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Abstract

This thesis is divided into six chapters. Chapter 1 provides an overview of the role of natural product
synthesis in the 215 century, and provides a scientific and historical context for the research
undertaken in this thesis, including prior work undertaken in the Jonathan W. Burton group towards
the total synthesis of target compounds euphodendroidin D 1.17 and pepluanin A 1.18.

Chapter 2 provides a description our work on the synthesis of racemic cyclopentane 1.102 via a
palladium-catalysed cyclisation, and the derivatisation thereof to racemic lactone 2.50. Chapter 3
covers our unsuccessful efforts to develop an enantioselective synthesis of 1.102, and our
successful asymmetric synthesis of 2.50 via an alternative route. It also covers our extensive
investigations into the allylic oxidation of 2.50.

Chapter 4 details our attempts to conduct a series of further redox manipulations, ultimately
resulting in the scalable and high-yielding synthesis of 4.38, a densely functionalised intermediate,
and the furthest point reached in our attempt to synthesise euphodendroidin D 1.17. Chapter 5
describes our asymmetric synthesis of 5.24, an advanced sulfone intermediate which was also
necessary for our planned convergent synthesis of euphodendroidin D 1.17.

Finally, chapter 6 summarises our achievements and suggests a prospective improvement to the

synthetic plan should the project be continued.
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A note on convention

Throughout this text, wedged bonds are used to denote absolute and relative configuration in
enantioenriched compounds, whereas straight bonds are used to denote relative stereochemistry

in racemic compounds.

OH OH

enantioenriched racemic
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Chapter 1: Introduction

1.1 Chapter introduction

Natural product total synthesis is a field of research which has deservedly elicited an impressive
volume of enthusiasm and energy from the organic chemistry community over the last century.! As
such, modern endeavours within this domain are the products of a rich heritage, and their methods
and goals have grown complex and abstruse. In light of this, this chapter will offer an overview of the

scientific and historical context and core concepts relevant to the project at hand.

1.2 Natural product total synthesis in the 21° century

The chemistry of natural products, by definition, underpins all life and provides the material
framework within which the biological and social sciences take place. Natural products comprise the
physical constitution of organisms in the form of structural lipids, proteins, and sugars; they are
incarnations of our innermost personal lives as nucleic acids, hormones, and neurotransmitters; and
they are a medium through which living things interact with each other and the environment, as
poisons, pheromones, and nutrient transporters. Historically, the study of natural products has been
driven both by scientific curiosity and by the pharmacological benefit of unpicking life’s chemical
fabric. The term ‘total synthesis’ is usually constrained to the construction of ‘small’ molecules, rather
than biopolymers such as proteins and nucleic acids, and although this limitation is not definitional, it
is a convention that we will adopt henceforth.

The earliest instances of natural product total synthesis are considered to be Wdohler’s synthesis of
urea 1.1 from ammonium cyanate in 1828 and Kolbe’s synthesis of acetic acid 1.2 from carbon
disulfide in 1845.% 3 These achievements dispelled the theory of vitalism and established organic

chemistry as a field which was accessible through the principles and techniques previously employed



for the study of inorganic and physical chemistry.* Amongst many other worthy historical milestones
are the syntheses of aspirin 1.3 (Gerhardt, 1852, or Hoffmann/Eichengriin, 1897),> tropinone 1.4
(Robinson, 1917),% quinine 1.5 (Woodward/Doering, 1944),” and taxol 1.6 (Holton, 1993);% ° these
landmarks punctuate the evolution of the field and showcase the degrees of capability and ambition

which have accumulated within it (Scheme 1.1).
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Scheme 1.1: Evolution of the targets accessed by natural product total synthesis over the last two centuries.

The benefits conferred by this discipline bear enumeration; in addition to utility within the study of
natural products themselves, there are compelling pharmacological and pedagogical arguments for
the pursuit of natural product total synthesis.

It is straightforward to affirm that total synthesis has a gainful impact on the scientific understanding
of the origin and function of natural products. Historically, the deliberate construction of a natural
product presented a convincing means of proving a structural proposal prior to the advent of modern
analytical techniques; although the introduction of high-resolution NMR experiments has largely
obviated this, a recent review by Kim and co-workers highlights the ongoing role of synthesis as a tool
for the structural confirmation of complex small molecules where other means have proven fallible.®
In this vein, the developing field has produced instances of ‘anticipation through synthesis’, where the

attempted creation of one target instead gives rise to another which is then subsequently discovered



to be itself a natural product; a recent article by Hetzler, Trauner, and Lawrence covers this
phenomenon.! Moreover, the synthesis of natural products through certain ‘biomimetic’ routes
enables the exploration of biosynthetic pathways in vitro. A compelling recent example of such an
exploration was undertaken contemporaneously with the work in this thesis in the same laboratory,
wherein a plausible biosynthesis of Laurencia natural products via complex oxonium ions was
demonstrated.'? Beyond these structural and biosynthetic concerns, total synthesis constitutes a
means of producing a significant quantity of natural products for investigations into their function in
a biological context; moreover, the ability to selectively modify compounds at sites of interest offers
an otherwise inaccessible parameter space for experimental design within such research.

The prospect of a deeper understanding of natural product function within nature hints at the chief
societal benefit of total synthesis. The human use of natural products and their derivatives as
therapeutics bestrides history as both the primitive pharmacy evidenced in paleolithic graves!® and,
and as the cutting edge of clinical technology in the form of complex natural products such as taxol
1.6 (above) and radiolabelled compounds for medical imaging.'* The proportion of approved drugs
which natural products and their descendants comprise has been assiduously catalogued by Newman
and Cragg in a series of reviews published regularly since 1997, and remains high and more-or-less
constant in spite of the rise of combinatorial and fragment-based approaches to drug discovery.>-2°
In short, due to their innate biocompatibility and their sculpture by evolutionary pressure within the
context of biochemistry, natural product structures and close analogues thereof constitute some of
the most reliable candidates for the selective inhibition of medicinally relevant targets; total synthesis
is an indispensable means of generating quantities of material for this research, and the only means
in the case of structurally modified variants of natural products. This motive underlies the work
presented in this thesis.

Although the arguments delineated above are frequently cited and present a strong justification for
natural product total synthesis from a community-wide perspective, there are more proximate causes

for undertaking total synthesis projects which deserve mention. The intricate structures and



transformations found within a retrosynthetically planned route to a target offer an opportunity to
test modern synthetic methodologies in a complex context. The difficulty of total synthesis provides a
testing ground for novel chemical transformations, as well as an inspiration for their design. This
aspect of total synthesis has a more human reflection: the pursuit of a natural product target acts as
a whetstone for chemists as well as chemistry. The range of challenges presented by a typical project
within this field are often cited as requiring a broad range of laboratory procedures and techniques to
answer, resulting in students with an equal breadth of training.!

The project described herein is driven by a range of these motives. The target compounds are
members of a structurally diverse and medicinally relevant class of natural products, the synthesis of
which remains elusive; our attempt to access them draws on modern synthetic techniques, bringing

them to bear on a complex and challenging system.

1.3 The jatrophane diterpenes

1.3.1 Euphorbia diterpenes

Euphorbia is a genus of flowering plants contained within the Euphorbiaceae, or spurge family. With
over 2,100 classified members found across the globe, it is among the largest, most diverse, and most
widespread of flowering plant genera; members are characterised by the milky white irritant latex
which they secrete when cut. The name of the genus pays homage to Euphorbos, an ancient Greek
physician, who is believed to have employed latex from Euphorbia resinifera as a laxative;? this
salutary employment in the clinics of antiquity is indicative of the rich pharmaceutical potential of the
genus, which modern medicinal chemistry continues to validate. Indeed, studies on the
phytochemistry of the members of the Euphorbia genus have disclosed a range of diterpenoid
structures, known collectively as the ‘Euphorbia diterpenes’, which exhibit a rich array of biological
activities.?® The target natural compounds of this synthesis project are members of the jatrophane

class within the Euphorbia diterpenes.



1.3.2 Biosynthesis of the jatrophanes and related diterpenes

The jatrophanes are presently believed to be biosynthetic derivatives of the cembrene cation 1.9,
along with a number of other diterpene classes. A complete understanding of this pathway remains
elusive; a straightforward proposal from Adolf and Hecker is given below (Scheme 1.2).2*
Geranylgeranyl pyrophosphate 1.7 undergoes a Prins-type cyclisation to give 1.9 in the presence of
the Casbene synthase enzyme; a Wagner-Meerwein rearrangement then yields 1.11. A series of
functionalisations and a five-membered ring formation then give rise to the characteristic

bicyclo-[10.3.0]-pentadecane scaffold 1.14 of the jatrophanes.
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Scheme 1.2: Proposed biosynthetic pathway for the jatrophane class and closely related classes of diterpene.



Many other carbon skeletons characteristic of other categories of Euphorbia diterpenes can be
accessed through such a cation cyclisation pathway from the cembrene cation 1.0;% notably, several
of these skeletons (lathyrane 1.12, tigliane 1.13, ingenane 1.16) contain a cyclopropane ring, and are
believed to be biosynthetically derived from casbane 1.10, itself a derivative of 1.9. There has long
been speculation that the jatrophanes are the products of a cyclopropane opening of either the
casbanes or lathyranes, in contrast to the Wagner-Meerwein pathway shown explicitly below. A suite
of enzymatic oxidations of the scaffold 1.14 and subsequent functionalisations are believed to give
rise to the members of the jatrophane class of natural products, which are individually characterised
by various oxygenation, unsaturation, and esterification states around the bicyclic carbon skeleton. It
is worth noting that, although elegant, the transformations in this biosynthetic proposal do not lend
themselves readily to a biomimetic strategy for total synthesis. Indeed, the cationic macrocyclisations
and site-selective oxidations involved typify the kinds of enzyme-mediated transformations which
generally remain beyond the reach of synthetic chemistry; this foreclosure of biosynthetic inspiration

is a significant part of the difficulty in complex terpene total synthesis.

1.3.3 Medicinal relevance of the jatrophane class

As stated above, the Euphorbia terpenes in general are a trove of pharmacological potential, and the
jatrophanes are no exception. Recent reviews by Kemboi and co-workers?® and Khan and co-workers?>

disclose the huge range of inhibitory and cytotoxic activities of the Euphorbia diterpenes.

7
1.14
jatrophane

skeleton 1.17 1.18
euphodendroidin D pepluanin A

Scheme 1.3: Numbered jatrophane skeleton 1.14, and the structures of 1.17 and 1.18, the target compounds of this
project.



The putative target compounds of this project, euphodendroidin D 1.17 and pepluanin A 1.18 (Scheme
1.3), were first isolated and characterised by Corea et al. from Euphorbia dendroides in 2003 and
Euphorbia peplus in 2004, respectively.?” 28 They showed that 1.17 and 1.18 exhibited potent
inhibition of P-glycoprotein efflux of daunomycin in human leukemic cells, with 1.18 proving
approximately twice as effective as cyclosporin A, the then and current clinical gold standard.
Moreover, in 2009, the Corea group reviewed the P-glycoprotein inhibition data of a series of
Euphorbia diterpenes and began to infer a structure-activity relationship (SAR) profile for this
inhibitory activity.?? The SAR they obtained is complex; within the jatrophanes, they showed that
having a ketone at C14 and free alcohols on C3 and C15 led to a positive impact on P-glycoprotein
inhibition, whilst C2 oxygenation, acetoxylation at C14, and nicotinoyloxylation at C5 and C9 generally
led to a reduction in activity. The complexity of this SAR is somewhat illuminated by two factors. The
first, observed by Appendino and co-workers3® and Jakupovic and co-workers,3! is that the *H NMR
coupling constant and NOESY data of the jatrophanes is indicative of two distinct conformations of
the 12-membered ring. This phenomenon arises because the exo-methylene group (C17) is oriented
perpendicular to the mean plane of this ring, and can thus either point ‘up’ or ‘down’ with respect to
it. One of these conformers is favoured in any given natural product, and the steric interactions
between the ester groups around the ring are believed to drive this preference; in other words, each
substituent can exert a dramatic effect on the overall topology of the molecule. Thus, varying the
substituent pattern would lead to a more significant impact on inhibitory activity than might otherwise
be expected. The second SAR-relevant observation was published by Ferreira in 2011,32 in a study
which consisted of a computational analysis of a database of compounds known to cause multidrug
resistance (MDR) reversal. They concluded that both hydrophobicity and hydrogen bond acceptor
sites were positive attributes for MDR reversal; their model pharmacophore consists of a single
hydrogen bond acceptor and three hydrophobic binding sites. The complexity of this picture correlates
well with that found in the empirical studies on the Euphorbia diterpenes mentioned previously. It is

additionally noteworthy that pepluanin A 1.18 outperforms the clinical gold standard despite the fact



that it features C2 oxygenation and C9 nicotinoyloxylation, which are structural motifs associated with
a decrease in inhibitory activity.

The biological activity against P-glycoprotein exhibited by 1.17 and 1.18 would be of clinical
significance if it could be leveraged in a therapeutic manner. As efflux pumps within the ATP binding
cassette (ABC) superfamily, P-glycoproteins straddle the cell membrane and mediate the active
transport of exogenous compounds from the intracellular environment to the extracellular.?® This
usually benign activity becomes problematic in cancer cases when cancerous cell lines develop which
overexpress P-glycoprotein; this results in an increased resistance to chemotherapy, through the
increase in P-glycoprotein-mediated efflux of chemotherapeutic compounds. This is believed to lead
to the phenomenon of MDR in such cancer cases. As such, an effective and selective P-glycoprotein
inhibitor would be a strong candidate for co-administration with chemotherapy in cases where MDR

develops.

1.4 Prior art in the area of jatrophane total synthesis

1.4.1 A survey of completed and attempted total syntheses of the jatrophane diterpenes

The jatrophane natural products present several challenges from a synthetic perspective. The
trans-fusion of the 5- and 12- membered rings is a nearly universal structural feature (the first
apparent exception to this was recently uncovered by Xiang and colleagues);®* along with the
trans- olefin in the medium-sized ring, this presumably limits the number of feasible conformations of
these molecules, and imposes a severe entropic barrier to macrocyclisation. Beyond this general
difficulty, in the case of heavily oxygenated jatrophanes the large number of stereogenic centres poses
a challenge for stereoselective synthesis; this arrangement of these centres is such that they must
generally be set individually or in pairs (e.g. by stereoselective epoxidation). The obstacle presented
by the large number of oxygenated sites is frequently compounded by the esterification of these
groups with a variety of acyl substituents; in compounds such as such as 1.17 and 1.18, this imposes

daunting constraints on any prospective protecting group strategy.



In light of these complexities, we offer a brief survey of some prior strategies published in the
literature for accessing the jatrophanes, both successful and unsuccessful. These investigations were
comprehensively reviewed by Rinner in 2015,2% and as such we will offer an overview on the main
approaches taken and advances made in this field rather than a full enumeration of the state of the

art.

1.4.2 Synthetic approaches to the jatrophones

The first foray into the synthesis of jatrophane-like compounds was that of Smith and co-workers in
their 1981 syntheses of racemic normethyljatrophone 1.26, racemic jatrophone 1.27, and racemic
epi-jatrophone 1.28,3° and their subsequent 1989 syntheses of hydroxyjatrophones A 1.29 and B 1.30
through an analogous route.3® The first of these is shown below for simplicity (Scheme 1.4). The

tertiary oxygenated stereocentre at C15 was generated through the addition of lithiated 1,3-dithiane
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Scheme 1.4: Overview of Smith’s synthetic approach to norjatrophone 1.26, jatrophone 1.27 and epi-jatrophone 1.28,
and hydroxyjatrophones A 1.29 and B 1.30.



1.20 into cyclopentenone 1.19 to give 1.21; this was then coupled with an aldehyde 1.24, derived from
the acetylide addition of 1.22 into aldehyde 1.23, to ultimately give 1.25.

