
(ATCC 43300)
S. epidermidis
(ATCC 35984)
P. Aeruginosa
(ATCC 27853)
E. Coli
(ATCC 25922)
S. pneumoniae
(ATCC 49619)
S. pyogenes
(ATCC 10389)

12 >230 >100 445 6 125 25.8 493

6 >230 >100 445 6 125 258 493

12 >230 NA NA NA NA NT NT

12 >230 >100 445 6 125 NT NT

NA NA >100 >100 >50 NA NT NT

NA NA >100 >100 >50 NA NT NT

NT NT NT NT NT NT 129 247

NT NT NT NT NT NT 129 24.7
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In addition to the preliminary studies by Lu, Escarcenal. have also investigated the
antimycobacterial activity of leubethanol derivativ®s'®” They found that
hydrogenation of the side chain resulted in a loss of activity and cytotoxicity, whilst
introduction of nitrogen or oxygen functionality to C14 and C15 also resulted in
decreased activity. Alkylation of the phenol ftinoality resulted in complete loss of
activity, even when glycosylated. Escarcena also investigated the effect of C7
substitution, with functionalisation at this position rationalised by the activity shown
from the pseudopterosins that possess oxazolifmality at C#C8. They observed

that both the CG:NO, and C#Br derivatives exhibited decreased activity.

Whilst EN3 (L46) and EN4 147) were novel compounds, each possessed the same
serrulatane skeleton with varying oxidation states at C19. They wem@kably similar

to the previously isolated leubethanb6), leadingLu to hypothesise that leubethanol

may be a synthetic precursor for the two benzgkiised metabolites.Another
structurally related class of natural products are the calamen&hey. are Gs
sesquiterpenes, meaning they are biosynthesised through cationic cyclisation of farnesyl
pyrophosphate as opposed to geranylgeranyl pyrophosphate. The structural similarities
between the calameneness6-167) and the serrulatanes could makey@d model
system for synthesis of the tetrahydronaphthalene r8uhgme3.11). Developing
synthetic methodology that would allow access to sufftciprantities of these natural
products, as well as synthetic analoguwesld therefore be beneficial.

OH

OH

146: R = CH,OH
147: R = CO,H

166: R = CH,OH

Leubethanol (156) 167: R = CO,H
TR= 2

Schem&.11: Sructurally related serrulatane and calamenene natymalducts

3.4 LiteratureSynthese®f TerpeneNatural Products

Curcuphenol 159 has been the subject of a number of total syntheses td°d4te.

Due to itsbroad activity, it has proved a sought after natural product. Therefore,
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achieving total synthesis in a concise and scalable manner has been the subject of
various articles. One particular example was reported in 2013 by Zhou and coworkers
(Scheme3.12).1%® Starting from citronellal 168) , t hey f-keto ested69t he b
through alkylatio of the lithium enolate of teliutyl acetate followed by Jones
oxidation. They then performed a Michadtol cascade to install the cyclehexenone
functionality oft-butyl esterl70. Subsequent removal of the tertyl group led to the
corresponding unsa b I-keto dcid, which readily undeent decarboxylation.
Formation of theOTMS dienel71land subsequent aromatisation with palladium acetate
afforded R)-curcuphenol R-159) in 46% vyield over 6 steps and two chromatographic

purifications.

(0] (0] (0] (0] O
i. LDA,
H t-BuOAc O!Bu crotonaldehyde OBu
e ———
ii. Jones DBU, DCM
| Oxidation | |
citronellal (168) 169 170
oH cat. Pd(OAc), QTMS i. TsOH, 80 °C,
40 °C, DMSO Toluene
| i. LDA
| TMSCI
159 171

Schem®12Fengds sy nGuicuplenokl59°F ( R)

Aside from the bisabolane sesquiterpene curcuphegathetic interest has also been

shown towards the calamenenes. Serra and Fuganti synthesised calanig@ene (
starting from the cnenhoeer) (Bchdmg3.1VPahel abl e (
ketonel73was converted into the tosylhydrazone, then treatedmhilityl lithium and
N,N-dimethylformamide addetb affordthe corresponding enal74in 56% yield over

two steps*® Addition of the enolatel75 afforded the intermediatd 76, which

rearranged to the-(E)-dienoic acidl77f ol | owi ng addi t i @emoico f LDA
acid 177 was obtained alongside an inseparable mixafr¢he 3Z isomer and 2,5

hexadienic acidsThe crude mixture of isomers was treated with TFAA at 0 °C and

120

excess EN, affording phenoll78in 70% yield asa single isomesincethe ¢)-

isomercould not undergtdhe annulation reactiorSerra and Fuganti were then able to
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synthesise the calamenenkr’? in 4 steps and 78% yield through removal of the

oxygencontaining functional groups.

.

172

MeO 2 CO,Me
Y\/ 2
2 steps oLi 175
56% i. 174, -60 °C, 1 h, 0
LDA (1 equiv),
-60 °C, 10 min L
thenrt, 1 h 176
(CF3C0),0, l
THF, Et3N,
4 steps 0°Cthenrt,1h
< =
78% CO,Me  70%
177
Schem®&13 Serrads syntB2E| s

CO,Me

@)

52%

CO,H

CO,Me

of

cal amenene

The previously describeslyntheses of curcuphend59 by Zhod®® and calamenene

(172 by Serra and Fugantf are two representative examples of how bisabolane and

calamenene natural products may be synthesised by first installing stereochemistry, then

constructing the aromatic ring. This is a particularly advantageous sequencbatince

citronellal (L68)

a n-thenthang 173 are commercially available and contain the

prerequisite stereochemistriédghey are C10 monoterpenes derived from two isoprene

uni t s.

Consequently,

al |

stereocenters

ar e

enantioselective synthesis diastereoselective reactions involving chiral catalysts or

auxiliaries.

The second commonly encountered approach towards terpene natural products involves

starting with the aromatic ring, then installing the stereochemistrtheatbenzylic

positions and building the alkyl chain. Schmadz al. synthesised thdrans7,8

dimethoxycalamenene 179

starting

from

the

commercially available

2,3-dimethoxytoluend 80 (Schemes.14).*?! They utilised an asymmetric hydroboration

with catalyst181 for installation of the benzylic stereocenter, followed by a double

homolagation for extension of the carbon chain. Suzuki cross couplint8®fwith

vinyl bromide 183 followed by TBES deprotection and subsequenta€etylation

afforded the allylic acetat®84in 75% yield. The final step in their synthesis involved
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the cyclisatbon of 184 under aprotic conditions to afford the trahs-

dimethoxycalamenendT9) in 57% yield over 6 linear steps.

i. 2 mol % [Rh(COD),]BF,
= 2.2 mol % 181 0
OMe CatBH, pinacol O/B o
OMe
OMe ii. BrCH,CI, n-BulLi
-85 °C (2 times) OMe
78% for 2 steps
180 (93 % ee) 182

i. s-BuLi, THF, NaOAc,
cat. Pd(dppf)Cl,, 183

i. TBAF

iii. Ac,O, EtzN, DMAP

75%

Me,AICI
a benzene,

OMe 7 °C, 30 min OMe

OMe 98(%) (101 dr) OMe
179 184

Ph>/Ph OWL
.
(@) (e

|
PsoA-Ph TBSO\)\/Br
0 Ph

;©/PPh2 183

181

Schem&814 Schmal z6s s yhsdimshexycalanefertf9i'e t r ans

Schmalzet al. proposed that dimethoxy calamener¥® could be a viable synthon for
elaboration into a number of serrulatane and amphilectane type natural products. In
2012 they pulished the total synthesis of helioporins 8% and E 186) from the
calamenene synthalB7 (Scheme3.15).*?? In an analogous fashion, the allylic acetate
188 was converted to the calamenel&9 through a cationic cyclisation under apecot
conditions with dimethylaluminium chloride. The cyclisation proceeded in 85% yield
giving 189in a 4:1 mixture of inseparable diastereomers. Elaboration of the side chain
in 5 steps allowed for synthesis of the allylic alcob®8%, which underwent oxiden
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with DMP to afford helioporin C185). Alternatively, the amphilectane natural product
helioporin E (86 was accessed through a cationic cyclisation with MeBO

(30mol%) at low temperature giving helioporin E8@) as an inseparabl&l mixture
of epimersatthe C1isobutenyl goup.

O™\ Me,AlCI : O™\
ccl, 15 °C 0
- . .
85% (41 dr) | -
188 189
MeSO3H,
CH,Cl,/pentane DMP, CH,Cl
~108 °C pyridine, rt
187 —_—
98% (3:1 dr) 86%

186

Schem@.15: Total synthesis of helioporins C and ESghmalz et &

Another approach commonly encountered in the synthesis of diterpenes possessing the
serrulatane and amphilectane skeletons involves the use of@mE®@); complexes

for installation of the benzylic stereocenters. Starting freetrilonel90 a catalytic
enantioselective reduction of the ketone to the benzylic alctBalfollowed by
diastereoselective  complexation and subsequent oxidation affords the

d’-tricarbonylchromium complexek92in high enantiomeric puritySchemes.16).*%®

O ) ) OH ] ) O
R enantioselective H R diastereoselective R
1 reduction 1 complexation !
—_— > —_—
R R, oxidation R
R, R3 Rs Cr(CO),
190 191 192

Schemd.16: General procedure for preparation of are@#(CO); complexes
(R, R.and R = H or OMe)**®
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In the synthesis of Xépihelioporin B (93, Schmalz utilised the are&(CO)
complex194 to install the prerequisite benzylic stereocent&shéme3.17). Starting
from ketonel94, Grignard addition of vinylmagnesium chloride in the presence of
CeCk afforded the tertiary alcohol, which underwent a vinylogous ionic
hydrogenatiotf*in the presence of the Lewis acids Mkl and EtAIChL to afford the
olefin 195in 67% vyield over two steps. The most acidic position was gedeas the
trimethylsilane, with the benzylic position then deprotonated wilfutyl lithium and

the enolate alkylated with methyl iodide to afford trimethylsild86 as a single
diastereomer. The silane was removed with fluoride and the arene alkyititedethyl
iodide to give methyl arenE97in 85% yield over two steps. Schmalz then attempted to
functionalise the side chain, usinglithioacetonitrile as a nucleophile. Interestingly,
they observed that the major prodi®8was obtained as a consegae of nucleophilic
attack from theendoface of the complex, instead of the expeerdface.

To finish the synthesis, the chromium complex was removed through oxidative
decomplexation, followed by removal of the methyl ether functionality with lithium
ethanethiolate. Protection as the benzodioxole was achieveitbl, and @esium
fluoride. The final step in the synthesis was the nucleophilic addition of
isobutylmagnesium bromide to the nitrile, whiclpom aqueous work up afforded
11-epthelioporinB (193).

OMe OMe = OMe

OMe 2 steps OMe 2 steps - OMe
—_— —_—

SiMe3

| Cr(CO)s || (coyscr

195 196

l 2 steps

s OMe
~ OMe

|| (coycr

CN 198 197

Schem@.17: Synthesis of1-epi-helioporin B(193 by Dehmel and Schm#iz*?°

Dihydroxyserrulatic acid199 was synthesised by Uemuea al. in 1991 utilisingthe

arenechromium complex200 (Scheme3.18). In order to install the carboxylic acid
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functionality, 2lithio-1,3-dithiane was used to perform a nucleophilic addition to the
metaposition, with the dithian@01 later hydrolysed and theoxidised to the methyl
ester.

OAc

200 201 199

Schemd.18: (+)-Dihydroxyserrulatic Acid by Uemura et &P

3.5 TotalSynthesis of Leubethanol

As mentioned earlier, our group has been interested in developing methodology
applicable to the synthesis of the serrulatane diterpene class of natural products. In
2012Luds work cul minated i 156 (Sthemeslg).nthilste s i s
leubethanol itself exhibited high levels of antimicrobial activityntbgsis of the
analogous EN3146) and EN4 147) natural products would afford a chemical handle at

C19 that could be easily manipulated.
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i. TBSCI,
i. BH3*THF, imidazole
0°C DMF
ii. H,O,, NaOH ii. Swern [O]
_— .
H OH  91% (92 ds) 66% (2 steps) O
- OTBS
202 i LHMDS, -78 °c 204
i. DMPU, CS,,
~78°Cto0°C
iii. LHMDS, -78 °C
iv. Br(CH,)3Br
- _ —78°Ctort
68%
BF,-OEt, 4¢L\/MQC
e S -~
MeOH
OTBS

206 (50%, 2 steps)

Schem®19 Lu6s sy nxkyarereR0§'®0f met ho

Luds synt hesi k6 lmefgan with a bubsirdteadirexted diastereoselective
2" 0f the commer ci-isopulegol pAY. alti Waa bl e  (

rationalised that due to the stereochemistry of the C1 RyHrdiydroboration

hydroboratio

predominantly leads to production of di203 (92% ds). Selective protection of the
primary alcohol as the TBS silyl ether was accomplished using 1 equivalent of TBSCI
and imidazole in DMF. Oxidation using standard Swern oxidation donditafforded

the ketone204. Lu then subjected ketor#04 to an iterative deprotonation procedure
whereby the enolate d204 was initially formed with 1 equivalent of LIHMDS at

1 78°C. DMPUwasadded followed by carbon disulphide according to a procdayre
Kocienski*?® Deprotonationof the resulting dithiofollowed by alkylation with1, 3-
dibromopropanaffordedU-oxoketeneS,Sacetal205in 68% yield as a yellow oil. The
ketone 205 was treated withmethallylmagnesium chloride, followed by boron
trifluoride to give the methoxyarer2®6in 50% vyield.

In previous literature syntheses of related natural products, the commercially available
prenyl magnesium bromide has been used for chain assembly. elpvese issue
associated with allylic Grignard reagents is the propensity to underge self

condensationknown commonly as Wurtz couplings.
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%,
<
e

207 erogorgiaene (131)

Schem&.20: Y a d a v 6 souplingtwithmierylmagnesium bromiée

112° the addition of penyl

In the total synthes of erogorgiaenel@l) by Yadavet a
magnesium bromide to the halogenated side ck@rwas unsuccessfubthemes.20).

Insteada more conventional approagbas used witlthe primary alcohobxidised to the
aldehyde.SubsequenwVittig chain extension, hydrogenation, reduction and another

Wittig chain extengin appendedthe prenyl moiety. This sequence of chemical
transformations is relatively trivial and high yielding, and was therefore employed in the

total synthesis of Leubethan@¢heme3.21).

