Total Synthesis of Sordaricin

A Thesis Submitted for

the Degree ot
Doctor of Philosophy
of

The Australian National University

Research School of Chemistry

Regan J. Thomson

2003






Declaration

This thesis contains no material previously submitted for a degree in any other
University, and to the best of the author’s knowledge and belief, contains no material

previously published or written by another person, except where due reference 1s made

1n the text.

Regan J. Thomson
2003



3

W

|lll.",:|

.

.

g



In loving memory of my father, Alan James Thomson

26-10-1950 to 27-10-2002



&

s
Tl o
j'-".“f

(AR L |

-‘

I
=
. =

=

o

A

.

.

-

g

.

B

a



Acknowledgements

The research conducted for this thesis would not have been possible without the
support and guidance of my supervisor - Professor Lewis N. Mander. Not only have |
benefited greatly from his awesome knowledge of chemistry, but his overall philosophy
and approach to science has profoundly shaped my own outlook. More important than
this, [ would like to thank Lew for accepting me as I am and for encouraging me in my
own ideas. I cannot think of a single bad moment in the time of our association, not
even when I lost the bicycle you lent me.

[ would like to express my thanks to the Mander group’s omnipotent research
officer and lynch pin - Bruce Twitchin. Not only for his expertise within the lab, but
also for his friendship outside of it. Another group member leaves as a disciple of the
Brawn Principle.

Like everybody at the Research School I am grateful for the help of the support
staff. Special mention must be made to Tony Herlt — the local separations guru — tor his
help with GC and HPLC techniques, and to Chris Blake for running crucial NMR
experiments for me when in dire need. I also wish to express a sincere thanks to
Christine Sharrad, who was always willing to help with the formatting of this
document.

The friendship of the past and present members of the Research School are
what made the hard parts bearable. This usually involved large scale alcohol
consumption with the Mander Boys - Matthew McLachlan and Oliver Hutt - whose
enduring friendships I am grateful for, especially during my frequent mood swings. A
particular thank you must be made to Kenneth McRae, for being the person who
introduced me to ‘bass promoted synthesis’. Amongst all the others, the Banwell Rant
Boys — David Lupton and Daniel Beck — require a mention for their friendship and tine
conversation, and Kelly Ann Fairweather, for her friendship and proot reading skills.

The friendship and support of the people | have lived with over the past few
years cannot be understated. Firstly — Angela Gregory and Sarah Strapps — for all of
their ‘encouragement’ and for always not believing a word I said. A big shout out to
the MacArthur Massive, especially Andrej Mihajlovski — an Urban Buddha it ever |
saw one — and Adam Perriman — your advice as my attorney has been most invaluable.
To the Pallarenda Posse — you guys rocked my world.

Thanks to my remaining friends in New Zealand — Garrath Cadness, Russell
Mitchell and Larry DelLacey — for not selling out and stagnating like the rest of them.

Finally, to my family in New Zealand tor their love and support — especially

when 1t seemed as 1f [ wasn’t interested 1n 1t.



x]
s

m
Bl

-

(]

L il

LR T AR, LB

s ol SR s b UM ot SRR R N el S e Bl




Abstract

The sordarins are an emerging class of antifungal diterpene glycosides, ot which
sordarin (1), 1solated in 1971 from the ascomycete Sordaria araneosa Cain, 1s the structural
prototype. Interest in the sordarins stems primarily from their potent broad spectrum antifungal
activity, which 1s induced by selective inhibition of fungal protein synthesis. From a synthetic
standpoint, it is the tetracyclic diterpene moiety, named sordaricin (3), that 1s of most interest.
This dissertation describes a convergent, enantioselective total synthesis of sordaricin (3), tfrom
the two enantiomers of enone 54.

Chapter One provides an overview of the 1solation and structural characterisation of the
sordarins and, in particular, sordaricin (3). Aspects of the postulated biosynthesis of sordaricin
(3) are introduced. Brief mention 1s made of the sordarins biological activity, i.e. antitungal
properties, molecular mode of action, and to the pharmaceutical industries’ attempts to produce
more potent analogues and derivatives. Previous synthetic endeavours aimed at the total
synthesis of sordaricin (3) are detailed.

Chapter Two provides a detailed outline regarding the synthetic strategy proposed for
the total synthesis of sordaricin (3). Key concepts, such as the intramolecular [4+2]
cycloaddition and convergent alkylation strategy are discussed. Possible starting materials are
examined and a rationale for the choice of (+)-54 and (—)-54 1s put forward. The possibility of
performing a tandem cycloreversion/intramolecular [4+2] cycloaddition 1s described. Aldehyde
60 and 10odide 62 (158 for P = MOM) are 1dentified as key 1nitial subtargets. The flexibility of
the synthetic plan 1s detailed with respect to the study of the postulated biosynthetic
intramolecular cycloadditon and the synthesis of Cl-alkyl analogues for biological evaluation.