A Mukaiyama aldol reaction was used to close the medium ring, and subsequent transformations
resulted in the formation of 1.26 in a yield of 6% over 15 steps. The authors note at the end of the
publication that they completed the syntheses of natural products 1.27 and 1.28 between manuscript
submission and publication. Hydroxyjatrophones 1.29 and 1.30 were subsequently synthesised
enantioselectively (using a chiral resolution) using a similar route in 1989.

Syntheses of racemic 1.27 and racemic 1.28 were subsequently published by Stille (posthumously)
and Hegedus in 1990.%7 Their approach was similar to that employed by Smith, using a 1,3-dithiane
addition to construct the C15 tertiary alcohol; the principal difference in their route was the use of a
carbonylative Stille coupling to close the macrocycle.

In 1992, an asymmetric synthesis of jatrophone 1.27 was published by Han and Wiemer (Scheme
1.5).38 Again closing the macrocycle with a Stille coupling, the main novelty of their route was to
synthesise functionalised cyclopentene 1.34, containing the C15 tertiary alcohol, from the chiral pool
starting material (+)-pulegone 1.31. Oxidative cleavage and esterification gave 1.32, the Dieckmann
condensation of which formed the cyclopentane ring to give enoate 1.33. A diastereoselective
osmium-catalysed dihydroxylation, followed by enol triflation, gave functionalised cyclopentane 1.34,

which was subsequently converted to the natural product 1.27 in a short synthesis with a high yield.

Me oxidative Dieckmann
o cleavage, CO,Me  condensation, CO,Me
esterification C rotection
A Me > Me::- P Me“.q
50%
O Me CO,Me OTMS
1.31 1.32 1.33
dihydroxylation, | 38% over
further steps 5 steps
Me
(o] Me
Me OH
Me: g CO,Me
z ~~— Me
o 13 steps, OTf
15% yield of 1.27
Me 1.34
1.27

Scheme 1.5: Overview of Han and Wiemer’s synthetic approach to jatrophone 1.27.
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This is an impressive set of total syntheses which elicit a high yield over a comparatively low step
count. The construction of the C15 tertiary alcohol via the addition of a 1,3-dithiane into a
cyclopentanone is certainly a disconnection suggested by the structures of the natural products, and
Smith and Stille and co-workers use it to good effect; the diastereoselective dihydroxylation used by
Wiemer is a creative and very successful alternative. In light of comments made in Section 1.4.1, there
are two noteworthy features rendering jatrophones somewhat more approachable than their
jatrophane cousins from a synthetic perspective. Firstly, the comparative lack of oxygenated and
esterified sites allows for a straightforward protecting group strategy. Secondly, the level of
unsaturated around the skeleton, most notably between C3 and C4, and the presence of the spirocycle

significantly alleviate the entropic penalties associated with macrocyclisation.

1.4.3 Successful synthetic approaches to the jatrophanes

In 2004, Hiersemann et al. reported a highly innovative asymmetric synthesis of the cyclopentane core
of the jatrophanes (Scheme 1.6).3° Having accessed chiral aldehyde 1.35 in five steps through a
sequence involving an Evans aldol reaction, they derivatised it to a-ketoester 1.36; this was
subsequently heated in decane for five days, resulting in the formation of cyclopentanol 1.38 via an
intramolecular carbonyl-ene reaction postulated to proceed through transition state 1.37. Although
the conditions used are harsh, the assembly of such a highly-substituted cyclopentane from a linear
precursor is an impressive achievement. In 2009, the Hiersemann group employed this chiral fragment
in a synthesis of the unnatural 15-acetyl-3-propionyl-17-norcharaciol 1.41, a close analogue of the
natural jatrophane 15-acetyl-3-propionyl-17-characiol 1.42.%° Derivatisation of 1.38 to 1.39 was
followed by the inversion of the C3 stereocentre through a Mitsunobu esterification; a ring-closing
olefin metathesis (RCM) and acetylation then gave 1.41 in an overall yield of 4% over 20 steps. When
transferred to the ‘true’ system in an effort to reach 1.42, the introduction of the extra methyl group
at C6 caused the RCM to fail; however the Hiersemann group persevered, and in 2009 they reported

the synthesis of 1.42 through a similar route employing an RCM to close the macrocycle at the enone.*!

11



Horner-Wadsworth- decane, S
H OTBS Emmons reaction, 190 °C,

P further steps OTBS 5 days -
MeO,C B ——— g
o Me 67% over 2 Me Me\m
Me 2 steps [o} Me TBSO I'E
1.35 1.36
5 steps, 1.37
81% yield
63% yield,
dr.=45:1
Mitsunobu HOO Me
reaction, OH
further steps Me MNTe further steps Me CO;Me
R S
48% over 28% over Y
3 steps 0 7 steps 8BS0 H \
1.38
1.39 +
OH
75% over RCM, : -CO,Me
2 steps | acetylation Me
res6 H \
(o] Me
O Me AcO
AcO Me 1.38
Me Me . Me
Me Me 0}_ 8
(o] < H (o]
(o)
H
0 ° Et
Et 1.41 142

Scheme 1.6: Overview of Hiersemann’s synthetic approach to 1.41 and 1.42.

To date, the synthesis of 15-acetyl-3-propionyl-17-characiol 1.42 by the Hiersemann group remains

the only successful synthesis of a jatrophane natural product other than the tricyclic jatrophones.

1.4.4 Reported partial synthetic approaches to the jatrophanes

Aside from the successful instances of jatrophone and jatrophane synthesis delineated above, there
have been occasional partial syntheses reported in the literature. These usually focus on the
cyclopentane core as a target, and frequently disclose that an ensuing effort to form the 12-membered
ring was unsuccessful.

In publications in 2004 and 2005, Mulzer and co-workers disclosed the asymmetric synthesis of the
highly functionalised core of pepluanin A 1.18 (Scheme 1.7).%> 43 Starting with furfuryl alcohol 1.43, a

cheap feedstock chemical, they accessed cyclopentenol 1.44 via a Piancatelli rearrangement followed
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by a silylation and reduction. This was followed by an enzymatic resolution using pancreatin in a
procedure from Curran et al. to give 1.45 and 1.46;* differential protecting group manipulation,
oxidation, then organometallic addition allowed access to 1.47 from both enantiomeric series. A highly
diastereoselective Eschenmoser-Claisen rearrangement then gave amide 1.48; alkene epoxidation
and lactonisation then gave cyclopentane-fused lactone 1.49, which was subsequently derivatised to

1.50 giving a total yield of 3% over 15 steps.

Piancatelli
rearrangement,
silylation, enzymatic
o reduction TBSQQQH resolution ACOQAOTBS . HO...Q..\OTBS
—_— —_—
@/\OH 28% over 47% yield of each

3 steps 98% e.e. for both

1.43 1.44 1.45 1.46
73% over| further 58% over | further
3 steps steps 6 steps steps
epoxidation, Eschenmoser-
OTBS lactonisation, Me Claisen
Me protection oTBS rearrangement HO, OTBS
o B SEE——— B ——— )
MOMO 65% over 85% Me@
2 steps
P )
o NMe, 1.47
1.49
1.48
29% over | further
8 steps steps
OPMB

Scheme 1.7: Mulzer’s synthetic approach to the core 1.50 of pepluanin A 1.18.

The Rinner group has undertaken several creative syntheses of jatrophane fragments; following an
initial publication in the area in 2009,% they completed a concise route to the cyclopentane core 1.55
of the natural product PI-3 1.56 in 2013 (Scheme 1.8).%6 Weinreb amide 1.51 was prepared
enantioselectively through an asymmetric alkylation using a Myers’ pseudoephedrine auxiliary, and
subsequently derivatised to chiral alcohol 1.52 via the addition of an acetylide nucleophile followed
by a catalyst-controlled asymmetric hydrogenation of the resulting ketone. A ring-closing enyne
metathesis then gave diene 1.53, which was converted to epoxide 1.54 via a substrate-controlled

diastereoselective epoxidation. An ensuing catalyst-controlled diastereoselective Tsuji reduction then
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gave 1.55. This sequence resulted in an impressive 22% vyield of fragment 1.55 over nine steps;
however the need for three distinct enantioselective methodologies to establish four contiguous

stereocentres might be regarded as an unfortunate weakness of this strategy.

acetylide addition, ring-closing
Noyori enyne
Me Me i T™MS Me i
" r:] 4 | hydrogenation \/_\J metathesis Mer -
€<o- 79% over . 93%
o 2 steps OH HO ™S
1.51 1.52 1.53
deprotection
o ,
Gg goteov:r directed
P epoxidation
silylation,
OH Tsuji
Me:+- reduction Mer- o
N 65% over =
mpso H 2 steps HO
1.55 1.54

Scheme 1.8: Rinner’s first synthetic approach to the core 1.55 of PI-3 1.56.

In 2014, the Rinner group published an updated synthesis of the cyclopentane core of PI-3 1.56 which
featured a highly elegant approach to set the desired stereochemistry (Scheme 1.9).#7 Starting from
the readily available racemic bicyclic ketone 1.57, a diastereoselective hydride reduction followed by
an enzymatic resolution gave ester 1.58 and alcohol 1.59, allowing for the easy separation of
enantiomers. A subsequent re-oxidation to the ketone, followed by a Baeyer-Villiger reaction gave
cyclopentane-fused lactones 1.60 and 1.61 in each enantiomeric series. In one series, iodination of
1.60 under basic aqueous conditions gave 1.62, which was then silylated and eliminated to give alkene
1.65; in the other, 1.61 was hydrolysed to 1.63, which subsequently underwent iodolactonisation to
give 1.64. After silylation of the alcohol, elimination of the iodide gave 1.65 in a beautiful example of
strategically designed enantioconvergence. A series of transformations resulted in cyclopentanone
1.66, which accepted a vinyllithium species to give 1.67; cleavage of the exo-alkene followed by

reduction and protection then gave advanced intermediate 1.68.
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H H
1.60 1.61
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HQ 4 HO,C
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H OH
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protection, ) -
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reduction,
oxidation,
conjugate H
addition .0
57% over 1
4 steps |:|
TIPSO
1.65

61% cumulative yield

Scheme 1.9: Rinner’s synthetic approach to the core 1.68 of 1.56.

This selection of syntheses of jatrophane fragments is not comprehensive; several other syntheses of

cyclopentane cores of jatrophanes or simplified jatrophanes have been published by the groups of

Uemura, Mohan, and Rinner.*®>3 The syntheses shown above showcase the various innovative

approaches chemists have adopted in attempting to access this challenging class of natural product,

and provide a global research context for the work presented in this thesis.
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1.5 Research context of the project with the Jonathan Burton group

1.5.1 Summary of the DPhil of Dr Erin Shepherd

The generation of malonyl radicals and their synthetic utility, especially as participants in cyclisation
processes, have long been areas of active research within the Burton group; this interest has led to
the successful total synthesis of a range of natural products containing five-membered rings.>*>’ The
stereochemically intricate cyclopentane ring of the jatrophanes presented an enticing challenge for
this powerful methodology, which was taken up by Dr Erin Shepherd during her tenure as a DPhil
student within the group.>®

The retrosynthetic plan developed for Dr Shepherd’s project is outlined below (Scheme 1.10). Taking
protected pepluanin A 1.69 as a putative target, the major simplifying disconnection is to cleave the
bicyclo-[10.3.0]-pentadecane into a cyclopentanoid ‘western’ fragment 1.70 and an open-chain
‘eastern’ fragment 1.71. 1.70 was to be generated from the cyclopentane-fused lactone 1.72, itself
generated from the tandem malonyl radical cyclisation-lactonisation of chiral fragment 1.74, whilst

the eastern fragment was to be accessed from a chiral pool-derived starting material 1.73.

fragment
coupling
+
1.60 1.70
(protected 1.18) M
oxidative
CO,Me malonyl radical MeO,C o
cyclisation o
CO,Me  C— o
PO \ po H
1.74 1.72

Scheme 1.10: Retrosynthesis of protected pepluanin A 1.69 during the DPhil project of Erin Shepherd.

Realised through the transformations delineated below in Scheme 1.11, this approach was largely
successful.>® Optical purity was introduced through the enzymatic resolution of racemic alcohol 1.76;

this stereochemical information was then propagated in an iodocarbocyclisation step (which was
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found to be more efficient than an analogous malonyl radical cyclisation) to give lactone 1.79
selectively. Hydrolysis, followed by a decarboxylative bromination® gave 1.80, setting the stage for an
elegant reduction which resulted in acetal 1.81. Subsequent DMDO oxidation of the exocyclic alkene
and hydride reduction of the resulting epoxide 1.82 gave alcohol 1.83; acetal deprotection and a
Masamune-Abiko aldol reaction®® ultimately allowed access to 1.84. Olefinative coupling with 1.85
(see Scheme 1.12) gave 1.86, which was derivatised to 1.87. Attempts to carry out a macrocyclisation
using a Nozaki-Hiyama-Kishi reaction®? failed, giving either no reactivity, protodehalogenation product

1.89, or the elimination product 1.88.

C. arctica lipase,

(o] 2 stepos, OH O vinyl acetat'e; OH ©O 4 steps, CO,Me
0B 67-75% ~ methanolysis ~ 76%
B —_— —_—
u OBu 5%, \/'\")LOBu CO,Me
Et,N 99% e.e TIPSO A\
1.75 1.76 1.77 1.78
EtMgBr, I, | 96%,
then heat | 5:1d.r
hydrolysis,
TBSOTf, MeO OMe Barton o)
DMDO OH DIBALH, deocarboxlyative ~ MeO,C
oxidation then NaOMe bromination ’ o
-+

: 79% 79%
Tirso H otes

1.82

TIPSO

77-95%
LiBHEtz | over
3 steps

Tirso H otes

1.83 0+Me

1.86 Me

various
conditions

1.88

Scheme 1.11: Dr Erin Shepherd’s work towards the synthesis of protected pepluanin A 1.69.
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The eastern fragment 1.85 was synthesised from chiral pool starting material diethyl L-tartrate 1.90
as shown below (Scheme 1.12). A sequence of six steps elaborated 1.90 to ketone 1.91, which was
then protected using a Wittig reaction and transformed into aldehyde 1.92. A Felkin-Nguyen®?
controlled enolate addition of 1.93 to give 1.94 installed the dimethylated quaternary carbon atom,
and protection and ester reduction then gave alcohol 1.95. A Mitsunobu reaction® with an aryl thiol
and a subsequent sulfide oxidation converted the primary alcohol into a sulfone, whilst ozonolysis

followed by Barton iodination® converted the isopropenyl group into a vinyl iodide to give 1.85.

OTIPS Wittig, o _H
6 steps, Me deprotection, Me
CO,Et 60% )\J oxidation .,
i —_— ‘0 —_— ‘0
Etozc\e “OH o
OH °+Me O+Me
Me Me
1.90 1.91 1.92
OLi
Me%\OEt 52% over
Me steps
1.93
iodination,
Mitsunobu, Me Me
sulfide protection,
oxidation reduction
42% over 92% over
6 steps 4 steps

Scheme 1.12: Dr Erin Shepherd’s synthesis of eastern fragment 1.85.