In order to install the aliphatic side chain of leubethadéb), alcohol206 was first

oxidised to the corresponding aldehy2@8 (Scheme3.21). Wittig olefination with
(carbethoxymethylene) triphenylphosphorane afforded the unsaturate@@tesich

was subjected to hydrogenation conditions with Pd/C affording the saturatedldster

Reduction with diisobutyl aluminium hydride gave the aliphatic alc@tad) which was

oxidised to aldehyd@12 with standard Swern oxidation conditions. Deprotonation of
isopropytriphenylphosphonium iodide with-butyl lithium at 0 °C formed the ylide,

which underwent a Wittig olefination with aldehy@4?2 to afford the prerequisite

isoprenyl chain ofl61 The final step in Lubds synthes
methoxy protecting group through reflux with sodium ethane thiolate. Overall,
Leubethanb(156) was synthesised in 7% yield over 13 steps from the commercially

avail sasopulegol@G2)
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0
Ph3PyLOEt OMe

Swern [O]
—_— —_—
THF, reflux H
81% for 2 steps - OEt
209 O
Pd/C, H,
EtOAc, rt
90%
OMe
DIBAL, CH,Cly,
Swern [O] _78°C
- -
87% 80%
210 O
A - | THF, n-BuLi
\(PP'”' j 0°C to rit.
94%
oMe NaSEt,
DMF, reflux
—_—
88%
161 Leubethanol (156)

Schem&21: Lub6s synthedg59% of Leubethanol

3.6 AttemptedenzylicFunctionalisation of Leubethanol

With the total synthesis of leubethandl5¢) complete, Lu attempted the benzylic
functionalisation of C19 for transformationten EN3 and EN4. There were two
potential routes that were suggested for the synthesis of EN3 and EN4. The first
involved the direct benzylic oxidation with an appropriate oxidant. Alternatively, the
benzylic position may be functionalised and then condernt&o the required
functionality. Based on methodology reported by K. C. NicofdBthe first reaction
attempted was the benzylic oxidationliging IBX as oxidant $cheme3.22). Methoxy

etherl61lwas dissolved in a mixture of fluorobenzene/DMSO and IBX (3 equivalents)
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added. The reaction wture washeated at reflufor 5-18 hours but aldehyd213 was

not observed, whilst increasing the equivalents of IBX resulted in decomposition of the

starting material.

OMe

Cl NaOCl, InClj, IBX, DMSO,
CH,CI,/H,0O, 0 °C Fluorobenzene
S — — X
H 72%
OH
NBS (2 eq), NBS, CCly,

benzoyl peroxide

216 CCly, IR light NLR light
Br OMe

Br
H
OR, OR,
215 214
Schem®22 Lub6s attempted functi &nalisation

Considering oxidation of C19 was unsuccessful, Lu then attempted a benzylic
bromination usingN-bromosuccinimide (NBS) as brominating agent. Feahcal
bromination was first attempted using benzoyl peroxide as a radical irfittaamd
carbon tetrachloride as solvent. Instead of observing benzylic bromination, only
bromination of the aromatic ring was observed. Aryl bronftdd was characterised
based on the indicative mass obé&a M/z=349.0779, GH23BrNaO,) as well as
characteristic 1D and 2D NMR spectra, in particular the disappearanaesigihal
corresponding toan aromatic hydrogen. Further attempts at bromination were
conducted using methodology Wyruter et al.’** where the reaction mixture was
irradiated with IR light. NBS was limited to 0.5 equivalents, but the only product
observed was the same bromination prodiiet When an excess of NBS was used

(2 equivalents), Lu observed fornat of the tribrominated addu@15. Lu rationalised

that the propensity for nuclear bromination to occur was in part due to the electron
donating effect of the methoxy substituent. Derivatisation to the trifluoroacerexye

and the acetoxgrene was aomplished in 3 steps, with the same conditions for

bromination with benzoyl peroxide or infrared light tested. Unfortunately, in each
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circumstance only starting materials were observed. The aromatic bromination was

suppressed but no products correspontbriigenzylic bromination were observed.

With attempts at benzylic bromination proving fruitless, Lu then attempted a benzylic
chlorination reactiorusing sodium hypochlorite and indium(lll) chloride at 0 °C in a
mixture of CH,Cl, and water®®* However, the only product obtained was the
dichlorinated product216, obtained from reaction with then situ generated
electrophilic chlorine. Further attempts at benzylic functionalisation were abandoned;
instead attention wasitned to incorporation of the prerequisite benzylic functionality

prior to aromatic ring construction.

3.76-endadig Cyclisationof 3-Hydroxy-1 ,5-enynes

Barriaultet al. reported that the-6ndoedig cyclisation catalysed by gold(l) complexes

of 3-hydroxy-1 ,5-enynes217 afforded the corresponding tetrahydronaphthal@i@sn

good yields $chemes.23).1**13*The best yields were obtained when thesBbstituent

was either a methyl or phenyl groofthen R and R were hydrogen atoms, only 10%
yield was observed. When thg BRubstituent was changed to an ethoxy group, only a
12% yield was observed alongside decomposition. Similarly for ffp#&ttion, the best
yields were obtained when the substituent was an aromatic or methyl group, with
hydrogen tolerated at this positiovthen R was a substituerdther than hydrogen or
ethoxy.
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O - G SR G,

®xu(L) N2 Au(L)

217

| A
F oo S Q@

HO \ A

R, 218

Schem@.23: Proposed mechanism for thee@dedig cyclisation by Barriault et &f*

Although the yields were low when;Rvas an alkoxy substituent using gold(l)
catalysts, Belmonet al. have reported the use of activated gold(l) catalysts such as
AuPPhSbK as well as silver(l) catalysts for the eyre cycloisomesation of
quinolines219(Scheme.24).1*¢13" Starting from the silyl enol ethér19, complexation

of the silver cation with the alkyne results in intermed2#@ which following an ene

yne cycloisomesation affords intermediate221 Finally, proton migration and
regeneration of the catalyst leads to the acrid2 The use of silver salts afforded the
aromatic compounds in upwards of 72% vyields after just 1 hour at 50 °C in
1, 2-dichloroethane. In contrast, the simple gold complex Aaffbrded just 12% vyield
after 50 °C overnight, whilst refluxing overnight with Au(R)y&i resulted in no
discernible product.
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QTBS OTBS
R N AOTI (5 mol%)
_ . 1 X
P oee
o =
2 AN DCE, 50 °C Ry N Rs
Rj3 72%-quant.
219 222
[Ag] [Ag]
proton
Complexat|0n m|grat|0n
-« TBS -+ _TBS
Co/ @ol/
Rq N > cycloisomerisation R N
N e
~ ~
R; NT N R; N Rs
= TR, Ag
®[Ag]
220 221
Schem&24 Bel mont d6s s i 4yneeycldisbnesatod® al y s ed

3.8 Total Synthesis of thelydroxycalamenenes by March

Considering the promising selts reported by Belmont and Barriauljarch**®

investigatedhe aromatic ring construction using théiroxy-calamenenes as a model

system for serrulatane synthesMarch began investigations with an LDA aldol

betweent h e

commer ci amdnthone(¥3aand phemyliselendatedaldehyde

(223 (SchemeB.25). The hydroxyselenide was protected as the acetate deriz2dye

which was oxidised to the selenoxide witicPBA and eliminated affording the enol

acetate 225 Upon treatment with the lithium acetylid®6 the acetate rearranged

giving enotacetone227. Although unfortunate that the enol ether underwent this

rearrangement, a number aftho-diphenol natural products have been reported in the

literature (Schemes_ZG)_81,86,92,99101
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i. LDA, THF, i. n"CPBA
_78 °C DCE, 0 °C, 15 min
ii. DMPU, 223, Qhe ii. NaHCO3(aq), Qhe
_78°C SePh DCE, reflux, 5 h
—_— '
-0
: iii, Ac,0, DMAP & © 82% H 0
PR pyridine, 0 °C PN
0,
173 /8% (2steps) 224 225
226, THF, DMPU
~78°C, 1h
87%
0,
mCPBA, NaHCO3,q) AU(':'::‘EE)(’I:I rSn1olr(r)}0)l/o) OH O
CH2Cl, 35°C, 21 DCE, 85 °C, 12h X
93%
OBn . S
66% H”] OHXXX_ _oBn
227
( N\
o)
oH H)J\/Seph
O\ﬂ/ 4M HCI, THF OH 223
o) > OH o
H 70°C, 24 h H Li——
OBn OBn
229 230 L 226 )

Schem®&25 Mar chos s ydphehad¥i s of ortho

Because enedcetone227 was an unusual substrate feeedodig cyclisation, March
initially attempted the conditions published by Barriault anevookers** Treatment

of enol 227 with Au(PPh)CI (1 mol%) and TfOH (Inol%) in DCE heated at reflux
resulted in formation of the aromatic keto@28 BayerVillager oxidation with
MCPBA afforded the aromatic est2?29. The ester and benzyl groups were hydrolysed,
albeit with inconsistent yields to afford thetho-diphenol230. March rationalised that
although unoptinged, this could be applied to the synthesis of a varietprtifo-

diphenol natural products.
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OH on
OH on
- OH on
H
o 0
HO
148: R = COCH,
149 R = H 151
OH
d Aon

152:R=H
153: R=0OH

amphilectosin A (141) 185

Scheme.26: Natural products possessing ortiiphenol functionality

Having shown the effectiveness of this method towamtso-diphenols, March then
revised the synthetic sequence as well as the protecting group strategy to circumvent the
enolacetate rearrangement. The lithium acety@®® was successfully added to the
TBS protected phenylselenid@31, with the 3hydroxy alkyne232 then eliminated to
afford the enol etheR33 (Scheme3.27). Unfortunately, subsequent treatment with
Au(PPhR)CI resulted in the hydrolysis of the TBS protecting group to give ket8de
quantitative yield.

The hydrolysis of the enol ether was attributed to either protecting group stability or the
reaction conditions, and in particular the use of Au@fPlhas catalyst. Extensive
screening of other transition metals and conditions identified silver nitrate as an efficient
catalyst for the @ndadig cyclisation of3-hydroxy-1, 5enynes. Under the optimised
conditions, enyn233washeated at refluxn DCE for five hours in darkness, affording

the protected¢alamenen@35in 48% yield.
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QTBS 226, THF, DMPU QTBS
SePh go SePh
e _
o 94% [
H H HYS B
© OBN | i mCPBA, CgHg, 10 °C
231 232 ii. NaHCOj3(aq), CoHg
0 OTBS reflux 10 h
Au(PPh3)CI (20 mol%) 8 82%
TFOH (20 mol%)
-« B, S
H7T oHX__oBn PCE8STC, OHXX_ _0Bn
934 100% 233
AgNOs, DCE
100 °C, 5 h
48%
OH Pd/C, H, OTBS
MeOH/HCI
24 h
100% OBn
H ° H
236 235

Scheme&.27: Mar chés s ycaabneren@38 of deoxy

Attempted benzyl deprotection throubkidrogenolysigesulted in formation of deoxy
calamenene&36. Considering the previous difficulties that were encountered during
benzyl deprotection of thertho-diphenols, March devised an alternate protecting group
strategy allowing for the orthogonal mtetection of the benzyloxy positioRollowing

the same synthetic methodology, the-DBIBS calamenen€37 was synthesised
ef fi ci enimenghonk ¥78. Galamenen@37 was then used as a precursor for
construction of the two natural producBbeme3.28).

Treatment 0f237 with TBAF for 7 hours at 40 °C allowed for universal deprotection
and synthesis 0166 in quantitative yield. In order toysthesise the carboxylic acid,
March adapted the synthesis by selectively deprotectiagoenzylic silyl ether with

4M HCI to give alcohol238 Subsequent oxidation with PDC afforded the aldehyde
239, with Pinnick oxidation affording carboxylic acid240. The final step in the
synthesis was the deprotection of the remaining silyl ether by addition of TBAF.

Overall, the carboxylic aciti67was obtained in 84% frothe bissilyl precursor237.

90



Chapter3

OTIPS OTIPS OTIPS
4M HCI, THF PDC, DCM
50°C,8h rt, 4 h
—_— —_—
TIP H H
OTIPS 96% - © 94%
— ~ ~ 0]
N 37 <N 238 7 239
NaC'Oz, NaH2PO4
TBAF, THF 2-methyl-2-butene
40°C,7h tBuOH
100% 94%
OH OH TBAF, THF OTIPS
rt, 3 h
OH OH OH
. - 99% :
166 167 240

Schem&28: Mar chdés total sym6bdn@lé/i s of cal amene

The combination of methodology applicable to synthesis of leubethanol and the 8
hydroxycalamenenes could provide a viable route to EN3 and EN4. In an analogous
fashion toleubethanol156) , t h e -isopukegola®02) céuid)establish the C1, C4

and C11 stereocenters early in the synthesis. The silver catalysgde en
cycloisomersation is applicable to the formation of the thed 8,dihydroxy calamenene

core with intrauction of the desired C19 functional groups. The prenyl side chain could
be extended in a similar manner to leubethanol. In the upcoming chapter, the synthetic
methodology developed during these studies will thus be applied to the total synthesis
of EN3(146) and EN4 147).
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Chapter 4Summary

This chapter details tHéest total synthesis and stereochemical elucidation of EI¥8)(

and EN4 147). The stereochemistry was introduced early in the synthesis using
( Jisopulegol as a starting materifley steps included lithium acetylide addition and
silver catalysed engne cycloisomegation. EN3 was synthesised in 17 steps and 5%
yield, whilst EN4 wasaccessed in 17 steps and 3.8% yiélde stereochemistry of the
natural products was determined HR 4S 11S through comparison of the optical
rotatiors and NMR datawith reported literature values.
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4.1 Retrosyntheti@nalysis of EN3 and EN4

As discussedn chapter 3, EN3 and EN4 are structurally similar to leubeth@dbé) as

well as the &hydroxycalamenengd66-167) (Schemed.l). Theydiffer in theoxidation
stateat the benzylic C19 position (highlighted in red$ well as theresence of the
prenyl tail (highlighted in blue)For leubethano(156), C19is a methyl substituent,
whilst EN3 and EN4 possess hydroxyl and carboxylic acidctfanal groups
respectively. TheC19 substitution patterrof the two calamenengd66 and 167) is
identical to that of EN3 and EN4, with the only difference being the presence of the
prenyl tail.

146 147 156
OH OH
[:E:[i:]\V/OH OH
/_\ /_\ O
166 167

Schemé.1: serrulatane and calamenene natural products

Retrosynthetically, EN3 and EN4 may be accessed througbnabinationof the
approachesised for leubethantf and the calamenen&® By empbying isopulegohs

a starting material, the stereochemistityC1, C4 and Clfnay be installed early in the
synthesis. Furthermore, the aromatic ring may be instaltédg a silver catalysed
eneyne cycloisomesation.