Chapter Three describes the synthesis of aldehyde 60 from (—)-54. An 1nitial, but
unsuccessful approach, that relied upon the elaboration of ester 81 1s discussed. The
development of an alternative approach utilising 1,4-addition, acylation and a higher order
cuprate 1n key steps 1s detailed. As a model for the alkylation of 60 with 1odide 158, aldehyde
60 was successfully alkylated with 1sobutyl 10dide.

Chapter Four deals with the synthesis of 10dide 1588 from (+)-54. Synthesis of the syn-
4,5-disubstituted cyclopentenone 132 1s explained. Several possible routes to 158 from 132 are
examined, and the development of a successful route to 158 via 124 is described.

Chapter Five provides details of the unsuccessful attempts to alkylate aldehyde 60 and
dimethylhydrazone 160 with iodide 158. An alternative approach utilising nitrile 163 is put
forward, and the successful alkylation of 163 with 158 1s described. Elaboration of the resulting
adduct 168 to ketone 172, a key intermediate, i1s detailed. A discussion of the C-acylation of
sterically hindered enolates i1s given, and based upon this analysis, the acylation of 172 is
carried out. The synthesis of aldehyde 64, the precursor to the planned

cycloreversion/intramolecular [4+42] cycloaddition, is then detailed.
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Chapter Si1x describes etforts that culminated in the total synthesis of sordaricin (3).
The outcomes of the tandem cycloreversion/cycloaddition process for diol 182 and aldehyde 64
are given, and the unanticipated formation of iso-41 from 64 is detailed. An alternative
approach, leading to aldehyde 685, 1s described, as well as the cyclisation of 65 to afford 41.
Demethylation then rendered the target natural product, sordaricin (3).

Chapter Seven deals with the issues associated with the differences in regiochemisty
obtained for the cycloaddition substrates produced during the synthesis of sordaricin (3). In
particular, an explanation 1s provided for the selective formation of 41 at 40 °C from 65 versus
the apparent poor selectivity obtained from 64 at 180 °C. Frontier orbitals and thermodynamic
stabilities were used to aid in this explanation. Speculation as to the biosynthesis of sordaricin
(3) 1s put forward based on these results.

Chapter Eight provides a summary of the results obtained during research for this Ph.D.
and provides direction for possible future work and an overall conclusion.

Chapter Nine contains the experimental procedures conducted during this research, as

well as all the spectroscopic data.



The following abbreviations have been used throughout this thesis:

DBU
d.e.

Dess-Martin periodinane
DIBAL-H

DIPEA
DMAP
DMEF

2D NMR
.5,

h

HMBC
HMPA
HMQC
HOMO
HPLC
HRMS
Hz

.Pr

IR

J
KHMDS

degrees Celsius

microlitre

micromole

infrared absorption maxima (cm-1)

2,2 -azobisisobutyronitrile

Glossary

attached proton test (13C NMR spectroscopy)

butyl

tertiary-butyl
potassium fertiary-butyloxide

concentration (g/100mL)

catalyst

correlation spectroscopy
chemical shift (parts per million)
1,8-diazabicyclo[5.4.0]undec-7-ene

diastereomeric excess

1,1,1-triacetoxy-1,1-dihydro-1,2-benzido-3(1H)-one

duisobutylaluminum hydride
N,N-duisopropylethylamine
4-(N,N-diemthylamino)pyridine
N,N-dimethylformamide

two-dimensional nuclear magnetic resonance

enantiomeric excess

hour(s)

heteronuclear multiple bond correlation

hexamethylphosphoric triamide

heteronuclear multiple quantum correlation

highest occupied molecular orbital
high performance liquid chromatography

high resolution mass spectrometry

Hertz
1SOpropyl

infrared

coupling constant (Hz)

potassium hexamethyldisilazide



X1 Glossary

LDA [1ithtum diisopropylamine

L1IHMDS [1ithium hexamethyldisilazide
LUMO lowest unoccupied molecular orbital
M+ molecular 10n (mass spectra)
m-CPBA m-chloroperbenzoic acid

Me methyl

MeOH methanol

MHz mega Hertz

min(s) minute(s)

mmol millimole

mol mole

MOM methoxymethoxymethyl

MOMCI methoxymethoxymethyl chloride
m.p. melting point (°C)

MS mass spectrum

m/z mass-to-charge ratio (mass spectroscopy)
NaHMDS sodium hexamethyldisilazide

NMR nuclear magnetic resonance

nOe nuclear Overhauser effect

NOESY nuclear Overhauser and exchange spectroscopy
PhNTf, N-phenyltrifluoromethanesulfonimide
PMB p-methoxybenzyl