Although the Nozaki-Hiyama-Kishi macrocyclisation reaction proved unsuccessful, this route
presented a successful strategy for accessing the cyclopentane core of the jatrophanes. The primary
drawback of this approach was the low yield of the enzymatic resolution step, which made it difficult

to generate a large amount of material. As such, a new route was planned.
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1.5.2 Retrosynthesis used in this project

The second generation route aimed for euphodendroidin D 1.17, as it presented a slightly more
manageable target from a protecting group strategy perspective. This route was the focus of the
postdoctoral research of Dr Bruno Sousa (Scheme 1.13) and this thesis, the same retrosynthetic
approach was adopted as above, with one significant alteration. Given the lack of success experienced
in the attempted Nozaki-Hiyama-Kishi cyclisation of 1.87 above, the positions of the aldehyde and
vinyl iodide were reversed to give 1.96 and 1.97 as coupling partners. Although this modification
simplifies the construction of the eastern fragment 1.96 (discussed in Chapter 5), it places a greater
burden of complexity on the synthesis of western fragment 1.97, which is now equipped with an extra
stereocentre. This fragment is reduced back to cyclopentane-fused lactone 1.98 via an analogous set
of transformations as used by Dr Shepherd. The two strategies diverge in a backwards sense here; in
the second generation, the C1 stereocentre is achieved through the inversion of alcohol 1.99 using a
Mitsunobu reaction; the exo-alcohol is used to direct a hydrogenation reaction to the exo- face of the

oxabicyclo-[3.3.0]-octane scaffold using Crabtree’s methodology,®® retrosynthetically yielding allylic

PO
fragment Me PO Me
coupling ArO,S Me H

OP + Me
PO =0 9 o
po H
PO PO OP
1.96 1.97

accessed in an analogous
manner to 1.85

directed_ MeO,C (o] Mitsun_obu
hydrogenation - reaction

allylic
oxidation
o oxidative
MeO,C lactonisation MeO,C

Scheme 1.13: Second generation Burton group route towards the jatrophanes, with euphodendroidin D 1.17 as a
target.
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alcohol 1.100. This will be the product of an allylic oxidation reaction on 1.101; the cyclopentane-fused
lactone will be accessed via the stereoselective oxidative functionalisation of diene 1.102.

Taking inspiration from the work of Ready et al.®” on the synthesis of nigellamine A2, the
five-membered ring was to be accessed through the enantioselective transition-metal catalysed allylic
substitution reaction of 1.106 (Scheme 1.14). The malonate group will be installed via a nucleophilic
substitution of 1.107, and a cross-metathesis of the internal alkene gives 1.108 and 1.109 in a

retrosynthetic sense.

Pd,(dba); (1.25 mol.%),
R-tBuPhox (3.75 mol.%)

CO,Et LIHMDS (1.0 eq.), BOC
Et0,C JH/ DMSO, rt, 12 h 2
R
1.103 1.104 1.105
100% conversion
95% e.e.
b
) MeO,C intramolecular CO,Me
:=CO,Me allylic alkylation subsmutlon
:CEI — CO,Me )\/\/\
Al NX-"oAc
1.102 1.106 1.107
olefin cross
metathesis
\ ¥ N"oac
1.108 1.109

Scheme 1.14: a) Ready’s asymmetric cyclopentane synthesis. b) Applicability of Ready’s chemistry to the synthesis of
1.102 and continued retrosynthesis.
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1.5.3 Model system research by Dr Bruno Sousa

During his postdoctoral tenure in the Burton group, the jatrophane total synthesis project was
continued by Dr Bruno Sousa.®® He began by synthesising the model substrate 1.110 (Scheme 1.15).
On this system, he developed an elegant sequence to obtain the desired endo- stereochemistry
required in the oxymethyl substituent in 1.101. An iodolactonisation gave predominantly the
exo-iodomethyl species 1.111; basic hydrolysis followed by acidification gave acid 1.113 via
dicarboxylate 1.112, where an Sy2-type opening of the epoxide in aqueous acid led to a net inversion
of the stereochemistry at the lactone vy-carbon. Subsequent protection and brominative
decarboxylation allowed Dr Sousa to test the reduction of the a-bromolactone 1.114. This reaction is
believed to proceed via the formation of lactol 1.115 through the initial reduction; quenching with
sodium methoxide initially leads to aldehyde 1.116, which reacts with a further equivalent of
methanol to give acetalate 1.117. A 3-exo-tet cyclisation then gives oxirane acetal 1.118, which can
be opened by a further equivalent of methoxide to give 1.119 after work-up. The inversion of the a-

carbon, installation of the hydroxyl group, and delivery of a protected aldehyde are all synthetic

acidified
MeO,C Meo,C 9 KO,C to pH 2,
+~CO;Me I2 : excess KOH :.CO,K | protection
:5 —\” quant. Xy O’\d 78%
H dr=6:1 H I/'- H H (o]
1110 1111 1112

Barton
deocarboxlyative | 66%
bromination

MeOH NaOMe DIBALH

NaOMe,
then quench

74%

Scheme 1.15: Work undertaken by Dr Bruno Sousa on the synthesis of simplified jatrophane core 1.119.
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advantages to this highly efficient transformation. The relative configuration of 1.119 was confirmed
through single-crystal X-ray analysis.

In addition to the work on this model system, Dr Sousa and a subsequent student, Niamh Jimenez,
began work on the ‘true’ system for the route outlined above.®® Their work is shown below (Scheme
1.16). Alcohol 1.120 was converted to substituted malonate 1.121 via mesylation and substitution; an
olefin cross metathesis with allyl methyl carbonate 1.122 then gave cyclisation precursor 1.124.
Various conditions for the intramolecular transition metal-catalysed allylic alkylation were then

explored, with yields of 1.125 as high as 60% obtained.

cOo,B "ocome CO,B
OH MsCl; 2 cell'télzyzst 2n Pd, BnO,C
2/\ malonate, NaH CO,Bn 1.123 m LIHMDS - COan
—_— —_— —_—
X 82% XN 62% NX-"oco,Me 0-60% :C%
H
1.120 1.121 M 1.124 1.125
MesNy—NMes
.Cl
Ru=
cl’:
o—_\< >
iPr’
1.123

Scheme 1.16: Work undertaken by Dr Bruno Sousa and Niamh Jimenez towards the synthesis of a jatrophane core.

1.6 Objectives of the project

Given the context provided above, the objectives of the project described in this thesis at the outset
were as follows:

1. To consolidate the results in Scheme 1.16 to deliver a high-yielding and scalable route to
cyclopentanes 1.102 or 1.125, and to render the transition metal-catalysed intramolecular
allylic alkylation enantioselective through the use of a chiral ligand.

2. To apply the chemistry established by Dr Sousa and shown in Scheme 1.15 to the synthesis of
lactone 1.97.

3. To continue with the synthesis of the jatrophane diterpenes developed by Dr Shepherd and

shown in Scheme 1.11 and Scheme 1.12.
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Chapter 2: Synthesis of racemic lactone 2.50

2.1 Chapter introduction

The development of a robust and scalable synthetic route to key lactone intermediate 2.1 was the
initial focus of the project. As detailed in Section 1.5.2, our strategy involved performing a
stereoselective oxidative lactonisation sequence on vinylcyclopentane 2.2; this decision was based
upon the inviting possibility of an enantioselective synthesis of 2.2 through the use of a transition
metal-catalysed asymmetric intramolecular allylic alkylation. As such, the project required the
synthesis of acyclic skipped diene 2.3 as a starting point (Scheme 2.1). This chapter will cover our

attempts to synthesise 2.1 through this approach in the racemic sense.

intramolecular asymmetric RO,C.__CO,R

rRO,C 9 . o RO,C
- oxidative lactonisation .CO,R allylic alkylation
(o] ﬂ\ Z X
EXH H
H opP H

2.1 2.2 23

Scheme 2.1: General Strategy for accessing 2.1 from 2.3 via 2.2.

2.2 Synthesis of racemic compound 1.125

2.2.1 Skipped diene synthesis

Skipped dienes, or 1,4-dienes, are less commonly discussed in synthetic chemistry relative to their
conjugated counterparts; in 2021 they were the topic of two review articles, one of which describes
the prior literature coverage of skipped dienes as ‘scant’.”® 7! The motif occurs in several natural
product classes, with examples found amongst alkaloids, terpenes, polyketides, and fatty acids; as
such, the synthetic chemistry community has developed several robust techniques for their synthesis,
which are covered in the reviews cited above. Our target was relatively uncomplicated; the only

stereochemical element found in 2.3 is double bond geometry, which would be ablated upon
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formation of a transition metal m-allyl complex. As such, only a few of the simpler strategies for

skipped diene synthesis were considered; these are summarised in Scheme 2.2.

k( o oxNIAKX
SnR;
2.5 2.6
w-allyl Stille
reaction
Olefin
RO,C._ _CO,R Malonate allylation X cross-metathesis X
Z X
\%(\%\/X I\"/\/\/X H‘/\/ A
23 24 1.108 2.7
Ruthenium-
catalysed Alkyne
Alder ene allylation
reaction
+
X/\\\ X /\/M + X/\\\
2.9 2.10 2.8 2.9

Scheme 2.2: Prospective synthetic approaches to skipped diene 2.3.

Given the alternatives, the use of toxic organotin reagents required by the r-allyl Stille reaction” was
unappealing as a starting point for our synthesis. Of the remaining choices, both of which required the
use of similarly expensive ruthenium catalysts, alkyne allylation followed by olefin cross-metathesis
seemed a more robust and well-precedented approach than the ruthenium-catalysed Alder-ene
reaction,”® and thus was the strategy we pursued.

Following the precedent of Duboudin and Josseaume,’ propargyl alcohol 2.11 was treated with
allylmagnesium bromide in the presence of copper(l) iodide followed by aqueous work-up to give
1.120 (Scheme 2.3). This procedure proved to be reliably high-yielding at all scales on which it was
conducted. The crude organic extract obtained from this reaction could be concentrated to an
approximately 75% (by weight) solution of 1.120 in diethyl ether and used directly in the subsequent
reaction; however, prolonged storage of this solution in the freezer resulted in the development of a
yellow colouration, acrid odour, and a range peaks in the 'H NMR spectrum attributed to

decomposition products. As such, on large scale it was more convenient to distil the product.
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allylmagnesium
bromide (2.5 eq.),

Cul (10 mol.%), aqueous NH,4CI
Et,0, -10°C, 2 h = quench OH
— ——
///\ OH o\/]/\/ 78% F
Mg
211 2.12 1.120

Scheme 2.3: Preparation of 1.120 via alkyne organocupration following the precedent of Duboudin and Josseaume.

Our next task was to convert the terminal alkene into an allylic electrophile such that we could
generate a transition metal n-allyl complex in the planned intramolecular asymmetric allylic alkylation.
Olefin cross-metathesis conditions’ for the coupling of 1.120 with allyl methyl carbonate 1.122 had
been previously found to be unsuccessful by Niamh Jimenez during her time in the Burton group;® as
such, we chose to employ the alternative, commercially available coupling partner allyl acetate 1.109.
The results of this investigation are summarised in Table 2.1. A large excess (10.0 equivalents) of
metathesis partner was maintained, as the reaction we sought to achieve is a Type I/Type | cross-
metathesis as defined by Grubbs and co-workers,”® and thus yields a statistical mixture of products;
under the conditions trialled, no homodimerisation of 1.120 was observed. It was found that allyl
acetate 1.109 was a more tractable cross-metathesis partner than allyl methyl carbonate 1.122 at
reduced (1.5 mol.%) catalyst loadings, giving good yields of 2.14 (entries 1 and 2). We considered
whether the formation of a chelate 2.15 might impede the rate of catalyst turnover relative to the
rate of catalyst decomposition, and result in lower yields. lodide-containing and oxophilic additives
were screened as additives to explore whether additional stabilisation of the catalyst or disruption of
a ruthenium chelate would increase the yield based upon the results of Lipshutz’? and Davis’®
respectively, but with no success (entries 3 and 4). Additionally, it was found that running the reaction
at room temperature rather than reflux resulted in optimal yields (entry 5). Finally, it was discovered
that running the reaction on scale and under nitrogen flow applied through a Schlenk manifold
resulted in a marginal improvement in yield (entry 6).

Based on the observation that the product and the products of subsequent reaction would exhibit

fluorescence under UV irradiation when this reaction was conducted on a large (30 mmol or greater)
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\
" MesNy\—NMes
?\HIN . %\/X see table for conditions . ?\Hl(\;;x M’O\ Me es ’\RESI
L7 U
1.120 27 X = Me0OCO; 2.13 2.15 iPr’
X = AcO 2.14 1.123
Catalyst
Entry X= loading Additive | Temperature (°C) | Yield of product (%)
(mol.%)
1° MeOCO, 15 40 -
2 AcO 15 40 53%
3 AcO 1.5 Lil 40 26%
4 AcO 1.5 MgCl, 40 27%
5 AcO 15 20 72%
6 AcO 1.5 20 77%

Table 2.1: Conditions screened for olefin cross-metathesis reaction. Reactions conditions were: 1.0 eq. 1.120, 10.0 eq.
coupling partner, Hoveyda-Grubbs Il catalyst 1.123, 0.1 M in 1.120 in dichloromethane under nitrogen, run until
conversion stopped as assessed by TLC. 2Result obtained by Niamh Jimenez. ® Yield obtained at 40 mmol scale, reaction
run under house nitrogen supplied through a Schlenk manifold rather than a balloon.

scale, we speculated that residual ruthenium contaminants in the product could persist even after
dimethyl sulfoxide quenching followed by column chromatography; this contamination exerted a
significant and deleterious effect on a later reaction (see Section 2.3.2). Several methods for the
removal of residual ruthenium exist in the literature; in our case, the most practical was to apply the
protocol developed by Kim.” As such, the product was treated with 20 mass equivalents of activated
charcoal which resulted in the disappearance of UV activity after subsequent filtration through
Celite™. Across all of the conditions shown above, the E/Z selectivity of this reaction was
approximately 10:1, with the E isomer (E)-2.14 as the major product. This assignment was made based
on the coupling constants between protons H, and Hy (Jo» = 15.3 Hz).

We had thus constructed the skipped diene unit of our cyclisation precursor 2.3 in a high-yielding and

scalable two-step sequence using alkyne organocupration followed by cross-metathesis.
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2.2.2 Malonate installation

Our next task was to install the malonate ester unit of 2.3 required to act as an internal nucleophile
during the planned transition metal-catalysed intramolecular allylic alkylation. As such, we needed to
activate the alcohol as a leaving group, and then perform an allylic Sn2 reaction.

We elected to convert 2.14 into a methanesulfonate (mesylate) ester 2.16 for practicality reasons:
sulfonylation is an operationally straightforward and usually high-yielding procedure which yields by-
products which are removable through a simple aqueous work-up. We opted to make the mesylate
ester over the toluenesulfonate (tosylate) ester on the basis that the use of mesyl chloride generally
results in significantly more rapid sulfonylation reaction than tosyl chloride, due to the accessibility of
the sulfene pathway.®® This rate difference has a bearing on the reaction outcome, as
stereoelectronically activated alcohols such as allylic or benzylic substrates are known to form the
corresponding chlorides under prolonged reaction times; this arises from nucleophilic attack by the
chloride anion onto the initially generated allylic or benzylic sulfonate.®! Indeed, when the
sulfonylation reaction was run for longer than 15 minutes, a low polarity product (r.f = 0.70 in 20%
ethyl acetate in pentane, not isolated, presumed to be 2.17) could be seen to develop by TLC;
guenching of the reaction after 10 minutes led to the quantitative formation of analytically pure 2.16

(Scheme 2.4).

[o o)
OH MsCI (1.2 eq.), NEtg (1.4 eq.), ,‘\s'i Cl
_~ _OAc CH,Cl,, 0°Ctort, 10min  Me” "0 kn/\y\/OAc
quant. o K”/\/\/OAC
214 2.16 217
not detectable at short reaction

times

Scheme 2.4: Preparation of 2.16 via the mesylation of 2.14.
Given that the next two steps in our route both featured a deprotonated malonate ester acting as a
nucleophile, we aimed to develop a ‘one-pot’ reaction where a single set of reaction conditions would
achieve two transformations. A deprotonated malonate ester would initially act as a nucleophile in an
Sn2-type allylic substitution reaction, followed by a second deprotonation and subsequent cyclisation

onto an electrophilic transition metal w-allyl complex. We thus sought to find Sny2 conditions which
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would likely be compatible with a subsequent organometallic step. We chose a regime which would
use a weak base as we felt that a mild set of reaction conditions was more likely to result in a successful
cascade.