During the synthesis of the -I8/droxycalamenenes, March investigated
deprotection/oxidation strategies necessary to access both natural products from a
common bissilyl synthon'®® The studies indicated that the C19 hydroxyl substituted
calamenenel66 was easily accessed through double deprotection, whilst the
carboxylic acid167 required alengthier deprotection/oxidation sequence. This was

necessary due to the instabilitiytbe free phenol to oxidatioBased on these results, i
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was theorised that EN3 may be accessed in one step from thidylbss/nthon241
(Scheme4.2). EN4 would require the selective desilylation of the primary TIPS ether
followed by oxidation to carboxylic ac2¥42and deprotection. Synthesis of EN4 would
be posdile in 4 steps from the blyl synthon241

Deprotection

167: R =H
EN4: R = CH,CH=C(CH,),

Deprotection
and [O]
OTIPS

Deprotection

166: R = H 241
EN3: R = CH,CH=C(CHs),

Schemél.2: Retrosynthetic analysis of EN3 and EN4 from synftih

Although the substituted-Bydroxycalamenenes contain tteérahydronaphthalene core
characteristic of the serrulatanes, they differ in that the prenyl chain is dbseRN3

and EN4, the retrosynthesis must also address the installation of this group.-3ihg bis

synthon 241 could be synthesised fronproteced alcohol 243 through a
oxidation/chain extension sequentetrahydronaphthalen243 could be synthesised
throughbenzannulation of enyr#&44, which in turn may be formed through selenoxide
elimination and acetylide addition to ketoBd5 (Scheme4.3). Ketone 245 may be

synt hesised through TIPS -lydraxy ketone ioltamedo f t h e
from aldol addition with protected ketorZ#6 and phenylselenoacetaldehyde. Ketone

246 could be obtainedin three steps from the commercially availablg-isopulegol

(202 in a similar manner to leubethanol.
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241 243 244

Acetylide
addition

and elimination

Hydroboration,
protection Aldol and
and [O] protection

OH

(-)-isopulegol

Schemeél.3: Retrosynthetic analysis of bédlyl synthor241

4.2 Synthesis ddenzyl Keton248

Synthetic studies towards EN3 and EN4 began with tubstratadirected
hydr obor a-tsopaegol (202) (S¢henjed.4). Coordination ofthe secondary
hydroxyl group at Clwith the borane, followed by subsequent addition to the alkene
resulted in hydroboration occurringgedominantly from one side of the atie This
result wasn accordancevith the literature, with the hydroboration of isopulegol known
to producethe IR, 2S, 5R, 7R stereochemistryf diol 203a,.8%10>127

i. BH;, THF, 0 °C
ii. Hy0,H,0,,
NaOH
— > +
H OH 98% H on
OH
202 203a (major) 203b (minor)

Schemé&4: Stereosel ect i visopulegol®020o0b or ati on of (

Reactionprogresswas determined by disappearance of the two vinyl protons from
( igopulegol and appearance of two diastereotopic protons at 3.66 and 3.60 ppm

corresponding to the newly created oxymethylene functionality*fiHéMR spectrum
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revealedthat following recrystalkation fran hot cyclohexanethe major diastereomer
203a was obtained in a ratio of 11.5:1 with the minor diastereo2@®. This was
supported by th&C NMR spectrun{Figure4.1), which showed 0 carbon signals from
the majordiasteeomer203a. Trace sigals at 71.8, 66.4 and 48.9 p@reindicativeof
the minor diasteomer203. Due to the similarities in {)complete separation of the

diastereomers was nathieved Instead, separatiat a later stepouldbe possible.

e

T T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
f1 (ppm)

Figure 4.1: *C NMR spectrum of di@03a (150 MHz, CDG))

Treatment of dioR0O3awi t h sodi um hydride and benzyl
gave a mixture of the primary moenzylated produ@47 as well as a small amount

of the dibenzylated sid@roduct Scheme4.5). Fortunately,protection of theminor
diastereomer 203 from the previous stepenabled separationby column
chromatographwt this point Swern oxidation of the secondary alcohol afeatédetone

248 in 78% yield. Since ketone248 was known, the NMR spectra obtained were
compared to the literature and were in good agreetflent.
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i. NaH, DMF
ii. BnBr, -60 °C
_—

OBn
OBnN

203a 247 (71%)

i. DMSO, (COCl),,
CH,Cl,, ~78 °C, 30 mins

ii. 247 (CH,Cl,), 1.5 h

iii. EtzN, =78 °C, 1 h

247

\J

)
78% OBn

248

Schemé.5: Synthesis of benzplotected keton248

4.3 Installation of the C8 and C19 Oxygen Functionality

The proposed retrosyntheseqquired a substratgith hydroxyl functionality that could

be converted to the silyl enol ether. To this ehd, aldol reaction between ketop43

and phenylselenoacetaldehy@23) was performedScheme4.6). LDA was prepared

in situ by the deprotonation of diisopropylamine witkbutyl lithium. Ketone248 was
addedviac annul at iCamd the enolateraged b5 hours DMPU was added
prior to the addition of Ipenylselenacetaldehyd€223), with the solution stirred at
178°C until TLC showed consumption of starting materials. The reaction proceeded
smoothly, affording hydroxyselenid®49 in good yieldand as a single diastereomer,
although the stereochemistryas/ not determinedThe hydroxyl functionality was
protected, withthe silyl ether2500btainedn 86% yield.

TIPSOT,

i. LDA, THF, 2,6-lutidine,

-78°C SePh  cu,cl,, -78°C

—_— _—

ii. DMPU, 86%

0
248 H)J\/S‘*Ph 249 (65%) 250
223

Schemedl.6: Synthesis of the triisopropylsilyl eth250
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4.3.1 Attempted lithium acetylide addition to ket@66
Having successfully introduced the oxygen functionality corresponding to the phenol at

C8 of the natural productsntroduction of theC19 functionalitywas attemptedia
lithium acetylide addition.Propargyl alcohol251 was protected as th&nown
triisopropylsilyl ether252a in quantitative yieldSchemet.7).

ROTf{,
2 ,6-lutidine, n-BuLi, THF,
on  CHClo-78°C. or 78°Cto-50°C or
=/ s = Li——
251 252a: R=TIPS 253a: R=TIPS
252b: R = TBS 253b: R = TBS

Schemeél.7: Formation of lithium acetylide253a and253b

The alkyne wasleprotonatedavith n-butyl lithium affording the lithium acetylide253.
Addition of the previously prepareketone250 afforded no discernible change IR
after 3 hour§Schemet.8). Comparisorof the crude’H NMR spectrunto the'H NMR
spectra of the starting matdsaevealed that no reaction had occurr&chumber of
alternate reaction conditions were trialled including the addition of DMPU but in each

case alkyn@54was not observed.

THF, DMPU
-78 °C
OTIPS

Y

Li——

OBn

250 253a 254

Schemé.8: Attempted lithium acetylide addition to ketd&0

4.3.2 Modellithium acetylideaddition
At this stage it was determined that the cause for the poor reactivity could be the benzyl

ether functionality. To test this theory, the substrate for acetylide addition was
simplified. ( T-igopulegol (202) was oxidised tq T-igopulegoneg(255 in high yield
(Scheme 4.9). Deprotonation with LDA followed by addition of
phenylselenoacetaldehyd223 afforded thediastereomerically purbydroxyselenide

256, which was protected as the silyl etR&7in 70% yidd over two stepsAddition of
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lithium acetylide253a to the phenylselenid257 afforded 3-hydroxy alkyne258in 72%

yield and & a mixture of diastereomers. This result suggests that the lithium acetylide
253a does form, and that thmoor reactivity of phenylselenidb0is attributableto the
benzyl ether side chain.

i. LDA, THF,
Swern -78°C OH
Oxidation ii. DMPU, 223 SePh
93% 71% H @)
—)-isopulegol
TIPSOTH,
2,6-lutidine,
CH,Cl,, -78 °C
99%
s THIESST\'/IPU OTIPS
SePh
72% H O

OTIPS

Schemél.9: Synthesis of mod&thydroxy alkyn&58

Although lithium acetylide additioto the simplified substrate was successh, poor
reactivity of benzyl ethe250 meant that an alternative substrate was required. Whilst
the poor reactivity could be attributable to the side chain itself, changing the protecting
group could potentiallyead to a different outcome during lithium acetylide addition.
Considering the synthetic strategy had twityl sprotecting groupsin place the
4-methoxybenzyl (PMB) protecting groupas investigated PMB groups exhibit
different chemical reactivityyo the benzyl groupand therefore different modes of
deprotection. In particular, thegan be removed through single electraransfer
oxidation with an oxidant such as DDQ@he different chemical behaviour of this
protecting group could allow for orthogonalpdetection and would be less likely to
result in chemoselectivity issues. This was seen as advantageous considasgsgethe

associated with benzyl deprotectidaringthe calamenene synthes&chemes.27).
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4.3.3Introduction of the PMBprotectinggroup
Following the same synthetic sequence as before, 20i8h was protected as the

primary PMB ethe259in good yield 6chemet.10). Column chromatography afforded
separation ofether 259 from the small quantity of biEMB etherand a protected
analogue ofminor diastereome203. Swern oxidation afforded the kete 260, which

was obtainedin® yi el d over titopuegol. steps from (1)

i. NaH, 30 mins,
DMF, 0 °C,
ii. PMBCI, —-60 °C, Swern [O]
—_— —_—
72% 92%
259 260

Schemd.10: Synthesis of the PMprotected keton260

4.3.4 Synthesis of the silyloxy selerzé
Ketone 260 was subjected to the aforementioned aldol conditions with LDA as base.

Even with a number of experimental conditions trialled, the best yield obtained was
40%, with return of the starting keton60 (~40%). Recovery of the
phenylselenoacetaldehyd@23 was not possiblesince the aldehyde decomposed
duringthe reactioror purification

Considering the poor yield and reproducibilityHMDS was trialled as amlternative
base. Treatment of ketor260 with LIHMDS (0.2M) resulted in poor conversion with
recovery of mainly starting materialncreasing the concentration to 0.%florded the
desired hydroxyselenid261 in an excellent84% yield (Scheme4.11). The *H NMR
indicated the presence of only one diastereomerdid the'*C NMR spectrum that
contained an expected 22 cambsignals.Protection as the triisopropylsilyl eth@62
proceeded almosgjuantitatively (98%yield).
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TIPSOT(,
i. LIHMDS, THF, SePh 2 6-lutidine,
1h,-78°C CH,Cl,, -78 °C
- —_—
ii.223,2 h 98%
84%

OPMB OPMB
260 261

Schemé.11: Synthesis of silyloxy seleni@&2

4.3.5 Lithium acetylideaddition toketone262
With the protected phenylseleni@&2 in hand, the next step was the addition of lithium

acetylide253 A large excess (4 equivalents) of alkywas useddue to difficulties
encountered duringhromatographyf the model3-hydroxy alkyne258 The TIPS and
TBS alkynes @52a and 2520) weredeprotonated witlireshly titratedn-butyl lithium,
and phenylselenide262 added $cheme4.12). *H NMR analysis of the crude reaction

mixtures revealethat there were nobservable starting materials.

RO
= |
253a: R =TIPS
253b: R =TBS
THF,
-78°C,3h
OPMB OPMB
262 263a: R = TIPS, 83%

263b: R = TBS, 86%

Scheme.12: Lithium acetylide addition to ketorg62

Where the model study with keto@87 resulted in a mixture of diagseomers, addition

of lithium acetylide253 to ketone262 resulted in og distinguishable diastereomer
based on analysis of tfid NMR spectrun(Figure4.2). Themultiplets at 7.52 ppm and

7.07 ppm were attributable to the protons on the aromatic ring attached to selenium,
whilst the two signals at 7.25 ppm and 6.85 ppm were assigned as traiaqmotons

of the PMB protecting group. There were two apparent AB quartets at 4.49 ppm and
also at 4.18 ppm. The AB quartet at 4pfn was attributed to ¢hoxymethylene of the
4-methoxyenzyl group, due to the HMBC correlationgh the aromatic protes. The
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AB quartet at 4.18 ppm exhibited HMBC correlations to the two carbon signals at 89.1
and 84.4ppm, identifying it as the oxymethyleraphato the alkyne. The methylene
protonsalphato selenium aB.943.88and 3.09 ppm were easily identifiable their
HMQC correlation to the carbon signal at 32.8 ppm. This is characteristic of the-carbon
selenium bond, and allowed for discrimination of these diastereotopic protons from the
oxymethylene protonsThe COSY correlations between the protons at-3.88 and

3.09 ppm and the proton at 4.94 ppm allowed for its identification as the methine proton
alpha to the TIPS ether. The singlet observed at 5.42 ppm showed no HMQC
correlation and was therefore assigned as the hydroxyl proton. Finally, the molecular
ion of 839.3977 m/z was obtained corresponding fgH£0sSi,(80)SeN3, further
supporting the assignment of the structure as alkgb.

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

75 70 65 6.0 .
f1 (ppm)

Figure 4.2: '"H NMR spectrum of alkyr263b

The addition of the commonly used polar aprotic solvddMPU as cesolventwas
necessary during the synthesis of thbyfroxycalamenenetScheme3.28) and the
model study with( T-igopulegoneg(255). However, he reactionof PMB ketone262
with lithium acetylide 253 proceededsmoothly without DMPU The increased
reactivity of PMBketone262 compared to the analogous benzyl ket@66 could be

due tothe different electroos of the4-methoxybenzybrotecting group Ketone262
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could adopt a leshindered conformatignallowing nucleophilic attack of the lithium
acetylide at the C1 carbonyhdditionally, the oxygen atoms of thermethoxybenzyl
group may chelate the lithium ion, which could result in a different conformation or
increased nucleophilicity of the lithium acetylide.

4.4 Investigation of the AnnulatiodReaction

With the silyloxy selenide and-Bydroxy alkyne functionality installed successfully,
elimination of the phenylselenide needed to occur in order to form the silyl enol ether.
Phenylselenid®263b was first treatéd with m-chloroperbenzoic acidScheme4.13) in
anhydrous benzene for 20 minutes at 16**@ saturated aqueous solutiohNaHCQ;

was added, with the intermediate selenoidated at refluxovernight in the biphasic
mixture. The harsh conditiorsnabledthe unfavourable elimination towards oxygen,
producingthe silyl enol ethe264.

i. nCPBA, CgHeg,
10 °C, 20 mins

ii. NaHCO3; (aq), CgHg
reflux, 12 h

AgNO3 (10 mol%)

DCE, reflux
12 h
B
51%
(2 steps)
OPMB OPMB
265 264

Schemet.13: Synthesis of the silyl enether264 andarene265

Enyne264was dissolved ilDCE and the resulting solution heated to reflux. A catalytic
amount ofAgNOs3 (10 mol%) was added and the solutiorateel at reflux in darkness

for 12 hours. Following column chromatography, ar26&was isolated as a colourless
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oil. Interestingly, comparable yields were obtained for the benzannulation reaction when
the crude enyne was used.

Analysis of the'H NMR spetrum (Figure 4.3) revealed twosignalsat 6.68 and
6.60ppm corresponding to the protons of the newly established aromaticThege

wasa sharp singlet at 4.61 ppm corresponding to the benzylic methyletoagalpha

to the primary TBS ether. The diastereotopic protaipha to the OPMB functional
group appearedat 3.31 and 3.24 ppm, whilst the benzylic methine protons were
apparent at 3.28.14 ppm and 2.71 ppm. The remainder of tHeNMR spectrum
correponding to the cyclohexyl ring was similar to that of the starting material.

The *C NMR spectrum(Figure 4.3) also contained diagnostic peaks. The signals
previousy observed at 89.1 and 84.4 ppm corresponding to the alkyne were absent.
There were 10 carbon signals attributable to the two aromatic rings, whilst there were
also three signals at 0} 72.7 and 65.1 ppm corresponding to oxymethylene carbons.
The HRESIMS of 663.4226 m/zwas obtainedcorresponding to a molecular ion of
CssHe404SioNa’, confirming the structure of tetrahydronaphthal2g
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OTIPS

OTBS

oPHe A i

3.35 3.30 3.25 3.20 3.15 3.10

LLi PRY |

T T T T T T T T T T T T T T T T T
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

OTIPS

OTBS

OPMB

il nenl

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure 4.3: 'H and™*C NMR spectrum of arer265
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4.5 4-MethoxybenzyProtectingGroup Removal

With tetrahydronaphthalen265 synthesisedinstallation of theprenyl side chairwas
attempted The first step in this process was the removal of tmeethoxy benzyl
(PMB) protecting group. Once the free alcohol was obtaiogidation of C12 to the
aldehydewould allow forelaboraibn of the side chainHowever, wha arene265 was
treated with 1.1 equivalents of DDQ, a complex mixture of products was observed
(Scheme4.14). Column chromatographgfforded four mayr fractions Two were the
expectedp-anisaldehyde and primary alcoh?2$6 resulting from PMB deprotection

whilst thetwo otherproductswereside-productsattributed tochemaelectivityissues.