PPTS pyridinium p-toluenesulfonate

Ry retention factor

TBAF tetrabutylammonium fluoride

TBS tertiary-butyldimethylsily]

TBSC] tertiary-butyldimethylsilyl chloride
Tt trifuoromethanesulfonyl (triflate)
THE tetrahydrofuran

TLC thin layer chromatography

TMS trimethylsilyl

TMSC] trimethylsilyl chloride

TsOH p-toluenesulfonic acid
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Chapter One

The Sordarins

1.1 Introduction

The 1ncidence of invasive infections caused by opportunistic fungal pathogens has
increased dramatically 1n the past two decades, and 1s seen most acutely 1n patients with
severely compromised immune systems.! For the majority of cases, these conditions are due to
intensive chemotherapy, organ or bone marrow transplant, and the rise of HIV infections to
global epidemic proportions.? Unfortunately, despite the obvious need for an increase in the
number of compounds available to treat such infections, medical practitioners are limited in
their choices of clinically approved antifungal agents.” As such, the pharmaceutical industry is
particularly interested in the discovery of new antifungal compounds displaying novel modes of

action and improved pharmacological properties, i.e. increased efficacy and lowered

. . 4 \
CyltOtOXicCity.

The sordarins® are an emerging class of antifungal diterpene glycosides, of which
sordarin (1),° isolated from the ascomycete Sordaria araneosa Cain, is the structural prototype.
Much of the interest in sordarins stems from their demonstrated potent, broad spectrum
antifungal activity and their novel mode of action. The major classes of antifungal agents e.g.
the polyenes, azoles and allylamines,’ are targeted against ergosterol, the major fungal sterol

present in the plasma membrane. The sordarins are distinct from these classes in that they exert

their intluence through highly selective inhibition of fungal protein synthesis.

CO,H
CHO

Ho 7 Y
MeO Qo7

HO

1.2 The Sordarins

1.2.1 Isolation of sordarin

Sordarin (1) was first 1solated from the terrestrial fungus Sordaria araneosa Cain in
1971, by Hauser and Sigg.6 Degradation studies on the isolated material rendered two
compounds of molecular formula C,ogH»304 and C7H 1405, respectively (Figure 1.2.1). The C5
portion, named sordarose (2), was shown by 'H NMR spectroscopy to be 6-desoxyaltrose.
Structural elucidation of the Cyq diterpene fragment, known as sordaricin (3), was achieved one

year later by Vasella.®
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CO-H
gi® .
MeO = ek
1 - s =
HO'|(|
HO
2 3

Figure 1.2.1 Degradation of sordarin.

Vasella’s extensive studies on the Cpg compound led ultimately to the preparation of
diol 4, that underwent a series of rearrangements to afford the tricyclic compound 8.
Ozonolysis and subsequent oxidative workup then gave the two carboxylic acids, 6 and 7
(Figure 1.2.2), of which the latter was thought to be related to nepetic acid (8). Synthesis of
both 7 and 8 from a common precursor (9) was conducted, thereby confirming the absolute

stereochemuistry to be that shown.

OH
- CHQO . HCO2H COZH
O ——— - —_—
O
6
T
<t e B
8 9 7

Figure 1.2.2 Vasella’s degradation studies.

I'he combination of these studies, coupled with an X-ray crystal structure of diol 10, led

lo the assignment of structure 3 to sordaricin, thereby showing sordarin to possess the structure

ogiven by 1.
| COQMG
Feaea {4

HO

10
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1.2.2 Other sordarins

Since the 1nitial 1solation of sordarin (1), several other compounds possessing related

structures have been isolated from a wide variety of fungi.? All possess the same diterpene
portion, i.e. sordaricin (3), with the only difference being the nature of the appended glycosidic

residue (Figure 1.2.3). A large number of semi-synthetic sordarin derivatives have been

produced by several pharmaceutical companies and will be discussed briefly in Section 1.4.

CO,H
CHO

o7

R = Ri= H
Sordarin
HO
MeO ™ ) fé‘ ,
—~—
O
R,O W P___SJ_/
Zofimarin GR 135402
O O
WH
Hypoxysordarin Neosordarin

HO Hoo
MeO " -
O—_ fej Hydroxysordarin
HO
O O
HO Ri= Me
1711' SCH57404/Xylarin
O
COMe

OR; BE-31405

Figure 1.2.3 Representative soraarins.