Based on the work of Itoh and co-workers,%% 8 we explored phase-transfer conditions using dibenzyl
malonate as the nucleophile. The results of this investigation are summarised in Table 2.2. Toluene
proved an incompetent solvent for the reaction (entry 1); however, the tetrahydrofuran-potassium
phosphate system immediately gave an excellent yield of 2.18 (entry 2). We validated the role of the
tetrabutylammonium cation in tetrabutylammonium iodide (TBAI) as a phase-transfer catalyst for this
reaction by showing that substituting it with potassium iodide led to a reduction in rate; however,
even the inclusion of potassium iodide gave a significantly enhanced rate relative to a control,
implicating the iodide anion as an additional catalyst for this reaction, presumably by performing an

in situ Finkelstein reaction (entries 3 and 4).

BnO,C.__CO,Bn

OMs see table for conditions
kn/\/VOAc > ~_OAc

2.16 2.18
Entry Solvent Base Additive Ratio of 2.16:2.18 Yield of product (%)
after two hours
NaOAc, -
1 PhMe Cs,COs, TBAI - trace® using KsPO4
KsPOa4
2 THF K3POa4 TBAI Only 2.18 67% (isolated)
observed
3 THF KsPOa4 Kl 1:2 -
4¢ THF KsPO4 none 5.2 -

Table 2.2: Conditions screened for Sn2 reaction. Reactions conditions were: 1.0 eq. 2.16, 1.1 eq. dibenzyl malonate,
10.0 eq. base, additive (20 mol.%), 0.5 M in 2.16, room temperature. 2 Reactions were heated to reflux for 12 h. ©2.18
detected in the crude reaction mixture by LRMS. ¢ Ratios determined by H NMR spectroscopic analysis of the reaction

mixture, products not isolated. No other products were observed.
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2.2.3 Transition metal-catalysed intramolecular allylic alkylation

Having found conditions to form 2.18, we sought to conduct the transition metal-catalysed
intramolecular allylic alkylation to give 1.125. Such allylic alkylation reactions are frequently found in
the synthetic chemistry literature;®* as discussed in the Section 1.5.2, we were confident that it would
prove a relatively straightforward transformation to implement in our system. Indeed, under the same
conditions that we had developed for the Sn2 reaction, the palladium(Il) acetate-triphenylphosphine
system accomplished this transformation in a good yield; we then confirmed that the entire sequence
could be conducted in the same pot by simply adding the palladium catalyst as a solution in
tetrahydrofuran after the consumption of 2.16 was observed by TLC, to ultimately give 1.125 in good
yields. This reaction proved robust up to the 20 mmol scale, at which point slightly longer reaction
times were required to achieve full conversion; this scale-dependence of the reaction rate might be
attributed to the biphasic nature of the system.

Pleased with this result, we briefly investigated whether this process would work well with other
malonate esters. It was found that the highest yield was obtained using dimethyl malonate, giving
1.102; diethyl malonate and diisopropyl malonate gave 2.21 and 2.22 respectively in reduced yields,
whilst the reaction with di-tert-butyl malonate failed to form any 2.23. This reactivity trend is in
accordance with what might be predicted based on steric considerations, as the formation of the

cyclopentane product would lead to an increased degree of strain. These results are summarised in

Scheme 2.5.
malonate (1.1 eq.),
K3PO, (7.5 eq.), then Pd(OACc), (10 mol.%),
OMs TBAI (20 mol.%), RO,C__CO:R PPh3 (30 mol.%), RO,C
THF, 1t, 2 h THF, 1, 12 h :~COR
WOAC > ~_O0Ac > =O;
A\
2.16 R=Bn2.18 R = Bn 1.125; 68%
R =Me 1.106 (or 67% from 2.18)
R=Et2.19 R = Me 1.102; 70%
R=iPr2.20 R = Et 2.21; 55%

R=iPr2.22;32%
R =tBu 2.23; 0%

Scheme 2.5: Preparation of cyclopentanes via the transition metal-catalysed annulation of 2.18 and relatives.
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The generality of this one-pot synthetic approach to five-membered rings was further explored by
Maryn Brown, who applied it to the synthesis of indane diesters such as 2.26 from 2.24 via 2.25 during

her Part Il project in the Burton group (Scheme 2.6).%°

dimethyl malonate, MeO,C._ _CO,Me
OMs KoPO,. 2 2 ,'COZMe
TBAI Pd(0) catalyst ‘CO;Me
R > R >
/™R

xR SR :

OAc R OAc R R

2.24 2.25

2.26
yields up to 55%

Scheme 2.6: Extension of the one-pot five-membered ring synthesis to indanes by Maryn Brown.

2.3 Synthesis of lactone 2.50

2.3.1 Strategy for the construction of 2.49

Having achieved the syntheses of cyclopentanes 1.125 and relatives, we elected to validate our route
to lactone 2.1 on the racemic system. Accessing 2.1 from 1.125 entails a formal oxidation of the
exocyclic vinyl group of the latter and presents two major challenges from a strategic perspective.
Firstly, there is an issue of site-selectivity in functionalising a monosubstituted alkene in the presence
of a presumably more reactive 1,1-disubstituted alkene. Secondly, there is an issue of
diastereoselectivity, as the required lactone stereochemistry for the natural product would have the
substituent occupying the more sterically congested endo- face of the oxabicyclo-[3.3.0]-octane ring
system. In his work on the model system for this project, Dr Bruno Sousa had employed an
iodolactonisation to selectively acquire the ‘undesired’ stereochemistry for the project (forming 1.111
from 1.110), followed by a stereospecific hydrolysis-lactonisation sequence via an epoxide
intermediate 1.112 to obtain the desired product 2.27 (Scheme 2.7). This sequence served as our

starting point for reaching 2.1.
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KOH (20.0 eq.),

MeO,C 1, (3.4 eq.), MeO,C o 5:1 H,O:THF, KO,C then acidified topH2  HO,C o
:~COMe  CH,Cl,, rt, 24 h E reflux, 24 h :-COK with 2 M HCI, rt, 6 h E
CE\ quant. o - C;;" quant. o
T\ dr=6:1 Ho
1.110 1.112

stereochemical inversion via stereospecific acid-mediated epoxide opening

Scheme 2.7: Dr Bruno Sousa’s approach to 2.27 in his work on the model substrate.

2.3.2 Selectivity considerations for iodolactonisation

Although this model substrate lacks the 1,1-disubstituted alkene which raises the question of site-
selectivity for the real system, we reasoned that the likely mechanism for this reaction involved the
initial reversible formation of iodonium ions 2.28-2.31, followed by nucleophilic attack from the
proximal cis- ester to give 2.32-2.35 (Scheme 2.8). Within this model, the functionalisation of the
alkene occurs due to its proximity in space to the nucleophilic ester and the geometric ease of
lactonisation rather than its intrinsic electronically reactivity. As such, we deemed it plausible that the
increase of strain in transforming iodonium ions 2.28-2.29 into 2.32-2.33 would be sufficient to
address the site-selectivity issue. Thus, we chose to subject 1.125 to molecular iodine in the presence
of a non-nucleophilic buffer; the iodide anion generated in situ would serve as a nucleophile to quench

the oxocarbenium ion intermediates 2.36-2.37 (Scheme 2.9).

RO,C RO,C RO,C RO,C RO,C
:_CO,R :-CO,R > _coR :_CO,R :_CO,R
——— ———
N :; X :‘ﬁ :CE\ = <I - :CEfH
® h\ ® H\ A\ A Al
€] ®
2.28 2.29 2.2 2.30 231
formed by iodination of more nucleophilic = bond formed by iodination of less nucleophilic &= bond
RO,C CO;R
=0 P G
= o 0 H
1 1
2.32 2.33 2.34 2.35
lactonisation products more strained lactonisation products less strained

Scheme 2.8: Reversibility of halonium ion formation addresses potential site-selectivity issues.
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Within this mechanistic paradigm, the new stereocentre is formed during the initial iodination of the
reacting alkene to form 2.30-2.31. Given the reversibility of this step, the diastereoselectivity would
be a function of both the forward and reverse rates of iodonium ion formation and the rate of
lactonisation for each of the diastereomeric series (i.e. a Curtin-Hammett scenario). As the initial
iodonium formation is likely to be facially unselective, the diastereoselectivity would likely

predominantly be controlled by the kinetics of the lactonisation step to give 2.36 and 2.37.

RO
0,C RO,C ~
:.CO,R ﬁ /-0
AN —— (TS,
H - v %
Ay AL
®
2.2 231

Scheme 2.9: Putative mechanism for iodolactonisation of 2.2 to form 2.34 and 2.35.

2.3.3 Conditions for iodolactonisation

A summary of the results of our efforts to optimise this transformation are given in Table 2.3.
Disappointingly, the dibenzyl substrate 1.125 gave the lactones 2.38 and 2.39 in a poor diastereomeric
ratio (entry 1), surprisingly with the endo-iodomethyl isomer 2.39 dominating. This result was
consistent across all solvents tried (with the exception of acetone, in which the reaction failed; entries
2-6); this is perhaps unsurprising, given that the diastereoselectivity is likely controlled by a step which
transitions between two intermediates with the same charge, as discussed in Section 2.3.2. The low
diastereoselectivity can be attributed to rapid kinetic trapping of the nucleophilic benzyl ester by
either of the iodonium ions; the slight predominance of 2.39 has not been explored. Considering the
6:1 diastereomeric ratio obtained for the (dimethyl) model system 1.111, and reasoning that the use

of a system with a less nucleophilic ester might lead to greater discrimination between the two
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diastereomeric products, 1.102 was trialled. The dimethyl substrate required longer reaction times
and gave significantly improved diastereomeric ratio; however the use of this system introduced
double bond migration of the exocyclic alkene as an unforeseen problem, giving rise to 2.42 and 2.43
in varying degrees (entry 7). 2.42 tended to predominate over 2.40 and 2.43 in these mixtures, and
on several occasions was the only isolable product; this would be expected on a thermodynamic basis,
as 2.42 features the more substituted alkene in the position in which the eclipsing interactions of the
adjacent quaternary carbon atom are minimised. lodine is a known reagent for inducing double bond
migration; however such transformations usually require harsher conditions than those found here
(e.g. in benzene at reflux).8% 87 This unwanted reactivity presented a challenging problem to solve, as
the system exhibited a strong degree of irreproducibility on a batch-to-batch basis. At length, it was
discovered that the two variables which controlled the degree of isomerisation were dilution and trace
ruthenium residues from the previous cross-metathesis reaction (see Section 2.2.1). Conducting the
reaction at a 0.025 molar concentration with respect to starting material and the use of appropriately
purified starting material led to the disappearance of 2.42 and 2.43 as side products (entry 8).
Although both the presence of a small amount of solid iodine and the presence of trace quantities of
a transition metal are not unreasonable as factors which might cause double bond migration under
these conditions, the exact mechanistic nature of this side reaction and the reasons why it occurs with
the dimethyl system 1.102 and not the dibenzyl system 1.125 remain unclear. Other halolactonisation
reagents were also trialled: bromodiethylsulfonium bromopentachloroantimonate (BDSB) 2.45%
(entry 9) and molecular bromine (entry 10) gave complex mixtures of products, and
iododiethylsulfonium iodopentachloroantimonate (IDSI) 2.44% (entry 11) gave yields comparable to
molecular iodine. Thus, with the issues above solved, iodolactonisation proved to be a synthetically

tractable approach to generating 2.40 from 1.102.
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RO,C RO,C 2 ROC 2 ROC ROC D
:.CO,R see table for conditions : d : :
2.2 2.35 2.34
R=Bn1.125 R=Bn2.38 R =Bn 2.39 R=Me2.42 R=Me 243
R =Me 1.102 R =Me 2.40 R=Me 2.41
Et\g/l..crl\%),Et sbely £t Q.Br .
B © Et et s
2.44 2.45
IDSI BDSB
Entry Substrate Oxidant Solvent Result?
(equivalents)
1 80% vyield 2.39 + 2.38,
1.125 1, (2.0) CH.Cl,
3:2d.r
2 63% vyield 2.39 + 2.38,
1.125 1> (2.0) 3:1 CH,Cl;:H,0
3:2dr
3 59% yield 2.39 + 2.38,
1.125 1> (2.0) 3:1 CHCl3:H,0
3:2d.r
4 47% yield 2.39 + 2.38,
1.125 1> (2.0) Et,O
3:2dr
3 1.125 1> (2.0) acetone trace conversion
6 40% vyield 2.39 + 2.38,
1.125 I, (2.0) THF
6:5d.r
25-68% yield 2.40,
7 1.102 1> (2.0) CH.Cl; 6:1 d.r, variable formation of
2.42 and 2.43
b 77% yield 2.40,
8 1.102 1, (4.0) CHCl, oy
6:1d.r
? 1.102 2.45 CH.Cl, complex mixture of products®
10 1.102 Br,(2.0) CH.Cl; complex mixture of products®
72% yield 2.40,
11 1.102 2.44 CHaCl oY
6:1d.r

Table 2.3: Conditions screened for iodolactonisation reaction. Reactions conditions were: 1.0 eq. alkene, oxidant, 0.1 M
in alkene, room temperature. 2 Sets of diastereomers were chromatographically inseparable; product ratios
determined by *H NMR spectroscopy. ? Reaction run at 0.025 M in substrate. Substrate batch had been treated with
activated charcoal as described by Kim.”7 < Many species visible by TLC, many olefinic species visible in the TH NMR

spectrum of the crude reaction mixture.
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The exclusive generation of cis-fused lactone products was assumed based upon the extensive
precedent in the chemical literature on bicyclo-[3.3.0]-octane ring systems,?®® as well as precedent
within the Jonathan Burton group. Aside from this, the relative configuration of the lactones 2.38,
2.39, and 2.40 were assigned based on the 'H NMR resonances of the epimeric lactone proton; 2.41
was never isolated. Previous projects in the Jonathan Burton group dealing with substituted
cyclopentane-fused lactones of this kind have shown that this diagnostic resonance reliably occurs
approximately 0.4-0.6 ppm lower in the H-endo epimer (e.g 2.38) than in the H-exo epimer (2.39).>°
This is a result which is in keeping across all relevant compounds synthesised in this project. Moreover,
a 'H NMR NOESY experiment performed on the double-bond isomerisation product 2.42, shown to be
the product of resubjecting 2.40 to iodine, gives further evidence to this assignment (Scheme 2.10). A
reciprocal NOE correlation with the bridgehead proton enabled the assignment of the exo- disposed
methylene proton. The endo- disposed methylene proton exhibited a reciprocal NOE correlation with
the lactone alkyl proton, indicating that this proton was also on the endo- face of the bicycle. A
reciprocal NOE correlation between the bridgehead proton and the protons of the iodomethyl group
cemented this assignment. This assignment is in keeping with all other observations and theory

covered in this thesis.

Scheme 2.10: Selected 'H NOESY correlations used in the stereochemical assignment of 2.42.
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2.3.4 Epoxide formation via basic solvolysis

As discussed in Section 2.3.1 and shown in Scheme 2.7, the sequential treatment of model substrate
1.111 with aqueous sodium hydroxide at reflux and aqueous hydrochloric acid had given 2.27 in
guantitative yields, presumably via epoxide 1.112. We now subjected 2.40 to these conditions in the
hope of achieving the analogous transformation. Disappointingly, this sequence led to a complex
mixture of products, with multiple resonances visible in the olefin region of the *H NMR spectrum.
Subsequent experiments showed that both the basic and the acidic steps of this protocol led to this
undesirable outcome; given the proclivity for isomerisation exhibited by the exocyclic alkene under
various conditions trialled for iodolactonisation (Section 2.3.3), this is perhaps an unsurprising result.
Thus we endeavoured to develop a strategy which would use more mild conditions to achieve the
same result.

We reasoned that the need for aggressive conditions required for the base-mediated step arises from
the need to generate a proximal dianion under the reaction conditions; as such, the cleavage of the
lactone to generate a non-acidic functional group, would be achievable with mild reagents. Thus 2.40
was treated with sodium methoxide in tetrahydrofuran; pleasingly, this led to the quantitative

formation of epoxide 2.46 in one hour, with no double bond migration observed (Scheme 2.11).