OTIPS

OTIPS

DDQ (1 equiv.)
CH,CI,
0 °C, 30 min
—_—

OPMB
265

p-anisaldehyde

268

Schemel.14: DDQ oxidation of PMB ethe265

The structure for aldehyd268, and in particular, the location of the aldehyde was
determined by 1D and 2D NMR spectroscopfie most useful information obtained

was from theH NMR spectrin (Figure4.4). There was onsignalpresent at 9.85 ppm,
indicating the presence of an aldehydéere was no observable coupling for the
aldehyde proton, indicating no adjacéHtnuclei. Thisindicatedthat the benzylic C13
position had been oxised. The protonsignalsat 3.55 and 3.48 ppm were characteristic

of diastereotopic oxymethylene protons. They exhibited a COSY correlation to one
proton at 2.06 ppm, which in turn had a correlation to the melhyblet at 0.97 ppm

and the triplet observed at 2.84 ppm. These protons were therefore assigned to the side

chain, with the signal at 2.84 ppm due to @#®benzylic methine. The proton at 3.28
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ppm appeared as a pentet, and exhibited COSY correlatiomghsitmultiplet at 1.87
1.83 ppm, the multiplet at 1.6058 ppm and also the methyl doublet at 1.18 ppm. This
was attributed to th€1 benzylic methine position.

Considering that C13 aldehy@67 was isolated in conjunction with recovered starting
materid, this suggestd the regioselective SET oxidation of PMB etl2#§5 was not
possible.Instead, the deprotection of thenfethoxybenzyl group using nanxidative

conditions was investigated.

OTIPS

0
OH JMWUM
2‘.1 2‘.0 1‘.9 1‘.8 1‘.7 1‘.6

T T T T T T T
3.55 3.50 3.45 3.40 3.35 3.30 3.25

- @

T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0
f1 (ppm)

w

ol

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure 4.4: 'H and**C NMR spectrum of aldehy@68
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45.1 Alternativeprotectinggroup removalstrategies
A number of deprotection methods have been reported that do not rely on SET

oxidation of the PMB group. Theonoxidative conditions include use of Lewis acids
such as silver saft®, triflic acid"** and POGJ.** These conditions were trialled, but in
each case only starting materials or complex mixtures of products were obfesraad.
alternative strategyemoval of the protecting group prior to eyree cyclosimerisation
was attempted to provide access tohidroxy-serrulatan@66.

Starting from alkyne263a, treatment with DDQ inCH,Cl, for 4 days at room
temperature afforded the primary alcoR6P in 51% vyield as a colourless ob¢heme
4.15). The phenylselede was oxidised with mCPBA to afford the intermediate
selenoxide, and subsequerttiyated under reflugvernight with sodium bicarbonate to
afford the silyl enol etheR70. However,the benzannulation conditiongsulted in a
complex mixture of products, with ntd NMR signalsresemblingalcohol 266. This
result suggest that the free alcohol may be incompatible with the cycloisasatisn
conditions and should remain protected until ttetrahydronaphthalene core is
established.

DDQ (1.2 equiv.)
CH,Cl,
rt, 4 days
_—
51%

269

i. mMCPBA, CgHg,

10 °C, 20 mins

ii.. NaHCO3 (aq), CESHG
reflux, 12 h

AgNO3 (10 mol%)
DCE, reflux
5h

-———

266 270

Schemd.15: Early-stage deprotection of PMB eth263a
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4 5.2 Oxidativedeprotectionof the PMBandoxidationof C19
Considering the poor results obtained through an early deprotection sequence,

simultaneous removal dhe PMB protecting group and oxidation tfe benzylic C19
positionwas attemptedTreatment of the PMB eth@65 with 2.5 equivalents of DDQ
afforded thedeprotected aldehyd#68 in 80% yield Echemet.16). Although not ideal

to oxidise both positions, C19 of EN4 is in the carboxylic acid oxidatioe.Sthts
negates the need for selective deprotection and oxidation in two separate steps later on,
meaningthe overall number of stegfouldnot increase.

OTIPS

DDQ (2.5 equiv.)

CH,Cl,
rt, 16 h
otBs o
80%
OPMB
265 268

Schemel.16; Oxidation of PMB ethe265with DDQ (2 equivalents)

The reaction to produce the deprotected aldelg@gproceeded remarkably smoothly,
with addition of an excess of DDQ in GEl./pH 7 phosphate buffer mixture (10:1)
allowed to stir for 16 hours. Follomg column chromatography (20% EtOAc/X4) the
aldehyde was isolated high purityas a colourless oil

4.6 Attempted Wittig Olefination Conditions

With aldehyde268 synthesised efficiently, the next steps in the synthetic sequence
focused on side chaingtallation. In order to attach the prerequisite prenyl side chain,
the simplest method of attachment could be seen as Wittig olefin@kahation of he
alcohol at C12to the corresponding aldehydeas required. However, the benzylic
aldehyde would alsceact under Wittig olefination conditions to give a mixture of side

products.

4.6.1 Protection of théenzylicaldehyde
Protection ofthe aldehydewas essential to avoid chemoselectivity issues associated

with side chain installatianinitial attempts atprotectingaldehyde268 as either the

dimethyl acetal71 or dioxolane272 were successful, with each synthesised in near
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quantitative yield chemet.17).2*3 However, benzylic acetals are susceptible to acidic
conditions, and this was highlighted wheiMR in deuterated solvents was conducted.
Preparation of NMR samples wittewly opened CDGlFesulted imo observable acetal
signals Only when using deuterated chloroform that had been stored g@€xKvere
any acetalsignalsdetected. This instability was exemplifieiiring oxidation of the
substratesEven when Des#lartin Periodinanevas used in theresence of sodium
bicarbonatethere were multiple aldehyde signals detected ifHh¥MR for aldehydes
273 and 274. This appoach of aldehyde protection as tlaeetal was therefore

abandoned.
OTIPS CH(OMe)s, OTIPS
AcClI, MeOH, DMP, NaHCOg4
0°C,15h CH,Cl,, rt, 3 h
—_— R —_—
quant. H
OH
271: R= dioxolane 273: R= dioxolane
272: R= dimethyl acetal 274: R= dimethyl acetal
?é\(o &OMe
R= J or
0] OMe
dioxolane dimethyl acetal

Schemel.17: Acetalisation of aldehyd268and attempted oxidation

4.6.2 Protection as thearboxylicacid
The instability of the benzylic acetals highlighted the need for a more robust protecting

group at C3B that would be stable over multiple steps. InsteagrofectingC13 in the
aldehyde oxidation state, protiect in the carboxylic acid oxidation stamuld be
possible This meant thathe C1B aldehyde needed to be oxidised selectively in the
presence of the C12 alcoh@xidation to the carboxylic acid would bisefulas EN4
contains the carboxylic acid functionality at the benzylic position.

The firstoxidation attempted was the Pinnick oxidati@tlfemet.18).******Treatment

of aldehyde268 with NaH,PO, and NaClQ afforded the carboxylic acid75 in 90%

yield. The reaction was conducted in the preseoic®, 3-dimethyt2-butene as a
scavenger for electrophilic chlorine that was generated during the reaction. Analysis of
the '"H NMR spectrum revealed that the aldehyde signal previously observed at 9.85
ppm had disappeared@he two aromatic protons previsly at 7.26 and 7.11 ppm for
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aldehyde268 had shifted downfield to 7.52 and 7.34 ppm due to the increased electron
withdrawing effect of the carboxylic acid. TR NMR spectrum also revealed thiae
signal at 192.4 ppm corresponding to the aldethatkdisappeared, whilst a signal at
172.1 ppm indicated the presence of a carboxylic. &tading introduced the necessary

oxidation state for the EN4 natural prodwgitie chain installation could now proceed

OTIPS NaH,P0O,4°2H,0, NaClO,
2,3-dimethyl-2-butene,
t-BuOH, 30 °C, 12 h

L
’

90%

OH 575

PDC, buffered SiO,,
CHyCly, rt, 5h

0
Ph,P.
3 VJ\OEt OTIPS

277

CH,Cl,, rt,
overnight
30%

(2 steps)

276

Schemeé.18: Oxidation of aldehyd@68 and chain extension

Treatment of carboxylic acié75 with PDCin CH,CI; for five hours afforded aldehyde
276. Addition of stabilised ylide277*° gaveU p-unsaturated est@78 as a light yellow
oil in only 30% vyield. Considering thetraightforward natureof the chemical
transformations, this yield wdswer than expected his was most likely due tessues

associated with the polarity or iasility of the carboxylic acid.

4.6.3 Protection as théenzylicester
Another option allowing for the selective oxidation of the benzylic aldehyde was

Oxoné® esterification*’ Aldehyde268 was dissolved in ethanol af@koné® added at
room temperatureSchemed.19). After stirring for 16 hours, the reaction mixture was
filtered (ethanol) and the organic layer concentrategdtacuo.The residue was then

taken up inEtOAc and water, and the aqueous lagrtracted witrEtOAc. Importantly,
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EtOAcwas not used as solvent until removal of Gene® through filtration, due to its
ability to promote the transesterification of the alcohol functionality at C12. Following
column chromatography, aromatic es#&9 was obtained as a colourless oil in 87%
yield.

Disappearance of the aldehysignalat 9.85 ppmindicated that the starting material
hadreacted There was appearanoé a multiplet at4.38 4.27 ppm and triplet at 1.37
ppm corresponding to the oxymethyseand methyl group of the ethyl ester. As with
the carboxylic acid, the aromatic protons were shifted downfield to 7.45 ppm and 7.30
ppm whilst the oxymethylene protons of the primary alcohol apgdeat a similar

chemical shift.

OTIPS i. DMSO, (COCI), OTIPS
CH,Cl,, -78 °C,
20 min
OEt — >
i. 279, -78°C,1h H"
iii. Pr,NEt, 78 °C "
OH 1 h, 94% O 280

268 279

O

Scheme.19: Oxoné Esterification andSwern oxidation for synthesis of aldehy®®

Swern Oxidatioff*®of aromatic este?279 was conducted using the sterically hindered
diisopropylethyl amine as base to avoid epimerisation. The ald&®@ewas obtained

in 94% vyield as a colourless oil. Analysis of thé NMR spectrum indicated one
aldehyde signal and therefore no epimerisation occurred.

With the benzylicaldehyde protected in the carboxylic acid oxidation state, but as the
more stable anddophilic ester280, the side chain could be extended. Considering that
the tetrahydronaphthalen280 had an ester functional group, the chain extension

strategy could not employ reduction steps due to the obvious chemoselectivity issues.

The ylidestherebre had to possess the correct lower oxidaion state for chain

extension.

4.6.4 Attempted Wittigplefination withylide 281
Treatment of aldehyd280 with semistabilisedylide 281 in toluene heated at reflux

with triethylamine unfortunately produced none of the expe&ed 282 (Scheme

4.20). |l nstead, due t o-methly substituert,sepimearteon af f t
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aldehyde280 occured Therefore, an alternative olefination reagent or protocol was

sought.
S}
c o
OTIPS Ph3P9)J\H OTIPS
281
— OEt
H
Toluene, Et3N, ! O
reflux, 12 h |
O (+)-280

Schemél.20: Attempted Wittig olefination with sesstiabilised ylide281

4.7 Investigation of JulieKocienskiOlefination Conditions

Considering the poor reactivity of aldehy@80 with semistabilised ylides, the
reactivity of sulfones in the Julidocienski olefinationreaction was investigated
Bromoacetaldehyde diethyl aceta83 is commercially available but is also easily
synthessed in one step from the commercially available ethyl vinyl etlaerd NBS.

Care was taken during the synthesis and handling of this chemical as it is a lachrymator
and has been reported to be fatathaled™*°

The sodium salt oR-mercaptobenzothiazol284 was alkylated through addition of
bromoacetaldehyde diethyl aceta83 (Scheme4.21). The crude sulfidewas then
oxidised using Oxorfe Sulfone 285 was obtained as light yellow needles with a
melting point of89i91.5 °C Analysis of he 'H NMR spectrumidentified signals
chaacteristic of the benzothiazole at 8.22, 8.01, 7.63 and 7.58 ppm. The acetal proton
was apparent at 5.11 (t, J = 5.4 Hz, 1H), whilst the oxymethylene protons appeared at
3.58 (dqg,J=9.2, 7.0Hz, 2H) and 3.49 ppm (dqgJ=9.2, 7.1 Hz, 2H).Resonances
attributed tohe methyl groups appeared at 0.98 pprd~1,.0 Hz, 6H).
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i. NaH, THF/DMF
30 mins, 0 °C
OEt ii. 283, 30 mins, OEt

N 60°C,12h <
’ N
\>_ -
@[ SH o+ H\ OEt = Y-S5 OEt
S iii. Oxone, NaHCOs, S (SI o

Br CH,Cly, tt, 12 h,
284 283 78% (for 2 steps) 285

Schemeél.21: Synthesis of sulfone diethyl ace28b

4.7.1 JuliaKocienskiolefination withmodelaldehydes
|t i's well document edhytdrata ly k a loy-acamygwl dont a

functional g r odlimpimmtiomawhen trpated with bakfoHowever, the

elimination can be mitigated by employing Barbier conditions, whereby the sulfone and
aldehyde are prmixed followed by slow addition of bas&o this end, benzaldehyde

was chosen as a model aldehyde to react with su#8Bendera variety of conditions
(Schemet.22). Sulfone285was di ssol ved in tetrahighdr of ur a
LIHMDS (1.1 equivalents) added dropwise. The-pretallation time was varied from

10 seconds to 5 minutes before the addition of benzaldet8@lewith the resultig

yell ow solution all owed t o isdationthe audeéHi 78 AC
NMR spectra were used to determine the ratio of cinnamaldehyde diethyl 28%tal

residual benzaldehy@®86.

OEt

N
A\ i
D—S=o OFt
S 0
0 OEt
285 0]
N OEt
H —————> N0t + @[\>_§_//_
Conditions S ('5
286 287 288

Schemé.22: Model JuliaKocienski olefination with benzaldehy2&6

The longer premetalation times of 2 and 5 minutes resulted in negligible yields of

allylic acetal287, instead returning the starting benzaldehgded eliminated sulfone

288. Even with a premetallation time of 10 seconds only minute quantities of the
cinnamaldehyde diethyl ace@287waso bt ai ned, wi t h -@ihimtboet quant
of the sulfone diethyl acet&85. Instead, Barbier conditionsere used whereby the

sulfone 285 (2 equivalents) and benzaldehy@d®86 were premixed. By treating the
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mi xture at 178 AC to Li HMDS dropwise over
stir for 1 hour at T 7287wAshbtaineci@7%qieldwite s pondi
modest selectivity for thezf-a | k e n e-elimifiate@ sulfone288 was also obtained,

but due to the excess of sulfone used, did not influence the yield of the reaction

significantly.