1.3 Biosynthesis

1.3.1 The cycloareneosene connection

Following the research carried out by Vasella, Borschberg!! conducted a study of the

non-saponifiable portions of the Sordaria araneosa extracts. He was able to show, by GC/MS,



4 Chapter One

that most of these substances belonged to a class of compounds with the general molecular
formula CogH32. The major constituent was 1solated by column chromatography and shown to
be cycloaraneosene (11), a compound similar to tricycle S5, 1solated previously during Vasella’s
degradation studies (see Figure 1.2.2). Comparison between the structures of sordaricin (3) and

cycloaraneosene (11) lead to the speculation that cycloaraneosene (11) might be a biosynthetic

precursor to the sordarins (Figure 1.3.1).

CO,H
CHO

.. o

11 3

Figure 1.3.1 Structural comparison between cycloaraneosene (11) and sordaricin (3).

1.3.2 Possible biosynthetic pathways

The 1solation of allylic alcohol 12 from the neutral extracts of Sordaria araneosa
prompted Borschberg to formulate the speculative biosynthesis outlined in Figure 1.3.2. The
hypothetical cascade would be initiated by oxidation of 12 at C12 to generate 13. Solvolysis
then triggers an English-Zimmerman-like!! cleavage, leading to the conjugated aldehyde
intermediate 14. Subsequent ring closure, rendering 15, would then be initiated by an external
electrophile, and further oxidative processes would then lead to sordaricin (3). The exact stage

at which glycosylation occurs was not considered, and is still unknown.

OH O

11 - >

12

Figure 1.3.2 Borschberg’s postulated biosynthesis.
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Another, more provocative, hypothesis involving a possible [4+2] cycloaddition has
also been put forward (Figure 1.3.3).1? It requires oxidative fission of the C8-C9 bond, possibly
by a retro-ene process, eventually atfording 16. Spontaneous or enzyme mediated cyclisation
would then generate the requisite carbon skeleton. Evidence that such a biosynthetic process

might exist has been produced 1n the form of two independent synthetic studies (see Section

1.5).

CO.H
CHO
/ I
~
11 16 3

Figure 1.3.3 A speculative biosynthetic [4+2] cycloaddition.

1.4  An Emerging Class of Antifungal Agents

1.4.1 Biological activity

The sordarins are potent antifungal compounds that exhibit remarkable in vitro activity
against a wide range of fungal pathogens,” including Candida albicans, the organism
responsible for the common thrush infection. They also show high levels of in vitro activity
against several strains of emerging fungal pathogens, such as Candida glabrata, C. kefyr,
C.parapsilosis, C. tropicalis, Cryptococcus neoformans and Pneumocystis carinii. Potent
fungicidal activity 1s also observed against several endemic fungi, such as Histoplasma
capsulatum and Blastomyces dermatitidis. Additionally, sordarins show encouraging in vivo
activity against several pathogenic fungi when administered either subcutaneously or orally.
Importantly, in this group 1s P. carinii, the major cause of lethal pneumonia in
immunocompromised patients. This last result is particularly significant in that the major
classes of antifungals in clinical use, are ineffective against P. carinii. These compounds target
ergosterol (17), which leads to ill-formed cellular membranes, resulting in decreased growth
rates and the inability to form invasive mycelia. Unlike most fungi, P. carinii utilises

cholesterol (18) instead of ergosterol (17), thus rendering most antifungals ineffective.

~
f iy
. - 7’
F 4
o - ’
b
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[t 1s the sordarins’ novel mode of action (vide infra) that enables them to succeed where
others fail, but most significantly the sordarins are non-cytotoxic and display no evidence of
genotoxicity 1in the Ames assay.”™ They are not clastogenic* in cultured human lymphocytes and

are well tolerated in animals.” As such, the sordarins are considered to be important lead targets

in the search for new antifungal agents.

1.4.2 Mode of action

The antifungal properties of the sordarins have been known since the isolation of
sordarin (1) 1in 1971, but 1t was not until recently that the mode of action was elucidated. The
first report of the sordarins’ mode of action came in 1998, when Kinsman et. al reported that
GR 135402 (see Figure 1.2.3) inhibited fungal protein synthesis.” Later that year, detail
regarding the molecular mechanism for this inhibition was published. Briefly, the molecular
target was determined using two complementary approaches: identification of the sordarin
binding protein in C. albicans, and the characterisation of genes imparting resistance in
Saccharomyces cerevisiae. The first approach led to the discovery that elongation factor 2
(EF2) was the only protein that binds sordarin derivatives and that this binding is enhanced in
the presence of ribosomes.!> The second approach revealed that resistance was imparted by
mutations in EF2!* and mutations encoding the ribosomal protein, rpP0.15 This led researchers
to the conclusion that EF2 is the primary sordarin binding protein, and that the EF2-ribosome
complex 1s the functional target. Further research into the link that the sordarins provide
between these two proteins may lead to new insights into the mechanism of protein synthesis.