KOH (20.0 eq.), o
complex mixture of 5:1 H0:THF, Me0,C NaOMe (1.5 eq.), MeO,C

products, multiple reflux, 24 h THF rt,1h :~CO,Me
) - —_—
olefin resonances or acidified to pH 2 quant. 2 ~H
in IH NMR spectrum  with 2 M HCI, rt, 6 h Ho
2.40 2.46

Scheme 2.11: Epoxide formation from lactone 2.40 under mild conditions
It was now necessary to open the newly-formed epoxide 2.46 with the cis- methyl ester. This is a
transformation analogous to that seen in the iodolactonisation discussed in Section 2.3.3, and requires
a reagent system that meets two criteria: there must be a Lewis acidic component to effect the initial

cyclisation, as epoxides are significantly less electrophilic than iodonium ions (2.46 was found to be
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stable at room temperature), and there must be a nucleophilic component present to quench the

oxocarbenium ion intermediate 2.48 via dealkylation (Scheme 2.12).

MeO 2 @
MeO,C o MeO,C
:_.CO,Me Lewis acid E

—»
ﬂ&H
Ho

LA R=H2.49
2.46 2.47 2.48 R = TBS 2.50

Scheme 2.12: Mechanistic considerations for the intramolecular opening of epoxide 2.46

Initially we planned to open the epoxide using a silyl triflate as a Lewis acid with a sterically hindered
base to buffer the reaction and quench 2.48; this would deliver the protected product 2.50, thereby
avoiding an additional protection step. This strategy proved somewhat effective, but suffered from
reproducibility issues (Table 2.4, entry 1). Equimolar quantities of silyl triflate and 2,6-lutidine would
accomplish the desired transformation in yields as high as 82%; however, due to the lability of silyl
triflates to hydrolysis, this was only practical when using a reasonably fresh bottle of the reagent. An
excess of 2,6-lutidine over silyl triflate shut down reactivity; this effect might be attributed to a
catalytic role served by a trace amount of triflic acid. An excess of silyl triflate over 2,6-lutidine led to
extensive decomposition to a complex mixture of products, with multiple resonances visible in the
olefin region of the *H NMR spectrum. As such, we sought a more practical protocol which would
accomplish the desired lactonisation and protection steps in a sequential manner.

Epoxide 2.46 was thus exposed to various Lewis and Brgnsted acids. Most of the reagents screened
proved ineffective, leading either to no consumption of 2.46 or decomposition (entries 2-7). Tin(IV)
chloride in dichloromethane succeeded in achieving the desired transformation in a good yield (entry
8);°° however, when the reaction was performed on a larger scale (greater than 10 mmol), purification
of the product was complicated by the large quantity of tin(IV) oxide generated in the aqueous work-
up. As such, a more practical alternative was sought. It was found that iron(lll) chloride could effect
the transformation in a superior yield to that offered by tin(IV) chloride (entry 9); moreover, the

iron(lll) oxide precipitated from the reaction following a basic quench proved a far more tractable by-
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product to remove than tin(IV) oxide. We reasoned that the role of the iron(lll) unit in this process is
essentially catalytic, whereas a full equivalent of the chloride anion is required (to demethylate the
intermediate 2.48). In line with this reasoning, we found that lowering the loading of iron(lll) chloride
to 0.35 equivalents led to full conversion, whereas a loading of 0.3 equivalents or less led to
incomplete conversion (entry 10). This was a further advantage over the tin(IV)-mediated protocol,
which required two stoichiometric equivalents of metal chloride for the reaction to reach full
conversion. To the best of our knowledge, our use of iron(lll) chloride for this transformation is
unprecedented in the literature.

It should be noted that, in cases where the metal chloride was partially hydrated due to the use of old
reagent, some amount of hydrolysis product 2.51 could be detected by TLC and LRMS (ESI* peak at
281.1 = [M+Na]*) analysis of the crude reaction product. Although this side-product cyclised to the
desired 2.49 on silica, it was found that column chromatography could be avoided by simply treating
the crude product of the reaction with 10 mol.% para-toluenesulfonic acid in methanol. Moreover,
when using the iron(lll) chloride protocol, it was found that the addition of 0.1 solvent volumes of
methanol directly to the completed reaction would achieve the same outcome, presumably by

liberating a small amount of hydrochloric acid via methanolysis of the residual iron(lll) chloride.
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\

MeO,C MeO,C P Me0,C
:~CO,Me see table for conditions : :-.CO,Me

:q,;_l o) ﬂCH
TR =~y T~(H
Ho H \or H \“on

R=H 2.49
2.46 R =TBS 2.50 2.51
Entry Reagents Solvent Result
(equivalents)
TBSOTf (2.0),
1 T (2.0) CHCl, Variable yield of 2.50
2,6-lutidine (2.0)
2 AcOH (solvent) - No reaction
3 TsOH (0.1 eq.) THF No reaction
4 BFs3 (2.0) CHCl, Decomposition
BFs (2.0),
> :(2.0) CH.Cl, Decomposition
Nal (2.0)
6 Sc(0T)s (2.0) CH.Cl, No reaction
7 MgBr,.Et,0 (2.0) Et,O0 No reaction
8 SnCls (2.0) CH,Cl, 66% yield of 2.49°
9b
FeCls(2.0) THF 72% vield of 2.49
10° .
FeCl;(0.35) THF 72% yield of 2.49

Table 2.4: Conditions screened for epoxide opening reaction. Reactions conditions were: 1.0 eq. epoxide, reagents, 0.1
M in alkene, room temperature. 2 Crude product stirred with TsOH in methanol (10 mol.%). P Methanol (0.1 volume
equivalents with respect to solvent) added after full starting material consumption.
Lactone 2.49 was subsequently silylated under standard conditions to give 2.50. A 'H NMR NOESY
experiment performed on this lactone enabled the confident assignment of the relative configuration.
As before (Section 2.3.3), a reciprocal NOE correlation with the bridgehead proton enabled the
assignment of the exo- disposed methylene proton as shown (Scheme 2.13). An additional reciprocal
NOE correlation between the bridgehead proton and the lactone alkyl proton indicated the inversion
of configuration at this site during the epoxide-formation epoxide-opening sequence described above;

this assignment was further evidenced by a reciprocal NOE correlation between the endo- disposed

methylene proton and the protons of the silyloxymethyl group as shown.
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Scheme 2.13: Selected 'H NOESY correlations used in the stereochemical assignment of 2.50

2.4 Chapter Summary

We had completed our planned synthesis of racemic 2.50 in eight steps with a total yield of 26%
(Scheme 2.14). This was achieved using a series of transition metal-catalysed transformations to form
key carbon-carbon bonds, and the necessary relative configuration was accessed using a

diastereoselective iodolactonisation followed by an innovative 3-exo-tet/epoxide opening sequence.

allylmagnesium

bromide (2.5 eq.), HG-II catalyst (1.5 mol.%),
Cul (10 mol.%), OH allyl acetate (10.0 eq.), OH
Et,0, -10°C, 2 h CH,Cly, 1t, 24 h
= oH —_— 7 E—— 2
= 78% 85%
211 1.120 2.14
MsCI (1.2 eq.),
NEt; (1.4 eq.),
quant. | cpcl,, 0°C to rt,
dimethyl malonate (1.1 eq.), 10 min
K3POy4 (7.5 eq.),

TBAI (20 mol.%), THF, rt,
2h

Iy (4.0(GQ-), ) then Pd(OAc), (10 mol.%),

o) NaHCOg (6.0 eq.), MeO,C PPh3 (30 mol.%), THF,
MeO,C e0, 3 ) ) OMs
E CH,Cly, 1t, 4.5 h z
3 2Ll CO,Me rt,12 h _ OAc
7% - 70%
A\
vao 1.102 2.16

NaOMe (1.5 eq.),

uant.
THE t, 1h |
TBSCI (1.5 eq.),
FeCl;3 (0.35 eq.), imidazole (3.0 eq.),
MeO,C THF, 1t, 4 h, CH,Cl,, 0°C to rt,
=COMe  4pon MeOH, 1t, 12 h 30 min
—_—
g ~H 72% quant.
Ho
2.46

Scheme 2.14: Racemic synthesis of 2.50 in eight steps in a total yield of 26%.
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Chapter 3: Asymmetric lactone synthesis and allylic oxidation

3.1 Chapter introduction

Having established a synthetic route to racemic lactone 2.50, we were faced with two tasks: to develop
our racemic route into an asymmetric one, and to conduct a sequence of redox manipulations on 2.50
to install the substituents and stereochemistry required by the natural product targets 1.17 and 1.18.
We intended to accomplish the former task through the use of a chiral palladium complex in our
previously developed intramolecular allylic alkylation to form 1.125 (see Section 2.2.3). Our strategy
for the latter task was to use a regio- and stereoselective allylic C-H oxidation to install an oxygen atom
to give alcohol 3.2, which would subsequently be used to direct a hydrogenation reaction onto the
desired face of the exocyclic methylene group to attain 3.1 (Scheme 3.1). Following these
transformations, we would be able to complete our synthesis of the targeted cyclopentane core of

the jatrophane natural products. This chapter will cover our efforts towards these ends.

directed
hydrogenation

ﬁ["‘fm inversion of oxygen

stereochemistry 3.1
found in target
natural products

allylic
oxidation

asymmetric variant
MeO,C COo,Me of intramolecular MeO,C

allylic alkylation = .CO,Me see Section 2.3
= OAc :CE\
A\

1.106 1.102 2.50

MeO.C @

Scheme 3.1: Strategy for accessing the absolute and relative stereochemistry of the jatrophanesvia asymmetric
intramolecular allylic alkylation, allylic oxidation, and directed hydrogenation.
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3.2 Asymmetric synthesis of 2.50

3.2.1 Asymmetric intramolecular allylic alkylation

As discussed in Section 1.5.2, we intended to use an asymmetric intramolecular allylic alkylation as
the tool with which to forge the transannular bond in 1.17 and 1.18, and as the enantioinductive step
in our synthesis. This choice was based on Ready and co-workers’ use of such a reaction to construct

an analogous system in their synthesis of nigellamine A2 (Scheme 3.2).%7

Pd,(dba)s (1.25 mol.%), ™ 1
R-tBuPhox (3.75 mol.%
CO,Et ( ) EtO,C

LiIHMDS (1.0 eq.), CO,Et z
DMSO rt, 12 h o = COzEt
Et02c Et02c (/ —_—_—
R I H\

1.103 — 1.104 - 1.105
100% conversion
95% e.e.
b) MeO,C._ _CO,Me MeO,C._ _CO,Me MeOC o me
3 2
\%‘/\%\/OAC -------------- > \%(\//\\ -------------- > .
‘ a
®PdL* A\
1.102 33 1.102

Scheme 3.2: a) Ready and co-workers’ asymmetric intramolecular allylic alkylation to make cyclopentane 1.105. b) Our
intended asymmetric intramolecular allylic alkylation to make cyclopentane 1.102.

As such, malonate derivative 1.102 was subjected to conditions which might be expected to engender
such a cyclisation, employing ligands from the Phox class used in Ready’s system as well as many
intermolecular examples in the literature.’> ®? The results of this effort are summarised in Table 3.1.
To our surprise, neither Ready’s conditions nor a modified version of our original conditions resulted
in any conversion whatsoever (entries 1 and 2). Our first exploration of the reaction parameters was
to vary the palladium source, which proved somewhat instructive. Although Pd(dba),, Pd.(dba);
(entries 3 and 4), and palladium(ll) acetate all yielded no workable results, the combination of
allylpalladium chloride dimer and ligand 3.4 elicited the desired reactivity and gave good conversion

after 24 hours. This marked difference in catalytic capability can be attributed to ligand inhibition in
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the instances where dibenzylidene acetone was present in the precatalyst,®® °* but has no obvious
explanation in the case of palladium(ll) acetate, which performed adequately in the racemic variant.
Given the comparative apolarity of 1.102 and the absence of a strong UV chromophore, we elected to
derivatise the product obtained from the asymmetric reaction to iodolactone 2.40 via the protocol
described in Section 2.3.3 in order to facilitate HPLC analysis. Disappointingly, the enantiomeric ratio
was found to be 5:3, corresponding to an enantiomeric excess of 25%. The use of the tert-butyl-

substituted ligand, or Ready’s solvent/base combination, failed to ameliorate this (entries 5 and 6).

(o]
MeO,C.__CO,Me see table for Me02(:: Co.Me See Section MeOzQ: o
conditions 2 2.3.3 o '
—— —_—
P AOhe : ~Cy 3,N PPh,
A\ AN

1.106 1.102 2.40 R i::tl‘l;:::
Entry Ligand Pd source I?ase Solvent Result
(equivalents)
1 (R)-3.4 Pd,dbas LIHMDS (1.0) | DMSO No product observed
-3. C)2 3 a\/. race pro uct observe
2 (R)-3.4 Pd(OAC) KsPO4 (7.5) THE | T duct observed
-3. 20Das 3 a\/. O pro uct observe
3 (R)-3.4 Pd,db KsPOu(7.5) | THF No product observed
-3. a)2 3 a\/. O pro uct observe
4 (R)-3.4 Pd(dba) KsPO4(7.5) | THF No product observed
87% yield of 1.102,
3 (R)-3.4 | [(ally)PdCll; | KsPO4(7.5) | THF oy
e.r.=8:9
62% vyield of 1.102,
6 (S}-3.5 | [(ally)PdCll; | LIHMDS (1.0) | DMSO oy i
e.r.=>o:

Table 3.1: Conditions screened for asymmetric intramolecular allylic alkylation. Reactions conditions were: 1.0 eq.
1.106, Pd source (1.5 eq. Pd), ligand (2.3 eq.), base, rt, 24 h.

Given the time constraints faced at this stage of the project, the decision was taken to pursue an
alternative strategy for enantioinduction. Before moving on to a discussion of that phase of the
project, it is worthwhile to comment briefly upon the discrepancy between our experience and that

of the Ready group.
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An irreversible reaction performed under putatively asymmetric conditions which evinces little or no
enantioselectivity has insufficient kinetic discrimination between the pathways leading to each of the
enantiomers of the product. A simplified mechanism for the transformation, using our system as an

example and with a focus on stereochemical aspects, is given below (Scheme 3.3).%4

MeOz(_:
\%‘/\/\ cycllsat|on :CEiOZMe
®@PdL* T\

1.102

Me02C

(\\Sa“0

o a\\O 3.3
MeO,C.__CO,Me C“\le op\c\
Enantiofacial
PdL*  + I"/\%\/ “ Pd migration
Nis,
1.106 atiop
\ozc cycllsatlon MeO,C com
: e
(tra"”’"g b'm'"ano,, :'Cr\\ |
@PdL* H\

ent-1.102

Scheme 3.3: Simplified mechanism for palladium-catalysed intramolecular allylic alkylation. Adapted from that
presented by Trost and co-workers.82

There are three general cases where high selectivity for 1.102 would be found: i) equilibration
between 3.3 and 3.3’ is slow relative to cyclisation, and 3.3 is formed preferentially in the initial
ionisation step by enantiofacial discrimination of the catalyst; ii) equilibration between 3.3 and 3.3 is
rapid relative to cyclisation, and the rate of cyclisation is significantly higher in the top (as shown)
series than in the bottom series; iii) equilibration between 3.3 and 3.3’ is rapid relative to cyclisation,
and 3.3 predominates within that equilibrium such that 1.102 forms predominantly even if cyclisation
rates are comparable in either series. Scenarios ii) and iii), or a combination thereof, would instantiate
Curtin-Hammett-type kinetics.