4.7.2 Attemptedide chaininstallationwith sulfone285
With the reaction conditions optimised for benzaldehyde, addition of sulfone diethyl

acetal285 to aldehyde280 was attemptedScheme4.23). Aldehyde280 and sulfone

285 (2 equivalents) were dissolved in THF and the resulting solution cooiedt8 A C.
LIHMDS (2 equivalentswas added dropwise over 5 minutes, and the resulting yellow
solution stirred for 1 hour themColuhl owed
chromatography attained separation of allylic ac28f and the unsaturated sulfone

288.

LIHMDS, THF,
OFt -78°C,1h

Et + N/ < — >
»—s=0 OEt
s 0 71%

(4:1 E/2)

285

280

Scheme.23; Julia-Kocienski olefination with aldehy@&80

Analysis of the'H NMR spectrum(Figure 4.5) revealed two distinct sets signals
attributable to the majoEj-isomer and minorZ)-isomer. The vinyl protons associated
with (E)-289 were apparent at 5.52 and 5.43 ppm, appearirgtrgdet and doublet of
doublets respectively. The olefinic protons(d)-289 appeared at 5.63 ppm and 5.36
ppm as doublets of doublets. The diagnostietal protons appeared at 5.05 ppm and
4.76 ppm for the major and minor isomers, respectiv@)-289 was not separable
from (E)-289, but considering the double bond geometry would be lost following

hydrogenation; both were carried through into the falhgareactions.
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T T T T T
3.6 3.5 3.4 3.3 3.2

.

T T T T T T T T T T T
5.7 56 55 54 53 52 51 50 49 48 4.7

7.5 7.0 6.5 6.0

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 4.5: '"H NMR spectrum of allylic acetaB9

4.7.3 Hydrogenation odllylic acetal289
The allylic acetal289 was subjected to hydrogenation conditiof®chemed.24). The

reaction was monitored through TLC, with the reaction stopped following
disappearance of tH& spot corresponding to tretartingmaterial. Analysis of the'H

NMR spectrum Figure4.6) indicated thgresence of only one product.

OTIPS OTIPS
H,, Pd/C
EtOH, rt
2h
— > +
OEt
289 290 (not observed) 291

Schemel.24: Hydrogenation of allylic acete289

The 'H NMR spectrum revealethat therewas no longer an alkeni& the molecule.
Disappearance of th&:1 mixture of olefinic proton signalsorresponding tdahe E/Z
isomers between 5.6535 ppmindicatedthat the double bonthad been reduced
Interestingy though, therevas no longer a signatorresponding to the acetal, which
would be expected at ~5 ipp Therewerefour signals characteristic of oxymethylene

protons. However, the product corresponding to loss of the acetal and an ethoxy group
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would also have four signals in this region. Perhaps more charactevesti¢the
integration of the triplet at.14 ppm, which integratefor 3H, confirming the loss of an
ethoxy group.The characteristic NMR signals indicated that instead of isolating the
expected aliphatic acetad0, the aliphatic ethe291 was obtained.

OTIPS

T T T T T T T T T T
1.951.901.851.801.751.70 1.65 1.60 1.55 1.50

T T T T T T
345 340 335 330 3.25 3.20

| R

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 4.6: '"H NMR spectrum of eth@91

4.7.4 Organocatalytic Transfer Hydrogenation
The unfortunate reduction of the acetal meant that an alternative reducing agent was

needed. In the literature, Hantzsch ex®? has been usetbr the organocatalytic
transfer hydrogenatioaf enals™* The Hantzsch est&@92 was synthesised iane step
from ethyl acetoacetate, paraformaldehyde and ammonium aCétathjlist the
dibenzylammonium trifluoroacetate salt wagwepared from dibenzylamine and
trifluoroacetic acid. To test the reaction condiainnamaldehyd€293), Hantzsch
ester292 and dibenzylammonium trifluoroacetg94) were dissolved in THF and the
resulting yellow solution stirred for 5 hours at room temperat@ehéme4.25).

Following purification, the aliphatic aldehy@85 was obtained i162% yield.
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0 THF, 292, 294 0

rt, 5h
N > H
62%
293 295
( )
@\/HZ\Q EtO,C CO,Et
) PR e
e) N
CF,C0O0 H
294 292
\\ J

Schemé.25: OrganocatalyticTransfer Hydrogenation of cinnamaldehyzg3

The diethyl aceta?89 was hydrolysed using indium (lll) chloride, which afforded enal
296 as a 4:1 mixture of E/Z isomers in quantitative yi@dh{emet.26).">* The enal96

was subjected to the hydrogenation conditions, with the time varied between 5 hours
and 72 hours. Unfortunately, even after stirring for 72 hairsoom temperature,
aliphatic aldehyde297 was not observedsomerisation of the alkene léd a 50/50
mixture of E/Z isomersbeing observed.This indicatedthat the iminium ion was
forming, but reduction of the iminium ion with the Hantzsch e28%# did not occur
potentially due to the sterics of the substrate.

The inability to removehte double bond chemoselectively meantalternative sulfone

was requiredvith theoxygen functionality protecteid alower oxidation state.

OTIPS OTIPS
InCl3 THF,
Acetone, 292 294
OEt rt, 1 h OEt 1t 5-72h
—>» H ——>
Quant

Schemd.26: Attempted Organocatalytic Transfer Hydrogenation of &9&l

4.7.5 JuliaKocienskiolefination withbenzylsulfone299
Mitsunobu reaction with -Pnercaptobenzothile 284 and benzyl ethe298 afforded

the sulfide in modest yield, which was oxidised to sulf@88 using Oxoné® as the
oxidant(Scheme4.27). Purification of the sulfone by column chromatography was not

possible as the sulfone -etuted with an unknown sideroduct. After trialling a
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number of solvents for recrystallisation, disgng the substrate in diethyl ether,
followed by slow evaporation of the solvent, led to-wfiite needles of the benzyl

sulfone.

i. PPhs, THF, 0 °C

N ii. DIAD, rt, 12 h N
Bno” 0+ @[\>—SH > @[\>—S<\/
s iii. Oxone®, s 4§°

THF/H,O/MeOH (1:1:1), 299
rt, 24 h, 43% (2 steps)

Schemé.27: Synthesis of the benzyl sulfdz89

Using the same Julidocienski olefination conditions that were employiadthe test
reaction the sulfone299 and aldehyd@80 were dissolved in THFScheme4.28). Upon
slow addition of basedisappearance dhe starting materials was observed by TLC
After 1 hour, analysis of the crudel NMR spectrum revealed that the reaction was
successful. However, where tbglfone diethyl acet#l85 afforded a modest ratio of 4:1
E/Z isomers, the benzyloxy sulfor299 afforded roughly a 1:1 mixture &/Z isomers.
Although the selectivity was poor, the allylic benzyl etB80 was obtained in 89%
yield. Furthermore, the double bond would later be removed, meaniggdheetry was

inconsequential.

OTIPS 299 LiHMDS., OTIPS

THF, =78 °C

Pd/C (10 mol%),
H,, EtOH, rt,

24 h
OEt

70%

301

Schemél.28: Synthesis of aliphatic alcoh8D1

Because the molecule now contained a benzylic ether, duringytitregenolysist was
expected that saturation of the double bond as well as benzyl ether deprotection would
be possibleThe purity of300proved to be vitalas small quantities of sulfiwontining
compounds are known to poison palladium catalyhis mean that even minute
guantities of residual sulfon299 may be capable of rendering all of the catalyst

inactive. The double bond was removed easily, with the saturated benzyl ether observed
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after 2 hours. Théydrogenolysisvas continued for a further 12 hoursremove the
benzyl protecting group, affordirajcohol301in 70% vyield.

'H NMR analysis revealed that thsignab associated with the vinyl protons at
5.575.38ppm andthe benzyl ther were absentThe integration of theignalat 4.33

ppm had been reduced to 2H, indicating that the oxymethylene of the benzyl ether was
no longer present. The oxymethylene associated with the deprotected primary alcohol
appeared at 3.58.47 ppm as anultiplet. The!3C NMR spectrum showed only six
carbon resonances associated with the hgth@naphalenaing, compared to the
previously observed 24 carbon resonances associated with the two aromatic rings and
alkeneisomers Final structural confirmatio was obtainedrom the HRESIMS$Swith a
molecular ion of 499.3213 m/abserved corresponding t@a molecular formula of
CogH1804SINA'".

A minor product was alsobtainedfrom this reaction that eluted first during column
chromatography, which appeared tavh an additional methyl triplet but lacked the
oxymethylene functionality of the primary alcohol. Based ontheNMR this side
product was proposed to be the saturated alkyl chain, but constituted less than five

percent of the oarall yield.

4.8 Introduction of the Prenyl Talil

In order to install the prenyl side chain, alcoB06lLwas oxidised with PDC to aldehyde
302in 90% yield Gchemet.29). Following column chromatography, the aldehyde was
isolated as a colourless oil with an impurity thatetated. Reaction success was
determined by analysis of thél NMR spectrum. The majority of the chemical shifts
exhibited little variation from thetarting material. The major differences observed were
the disappearance of the oxymethylene signals at83&8ppm and the appearance of
an aldehyde triplet at 9.65 ppm.

The prenyl tailwas introducedhrough a final Wittig olefination reactiobetweenthe
ylide of isopropyltriphenylphosphonium iodidand aldehyde302 (Scheme4.29).
Following column chromatography the presiyd compound303 was isolated as a
colourless oil in 95% vyield.
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OEt .
n-BuLi, THF, M
0°C,1h %

95%

301 302 303

Schemél.29: Synthesis of synth@03

Aside from the change insRreactionprogresswas again determined based on tHe
NMR spectrum. The signal corresponding to the aldehyde was ab#dnappearance

of an olefinic signal a#.99 4.91 ppm and an additional two methyl singlets observed at
1.63 and 1.52 ppm corresponding to the prenyl tail. The side chain was novedhstall
successfully, and althougB03 varied slightly from the initially proposed bisilyl

synthon241, only two steps would be required to synthesise each natural product.

4.9 Total Synthesis of EN3 and EN4

In order to minimise the total number of steps, $iigl protecting group could be
removed first. From the free phenol, both natural products could then be accessed
through either reduction or hydrolysis of the esfityl ether 303 was treated with
TBAF (Scheme4.30). The solution was stirred for 1.5 hours at room temperaiotie

TLC showed consumption of starting materfabllowing column chromatography, the
phenolic esteBO4was obtained in 91% yield.

OTIPS
TBAF, THF
rt, 1.5 h
91%
B ———

Scheme.30: Synthesis of the phenolic es8&4

The 'H NMR spectrum(Figure 4.7) of phenol304 reveals that the silyl deprotection

was successful, with neignalsrepresentative of the triisopropylsilyl group present.
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Instead, there wassagnalat 5.24 ppm (1H, s) corresponding to the phenol proton. The
signalcorresponding to the vinyroton was present atb92 ppm (1H, m), whilst the
benzylic protons were apparent at 3.18 (1 H,J®l9, 2.3) and 2.66 ppm (1 H, t#15.7,

2.7). The two methyl singlets corresponding to the prenyl side chain were apparent at
1.63 (3 H, s) and 1.54pm (3 H, s).

The'*C NMR spectrun{Figure4.8) contained 22 carbon signals matching the chemical
formula of G;H3,03. The signal at 167.1 ppm was attributable to ékter carbonyl,
whilst the signals at 131.4 and 124.9 ppm were attributable to the prenyl side chain. The
remaining 6 signals ranging from 15343 ppm were attributable to the aromatic ring.
The signal at 61 ppm was assigned to the oxymethylene ofstbg @hilst the two

signals at 42.6 and 38.3 ppm were attributable to the benzylic methines.

OFt —/K/\JL
5.01 4,99 4.97 4,95 4.93 4.91

Lu ol

76 72 68 64 60 56 52 48 44 40 36 32 28 24 20 16 12 0.
f1 (ppm)

Figure 4.7: 'H NMR spectrum of phenolic est4
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Figure 4.8: 1*C NMR spectrum of phenolic es&94

4.9.1 Synthesis dafiol 146
With the structure of the free pher@04 confirmed, the final step in the synthefs

diol 146 was reduction of the estdDIBAL was added slowly to a solution ohenol
304, with the reaction progress monitoreda TLC (Scheme 4.31). Following
purification, dol 146was obtained as a colourless oil in 68% vyield.

DIBAL, CH,Cl,
~78°C,2h

—_—

68%

304 146

Schemé.31: Synthesis otliol 146

Analysis of the'H NMR spectrum(Figure 4.9) revealedthat the ester reduction was
successful, with disappearance of the ester oxymetbykgnal previously at
4.41-4.29ppm The signal at 4.59 ppmvas assignetb the benzylic oxymethylen&he
chemical environment for tharomatic protondiad also changed, as thexre more
shielded appearing at 6.74 and 6.63 ppmalysis of the’*C NMR spectrum(Figure
4.10) revealedthat the ester carbonglignal previously at 167.1 ppnn the starting
materialwasabsent, whilst therevasa signalat 65.5 ppntorresponding to the benzylic

alcohol. Whilst confident that dioll46 had been synthesisedh order to confirm the
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structure of natural EN3, spectroscopic data for d#® was compared to literature
data Table 4.1 shows the!H NMR datafor isolatedEN3** as well as sersynthetic
EN3; prepared by L¥ through reduction of EN4 during SAR studies for leubethanol
(156).

. M A A A‘J_A/WMUMM

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 4.9: '"H NMR comparison of didl46 (bottom) and sersynthetic EN3 (top)

| HH‘ L

A

210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O -10
f1 (ppm)

Figure 4.10: *C NMR spectrum of didi46
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Comparisonof the spectral data for the three samplevealedthat the regions
associated with the cyclohexyl and prenyl chaiare remarkably similar.Visual
inspection of the overlayedH NMR spectra Figure 4.9) revealeda discrepancy
between the aromatic hydrogen sigrfalssemisynthetic EN3 and didl46. Whilst the

diol 146 had signals a&.74 ppm and 6.63 ppreemisynthetic EN3 had signaid 6.70
ppm and 6.66 ppnThis resulted in the aromatic hydrogen signals appearing to be split
for diol 146 when compared to seraynthetic EN3. However, the difference in
chemical shift between the two aromatic hydrogens for naturalie®é® . 71 6. 64 ppm
(D 0.06 ppm). Compared to sesynthetic EN36 . 7 1 @.0.646ppnf) andliol 146

6 . 7 41 ®0.186 Bm)( the splitting would nbeas pramouncedf overlayed with diol
146.

The *C NMR spectrum wasilso compared to the literatur@Figure 4.11), and the
differences in chemical shifts for each carbon position calculbtedt chemical shifts
were off by +0.2 ppm, indicating aliscrepancy associated witheferencing.
Consideringdiol 146 wasreferened tochloroformat 77.16 ppmthis wasrectified by
referencingto chloroformat 77 ppm.Comparison to natural EN3 revealed remarkably
similar chemical shifts following realibration of the reference signal. Seventeen but o
the twenty carbon signals exhibited a difference® @fL ppm or less, indicating an
excellent agreement with the literature. The remaining three carbon signals attributed to
C6(+0.3ppm), 8 mM)T Oa.n2d C erdall iithirBaccepabie limits.
The*C NMR chemicalshift differences were also calculatied natural EN3 and semi
synthetic EN3Figure 4.11 indicatal that diol 146 matchel the literaturemore closely
thansemisynthetic EN3Whilst the chemical shift differencegereless for C6 and C9,
C19 exhibited greater variatio(D 0.6 ppm)between semsynthetic EN3 and natural
EN3. Considering these carbon positions were oasded with the phenolic,
oxymethylene or neighbouring carbotise differences observed mhgve beerue to
sample concentration or acidity.