EF2 1s a highly conserved protein, highlighted by the fact that Saccharomyces
cerevisiae EF2 and human EF2 share a 66% sequence identity and 85% structural homology. In
light of this information, it may seem unusual that the of action of the sordarins is highly
selective for fungi and not higher order Eukaryotes. However, from the complex interactions
described above, it is not unreasonable to suggest that the combination of these events leads to
the observed high selectivity. Not only does this discovery have implications for antifungal
compounds, it may also impact on drug discovery and design in a much broader sense. As
Nielsen of Merck observed “These findings show that homology between essential proteins and

processes 1n the host and pathogen does not necessarily exclude them as potential targets for

selective chemotherapy.” 14

" A simple and effective test for chemical mutagens.

* Clastogenic substances cause damage to chromosomes.
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1.4.3 Semi-synthetic sordarin analogues

Although the naturally derived sordarins display significant antifungal activity, most
recent research has been invested in the synthesis and screening of semi-synthetic derivatives.
This research has a two-fold agenda: access to new, enhanced sordarin derivatives, and the
establishment of structure-activity-relationships to gain insight into the sordarin/EF2 interaction.

Fermentation of the producing fungus can provide substantial quantities (200 mg/L) of
the natural product for moditication, which falls into two broad categories: alteration of the

glycosidic residue,'® and derivatisation of sordaricin (3) (Figure 1.4.1).17

Sordarin analogues

MeO

R1, Ry = alkyl or ester R = alkyl

May be removed

/ or inverted

Ro

R4, Ry = alkyl or hydrogen R = alkyl

Sordaricin analogues

X =0R, SR, NR, N=R

9

X = COzR, CONHR, HC=N,
OR

Figure 1.4.1 Representative sordarin and sordaricin analogues.

This last category is limited by the fact that it 1s extremely difficult to alter the actual
carbon framework of sordaricin (3) and as such, the construction of a bioactive pharmacophore

1s being actively pursued. The purpose of this research is to provide an active compound with a
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vastly simplified structure, thereby facilitating synthesis. The synthesis of only one possible

pharmacophore (19) has been published to date, and unfortunately there was no assessment of

bioactivity reported.!8

19

1.5 Studies on the Synthesis of Sordaricin

1.5.1 Mander and Robinson’s model study

Intrigued by the unique structure of sordaricin (3), and the possibility that it might be
biosynthesised by means of an intramolecular [4+2] cycloaddition, Mander and Robinson!”
undertook the synthetic study outlined in Figure 1.5.1. Initial doubts regarding the feasibility of

the proposed cycloaddition led them to study the intramolecular cycloaddition in a more readily

prepared model system (25).

ose Ny~ e
I\ (\ MeO \
<\O 1 MeO 5 ¥ steps
O - - . b ’: _ MeO,C~
HO,C

20 22 23

B2% Pb(OAc)4, Cu(OAC),,

then DBU
COgMe
BnO—
toluene, reflux =
S \\
89%
MeO
24

Figure 1.5.1 Mander and Robinson’s model study.

I'he basic premise of the synthesis is that a highly convergent alkylation of ester 20,
with 1odide 21, would lead to compound 22. Elaboration of the norbornene moiety, to 23,
tollowed by oxidative decarboxylation then gave cyclopentadiene 24, the precursor to the

planned cycloaddition. In the event, the [4+2] cycloaddition proceeded in excellent yield to



The Sordarins 9

furnish 25, as a single 1somer. In an attempt to convert 25 into sordaricin (3), oxazoline 26 was
synthesised in the hope that a directed metallation could be carried out, for the purpose of

installing the requisite isopropyl group (Figure 1.5.2).2" Although this approach did produce

28, it required multiple steps, and the oxazoline group proved resistant to hydrolysis. Other
research efforts aimed at introducing the i1sopropyl substituent at an earlier stage in the

synthesis, were likewise unsuccessful in producing sordaricin (3).21

U +

N O N O
1. NHy, KH X B
CH20BnN n-BuLi, then ~ HO CH,OBn
2. SOCI; ’ ‘: CICO,Me; MeLi _ -
25 - > MeOfT]| 7 MeOT] .‘
73% 69%
26 27

|
4

N~ O
COH
CHO CHO
HOT] .‘ _> < AcOT] .!
3 28

Figure 1.5.2 Oxazoline directed isopropy! installation.

1.5.2 Kato and co-worker’s model study

Contemporaneously with Mander and Robinson, Kato and co-worker’s?? published a
model study demonstrating the potential of the intramolecular [4+2] cycloaddition approach to
sordaricin (3). During their total synthesis of hydroxycycloaraneosene (29), Kato er al. had
prepared the functionalised ring B-seco-cycloaraneosene compound 30,%° which they showed

could be transformed 1nto the sordaricin derivative 33 (Figure 1.5.3).