The lack of enantioselectivity indicates that none of these scenarios are in operation in our system. An
instructive case in the literature was published by Pfaltz and Koch in 1996;°* when trying to accomplish
a highly analogous transformation, they found that the choices of leaving group, base, and solvent all
had significant implications for the reaction outcome, and from their observations they concluded that

a low rate of cyclisation was the important factor to achieve (Scheme 3.4).
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The implication of cyclisation rate as the key factor leading to the degree of enantioselectivity in such
reactions indicates that these systems are governed the Curtin-Hammett principle, as terminal w-allyl
complexes are known to equilibrate.3* As the cyclisation in Ready’s system interrupts the conjugation
between two alkene units, which would impact the energetic favourability of such a process, this
seems a cogent explanation of their results: cyclisation is slow relative to the equilibration between
the two diastereomeric w-allyl complexes. Whether the major factor is the predominance of one =-
allyl complex in that equilibrium, or the difference in cyclisation barrier height for the two
diastereomeric w-allyl complexes is difficult to say in the absence of computational results. The ease
of cyclisation in our system under the conditions trialled is a likely cause of poor enantioselectivity.

Pfaltz and Koch achieved a higher degree of enantioselectivity by using the methyl carbonate leaving
group (the analogous acetate was unreactive in their protocol), bis-trimethylsilylacetamide (BSA) as a
base with catalytic potassium acetate, and benzene as a solvent. This system led to moderate vyields
and reasonable enantioselectivity after 48 hours, and could prospectively be applied to our reaction.
Alternatively, Helmchen and co-workers have shown that the use of iridium complexes featuring chiral
phosphoramidite ligands such as 3.7 in tandem with n-butyllithium as a base represents a robust

avenue for accessing the same substrate.*®

Pfaltz: BSA (1.5 eq.), KOAc (10 mol.%), OMe
[allylPdCl], (2.5 mol%),
Me0,C-CO:Me 3.4 (6.5 mol.%), benzene, 5 °C, MeO,C -
48 h, 60% yield, 87% e.e. 2sCO,Me o. e
Z > o-P-N
Helmchen: n-BuLi (1.0 eq.), TBD (1.2 eq.), Z Me
MeO\n/O [Ir(cod)Cl]; (2.0 mol%), A\

fo) 3.7 (4.0 mol.%), THF, -78 °C to rt,

16 overnight, 77% yield, 96% e.e. 1.110

Scheme 3.4: Results from Pfaltz and Helmchen which are applicable to future work on the asymmetric intramolecular
allylic alkylation reaction.

Either of these avenues could be pursued in a future effort to realise the asymmetric intramolecular
allylic alkylation approach to 1.102; in our project, the need for such an effort was obviated by the

development of an alternative asymmetric approach to 2.50.
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3.2.2 Strategy for lactone synthesis via epoxide-opening

Given the time constraints faced during the phase of the project detailed above in Section 3.2.1, we
concurrently explored alternative disconnections which might allow for an asymmetric synthesis of
2.50. The strategy of generating 2.49 via the intramolecular opening of an epoxide with a malonate
anion was one which presented several conspicuous virtues (Scheme 3.5).

Firstly, the key 5-exo-tet cyclisation from 3.8 to 2.51 is kinetically favoured under Baldwin’s rules,®
and could conceivably take place in the presence of a Lewis acidic metal ion which would effect the
subsequent cyclisation to 2.49. Secondly, the starting material for this transformation 3.8 bears an
epoxide adjacent to a terminal (protected) alcohol as its only stereogenic element; such a retron is
highly suggestive of a Sharpless epoxidation,®” a reaction which is well-known for its robustness, scope,
and cost-effectiveness. Thirdly, the desired relative stereochemistry in the product would originate
from the thermodynamically preferable trans- geometry of the 1,2-disubstituted alkene in the
intermediate 3.9. Finally, as 3.9 can be related to the previously obtained 1.106 by an ester cleavage,
an exploration of this approach would interface well with our existing route. Given these virtues, we

chose to investigate the feasibility of this pathway.

MeO,C 5-exo-tet
lactonisation :4CO,Me epoxide opening MeO,C-COzMe
ﬂCH \%‘/YI\/OH
2 (H
(o)
H OH
2,51 3.8
Diastereomeric ratio Sharpless
established by olefin asymmetric
cross-metathesis epoxidation
MeO,C.__CO,Me methanolysis MeO,C.__CO,Me
\Q(WOAC \g‘/\/\/OH
1.106 3.9

Scheme 3.5: Overview of epoxide-opening-based enantioselective route from 1.106 to 2.49.
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3.2.3 Implementation of lactone synthesis via epoxide-opening

We chose to validate the epoxide-opening strategy in a racemic sequence before investigating the
asymmetric variant (Scheme 3.6). The acetyl group in 1.106 was rapidly cleaved in the presence of a
slight excess of sodium methoxide in a mixture of methanol and tetrahydrofuran to yield allylic alcohol
3.9 in high yield. The use of vanadyl acetylacetonate enabled the selective tert-butylhydroperoxide
(TBHP)-mediated epoxidation of the 1,2-disubstituted alkene in the presence of the 1,1-disubstituted
alkene, cleanly supplying racemic 3.8 in a moderate yield. This was then silylated to give TBS ether

3.10 (Scheme 3.6).

MeO,C.__CO,Me NaOMe (1.5 eq.), VO(acac), (6.0 mol.%),

2:3 MeOHITHF, Me026--CO:Me TBHP (2.0 eq.), CH,Cl,, MO0 -COMe
~_OAc rt, 20 min _~_ _OH 0°C,3h OH
_20min___ __0%C.3h
92% 51% o

1.106 3.9 3.8

TBSCI (1.5 eq.),
quant. | imidazole (3.0 eq.),
CHyCly, rt, 12 h

M902c COzMe

OTBS
o

3.10

Scheme 3.6: Racemic transformation of 1.106 into 3.10.

The intramolecular tandem epoxide-opening-lactonisation sequence for forming carbocycle-fused
lactones proposed above has scant literature precedent; this is curious, given that both malonates and
epoxides are workhorse functional groups in carbon-carbon bond formation. An elegant example of
such a sequence being used in a cascade process was published by Florio and co-workers in 2008;%
given that their system featured a more reactive styrene oxide electrophile 3.14, we chose to instead
apply the conditions used by Thompson and co-workers in their synthesis of an isostere of the HIV
protease inhibitor cleavage site.®® They demonstrated that the use of lithium hexamethyldisilazide
(LIHMDS) and zinc(ll) chloride gave high yields of the desired product after three days at room

temperature (Scheme 3.7). We were pleased when the use of such conditions on 3.10 led to

47



approximately 50% conversion to the desired product 2.50, and subsequently discovered that running

the reaction under reflux led to quantitative conversion in two hours (Table 3.2).

Et0,C.__CO,Et

a)
I
) (o]
O n-BuLi, THF, -78 °C, (o] 3.13
15 min
—_— — = Ph  ——————
Br Li 60%, 1:1d.r
Et0,C© CO,Et
3.11 3.12 3.14
b)
LIHMDS (2.2 eq.),
BocHN, ZnCl, (2.2 eq.),

THF/Et,0,
25°Ctort, 3d
—»

72%

Scheme 3.7: Literature precedent for epoxide-opening-lactonisation sequence. a) Cascade developed by Florio and co-
workers; b) reaction developed by Thompson and co-workers en route to a HIV protease cleavage site isostere.

The product thus obtained was found to be a single diastereomer, and was identical to that obtained

previously from the iodolactonisation sequence (see Section 2.2.1).

MeO,C.__CO,Me see table for
conditions
OTBS >
(o]
3.10
Entry Temperature Duration Result
1 . 50% conversion,
20°C 3 days
no other products observed
2 70°C 2 hours Quantitative yield of 2.50

Table 3.2: Conditions screened for epoxide-opening. Reactions conditions were: 1.0 eq. 3.10, LIHMDS (2.0 eq.),
ZnCl, (2.0 eq.), THF, temperature, duration.
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Having established the validity of the epoxide-opening approach to 2.50 in a racemic context, we
sought to convert these results into a successful asymmetric route. As discussed above, the Sharpless
epoxidation was the tool we chose for this task; the simplified model for predicting the

enantioinduction of this reaction is given below (Scheme 3.8) in the context of our 3.9 as a substrate.

deliver oxygen from the top face

l (-)-tartrate expected to

MeO,C.__CO,Me
. CO,Me o 2 2
~ Me0,C oTBS
39 0
-~ N\ OH -~
e e < 2.50 3.10
+)-tartrate appropriate for our system
(+)-tartrate expected to ) pprop Y
deliver oxygen from the bottom face

Scheme 3.8: Stereochemical considerations for Sharpless asymmetric epoxidation as applied to 3.9.

The conditions used in the Sharpless epoxidation resulted in the full consumption of 3.9 after 72 hours
at -24 °C; however the (+)-diethyl tartrate used in the reaction proved to be chromatographically
inseparable from the product. Sharpless addressed this by including an alkaline hydrolysis step in the
work-up protocol; the presence of the dimethylmalonate unit in 3.9 obviously rendered such a
procedure inappropriate. We elected to simply remove inorganic and otherwise aqueous-soluble
impurities via filtration and aqueous work-up to give a crude organic product, which was treated with
an excess of silyl chloride and imidazole in order to silylate 3.8 to give 3.10. Material thus obtained
was found to be readily purified by column chromatography, disclosing a high yield; subsequently it

was converted to 2.50 (Scheme 3.9).
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i) Ti(OiPr), (0.1 eq.),
(+)-DET (0.15 eq.),
TBHP (2.0 eq.),
CH,Cl,, 3 A mol. sieves,
freezer, 72 h,

ii) TBSCI (1.3 eq.), LIHMDS (2.0 eq.),
€OMe imidazole (1.5 eq.), COMe ZnCl, (22)0 eq.),
Come  _CiClhriz come  THESOCZh_
67% - quant. \''H
o o OtBs oTBS
3.9 3.10

Scheme 3.9: Successful implementation of Sharpless epoxidation on 3.9 to give 3.10 and 2.50.

In order to supply the structure with a strong chromophore and increase its polarity to facilitate HPLC
analysis, we chose to replace the silyl ether with a benzoate. As such, in both the racemic and
enantioenriched series, 2.50 was converted into 2.49 vig treatment with tetrabutylammonium
fluoride (TBAF) in tetrahydrofuran. 2.49 was then treated with benzoic anhydride and
4-dimethylaminopyridine (DMAP) in dichloromethane to give 3.18 in high yields (Scheme 3.10). Chiral
HPLC analysis of this ester revealed an enantiomeric ratio of 98:2, corresponding to an enantiomeric
excess of 96%; we deemed this satisfactory. The absolute configuration of the material thus obtained
was determined to be that desired for the project and depicted here via a Mosher’s ester analysis at
a subsequent stage of the project (Section 3.4).10°

BZ,0 (2.0 eq.),

DMAP (2.0 eq.),

MeO,Cc 9
CH,Cl,, 1t, 2 h 3

TBAF (1.5 eq.),
THF, 1, 1 h

67%
OBz

3.18
98:2 er

Scheme 3.10: Verification of enantioselectivity via derivatisation to benzoate ester 3.18.

In addition to providing a high degree of enantioinduction, the adoption of this route increases the

cumulative yield for the sequence from 2.14 to 2.50 from 39% to 61%.
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3.3 Allylic oxidation of compound 2.50

3.3.1 Requirements for the allylic oxidation of compound 2.50

As delineated in Section 3.1, our strategy for the installation of the required methyl and hydroxyl
groups found in the natural product was to perform a site- and stereoselective allylic oxidation, which
would install the hydroxyl group on the exo- face of the oxabicyclo-[3.3.0]-octane. This would then
enable the direction of a subsequent hydrogenation reaction onto the exo- face, which would establish
the methyl substituent with endo- stereochemistry.

The prospect of such an allylic oxidation posed several challenges. Firstly, there was the question of
site-selectivity: there are two allylic methylene sites, only one of which we wished to oxidise. Secondly,
there was the issue of stereoselectivity, as we desired the exo- alcohol only. Finally, there was the
issue of regioselectivity: many allylic oxidation methodologies proceed via allylic radicals or transition
metal m-allyl complexes, and such reaction pathways might be expected to yield the (presumably)
more thermodynamically stable primary allylic alcohol in precedence over the desired secondary
allylic alcohol. We felt that 2.50 presented the best opportunity to address these issues through the
inherent bias of the substrate; the quaternary carbon and methyl ester would sterically shield the
methylene group we wished to remain intact, and the ‘bow!’ of the oxabicyclo-[3.3.0]-octane and the
large silyl ether substituent on the endo- face would direct reactivity to the exo- face. These

considerations are summarised in Scheme 3.11.

large silyl ether obstructs endo- face R A{
HOo H

14
H o desired product
H =
— o 2.50
AW gl H E. HOE,, HQE,,
A4 H )/j-“u : ‘-“u[ )\:‘—.‘m:

ester obstructs other C-H on exo- face
HO

undesired products

Scheme 3.11: Selectivity considerations for the allylic oxidation of 2.50. E denotes the methyl ester substituent.
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3.3.2 Strategies for the allylic oxidation of compound 2.50

Broadly, we investigated two strategies to install the hydroxyl group at the desired site. The first was
our initial idea: to directly access the required alcohol through a regioselective or regiospecific
transformation such as a Kharasch-Sosnovsky reaction'®® or Guillemonat oxidation (i.e. selenium
dioxide-mediated allylic oxidation).1%? This clearly represented the most straightforward approach in
a strategic sense, but we anticipated that executing such a reaction cleanly might be challenging. The
second approach occurred to us on account of a later result in the project (see Section 4.2.2): to access
the undesired primary alcohol selectively, which would likely prove more facile, and then perform an
allylic transposition to give the desired secondary alcohol. These two alternatives were investigated

concurrently and are delineated in Scheme 3.12.

a)

MeO,C (o] Regiosel'ecti\(e or

: regiospecific oxidation
.................... .»
CH to give secondary
product
OTBS
2.50

b)

Regioselective or
regiospecific oxidation

to give primary
product

R=Boc 3.19
R =MeO02C 3.20

Scheme 3.12: Strategies for the installation of the secondary hydroxyl group. a) Direct installation of secondary alcohol;
b) installation of primary alcohol followed by formal Sy2’ cyclisation.

3.3.3 Allylic oxidation of compound 2.50 at the secondary site with selenium dioxide

The Guillemonat reaction is perhaps the most well-known protocol for the oxidation of allylic positions
in organic chemistry. Along with the Riley oxidation,!% it has cemented the place of selenium dioxide
in the reagent toolkit of synthetic laboratories. First disclosed in 1939, in addition to being a very early
example of what would nowadays be termed ‘C-H activation’, the reaction possesses the unusual

regiochemical property of retaining the position of the double bond found in the starting material,
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even when that position is thermodynamically unfavourable with respect to an alternative. This arises
as a consequence of the mechanism of the reaction, which was first proposed by Sharpless and Lauer
in 1972,%2 was subsequently reinforced by Sharpless, Arigoni, and co-workers in 1973, and is shown
below in Scheme 3.13. An initial ene reaction between selenium dioxide and the alkene (represented
as simplified structure 3.23) gives an allylseleninic acid 3.24; this then undergoes a [2,3]-sigmatropic
rearrangement to give a selenium(ll) ester 3.25. This ester can then undergo either solvolysis to give
the allylic alcohol product 3.26, or an elimination analogous to the Kornblum-Delamare

rearrangement to give the unsaturated carbonyl product 3.27.

. H
solvolysis /\i,R
OH

0 /\ [2,3]-sigmatropi
O R ,3]-sigmatropic H 3.26
= xR .
s”e /;r ene T(% rearrangement /\i,R
o’\j” -Seg,
HO™

HO._ .0
o Se
3.23 3.24 3.25 iminai /\n’R
elimination =z
—»
(o}
3.27

Scheme 3.13: Mechanism of selenium dioxide-mediated allylic oxidation, as proposed by Sharpless and Lauer.