Importantly, all carbon signals associated with stereogesiters were in good
agreement wit the literatureThis indicatedthat diol 146 hadthe samg1R, 4S 11S)
stereochemistry ovasthe enantiomer @ 4R, 11R) of EN3. Itwasrationalised though,
that because EN3 was isolated fram Eremophilaspecies, and similar compounds
possessing the serrulatane staie have been isolated with the stereochemistry
elucidated a¢lR, 4S 119), that EN3possessithe (1R, 4S 11S) stereochemistry.
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For confirmation of the stereochemical assignment, the optical rotation was recorded

using methanol asthe solvent. Th@ eci fi c rot at i‘ph4 @&@0Sl9¢ ecor de
in MeOH) and compared %o t16€0.285in MeOH) ur e v a
Diol 146 wasthe same sign ansimilar magnitude as EN3. This in combination with

the matching NMR data indicatethat EN3 hd the (1R, 4S 11S) stereochemistry

1 94

reported by Ndet a

£

o

=m

EZ>

o W

3 C_E

8 3

S &

ka3

'E 0.4 - —o—compound 146

=@—Semi-synthetic EN3

-0.6 -

Carbon Number

Figure4.11: *3C NMR chemical shift differensbetween natural EN3, compouhd6 and
semisynthetic EN3Referenced to CDght 77 ppm).
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Table4.1: *H NMR comparison diol 146, Semisynthetic EN&indnatural EN3 (Referenced
to chloroform at 726 ppm)

Carbon EN3 Semisynthetic EN3 Diol 146
Number d ppm (1J tppm (J in Hz) i ppm (J
1 3.09 (d. quin., 6.6, 3) 3.10 (m) 3.10 pd (6.8, 2.4)
5 a) 1.88 (m); a) 1.971.88 (m) a) 1.94 (ddd, 13.1, 6.0,
b) 1.48 (ddt, 13, 5, 3) b) 1.48 (n) 3.2);b) 1.51 (m)
3 a) 1.86 (m); a)1.86 (m) a) 1.86 (m);
b) 1.69 (ddt, 13.5, 5, 3) b) 1.68 (m) b) 1.74 (ddt, 13.7, 5.9, 3.1
4 2.58 (dt, 5.6, 3) 2.58 (m) 2.61 (td, 5.6, 2.8)
5 6.70 (br. d, 1.4) 6.70 (S) 6.74 (s)
7 6.64 (br. d, 1.4) 6.66 (S) 6.63 (d, 1.6)
11 1.86 (m) 1.86 (m) 1.86 (m)
a) 1.27 (dddd, 13, 10, 7,
) 1.27 ( a)1.27 (m) 8) 1.331.23 (m);
12 3); b) 1.09 (dddd, 13, 10,
b) 1.09 (m) b) 1.09 (dtd, 13.3, 9.7, 5.1
9.4, 5)
13 a 1.97 (m); a) 1.971.88 (m) a) 2.031.96 (m);
b 1.79 (m) b) 1.79 (m) b) 1.79 (dd, 15.0, 7.7)
14 4.96 (t, 7) 4.99 (t, 6.8) 4.98 (t, 7.1)
16 1.63 (br. s) 1.64 (s) 1.65 (s)
17 1.53 (br. s) 1.54 (d,1.3) 1.55 (s)
18 0.94 (d, 6.6) 0.91 (d, 6.8) 0.96 (d, 6.8)
19 4.56 (br. s) 4.57 (s) 4.59 (s)
20 1.18 (d, 6.6) 1.19 (d, 6.3 1.20 (d, 7.0)
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4.9.2 Synthesis dadcid 147
Having completed the total synthesis of EN3, the last remaining natural product to

synthesise was EN4, with carboxylic acid functionality at C19. It was thought that a
simple hydrolysis of the ester functional group with a hydroxide base would afford the
corresponding carboxylic acid. The phenolic es264 was dissolved in a biphasic
mixture of THF and 1M solution dlaOH (Scheme4.32). The biphasic mixture was
heatedovernightat reflux but returned only partial hydrolysis of the ester. Instead, the
reaction time was extended to 40 hours at vigorous reflux, and folloswolation
afforded the natural product EN24(/) in 52% yield.

The'H NMR spectrum(Figure4.12) reveakd the presence of two @matic protons at
7.53 and 7.2ppm, whilst the olefinic proton appeared as a triplet at 4.97 ppm. The
benzylic methines were apparenBat8 ppm and 2.67 ppm and the two methyl singlets
corresponding to the prenyl tail appeared at 1.64 and 1.54 ppm. Comparison to the
literature revealed that tHel NMR spectrunwasin agreement, although the synthetic

EN4 possessed an impurity thatelated during purification.

THF,
1M NaOH
reflux, 40 h
_—

52%

304 147
Schemé.32: Synthesis otompoundl47

The differences in th€’C NMR spetra of the synthesised EN4 and isolated material

were calculated for each carbon positidghg(re 4.14). The chloroform signal was

referenced to 77 pp, resulting in 16 of the carbon signals exhibiting a difference of

0.05 ppm or | ess. The biggest chemical s hi
cCé6 (10.09 ppm), cC9 (10.21 ppm) and C19 (711
for C4 and C6 aresks than 0.1 ppm amwderetherefore not considered significant. The

di screpancy obser vedvashtlsorrelatv@y smdll, whildt.tte1 pp m
di fference obser ved wae signifiCaht9 Corsitlering €192 1 ppn

corresponds to the carboxylic acid, it may be expected that similar to EN3, the

131



Chaper 4

substrates chemical shifts at C6, C9 and C19 may be influenced by the acidity

concentratiorof theNMR sample

2.05 2.00 1.95 1.90 1.85 1.80 1.75 1.70

A

32 3.1 3.0 29 28 27 26

_—

4.98 4.96

L 0 Y

11.0 10.510.0 9.5 9.0 85 80 75 70 6.5 6.0 55 50 45 40 35 3.0 25 20 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

Figure 4.12 *H NMR spectrum of acith7

—— Mmmwmw

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)

Figure4.13 *C NMR of acidl47
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Figure 4.14: *C NMRchemical shift differencef acid 147 andnatural EN4

4.10 Conclusions

This chapter detailed the total synthesis of the two serrulatane natural products, EN3
and EN4. EN3 was synthesised in 17 steps and 5% overall yield, whilst EN4 was
synthesised in 17 steps and 3.8% overall yield from the commercially available
( igopulegol. The stereochemistry of EN3 and EN4 was confirmed d&fkid& 11S
stereochemistry fromcomparisonof the 'H and **C NMR spectra, as well as

comparison of the reported specific rotation to that of the measured rotation for EN3.
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5.1Phomapyrone B and Paecilopyrone A
Chapter 2 described efforte determine the stereochemistry mfomapyrone B and

paecilopyrone Aat @ through total synthesi®y using(S)-2-methylbutyraldehyd&8

as a starting material, the stereochemistry®d wasfixed as the §-stereochemistry.
Following the synthesis of each natural product, comparison of the specific rotations
allowedfor elucidation of stereochemistry atoC

During the synthetic studies, attempts were made to improve the yield of pyrone ring
formation with dioxinones, as well asinimise the number of linear steps through
nucleophilic displacement of amidddltimately, the mostsuccessful strategnpvolved
dianion addition to the common aldehyde fragn#8w#nd cyclisation of diketo esters to

produce the pyrone rings.

S O S O OTBS
S)J\N)K : S)J\NW : | -
“— “—{ - O OTBS
Bn Bn
108 112 93
R
—_— EtO —

O O O OTBS

116:R=H 76:R=H
117: R = Me 78: R = Me

Schem.1: Summary of the total synthesis of phomapyrone B and paecilopyrone A

The synth&c strategy used an asymmetric acetate aldol reaction withacetyl
thiazolidinethionel08to install the oxygen functionality at C3, which was subsequently
masked as the silyl eth@l2 Conversionto the common aldehyde fragme®B was
achievedhrougha sequence of reductive cleavage and oxidaGoupling of aldehyde

93 with b-keto estersand subsequenbxidation yielded complex diastereomeric
mixtures of diketo esterd16-117. The linear diketo esters were cyclised to the
cor r es p-pynodd moigies With conversion to the natural products achieved
through silyl deprotection and oxidation.

EntPhomapyrone B76) was synthesised in 9 steps and 11% overall yield fi@r2-(
methylbutyraldehyd&8, whilst paecilopyrone A78) was obtained in 2% yield over 9

steps The improvement in yield associated witle paecilopyrone A{8) synthesis was
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attributed to the marked effects of the C4 substituent opyhenering. Spectroscopic
data for the synthesised natural productsswompared to the resgieve literature
sources with the stereochemistries of the natural products determined as
(99-paecilopyrone A and®R)-phomapyrone B.

5.2EN3 and EN4&serrulatanes
Chapter 3 introduced the terpene natural products and their respective total syntheses. In

particular, previous synthetic efforts by L2 and March® culminated in a synthetic
strategythat could be applietb C19 functionalised serrulatan&€3hapter 4 described
the extension of this methodology to serrulatanes &stltomEremophila neglectd’

The total synthesis of EN3 and EN4 was achieved in 17 steps with incorporation of C19
functionality.

The synthesisused ( T-igopulegol as a cheap, commercially available startinternal
containingtwo of the prerequisite stereocentehs just three stepg, 1-iopulegol was
converted to the protected keto2@0, with the third stereocenter place Through a
LIHMDS aldol with phenylselenoacetaldehyd223), followed by protection and
lithium acetylide addition, the alkyr#3b was synthesised efficiently in three steps.

The 3-hydroxy alkyne 263b was oxidised to the selenoxide, which underwent
elimination to form the silyl enol ethegilver catalysed engne cycloisomasation of

the 3hydroxy-1, 5-enyne #orded thetetrahydronaphthalen265 in 23% yield over 8
steps-®

With the aromatic ring installed, deprotection of thmdthoxybenzyl protecting group
was investigated. Ultimately, the most successful strategy was RN
deprotection/C19 oxidatiowith DDQ. The reactive benlig aldehyde was converted to
the more stable ester derivati2@9through an Qoné® esterification Efforts to couple
aldehyde280 with semistabilised and stabilised ylides were unsuccessful. Instead, the
more reactive sulfone analogues were used. After initially trialling an allylic acetal,
attachment of the prenyl side chain was realised using the benzyloxy s@@unader
Barbier conditions. The silyl protecting group was easily removed affording the
phenolic esteB04, whichwasconverted into both natural products.
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EN3: R=CH,0H (5% over 17 steps)
EN4: R=CO,H (3.8% over 17 steps)

304 280
Schemé.2: Overview of the tial synthesis of EN3 and EN4

The total synthesis @&N3 was realised follwing reductiornof ester304, affording EN3

in 17 steps and 5% overall yield. EN4 was synthesised following hydrolysis in 17 steps
and 3.8% overall yieldThroughcomparison of NMRdata and specific rotationthe
stereochemistry oEN3 at the C1, C4 and C1l1 stereocenters was determined as
1R, 4S, 11S.

5.3 Future Directions
In this thesis thetotal synthesis ofpaecilopyrone A andcentphomapyrone Bwas

accomplished. The approach applicable to a broad range of natural products, with
ongoingwork in the Perkins research grofigeusing on the synthesis béthalphaand
gammapyrones.Similarly, the approach used f&N3 and EN4 could be appligd
other serrulatane natural prads Using the tetrahydronaphthalene es@&r9 as a
precursof(Schemeb.3), synthesis of the short chain analogues Q) of EN3 and EN4
could be investigatedConsidering the increased activity observed by Lu for the short
chain analogue of leubethandl5g), andogues of EN4 could be useful antimicrobial

compounds®
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n=0,1,2, etc.
R1 = COzEt, CHzOH,
CO,H or CHO

Schemd.3: Proposed synthesis of EN3 and EN4 analogues for SAR studies

Future investigations may also include the application of theam®thte rearrangement
observed by Marcf to ortho-diphenol natural products. Previous approathegeting
ortho-diphenols have usal a starting material containing thertho-diphenol
functionality pre-installed The drawbackhereis that expensivechiral catalystsvere
thenrequiredto install stereocenter$he enolacetate rearrangemestuld prove useful

in this situation A chiral starting material could be used, with tbheho-dipherol
functionality installecat a later stage in the synthesis

Starting from the hydroxyselenid@61, protection as the acetate followed by selenoxide
elimination could afford the enol aceté@5 (Schemes.4). Lithium acetylide addition
with alkyne 226 could afford the rearranged enol acetod@s which following
treatment with Au(PPH)CI, could afford the corresponding aromatic ket86& Bayer
Villager oxidation could afford the aromatic es8&8 which can be seen as a precursor
to a number of natural pdoct carbon skeleton3he synthesis othe serrulatané51,

the pseudopterosin skeletan the amphilectane skeleton such as heliope(ib36)
may be possible, providing a starting material with the correct stereochecostdpe

sourced
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SePh i Ac,0, DMAP THF, DMPU
pyridine, 0 °C -78 °C
___________ > coccccccsssssssee
i. nCPBA Li
DCE, 0 °C
OPMB iii. NaHCO3(aq)
261 DCE, reflux
mCPBA OH O
NaHCOs(aq) Au(PPh3)CI
TfOH
OBn ------.
DCE, 85 °C
OPMB
306
meta substituted
analogues for

ortho-diphenol  + "o\ o oo
natural products

OH
OH

OH

HO

186 151

pseudopterosin A (139)

Schemé.4: Proposed synthesis of ortitiphenol precursoB08
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6.1 General Experimental Procedures

All reactions were carried out under an inert atmosphere of nitrogen unless otherwise
specified. All glassware was either oven or fladned prior to use. Benzene,
dichloromethane and triethylamine were distilled d®aH,. DMPU was distilled under
reducel pressure fromCaH,.. Tetrahydrofuranand diethyl ether were distilled over
sodium and benzophenone. All other reagents were used as they were received.

Thin layer chromatography was performed with Merck Silicagel 60 F254 aluminium
backed sheets and devpéd with KMnQ, anisaldehyde or monitored by ultraviolet
lamp. Column chromatography was conducted with Merck Silicagel (particle size: 0.04
0.063 mm) 238100 mesh silicaBuffered silica was preparey mixing 250 g of
Merck Silicagel (particle sized.040.063 mm)with 25 mL of pH 7 phosphate buffer
overnight at atmospheric pressure by spinning slowly on a rotary evaporator.