Although the yield of the final conversion was very poor (10%), the cycloaddition
occurred spontaneously after formation of the intermediate o,p3-unsaturated aldehyde,

suggesting that this transformation would be very facile within a biosynthetic context.
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Me3zCCOO

29 30 31

90% | TMSOTH, EtgN

TMSO

H
ihie CHO Pd(OAC),

: . _
10% I L
. N

32

Figure 1.5.3 Kato and co-worker’s model study.

1.5.3 Kato and co-worker’s total synthesis of sordaricin methyl ester

Following the success of their model study, Kato and co-worker’s?* produced the first
total synthesis of sordaricin methyl ester (41), which utilised iridoid synthons 34 and 35, as
starting materials (Figure 1.5.4). An initial chromium mediated coupling between aldehyde 34
and chloride 35, followed by methylation, produced diene 36 in excellent yield (82%). Heating
36 at 200 "C induced a Cope rearrangement, thereby forming the pivotal enol ether 37. Several
manipulations then rendered cyclopentadiene 38, which was transformed over three steps to the
key silyl enol ether 39, in moderate overall yield (26%). Saegusa oxidation readily formed the
desired aldehyde, which, as in the model system (Figure 1.5.4), underwent in situ cyclisation to
attord the MOM protected sordaricin derivative 40. Removal of the MOM group then gave
sordaricin methyl ester (41) in good yield (62%). The paper makes no reference to any attempts
at demethylation of 41, to form sordaricin (3) itself, and since this publication there have been

no other reported total syntheses of sordaricin (3), or derivatives thereof.
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1. CrCls-LiAlH4
2. NaH, Mel

B /-

82%

35 36

89% | Xylenes
200-°C

Pd(OAC)g
COsMe CO>Me
eHo cHo
3 T '
MOMO : 58%  ROT|
N
40 R = MOM
41 R=H

Figure 1.5.4 Kato and co-worker’s total synthesis of sordaricin methyl ester (41).

1.6 Aims of the Research Described in this Thesis

In light of the foregoing discussion, it 1s apparent that the sordarins offer excellent
potential as research targets. Their potent antifungal activity, and unique mode of action have
led researchers to produce a wide variety of semi-synthetic analogues, in the pursuit of finding a
suitable candidate for clinical development. The challenge of sordaricin’s (3) complex and
highly congested skeleton, coupled with biosynthetic speculations, has also produced two
serious synthetic studies directed towards total synthesis.

The major aim of the research described in this thesis was to produce a concise total
synthesis of sordaricn (3). The synthesis was planned to be flexible enough to accommodate the
production of several analogues, with changes being possible in areas inaccessible by
derivatisation of the natural product. A further goal was to investigate the effect of various

substituents on the postulated biosynthetic [4+2] cycloaddition, in order to gain insights into
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sordaricin biosynthesis. The synthetic strategy used in this work 1s outlined in Chapter Two,

and the success or otherwise of the research goals are described thereafter in the remaining

chapters.
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Chapter Two

Synthetic Strategy

2.1 Introduction

The sordarins are attractive targets for total synthesis due to their complex molecular
architecture and well established biological activity. From a synthetic standpoint, it 1s the
diterpene aglycone, sordaricin (3), which poses the most significant challenge in this area. To
date, only two research groups, those of Kato! and Mander,? have produced publications
pertaining to the total synthesis of sordaricin (3). Of these groups, only Kato’s has produced a
successtul total synthesis. Research tor this thesis was primarily concerned with developing a
total synthesis ot sordaricin (3), with the added goals of obtaining insight into sordaricin
biosynthesis and the production of analogues for biological evaluation. As such, the synthesis
was required to be concise and efficient, but flexible enough to allow formation of several
analogues. Moreover, 1n order to obtain information regarding biosynthesis, the synthesis

needed to incorporate the putative biosynthetic intramolecular [4+2] cycloaddition.

2.2 A Convergent Approach to Sordaricin

2.2.1 Intramolecular [4+2] cycloaddition

Sordaricin (3) possesses a formidable carbon skeleton, containing four rings and three
contiguous quaternary carbon stereocentres. Moreover, the ring appended substituents, in
particular the 1sopropyl and carboxyl groups, generate significant steric strain through non-
bonding interactions. Regardless of biosynthetic considerations, application of the Diels-Alder

and alkylation transforms? to 3 leads to a vastly simplified pair of precursors, i.e. 42 and 43

(Figure 2.2.1).