In 1979, Stephenson and Speth performed a combined isotopic/stereochemical labelling study which
demonstrated that the ‘ene model’ depicted above fails to account for the entirety of the
stereochemical outcome, and suggested that pathways involving ionic intermediates might also be
accessible.!%> In 2000, Singleton and Hang performed a kinetic isotope study supported by calculations
and concluded that, although there is evidence for alternative pathways as proposed by Stephenson
and Speth, the mechanism proposed by Sharpless and Lauer described above “would appear to be the
major mechanistic pathway operative in these reactions” .06

Selenium dioxide is a comparatively toxic reagent,?” and the mechanism above yields selenium(ll) and
selenium(0) by-products which, in addition to also being toxic, can be chemically promiscuous and
challenging to remove from crude reaction products. As such, a common implementation of the
Guillemonat oxidation is the Sharpless modification,'%® which uses tert-butylhydroperoxide (TBHP) as

a stoichiometric oxidant. This addresses both issues: toxicity is of less concern due to the
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substoichiometric loading of selenium dioxide, and the low oxidation state selenium species are
re-oxidised to selenium dioxide at the end of the reaction. Assessing the literature, we chose the
conditions for this reaction used by the Wood group in their synthesis of ingenol'® as a starting point

for our investigation, due to the similarities between their system and ours (Scheme 3.14).

SeO, (20 mol.%),

TBHP (2.5 eq.), o)
400:4:1 v
CH,Cl,/H,O/AcOH, f\
rt,2h
, o \s

H

common
substructure

49%
(68% based on recovered
starting material)

Scheme 3.14: Selenium dioxide oxidation carried out by the Wood group en route to ingenol.

Our investigations into selenium dioxide as a reagent to effect the allylic oxidation of 2.50 are
summarised in Table 3.3. We were pleased to discover that, on smaller scales (below 0.5 mmol), we
obtained 3.2 in a moderate yield using Wood’s conditions. Similar to them, we found that the best
results were obtained when the reaction was stopped prematurely; presumably significant product
degradation occurs on a timescale similar to that required for the full conversion of starting material
2.50. Unfortunately, these results could not be replicated on larger scales (greater than 0.5 mmol),
where yields were found to drop to around 25%. We explored several of the reaction parameters in
order to attempt to ameliorate this. Conducting the reaction at 0 °C, in an attempt to inhibit
degradation processes, elicited no reactivity. Running the reaction under anhydrous conditions at
reflux resulted in the formation of 3.30; this was found to be unstable on silica, was identified by the
presence of resonances in the *H NMR spectrum at 6.1 and 5.4 ppm. Drawing on our prior experience
with the iodolactonisation reaction (Section 2.3.3), we reasoned that inhomogeneity might be
responsible for the scalability issue; thus we sought to find a solvent system which would lead to the
dissolution of all components. After several experiments, it was found that the inclusion of methanol
into Wood's solvent system gave a homogeneous solution. Conducting the reaction in this mixture of

solvents required refluxing temperatures and gave a 48% yield of 3.2, which was, pleasingly,
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reproducible on scale. Wet 1,4-dioxane, hexafluoroisopropanol (HFIP) and tert-butanol all achieved

full dissolution of the reaction components and also required high temperatures; however, none

elicited an improvement in outcome over the modified Wood conditions. Running the reaction in

isopropanol gave curious results; 24 hours were needed to achieve full conversion (as opposed to 2.5

hours in tert-butanol), the 'H NMR spectrum of the reaction was significantly cleaner, but the yield

obtained was an unimpressive 25%.

see table for

MeOZQ__ 7 conditions
[o)
H v |
H “orss
2.50
Temperature Reaction time
Entry Solvent ) (hours) Result
12 400:4:1 20 45 62% yield of 3.2
CH,Cl,/H,0/AcOH ’ (75% brsm)
2b 400:4:1 20 a5 25% vyield of 3.2
CH,Cl,/H,0/AcOH ’ (50% brsm)
3 400:4:1 0 No significant
CH,Cl,/H,0/AcOH reactivity
q 400:40:4:1 .
40 6 48% yield of 3.2
CH2C|2/MeOH/Hzo/ACOH
High crude yields of
> CHCly 40 2 g Y
3.30°
6 . 22% vyield of 3.2,
1,4-dioxane 100 2
3.30 also formed?
7 8% yield of 3.2,
HFIP 60 2
3.30 also formed?
8 14% yield of 3.2,
t-BuOH 82 2
3.30 also formed?
? iPrOH 82 24 25% yield of 3.2

Table 3.3: Conditions screened for allylic oxidation. Reactions conditions were: 1.0 eq. 2.50, selenium dioxide (20
mol.%), tert-butylhydroperoxide (2.5 eq.), solvent, temperature, duration rapidly stirred. 2Wood’s conditions, below 0.5
mmol scale. P\Wood'’s conditions, above 0.5 mmol scale. <Compound unstable, decomposes on silica, detected in the 1H
NMR spectrum of the crude product as the major component. ¢ detected in the 'H NMR spectrum of the crude product.
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The relative configuration of 3.2 was confirmed by a *H NOESY experiment, the results of which are
indicated below in Scheme 3.15. The bridgehead proton showed reciprocal NOE correlations to both
the lactone alkyl proton and the hydroxylic proton, suggesting that the hydroxyl group occupied the
exo- face of the oxabicyclo-[3.3.0]-octane skeleton. This assignment was corroborated by reciprocal
NOE correlations between the alkyl proton of the secondary alcohol and the protons on the

silyloxymethyl group on the endo- face of the molecule.

Scheme 3.15: Selected NOESY correlations of compound 3.2.
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3.3.4 Allylic oxidation of compound 2.50 at the secondary site — other approaches

In addition to the straightforward selenium dioxide-mediated approach outlined above, several other
avenues were investigated.

The possibility of conducting a double bond migration to yield an alternative starting material 3.34
was briefly considered (Scheme 3.16). Both acid- and transition metal hydride-catalysed isomerisation
were trialled; para-toluenesulfonic acid gave quantitative conversion to the tricyclic structure 3.33,
presumably via protonation of the alkene to give cation 3.32 followed be desilylative

cycloetherification. Skrydstrup’s hydride 3.311%0 elicited no conversion of 2.50 after 24 hours.

Cl., ..PtBuj
Pd
tBusP”  “H
3.31 Me
(10 mol.%), TsOH (1.0 eq.), Io)
PhMe, 50 °C, 24 h CHCI3,12 h
no reaction - > ‘?O
quant. : (o)
H C02Me
3.33

OoTBS

3.34
not observed

Scheme 3.16: Unsuccessful attempts to isomerise 2.50 to give 3.34.

The Kharasch-Sosnovsky reaction was first disclosed in 1958, five months after the death of Professor
Morris Kharasch.®! In the original publication, Kharasch and Sosnovsky relate their discovery that
tert-butyl perbenzoate in the presence of a transition metal salt is capable of converting alkenes into
the corresponding allylic benzoates; today, the reaction tends to specifically refer to such
transformations as performed by copper salts. The reaction has been the subject of a reasonable
volume of contemporary research, most of which has focused on the prospect of rendering the
transformation enantioselective through the use of chiral ligands;*'* 112 it has also enjoyed occasional
use in the context of total synthesis, such as in Corey and Lee’s synthesis of pentacyclic triterpenes.'*3
The salient property of the Kharasch-Sosnovsky reaction in the context of the project at hand is that

the product distribution generally favours the more substituted benzoate products (i.e. the secondary
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product in the context of our system). This arises as a result of the mechanism, shown below (Scheme
3.17); the generic alkene substrate 2.23 is once again invoked. The copper(l) ion is oxidised by the
perester 3.35, resulting in an alkoxy copper(lll) carboxylate 3.38; this then undergoes homolysis to
generate the corresponding copper(ll) carboxylate 3.36 and alkoxy radical 3.37. Hydrogen atom
abstraction of 3.23 by 3.37 ensues to yield the stabilised and ambident allylic radical 3.40, which
recombines with the copper(ll) species 3.36 to give an allylic copper(lll) carboxylate 3.41-3.42. This
species is postulated to exist in an equilibrium between the two allylic transposition isomers, with the
less sterically congested isomer dominating. Reductive elimination then occurs through a cyclic
seven-membered transition state to install the ester at the more sterically congested site of the allylic

fragment, yielding 3.43, and regenerating the catalytic copper(l) species.'*

OBz ROOBz 3.35
3.43 CuX
xR
%rR ALY Cu(X)0Bz 3.36 OR
Cux —_— X—Clu/} + <—— BzO-Cu’
BzO OYO ‘OR 337 X
3.38
3.42
Ph
3.41 %\rR
3.23
/\/R H
3.40
+
ROH
Cu(X)0Bz 339
3.36

Scheme 3.17: Mechanism of the Kharasch-Sosnovsky reaction

The exposure of 2.50 to a variety of copper salts in the presence of tert-butyl perbenzoate failed to
elicit any reactivity whatsoever over two-week reaction times at reflux (Scheme 3.18). We attribute
this lack of reactivity to the steric hindrance of the substrate. As an alternative, the methodology
published by Guerra and co-workers for allylic oxidation using a copper-aluminium mixed oxide was

investigated.'*> The mixed oxide catalyst was prepared according to their procedure, and 2.50 was
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subjected to their conditions; this led only to the slow decomposition of material, with no identifiable

products detected in the reaction mixture at any stage.

Cu/Al oxide,
TBHP, acetic or benzoic acids,
acetonitrile or butyronitrile,
decomposition ‘ reflux
over four days )

o Various Cu!' salts,
MeO,C PhCO,tBu, benzene
1 or acetonitrile, reflux no reactivity
- over two weeks

Scheme 3.18: Unsuccessful attempts to perform copper-catalysed allylic oxidation on 2.50

The other major class of transition metal-catalysed reaction investigated for the oxidation of 2.50 was
that of palladium-catalysed allylic C-H activations. This area has seen consistent activity in the
literature over the past two decades; an early development of this particular aspect of palladium(Il)
reactivity into a synthetically useful methodology was carried out by White and co-workers,* building
on the work of Akermark.1Y” Their observation that reactions undertaken in dimethyl sulfoxide were
selective for branched allylic ester products led to the design of a palladium bis-sulfoxide complex 3.44
which integrated this unusual regioselectivity into the reaction when it was performed in other
solvents. One particularly impressive implementation of this methodology by the White group has
been in an oxidative macrolactonisation reaction.!*® The mechanism of this transformation features
oxidative addition of palladium(ll) into the allylic C-H bond to yield a =m-allyl complex 3.45;
benzoquinone 3.46 then participates in an oxidatively-induced reductive elimination via complex 3.47
to immediately regenerate the palladium(ll) species 3.44, hydroquinone 3.49, and the product 3.48

(Scheme 3.19).
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Scheme 3.19: Mechanism of the White oxidation.

Lactone 2.50 did not succumb to any of the conditions attempted during the investigation of the
intermolecular variant of this reaction. Various solvents and nucleophiles were trialled, including the
accelerated variant employing silver(l) carbonate and 4-nitrobenzoic acid recently published by
Mashima and co-workers.'*® Given that we knew 2.50 was able to form a palladium m-allyl complex
through C-H activation due to a concurrent investigation (Section 3.3.5), we deemed that the steric
congestion of the endo- face of the oxabicyclo-[3.3.0]-octane might be preventing an outer-sphere
reductive elimination process. As such, 2.49 was trialled; although none of the desired product
resulted, a 23% yield of cyclic ether 3.51 was obtained after two days.

This hopeful but unactionable result inspired us to attempt an intramolecular variant of the reaction
(Table 3.4). As such, 3.53 was prepared by performing consecutive Dess-Martin'® and Pinnick'?!
oxidation protocols on 2.49 (Scheme 3.20). The carboxylic acid thus obtained was subjected to White’s
conditions for oxidative lactonisation. After four days’ reaction time, the starting material had
undergone approximately 40% conversion to a new, less polar product which was highly unstable on

silica.
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see table for
conditions
OR!
3.50 3.51
R! =TBS 2.50
Entry Substrate Pronucleophile Solvent Result

1 2.50 AcOH EtOAc No reaction
2 2.50 AcOH 1,4-dioxane No reaction
33

2.50 4-nitrobenzoic acid 1,4-dioxane No reaction
4 2.50 AcOH 1,4-dioxane No reaction
52 . . . . .

2.50 4-nitrobenzoic acid 1,4-dioxane No reaction
6 . 23% conversion to

2.49 AcOH 1,4-dioxane 3,510

Table 3.4: Conditions screened for White oxidation. Reactions conditions were: 1.0 eq. substrate, White catalyst 3.44
(20 mol.%), pronucleophile (4.0 eq.), benzoquinone 3.46 (1.5 eq.), solvent, reflux, 7 days. 2Reaction also included silver(l)
carbonate (20 mol.%); conditions adapted from Mashima et al..11” "Remainder of the material was unconverted
substrate.

Rapid flash column chromatography enabled the purification of the crude material from the residual
benzoquinone and dihydroquinone by-product 3.49 to provide 3.54 in an isolated yield of 5%. This
was a pleasing result, however the instability of this new bis-lactone presented a serious challenge to
any attempts to capitalise upon it. Yields could not be improved by any variation in solvent, or by the
inclusion of chromium(lll) additives as prescribed by White;?? it was clear that the instability of the
product to be the most fundamental obstacle. We attempted to assess this instability in an effort to
elucidate any native reactivity which might be leveraged to synthetic ends: exposure of 3.54 to basic
conditions (potassium carbonate or triethylamine in methanol) elicited prompt decomposition to no
isolable products; exposure to neutral methanol gave no reaction. The introduction of a small amount

of activated silica gel to a solution of 3.54 in deuterated chloroform simply led to the diminishment of
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the resonances corresponding to 3.54 in the 'H NMR spectrum with no other resonances appearing.
Derivatisation of the crude reaction material proved equally unsuccessful in all cases. Given the
extended reaction time and surplus of material required to obtain even an analytical quantity of 3.54,
the frustration of any attempt to derivatise it, and the time constraints of the project, this line of
synthetic investigation was discontinued. It should be noted that Stahl’s aerobic palladium-catalysed
allylic oxidation protocol, which will be discussed in due course in Section 3.3.5, showed no facility for

the conversion of 3.53 into 3.54. These results are summarised in Scheme 3.20.

Dess-Martin
periodinane (1.5 eq.),
NaHCO;3 (5.0 eq.),

NaClO, (3.0 eq.),
NaH,PO,4 (1.5 eq.),
7:3 tBuOH/amylene,

MeO,C P MeOC 0 MeO,C

CH,Cly, 1t, 1 h ,2h

62%
over two steps

Y

3.44 (20 mol.%), 40% conversion

3.46 (1.5 eq.), by crude NMR,
EtOAc, 45 °C, 5% isolated yield
4 days

all attempts to
derivatise proved —~------------------n-n
unsuccessful

3.54

highly unstable

Scheme 3.20: Sequential Dess-Martin and Pinnick oxidations of 2.50 to 3.53 via 3.52 and White oxidative lactonisation
to 3.54.

The notion of introducing the C3 oxygen atom with an oxidative C-H lactonisation led us to consider
whether the saturated analogue 3.58 would prove a viable substrate for an aliphatic variant of this
transformation. Such a scheme would rely on a diastereoselective hydrogenation in order to access
the appropriate configuration at the C2 methyl-bearing stereocentre, rather than a later
alcohol-controlled hydrogenation as laid out in Scheme 3.1. Gratifyingly, hydrogenation of 2.50 using
palladium-on-carbon gave the desired isomer 3.55 exclusively (Scheme 3.21); presumably this arises
from the kinetically-controlled delivery of hydrogen to the exo- face of the oxabicyclo-[3.3.0]-octane
ring system. A subsequent deprotection with TBAF gave alcohol 3.56 in high yield; this alcohol was

subjected to the same oxidation sequence shown in Scheme 3.20 to give carboxylic acid 3.58 via
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aldehyde 3.57. This acid was then subjected to the protocol published by Costas et al. using the
manganese catalyst 3.59;'2 this choice of methodology was made due to reagent availability. This led
to the decomposition of the starting material 3.58, with no products obtained. Due to time
constraints, this approach was abandoned; it could be further investigated in the future using White’s

variant of this transformation.'?*

Pd/C (5 mol.% Pd),

MeO,C 0 H, balloon, EtOAc, MeO,C 0 TBAF (15 eq.),
i m,1h _ ; THF, rt, 30 min
91% o 87%
TIPS
I Z
N Dess-Martin
N., | wOTf periodinane (1.5 eq.),
n. NaHCO3 (5.0 eq.),
~N" | ~oTf CH,Cly, 1t, 1 h
N
O NaClo, (3.0 eq.),
A NaH,PO, (1.5 eq.),
TIPS MeO,C P 7:3 tBuOH/amylene, MeO,C o

3.59 (1 mol.%) rn,2h

68%
over two steps

decomposition -
TfOH (0.1 eq.),
H,0, (1.0 eq.),
0°C,1h

Scheme 3.21: Derivatisation of 2.50 to 3.58, and failed aliphatic C-H lactonisation thereof.