'H NMR spectra were recorded using either a Bruker 400 MHz or Bruker 600 MHz
Spectrometer. Where CD{has used as the solvemtcainternal lock, it was referenced

to CHCk( U 7. 2 6 'HNMRand €EDCs( 0 7 7 . 1 6°C NjRn Cherhicar

shift values are reported in parts per million (ppm) and coupling constants are reported
in Hertz (Hz). Abbreviations used for assigniftd NMR spectra: Ar = aromatic, s =
singlet, d = doublet, t = triplet, g = qudrtgn = quintet, m = multiplet, br = broad,
app.= apparent.

Optical rotations were recorded on a PolA AR21 polarimeter referenced to the sodium
D line (589 nm) at 20°CConcentrations are reported in g/100 mL using analytical
grade solvents.

X-Ray Crystallographyvas performed by Dylan Innes at the University of Adelaide.
Single crystals suitable for-Kay diffraction experiments were covered in Parafdne
oland mountd on a gl as sax55°) wene eollect&lat 138 uging d Mo

target Oxford Diffradon X-Calibur X-ray diffractometer and Moy ( &= 0. 7107 3 )
radiation. After integration and scaling, the datasets were merged into N unique
reflections (Ry). The structures were solved using conventional methods and refined by
using fulkmatrix leastsquares using the SHELX4 software in conjunction with the-X

Seed interface. Nehydrogen atoms were refined with anisotropic thermal parameters

and hydrogentams were placed in calculated positions.
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6.2 Experimental Procedures for Chapter 2

\/k : \/k :

Bn Bn
(3R,4S}1-((S)4-benzyi2-thioxothiazolidin3-yl)-3-hydroxy4-methylhexafl-one
11l1a. The aldol reaction was carried out according to a modified procedure by
Crimminset al.”® To a stirred solution of thiazolidinethiod®8 (5.9 g, 23.8mmol) in
CHXCl, (180mL ) a tC waddlded 1M TiGlin CHyCI, (27.4mL, 27.4mmol)
dropwise and the resulting solution stirred for 20 minukrsNEt (5.0mL, 28.7mmol)

was added and the sot i on st i rr ed °Cf Dhe redctiorhmixire was t 140
cool ed °Q and P-2-Behylbutyraldehyde (3.4, 39.7mmol) addedvia
cannulation (CHCl,). The reaction mixture was stirred for 1 houria? 8 A C, t hen

guenched with NECI (100mL, half sat. ag.) and warmed to room temperature. The
mixture was diluted with CyCl, (50 mL) and washed with NiCI (100 mL, half sat.
aq.). The aqueous layer was extracted with,@(3x50 mL), dried (NgSO,) and
concentratedn vacuo Purification by column chromatography (40%®fX4) attained
separation of the major diastereonidrla (6.13g, 76%) as a yellow gum and minor
diastereomet11b (1.449, 18%) as yellow needles.

The stereochemistry for the two diastemers wasleterminedhrough analysis of the
coupling constants and chemical shifts in tReNMR, and comparison tthe trends
observed by Olivet al.for acetate aldol diastereoméfs.

Major Diastereomet1la: @714 €0.76 in CHCY); IR (CHCl;, e %) 3027, 2957,
2927, 2857, 1700,6D5, 1495, 1455, 1341, 1254, 1163, 1083, 1049, 1827, *FD1;
NMR (600 MHz, CDCY) i 71 7.812H, m, ArH), 7.317.27 (3H, m, ArH), 5.40
(1H, ddd,J=10.8, 7.1, 4.0 Hz, BN), 4.06 4.00 (1H, m, €IOH), 3.61 (1H, ddJ=17.8,

2.0 Hz, C(=O)®iaHg), 3.41 (1H, ddJ=11.5, 7.2 Hz, SHaHz), 3.23 (1H, ddJ=13.2,

4.0 Hz, GHaHgPh), 3.16 (1H, ddJ=17.8, 10.1 Hz, C(=O)CkHg), 3.06 (1H, dd,
J=13.2, 10.5 Hz, ClHgPh), 2.90 (1H, dJ=11.5 Hz, SEiaHg), 2.66 (1H, br. s, 8),
1.621.51 (2H, m, GICH; and GHaHgCH3), 1.241.16 (1H, m, CHHgCHs), 0.94 (3H,

t, J=7.3Hz, CH,CHs), 0.92 (3H, dJ=6.7 Hz, CH®3). *C NMR (1% MHz, CDCk)
0201.6, 174.0, 136.5, 129.6, 129.1, 127.4, 71.3, 68.5, 42.8, 39.9, 36.9, 32.2, 25.2, 14.7,
11.7ppm HRESIMS calcd. for GH23NO,SNa", [M+Na]* 360.1068 found 360.1068
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Minor Diastereomefl1lb: Mp. 57.459.2 °C (from CHCl,) ; 2’4 #138 € 0.57 in
CHCL); IR (ATR, crl § 3388, 3028, 2965, 2923, 2875, 1712, 1453, 1354, 1341, 1256,
1150, 1129, 1028, 745, 704 NMR (600 MHz, CDCJ) U 17732 @18, m, AsH),
7.3117.27 (3H, m, ArH), 5.44 5.38 (1H, m, EIN), 4.02 (1H, dddJ=10.2, 4.22.1Hz,
CHOH), 3.54 (1H, ddJ=17.3, 10.2 Hz, C(=0)BaHg), 3.40 (1H, dddJ=11.5, 7.2,
1.1Hz, StHaHg), 3.27 (1H, ddJ=17.3, 2.1 Hz, C(=O)CkHg), 3.23 (1H, ddJ=13.3,

4.0 Hz, GHaHsPh), 3.05 (1H, ddJ=13.3, 10.5 Hz, CkHgPh), 2.91 (1H, ddJ=11.5,

0.7 Hz, S®iaHg), 1.611.53 (1H, m, GICHs), 1.521.45 (1H, m, GlaHsCHs), 1.24

1.15 (1H, m, CHHgCHs), 0.94 (3H, d,J=6.8 Hz, CH®3), 0.93 (3H, t,J=7.4Hz,
CH,CHs), OH absent*®*C NMR (150 MHz, CDG)) & 201. 70, 174.46, 1:
129.07, 127.40, 71.53, 68.47, 43.12, 40.09, 36.86, 32.10, 25.6, 14.2, 11.98; HRESIMS
calcd. for G/H2sNO,S;Na", [M+Na]* 360.1068 found 360.1066

(3R,45)1-((S)4-benzyi2-thioxothiazolidin3-yl)-3-((tert-butyldimethylsilyl)oxy}-

methylhexarl-one 112 To a stirred solution of alcohdllla (1.23 g, 3.6 mmol) in

CHXClL (60 mL) at 71 7 8iLudti@ne @85mL,&.8 chraal) an2l TBSOTf

(1.3 mL, 5.7 mmol ) . The resulting solution
warmed to 0 °C for 10 minutes. The reaction mixture was quenched with NaHCO

(30mL, 5% ag.) and extracted with GEl, (3x20 mL), dried (Ng50,) and
concentratedn vacuo Purification by column chromatography (&) afforded the

title compoundl12 (1.64 g, quany as a yel | offh +888a ¢ 9.72d9n0 ! i d. |
CHCL); IR (CHCls, cnl § 3027, 2957, 2927, 2857, 1700, 1605, 1495, 1455, 1341,
1254,1191, 1163, 1083, 1049, 827 ‘ci'H NMR (600 MHz, CDCJ) U 17733 @H,

m, Ar-H), 7.327.27 (3H, m, ArH), 5.25 (1H, ddd,)=10.7, 7.0, 3.7 Hz, BN), 4.42

4.30 (1H, m, GIOTBS), 3.57 (1H, ddJ=16.9, 9.3 Hz, C(=0)BxHg), 3.34 (1H, ddd,

J=11.5, 7.0, 1.1 HzSCHHg), 3.27 (1H, ddJ=13.2, 3.6Hz, CHaHgPh), 3.05 (1H, dd,

J=13.2, 10.8 Hz, CkHgPh), 2.92 (1H, dd})=16.9, 2.3 Hz, C(=0O)CkHg), 2.89 (1H, d,

J=11.5Hz, SCHaHg), 1.621.52 (1H, m, GICH3), 1.401.30 (1H, m, ElaHgCHa),

1.20'1.10 (1H, m, CHHgCHs), 0.94 (3H, tJ=7.4Hz, CH,CHs), 0.90 (3H, d,)=6.8Hz,

CHCHg3), 0.85 (9H, s SiC(CH3)3), 0.10 (3H, s Si(CH3)a(CH3)s), 0.04 (3H, s
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Si(CHa)a(CHa)g); *C NMR (150MHz, CDG)) & 201.20, 173.17,
128.91, 127.17, 72.28, 68.80, 41.31, 41.25, 36.38, 32.19, 25.87, 25.81, 18.05, 13.69,
12.23, 14.62, 14. 71 jpHMBESHE MB+Naj'adlr4cle33 f or
found 474.1927

OH OTBS

(3R, 4S)3-tert-butyldimethylsilyloxy4-methythexanl-ol 95. To a stirred solution of
TBS etherl12(1.64 g, 3.6nmol) indry EsO ( 4 5 mL°¢ waa added an@lydrous
EtOH (0.92 mL, 15.8 mmol) and LIBH2M in THF, 4.4mL, 8.8 mmol). The reaction

1 G

C

mixturewasst i rred for 1 hour at 110 AC and quen

40 mL). The cloudy solutionvea st i rr ed f or°Cdnépouedmtobrimes a't
(40 mL). The layers were separated and the aqueous layer extracted »@th Et
(3x15mL), dried (NaSQO;) and concentratedn vacuo Purification by column
chromatography (20% KD/X4) afforded thetitle compound95 (0.77 g,86%) as a
colourless liquid] &} +29.3 € 0.85 in CHC}): IR (ATR, cni?) 3336, 2958, 2930,

2880, 2858, 1463, 1379, 1253, 1060, 834, 773, 735,"66MMR (600 MHz, CDC}) U

3.80 (1H, dddJ=8.4, 4.8, 3.4 Hz, BOTBS), 3.74 (2H, tdJ)=5.8, 1.6 Hz, E,0OH),

2.18 (1H, br. s, 6,0H), 1.741.51 (3H, m, CHOHCH, and GHCHj3), 1.39 1.31(1H,

m, CHCHCHaHg), 1.121.04 (1H, m, CHCHKCHaHg), 0.970.89 (12H, m, SiC(63)3

and CHCHj3), 0.86 (3H, d,J=6.8 Hz, CH®3), 0.09 (3H, s, Si(83)a(CHs)g), 0.07 (3H,

s, Si(CH)a(CHs)s); *C NMR (150MHz, CDGJ) 74178, 60.93, 40.48, 33.08, 25.95,
25. 83, 18. 00, 13. 31, 12. 14, 1aHeOBiBlg, T 4.
[M+Na]" 269.1913 found 269.1912

| =
O OTBS
(3R,4S)3-tert-butyldimethylsilyloxy4-methythexanal 93, The oxidation was

conducted according to a procedureNdgncusoand Swerrf® To a stirred solution of

DMSO (210 gL, 2CI9®mLymodt) T1im8 CAHC was added

(2 M, 7 4 Omnol)dropwvilise 4n8 the solution stirred for 20 minutes. Alcé@®l

(262mg, 1.06 mmol) in CHCI, was addedia cannula and the resulting solution stirred
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for a furt h°€regNh o(u7r5 0ate LT; 78 . 4 mmol ) was add
stirred f @rCbefordandition oANXI (10 mL, sat. ag.) and warming to

room temperature. The layers were separated and the aqueous layer extracted with
CH.CI; (3x10mL). The combined organic layers were washed with aqueous NgHCO

(10 mL, sat. ag.) and brine (10Ljn dried (NaSQ,;) and concentrateih vacuo

Purification through a plug of silica (10% EtOAc/X4) afforded title compoundd3

(244mg, 94%) as a colourless diR (ATR, cri?) 2959, 2930, 2882, 2858, 2716, 1728,

1464, 1382, 1253, 1090, 1042, 834, 7H4:NMR (600 MHz, CDC}) 4 9. 81 ( 1H,
J=3.2, 1.9 Hz, €©0O), 4.15 (1H, dddJ=8.2, 4.5, 3. Hz, CHOTBS), 2.51 (1H, ddd,

J=15.6, 8.2, 3.2 Hz, CHO@Hg), 2.35 (1H, ddd,JJ=15.6, 3.7, 1.9 Hz, CHOCGkHg),

1.60'1.53 (1H, m, EICHs;), 1.391.30 (1H, m, CHCHBCHAHg), 1.121.04 (1H, m,
CHCH;CHaHg), 0.91 (3H, tJ=7.4 Hz, CHCHj3), 0.87 (3H, dJ=6.8 Hz, CH®3), 0.86

(9H, s, SiIC(CH)3), 0.06 (3H, s, Si(B3)a(CHs)s), 0.04 (3H, s, Si(CHa(CHs)s); *C

NMR (150MHz, CDCkL) U 203. 1, 71.4, 46.51,2.41. 21,4.235.
T 4 ppén.

SN

6-Ethyl2,2,5trimethyt1,3-dioxin-4-one 55. Synthesis of dioxinon&5 was conducted
according to a procedure from Omwegal’ To a st i rr ekdtosseluti on o
(2.88 g, 18.2 mmol) in THF (15 mL) and water (100 mL) at room temperature was
added NaOH (0.5M, 62 mL) and the solution stirred for 3.5 hours. The reaction mixture
was washed witlEtOAc (2x50 mL), quenchedia acidification to pH2 with 1M HCI

and saturated with NaCl. €raqueous layenvas extracted with EtOAc (30 mL) and

the combined organic extracts dried §8&;) and concentrateith vacuoto givethe b-

keto acid99 (2.26 g, 96%) as a colourless oil.h e-ketb acid99 was used without
purification.

To a stirr &etoasiddd(Llgi 1d mmab) in adetone (3.5 mL) at 0 °C was
added AgO (2.1 mL, 23 mmol) and #$0, (150 pL, 2.8 mmol), with the resulting
solution warmed to room temperature and stirred for 12 hours. The reaction mixture
was genched by slow addition of NaHGQ®15 mL, sat. ag. andthe aqueous layer

extracted using EtOAc (3x15 mL). The combined organic layers were washed with
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brine (15 mL), dried (N&O;) and concentrateth vacuo Purification by column
chromatography (20% EtGx#Hexanes) afforded théle compound5 (1.1 g, 76%) as

a colourless liquid*H NMR (600 MHz, CDC)) : U 2H2 q, 286 Hi), 1.80 (3H, s),

1.63 (6H, ¥ 1.09 BH, t, J=7.6 H2). *C NMR (150 MHz, CDG)) : U 166. 9, 16
104.7, 99.6, 25.1, 24.4, 1014).0 ppm.