COoR
16 42
18 COoH - COoH ~ G
14 s CHO CHO
15 | \:ms 8 1 sl
' H o, | wom—
HO | 19 7 HO ~ 1 -+
> 4 9 10 ;
3 Diels-Alder alkylation FG

3 transform 16 transform m .
|
| |

Figure 2.2.1 Key Diels-Alder transform.

In a forward sense this intramolecular Diels-Alder reaction produces two rings and two
adjacent quaternary stereocentres (CS5 and C6), in a stereodefined manner and in a single

operation. Although there is a possibility that the Diels-Alder reaction could produce iso-3,
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through the alternative orientation of the dienophile, this was thought to be an unlikely outcome
in light of the previous work of both Kato and Mander. Both of these studies make no mention
of any 1someric products being formed during the key intramolecular cycloadditions.
Geometrical considerations (formation of iso-3 requires the C-ring to adopt a boat
conformation) and analysis of the frontier orbitalst of 16, also leads to the prediction that 3
would be formed preferentially over iso-3 (Figure 2.2.2). It may also be worthwhile to note that

no structures possessing the carbon skeleton of iso-3 have been 1solated from any natural

SOUIrcCeEs.

COsH COsH
CHO
~1 h =\
HO —~ HO
~/ N <
CHO
16 16 (conformer)
CO-H COsH
CHO
HO | \ HO (|
“CHO
3 ISO-3

Figure 2.2.2 Possible outcomes of the Diels-Alder cyclisation.

2.2.2 Alkylation based convergent strategy

Having established that the Diels-Alder cycloaddition would be utilised in the synthesis,
the next goal was to develop a strategy for an efficient synthesis of its precursor, namely,
cyclopentadiene 16. To this end, the present strategy parallels the earlier work of Mander and
Robinson.” whereby a convergent alkylation between two highly functionalised intermediates,

would lead to 16 1in a concise and effective manner (Figure 2.2.3).

" For a discussion of the generalised frontier orbitals involved in Diels-Alder reactions: see Chapter

Seven.
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CO,H
CHO
-4 |
0
a4 45 16

Figure 2.2.3 Convergent alkylation strategy.

Any direct attempt to alkylate enolate 44 could, however, be expected to suffer from
lack of both regio- and stereochemical control, and therefore, the reaction indicated in Figure
2.2.3 was not considered. As such, use of a compound that 1s ‘operationally equivalent’ to this
cyclopentadienyl enolate was necessary. In Mander and Robinson’s model study,
norbornadiene derivative 20, was used to control the diastereoselectivity of the alkylation with
iodide 21. The norbornenyl moiety of 46, was then converted to the appropriately

functionalised cyclopentadiene, 1n this instance, 24 (Figure 2.2.4).

"0 ,OMe

COQMG

‘ | MGOQC t BnO —

SIEPS

7 \_/”( - - o\ ' : g

21 — - 1
O O
46

{——= Less hindered face =

of enolate MeQO

20 24

Figure 2.2.4 Mander and Robinson’s use of a norbornenyl operational equivalent.

Therefore, 1in order to synthesise 16, or a derivative thereof, it was necessary to find a
method tor constructing five membered rings containing a quaternary carbon stereocentre. A
brief survey of the literature revealed two appropriate methods for this task. The first of these
approaches was developed, and has been extensively utilised by, Meyers.* In principal, an
amino acid derived bicyclic lactam (47) serves as the operational equivalent for a dienolate of

cyclopentenone (48, Figure 2.2.5).

Me Me O
ro !O
Base -
\iN 5 - ——riN /B M- b@
H H
O _0 48

47

Figure 2.2.5 Meyers’ bicyclic lactam (47) — an operational equivalent of anion 48.

An example of this concept, applied to the total synthesis of (+)-A%12)-capnellane (53),
is given in Figure 2.2.6.° Lactam 47 was first alkylated with prenyl iodide, followed by methyl
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10dide, to give 49 in good yield (74%, 2 steps) as a 91:9 mixture with the endo-methyl product
predominating.” Ozonolysis of the olefin, and subsequent protection of the resulting ketone
rendered lactam 50, in good yield. Reduction with Red-Al, followed by acidic hydrolysis
resulted in formation of acyclic aldehyde 51 which, upon exposure to potassium hydroxide,
afforded the desired 4,4-dialkyl-2-cyclopentenone, S2. Further elaboration then led to the

formation of (+)-A%12)-capnellane (53), in an overall yield of 14.1%.

Me 1. LDA.

0O prenyl iodide
/ 2. LDA, Mel 3. Ozone

N = B >~

74% .
J (74%) 4 |—|
O 91:9 HO OH T
47 49 50
5. Red-Al

©. ag. BusNH>PQO4

7. KOH
— s
(780/0 from 54)

53 52 o1

Figure 2.2.6 Meyers’ and Bienz’s total synthesis of (+)-A9(12)-capnellane (53).