X

OH 07 O

YT
6-(2-Hydroxy-1,3-dimethyipentyl}2,2,5trimethyl1,3-dioxin-4-one The alkylation was
conducted according to a procedure from Ometaal! To a stirred solution of
diisopropylamine (0.34 mL, 2#4mo | ) in THF (10 mL)BuLat 178
(1.54 mL, 2.4 mmol) and the resulting solution warmed to 0 °C for 30 minutes. The
solutionwas re& ool ed t o 1 78 B5B@51ang,d.47dmimolk dddedan e
cannula (THF). The resulting solution was
methylbutyraldehyd¢68) (0.47 mL, 4.4 mmolwasadded dropwise. The solution was
all owed to stir for 2.5 hours at 178 AC
guenching throug addition of NHCI (10 mL, sat. aq.). Layers were separated and the
aqueous layer extracted with,8t (3x10 mL). The combined organic extracts were
washed with brine (10 mL), dried (b#0,) and concentrateth vacuo Purification by
column chromatograph{B0% EtOAc/X4) afforded thétle compound214 mg,56%)
as a light yellow oiand mixture of isomers
'H NMR (600 MHz, CDCJ) & i3%9 @K, m), 3.573.41 (1H, m), 2.982.80 (1H,
m), 1.87 1.84 (3H, m), 1.701.62 (6H, m), 1.541.27 (2H, m), 1.221.09 (H, m), 1.04
(1H, d,J=7.0 Hz), 0.990.76 (9H, m) *C NMR (150 MHz, CDGJ) : 4 167 . 47, 16
163, 162.8, 104.9, 104.8, 104.8, 101.4, 100, 77.6, 74.9, 38.41, 38.41, 37.7, 37.2, 36.3,
27,25.4,25.1, 25, 24.8, 22.3, 16.34, 16.34, 14.3, 13.8, 12.01, 12.0011.6, 10.1, 10

ppm.
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2,2,5trimethyl6-(4-methyt3-oxohexar2-yl)-4H-1,3-dioxin-4-one 100. The oxidation

was conducted according to a procedure from Oretral’” To a stirred solution of

DMSO (140¢ L , 2 mm£Lh()6 i mL)CHat 178 AC was added
in CHCl,, 0.5 mL, 1 mmol ) dropwi se and the sc
hydroxy dioxinone (183 mg, 0.71 mmol) was addea cannula (CHCI;) and the

solution stirred for 1.90urs. E{N (0.5 mL, 3.6 mmol) was added dropwise and the
solution maintained at 178 AC for a furthe
through addition of NECI (5 mL, sat. ag. and allowed to warm to room temperature.

Layers were separated and tgueous layer extracted with g, (3x10 mL), dried

(N&SO;) and concentrateth vacuo Purification through a plug of buffered silica

(CH,Cl,) affordedthetitle compoundL00 (124 mg,68%) as a colourless ofiH NMR

(600 MHz, CDC}) U @B5H,7,8=6.0 H2, 3.71 Q0.5H, g, J=6.9 H2, 2.59 (LH, dh,

J=27.6, 6.9 Hz), 1.92 (8H, 9, 1.91 (1.5H, s), 1.741.66 Q.5H, m), 1.63 @H, d,

J=2.2Hz), 1.63 8H, s), 1.59 (2H, s), 1.43.30 (1H, m, 1.28 .5H, d, J=5.0 H2), 1.26

(1.5H, d, J=4.9 H2, 1.08 (L.5H, d, J=7.0 H2, 1.05 @.5H, d, J= 6.7 H2, 0.88 (L.5H, t,

J=7.5 H2, 0.84 (L.5H, t, J=7.4 H2).

OH
6-(secbutyl}4-hydroxy3,5-dimethyl2H-pyran2-one 101 The cyclisation was
conducted according to a procedure from Onetral.” A sodium methoxide solution
was prepared by addition of MeOH (3 mL) to Na (0.24 g, 10.4 mmol) at 0 °C followed
by stirring at room temperature until all sodium dissolved. The solution wasoted
to 0 °C and dioxinonel00 (130 mg, 0.51mmol) addedvia cannula (MeOH). The
resulting solution was stirred for 1 hour at 0 °C then quenched through addition of
NH4CI (3 mL, sat. ag.. The aqueous layer was acidified td @ and extracted with
EtOAc (36 mL). The combined organic layers wehged (NaSQO,) and concentrated
in vacuo Purification by column chromatography (10% MeOHACH) afforded the
title compoundL01 (99 mg, 95%) as a white solitH NMR (600 MHz, CDCJ) & 2. 80
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(1H, dp, J=8.8, 6.8 Hz CHCHS), 1.99 @H, § =CCH3), 1.98 (3H, s=CCH3), 1.771.66
(1H, m CHaHsCH3), 1.60 1.49 @H, m, CHaHgCHs), 1.19 8H, d, J=6.9 Hz CHCH3),

0.83 @H, t, J=7.4 Hz CH,CHs), OH absentC NMR (150 MHz, CDC}) : U 166 .

165.3, 162.1, 106.8, 98.263, 27.7, 18.2, 12.2, 9.8, 8.7 ppm

o><o i. LDA, THF, 78 °C TBSO OH 0”0

S ii. 93, -78 °C, 3 hrs S
@] . - O

6-((5R,6S)5-((tert-butyldimethylsilyl)oxyB-hydroxy6-methyloctar2-yl)-2,2,5

trimethyt4H-1,3-dioxin-4-one 113 The alkylation was conducted according to a

6

procedure from Omurat al’ To a stirred solutiono f dii sopropyl ami ne
0.36mmol ) in THF (2 mLhnBaki TCB0®ACelwas0.alidemm
78

resulting solution warmed to 0 °C for 30 minutes. The solution wasadeo | ed t o
and dioxinone&b5 (61 mg, 0.36 mmol) addeda cannula (THF)The resulting solution
was stirred at 178 £3¢40Mmg 0.16mmd)added diogwesa
The solution was allowed to stir for
temperature and quenching through addition of,GIH5 mL, sat. ag.)Layers were
separated and the aqueous layer extracted wath 6 mL). The combined organic
extracts were washed with brine (5 mL), dried £8l&) and concentrateth vacuo
Crude'H NMR revealed no signals indicative of product, with only startingidame

55recoverable by column chromatography

i. NaH, THF, 0 °C, 15 min
O O ii. n-BuLi, 0 °C, 15 min O O O O0TBS

iii. 114, THF, z

-10°Cor-78°C,1h

(7S8S)-7-(tert-Butykdimethyisilanyloxy}2,8-dimethyt3,5dioxo-decanoic acid ethyl
ester (7S8S)116. At t e mpt ed chketo sterSh gith aukiliarp 114 was

1*° To a stirred solution of NaH

conducted according to a procedirg Yadav et a
(1.2equivalents) in THF at 0 °C was added ethyhethyl aetoacetate51
(1.2equivalents) and the resulting solution stirred f@b minutes. n-Buli

(1.2equivalents) was added dropwise, with stirring continued € @or a further

15mi nut es. The reaction mi7T&°C and thiazolidisd14c o o |
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(1 equivalent)or Weinreb amidd.15 (1 equivalentiaddedvia cannulation (THF). After

1 hour aff 10 °Cor1 78 °C the reaction was quenched by addition of,0HThe layers

were separated and the aqueous layer extracted wih Hie combined organiayers

were dried (Ng&50O,) and concentrateth vacuo Purification of the crude mixturdy

column chromatography (buffered SI@tOAc/X4) retur ned-ketoleger st ar t i |

starting amide or hydrolysis products

i. LDA,
o o J207C~>07C O O O OTBS

30 min
Eto)% g EtOW
ii. 115, THF, :

0°Cor-78°C,1-3h

Ethyl (7S8S}7-((tert-butyldimethylsilyl)oxyR,4,8trimethyt3,5-dioxodecanoate
(7S8S)y117. At t empt ed cketo pster7hwith Wdinrelh amidell5 was

I#* To a stirred solution of LDA

conducted according to a procedure by Mesheara
(2equi val ent s) i n T HFketa esterr110 equiva@entamd thea d d e d
solution stirred for 30 minutes at 0 °C. Weinreb aniidd (1 equivdent) was addetia
cannulation (THF) and the resulting solution stirred f&8 Housat 0 °Cor 1 78 AC
The reaction mixture was quenched with J&Hand the layers separated. The aqueous

layer was extractedsing Et,O, with the combined organic layedsied (NaSQ,) and
concentratedin vacuo Purification by column chromatographfbuffered SiQ,

EtOAc/X4) returned only startinf-keto este71 and Weinrelamidell5s

EtO N

O O OH éTBS

(7R 8S)-7-(tert-Butyldimethyisilanyloxy}2,8-dimethyt3,5-dioxo-decanoic acid ethyl
ester116. The dianion addition was conducted according to a procedure by @megg
Perkins>® To a stirred solution of NaHB86 mg, 14 mmol) in THF QOmL) at 0 °C was
addedethyl-2-methyl acetoacetat®l (700 ni, 4.95 mmol) and the resultingofution
stirred for 30 minutex-BuLi (2.07M, 2.25mL, 4.66 mmol) wasadded dropwise, with
stirring continued ad °C for a further30 minutes. The reaction mixture was cooled to
78 °C and aldehyd@3 (0.57 g 2.33 mmo) addedvia cannuléon (THF). After 1 hour at

I 7 & the reactiowas quenched by addition of W&l (mL, sat. ag.). The layers were
separated and the aqueous layer extracted with @x20mL). The combined organic
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layers were dried (N&Q,) and concentrateth vacuo Purification through a plug of
buffered silica (10%&tOAc/X4) affordedalcohol118 (703 mg,79%) as a colourless oil
and inseparable mixture of isomers.

The oxidation was conducted according to a procedure by Dess and Mfaftina
stirred solution of crudé18 (256 mg, 0.66 mmol) in Cil, (8 mL) was added DMP
(612 mg, 1.44 mmol) at room temperature followed by a saturgi©dH,Cl, mixture

every Sminutes for 1 hour (0.5 mL aliquots) and the resulting suspension stirred in

darkness for 16 hours. The reaction mixture was diluted wiB E20 mL), quenched
with N&S;03 (9 g) in NaHCQ (20 mL, sat. ag.) and the biphasic mietatirred for 1
hour. The layers were separated and the organic layer washed with N&HCQ@L,
sat. ag.), brine (10 mL), dried (p&0;) and concentratech vacuo.Purification by
column chromatography (buffered $j®0%X4/CH,Cl,) afforded thetitle compound
117 (240mg, 94%) as a light yellow oilR (ATR, cm ') 2961, 2933, 2881, 2858, 1739,
1607, 1463, 1377, 1251, 1186, 1075, 1035, 939, 834,'AWBMR (600MHz, CDC})

U 15.21 (1H, d,J=12.5 Hz, ) 5.60 (1H, s, EI=COH), 4.204.15 (2H, app q,
J=7.1Hz, CH;CH,OC(=0)), 4.094.06 (1H, m, EIOTBS), 3.383.34 (1H, m,
EtOC(=O)(HCHg), 2.312.23 (2H, m, COHE&,CHOTBS), 1.471.45 (1H, m,
CHOTBSUHCHs3), 1.38 (3H, ddJ=7.2 and 2. Hz, EtOC(=0O)CH®E3), 1.36 1.32 (1H,
m), 1.25 (3H, td,J=7.2 and Hz, CHsCH,OC(=0)), 1.14/ 1.07 (1H, hept.J=7.5 Hz),
0.92 (3H, tJ=7.4 Hz, CHCHCH,CH?3), 0.87 (3H, dJ=6.8 Hz, CHOTBSCHE), 0.84
(9H, s, Si(®3)s), 0.01 (3H, s, Si(Ba)a(CHg)s) , T 0. 06 EACHgs); SC
NMR (150MHz,CDCE) U 193. 01, 19 072.90561.28149.62, 414,

40. 56, 41. 14, 40. 50, 25. 76, 17 . 9 7calcdl 4 .

for CooHzg0sSiNa’, [M+Na]" 409.2386 found 409.2394

6-((2R,3S)2-((tert-butyldimethylsilyl)oxyB-methylpently-4-hydroxy3-methyi2H-
pyran-2-one 119 To a stirred solution of enol tautomgi6a (312 mg, 0.81 mmol) in
benzene (25 mL) was added DBU (D, 0.4 mmol) and the resulting solution heated
at reflux for 3 hours then allowed to cool tmom temperatuteThe reaction mixture

was quenched through addition of MH (10 mL, sat. .), extracted with EtOAc
154
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(3x10mL), dried (NaSQ;) and concentratedn vacuo. Purification by column
chromatography (10% ED/CH,CI,) affordedthe titte compoundl19 (110mg, 40%, 2

cycles) as white needles. Mp 1374 0 A% +121[5(£]0.91 in CHC}); IR (thin

film, cm'?!) 3018, 2959, 2929, 2859, 2705, 1666, 1636, 1583, 1494, 1429, 1407, 1253,
1126, 1082, 827 ch 'H NMR (600 MHz, CDCJ) U 7 . 6 &), 6.QLH1H, ss , O
=CH), 4.2 (1H, dt, J=9.5, 3.5 Hz, GOTBS), 2.50 (1H, dd,JJ=14.0, 3.3 Hz,
CHAHsCHOTBS), 2.38 (1H, ddJ=14.1, 9.3 Hz, E.HgCHOTBS), 1.96 (3H,

s=CH3), 1.581.52 (1H, m, EICHg), 1.441.34 (1H, m, CHCHCHaHg), 1.16 1.06

(1H, m, CHCHCHaHg), 0.93 (3H, t,J=7.4 Hz, CHCHg3), 0.89 (3H, d,J=6.8 Hz,

CHCHg3), 0.82 (9H, s, SIC(Ch)) , TO. 01 HK:32@BH3e)s, 1T9i. 18 (3H,
Si(CHs)a(CHa)g); *C NMR (151 MHz,CDC}) G 168. 7, 167.1, 161. 6,
41. 1, 36. 9, 25. 9, 25. 9, pdBHRESIMSIkc&8cd.6fgr 12. 3,
CigH3204SiNa’, [M+Na]" 363.1968 found 363.1965

4-hydroxy6-((2R,3S)2-hydroxy3-methylpentyh3-methyt2H-pyran2-one 121 To a

stirred solution of TBS pyrontl9(81 mg, 0.24nmol)in 1:1 CHCI,/CH;CN (10 mL)

was addedHF (09 mL, 30% aq.) and the mixture stirred at room temperature for 3
hours.The reaction mixture was diluted with® (5 mL) and the layers separated. The
aqueous layer was extracted with EtOAc (3x10 mL). The combined organic\\arers

washed with brine (2x10 mL), dried (p&0;) and concentratenh vacuo Purification

through a plug of buffered silica (10% MeOH/¢ZL,) afforded thditle compoundl21

(50 mg, 93%) as white needlddp. 2062 09 A C s+425 € D.48 in[MEQH);

IR (ATR, cmlt) 3430, 2963, 2933, 2877, 2658, 1661, 1620, 1555, 1404, 1258, 1137,
1070, 1006, 752'H NMR (600MHz, (CD3),CO) & 9. 7 0 H)(61OH(1H, s,, =CO
=CH), 3.80 (1H, dddJ=9.3, 5.5, 3.1 Hz, C)¥CHOH), 2.60 (1H, ddJ=14.4, 3.0 Hz,
CHaHgCHOH), 240 (1H, dd,J=14.4, 9.7 Hz, EaHsCHOH), 1.83 (3H, s, =CHj),

1.631.55 (1H, m, EGICHs;), 1.541.46 (1H, m, CHCHBCHaAHg), 1.251.14 (1H, m,
CHCHs;CHaHg), 0.93 (3H, dJ=7.1 Hz, CH®3), 0.90 (3H, tJ=7.6 Hz, CHCH3), OH
absent™C NMR (151 MHz, (C),.CO) U 166.1, 165.2, 162. 3,
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