Another widely utilised method for producing functionalised cyclopentenones in a
stereodetined manner involves the use of dicyclopentadienone (54).° The concave o-face of the
tricycle directs nucleophiles and electrophiles to the more exposed exo-face, allowing for a wide

range of diastereoselective reactions to be carried out (Figure 2.2.7).

" The stereoselectivity of such alkylations has been rationalised on the basis of torsional and steric effects

In the transition states: see Ando, A.: Green, N. S.:Li, Y.: Houk. K. N. J. Am. Chem. Soc. 1999, /2],
5334,
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Figure 2.2.7 Versatility of dicyclopentadienone (54).

Generation of the required substituted five membered ring 1s achieved by means of a

thermally activated retro-Diels-Alder reaction,’ with loss of cyclopentadiene (Figure 2.2.8).

O
O
Ay 2 oy (O

R

Figure 2.2.8 retro-Diels-Alder reaction to generate functionalised cyclopentenones.

An 1llustrative use of dicyclopentadienone (54), in the context of natural product total
synthesis, 1s seen 1n Takano and co-worker’s concise synthesis of (+)-o-cuparenone (58)
(Figure 2.2.9).% 1,2-Addition of methyl lithium to ketone (+)-54, followed by 1,3-oxidative
transposition with pyridinium chlorochromate, furnished P—substituted enone 55 in moderate
yield (41% over two steps). Subsequent 1,4-addition of the cuprate derived from p-
tolylmagnesium bromide rendered ketone 56, as a single diastereomer and in reasonable yield
(63%). Heating 56 in o-dichlorobenzene, at reflux, then effected a smooth cycloreversion to
atford the key 4,4-dialkylcyclopentenone 57 in 61% yield. Methylation, followed by reduction,

gave (+)-a-cuparenone (58) in 60% overall yield.
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1 Meli 3. Q;Mglt?)rbcm
2. PCC / i sl a
41 % (630/0)
O
55

(+)-54

(61%) | 4. 1,2-dichlorobenzene
180 °C

5. NaH, Mel
o. 10% Pd-C, H»

il

(60%)

58 o7

Figure 2.2.9 Takano and co-worker’s synthesis of (+)-c-cuparenone (58).

tor the purpose of synthesising sordaricin (3), dicyclopentadienone (54) was considered

an excellent candidate for use as a starting material.

2.3 Dicyclopentadienone — A Versatile Synthon

2.3.1 Sordaricin total synthesis

I'he proposed use of dicyclopentadienone (54) as a starting material led to two key
targets, aldehyde 60 and iodide 62 which, in principle, could be generated from (—)-54 and (+)-
54, respectively (Figure 2.3.1).” Ketone 59 was considered as a good subtarget towards
aldehyde 60, with the expectation that the ketone moiety could be transformed into the required
aldehyde by a Wittig reaction. It was hoped that iodide 62 could be synthesised from

cyclopentenone 61, following an anti-selective conjugate addition of an appropriate
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nucleophile. Alkylation of aldehyde 60 with 10odide 62, would then generate 63, in an

enantioconvergent* fashion.

O
/ 7 / CHO
— —_—
! FG CO-Me
(-)-54 59 60
///OP
/’J}”
H, .
/ b ‘7
“CHO
COQMG
| 63
- FG
/ i _ O - ) /JOP
(+)-54 61 62

Figure 2.3.1 An enantioconvergent assembly of ester 63.

Use of the dicyclopentadiene scaffold not only allows absolute and relative
stereocontrol, but also the possibility of performing a tandem!Y cycloreversion/intramolecular

[4+2] cycloaddition, to generate the sordaricin skeleton 1n a single step (Figure 2.3.2).

* The term ‘enantioconvergent’ refers to a process in which both enantiomers of a racemic substrate are
ultimately converted into a single enantiomeric series: Saddler, J. C.; Donaldson, R. E.; Fuchs, P. L. /.
Am. Chem. Soc. 1981, 103, 2110. The term itself was first used by Trost: Trost, B. M.; Timko, J. M.;
Stanton, J. L. J. Chem. Soc., Chem. Commun. 1978. 436.
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CHO
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64

Figure 2.3.2 A potential tandem cycloreversion/intramolecular [4+2] cycloaddition.

A similar type of tandem retro-Diels-Alder/Diels-Alder approach was utilised by

Oppolzer and co-worker’s 1n their elegant total synthesis of lysergic acid (72, Figure 2.3.3).1
In this case, a Wittig reaction between ylide 66 and aldehyde 67, formed the requisite masked
diene 68. Further elaboration to oxime 69 th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>