Scheme 3.22 shows the selected correlations observed in the *H NMR NOESY spectrum of 3.55 which
justified the assignment of the relative configuration. Reciprocal NOE correlations with the bridgehead
proton enabled the assignment of the exo- disposed methylene proton vicinal to it. This proton
additionally showed a reciprocal NOE correlation with the newly-formed methine proton, suggesting
that it too occupied the exo- face of the molecule. On the endo- face, the protons of the silyloxymethyl
group showed reciprocal NOE correlations with the endo- methylene proton vicinal to the bridgehead,
which in turn showed a reciprocal NOE correlation with the protons of the newly-formed methyl

group, corroborating the stereochemical assignment shown.
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Scheme 3.22: Selected NOESY correlations of compound 3.55. E = CO,Me.

3.3.5 Allylic oxidation of compound 2.50 at the primary site

As discussed above in Section 3.3.2 and depicted in Scheme 3.12, the second strategy for the
installation of the allylic oxygen atom we investigated was the initial oxidation to form a primary
(activated) allylic alcohol, followed by a formal Sy2’ cyclisation from a nearby oxygen atom to give a
tricycle. This approach was inspired by the formation of 3.51 by desilylative cycloetherification during
an attempted Mitsunobu reaction (see Section 4.2.2) and during an attempted White oxidation (see
Section 3.3.4), and the formation of 3.33 by desilylative cycloetherification during an attempted acid-
catalysed double bond migration (see Section 3.3.4). We deemed that the installation of an oxygen
atom at the primary position would be more straightforward on steric and stereoelectronic grounds,
and that an allyl cation equivalent derived thence might be a competent electrophile to engage in a
cyclisation with some internal nucleophile; the endo- disposed oxymethyl substituent provided a
useful handle for the installation of such a nucleophile.

The Schenck ene reaction!?® presents a useful regiospecific complement to the Guillemonat oxidation;
whereas the latter allylic oxidation retains the position of the double bond found in the starting
material, the former results in exclusive transposition. The mechanism is generally accepted to
proceed via a perepoxide intermediate 3.60; this can then rearrange to give an allyl peroxide 3.61
(Scheme 3.23).1?6 This can then be converted into either the corresponding allylic alcohol 3.62 via the
introduction of a reductant such as a phosphine, or the unsaturated carbonyl compound 3.63 via a
Kornblum-Delamare rearrangement. As a highly economical ‘green’ transformation, the Schenck ene

reaction has enjoyed sustained coverage in the literature;!?” its stereochemical aspects have been
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recently reviewed by von Wangelin and co-workers,'?6 and a recent example in the synthetic literature

can be found in the asymmetric synthesis of Taxol by the Li group.'?®

reductive
quench X _R
—»
OH
o
0=0 /) 3.62
R @0,0 A H xR ]
H
by % o
H R “OH
3.23 3.60 3.61 Kornblum-
. ' Delamere (\/R
|
o
Scheme 3.23: Mechanism of the Schenck ene reaction. 3.63

Exposure of 2.50 to an atmosphere of oxygen in the presence of CFL irradiation and a 10% loading of
tetraphenylporphyrin (TPP) over four days, followed by the introduction of superstoichiometric
triphenylphosphine, led to approximately 60% conversion of starting material to a 4:1 ratio of desired
regioisomer 3.67 and undesired regioisomer 3.66. Resonances in the aldehyde region of the 'H NMR
spectrum of the crude material were also observed, indicating the presence of Kornblum-Delamere
products 3.68; however aldehydes were not recovered after column chromatography (Table 3.5).
Satisfied that this result represented a promising overture for our investigation into primary-selective
oxidations, 3.19 was prepared in good yield via the treatment of 2.49 with di-tert-butyl dicarbonate
in the presence of DMAP (Scheme 3.24). Curiously, 3.19 proved an inferior substrate for the Schenck
ene reaction, within the context of our project; the conditions which had led to moderate success with
2.50 gave a more complex result with the new substrate. The *H NMR spectrum of the crude material
indicated less conversion of starting material, a poorer regiomeric ratio of approximately 2:1 between
products 3.70 and 3.69, and a more significant degree of degradation to aldehyde side-products 3.71.

Desired alcohol 3.70 was the only compound which was successfully isolated from this mixture, in a

b)
= g
tBu

(o]
6.

a) Boc,0 (1.5 eq.),

DMAP (3.0 eq.),
CH,Cl, 12 h, 1t

85%

MeO,c 2

(o]
3.64 3.65

Scheme 3.24: a) Carboxylation of 2.49 to yield 3.19. b) Intended use of tert-butyl carbonate in cyclisation.



yield of 19%. This disparity in efficacy between the reaction conducted on the silyl ether 2.50 and the
tert-butyl carbonate 3.19 may have arisen as a result of a genuine difference in reactivity, or it may
simply be a reflection of the difficulty of conducting a biphasic photochemical reaction reproducibly

on the test scale (10 pumol) (Table 3.5).

O, (balloons),
tetraphenylporphyrin (10%),
1,2-DCE, CFL, 4d

(0]
MeO;('_:‘ then PPh3 (2.0 eq.)
[0} >
Ha Q]
H OR

R =TBS 2.50 R =TBS 3.66 R =TBS 3.67 R =TBS 3.68
R=Boc 3.19 R =Boc 3.69 R =Boc 3.70 R=Boc3.71
Entry Substrate Result

Approximately 60% conversion of substrate,

1 2.50 yielding a 4:1 ratio of 3.67:3.66;
Small proportion of aldehyde species 3.68 also
detected.
Approximately 40% conversion of substrate,
2 yielding a 2:1 ratio of 3.70:3.69;

3.19
Large proportion of aldehyde species 3.71 also

detected.

Table 3.5: Attempted Schenck ene reactions. Outcomes determined by *H NMR spectroscopic analysis of the crude
reaction material.

Alongside the Schenck ene reaction, Stahl’s protocol for the palladium-catalysed allylic oxidation of
alkenes was also investigated as a method for installing an oxygen atom at the primary position.!?
First disclosed in 2010, this reaction is a ‘greener’ realisation of palladium-catalysed allylic oxidation;
the innovation of the Stahl group was to develop a complex 3.72 which enables aerobic catalytic
turnover, escaping a previously benzoquinone-dominated paradigm. The mechanism for this process,
shown below in Scheme 3.25, is analogous to that previously depicted in the context of White’s
chemistry; one distinction is that, where White’s reaction is believed to proceed via oxidatively-
induced reductive elimination, Stahl’s relies on an equilibrium between the palladium m-allyl complex

3.73 and product 3.75/palladium(0) from which the palladium(0) complex 3.74 is trapped by
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molecular oxygen to regenerate the palladium(ll) catalyst 3.72. As the regioselectivity offered by the
White oxidation and the aerobic turnover offered by the Stahl oxidation each arise as a consequence

of ligand design, these two virtues cannot presently be united in a single reaction.

o R
2y
7 N\_/ N H
AcO R + H,0, = = 3.23
3.75 *Pd;
AcO OAc AcOH
3.72
2AcOH + O,
o
(o]
7 N\_/ N
AcO. xR
RN\ a8t 7 \ 7 N\
3.75 Pd =N N=
3.74 ipdé
U
v@\j R
AcO~ 373

Scheme 3.25: Mechanism of Stahl’s aerobic acetoxylation.

As such, 2.50 and 3.19 were subjected to Stahl’s conditions. Gratifyingly, this led to full and
comparatively clean conversion to products 3.76 and 3.78 respectively after 18 hour reaction times,
in synthetically useful yields with neither of the undesired regioisomers 3.77 and 3.79 isolated, though
they were visible in the crude *H NMR spectrum (Scheme 3.26). The implication of this is that the initial
formation of the palladium w-allyl complex occurs under steric control.

Pd(OAc), (10 mol.%),
NaOAc (20 mol.%), o
3.80 (10 mol.%), O, balloon, o) o)
3:1 dioxane/AcOH, Meoz(,: Meoz?
70°C, 18 h

R =TBS 3.76 68%
R =Boc 3.78 63%

R =TBS 2.50
R =Boc 3.19

5:1 ratio with minor
regioisomer as determined
by "H NMR spectroscopic
analysis of the crude product

Scheme 3.26: Oxidation of 2.50 and relatives via Stahl’s aerobic acetoxylation reaction.
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3.3.6 Attempted formal Sn2’ cyclisation

We were now in a position to investigate the possibility of conducting an intramolecular formal Sy2’
reaction. We had chosen 3.19 as a starting material for this sequence in order to attempt to use the
tert-butyl carbonate group as the nucleophile for this reaction, taking as a blueprint the Bartlett
iodocarbonate cyclisation.!3° In addition to the initial work by Bartlett and co-workers, there are
several examples of carbonate cyclisations which yield seven-membered rings in the literature; all are
distinguished by the use of reactive electrophiles. Examples include the work of Crich and co-workers
on the characterisation of dioxocarbenium ions,*3! and the work of Braddock and Bonney on the

assembly of Laurencia natural products via halonium opening (Scheme 3.27).13?

\
a) i b)  OtBu o
I, (3.0 eq.), i Ph,SO,
Me ~Z  MeCN,-20°C,5h Me {00 _oB Tf,0, -78 °C 0 oBn?
V- ) | . n 20, -
\(lj/\o/ > \(|)/\(|)/\ i Me o —>» Me H
\f 77%, \n/ ! BnO STol 56% BnO “0
d.r.=10:1 H OBn
OtBu o : OBn
3.81 3.82 : 3.83 3.84
\
\
e
c)
BDSB, MeNO,, - isolated alongside
M JOL mih 2 Br Ho several olher
— —_— > oxonium ion-derived
Me” NF 0~ ~otBu H o|_I )—_—.o products
3.85 Me o

Scheme 3.27: a) Bartlett and co-workers’ iodocarbonate cyclisation (1982); b) seven-membered cyclic carbonate
formation from Crich and co-workers’ study on glycosyl and oxocarbenium ions (2021); c) seven-membered cyclic
carbonate formation from Braddock and Bonney’s study on the biosynthesis of Laurencia natural products (2012).
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We recognised that the acetate group of 3.78 supplied by the Stahl acetoxylation reaction might prove
to be an inadequate leaving group for the purpose we intended; nonetheless, we subjected 3.78 to a
range of conditions. The results of this investigation are summarised in Table 3.6. Simply heating 3.78
in toluene resulted only in slow cleavage of the tert-butyl carbonate group, which proceeded to
approximately 20% conversion to 3.89 over 24 hours (entry 1). Following the precedent of Cossy and
co-workers,'33 3.78 was treated with both indium(lll) chloride and iron(lll) chloride in acetonitrile
(entries 2 and 3); this too resulted in slow formation of 3.89, with approximately 60% conversion over
24 hours in both cases. The use of boron trifluoride in dichloromethane at 0 °C, led to immediate full

conversion of 3.78, giving 3.89 in a yield of 79% (entry 4).

MeO,C 0 see table for MeO,C o
: conditions :
(o] > [}
AcO :{H AcO T~(H
H OBoc H OH

3.78 3.89
Entry Solvent | Temperature ( °C) Additive (mol.%) Result
1 4:1 ratio of 3.78 to 3.89 after
PhMe 110 -
24 hours.
22 2:3ratio of 3.78 to 3.89 after
MeCN 20 InCl3 (20)
24 hours.
32 2:3 ratio of 3.78 to 3.89 after
MeCN 20 FeCls (20)
24 hours.
100% conversion of 3.78
4 CHJCl;, 0 BF; (100) immediately, 79% yield of
3.89

Table 3.6: Attempted thermal and acid-mediated carbonate cyclisations of 3.78. 2Conditions established by Cossey and
co-workers.131
Evidently tert-butyl carbonate cleavage was a more kinetically accessible process than the cyclisation
under both thermal and acidic conditions. Two prospective solutions to this problem presented
themselves: we could modify the carbonate to reduce its lability, or we could alter the leaving group

to improve electrophilicity. These possibilities were explored in parallel.
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Methyl carbonate 3.20 was prepared via the treatment of 2.49 with methyl chloroformate in the
presence of DMAP, and then subjected to the Stahl acetoxylation to provide 3.91 in a good yield
(Scheme 3.28). Exposure of this carbonate to the same series of conditions as those used on 3.78 led
to no conversion of the starting material, indicating that the lability of the tert-butyl carbonate was

not the only factor contributing to the lack of desired reactivity.

Pd(OACc), (10 mol.%),
NaOAc (20 mol.%),
3.80 (10 mol.%), O, balloon,
3:1 dioxane/AcOH,
70°C, 18 h

51%

MeOCOCI (1.5 eq.),
DMAP (3.0 eq.),
CH,Cl,, 12 h, 1t

2%

Meo,C P

\

conditions in
Table 3.6

no reactivity observed

Scheme 3.28: Synthesis of 3.91 via Stahl acetoxylation and attempted carbonate cyclisation thereof.

As such, 3.78 was treated with potassium carbonate in methanol in order to provide alcohol 3.70; diol
3.92 was also obtained as a minor product from this reaction, indicating that the steric bulk of the
tert-butyl group did not completely preclude carbonate deprotection. Alcohol 3.70 was then
converted into mesylate 3.93 (not isolated), and this compound was gradually heated in toluene to
110 °C. The starting material was fully consumed as observed by TLC analysis after 24 hours, with 3.51
isolated as the only product in a yield of 34%; this is indicative of a tandem tert-butyl carbonate
cleavage -cyclisation process. The liberation of methanesulfonic acid as a by-product of this
transformation presumably accelerates the carbonate cleavage step via acid catalysis, resulting in an
autocatalytic effect. This might account for the accelerated rate of thermal carbonate cleavage with
respect to that observed in the heating of 3.78 (Table 3.6, entry 1). The same reaction run in the
presence of 50 mol.% TBAI led exclusively to decomposition. These results are summarised in Scheme

3.29.
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3.51

Scheme 3.29: Exploration of carbonate cyclisation with a more activated electrophile 3.93.

Given the discouraging results and the time constraints of the project, this approach was discontinued,

and the result obtained from the selenium dioxide-mediated allylic hydroxylation (Section 3.3.3) was

deemed the appropriate allylic oxidation choice for our route.

3.4 Determination of absolute configuration via Mosher ester analysis

Although several of the compounds prepared during this project were solids, we were unsuccessful in
our attempts to crystallise them for X-ray diffraction analysis due to their low polarity. As such, we
required an alternative confirmation of the absolute configuration attained in the Sharpless
epoxidation (Section 3.2.3) and propagated throughout the synthesis. The introduction of a sterically
accessible secondary alcohol in the synthesis of 3.2 enabled the use of Kakisawa’s modification of
Mosher’s method for this purpose.'® 3% According to the method prescribed by Ward and Rhee,?
(R)- and (S)-methoxytrifluoromethylphenylacetic acid (MPTA) 3.94 and 3.95 were converted into the
corresponding acid chlorides 3.96 and 3.97, and subsequently reacted with enantioenriched alcohol
3.2 in separate experiments in the presence of DMAP. This gave rise to (R)- and (S)-MTPA esters 3.98
and 3.99, the NMR shifts of which were examined. In addition to this data confirming that 3.2 was
essentially enantiopure, the use of Hoye’s formulation'3® of Kakisawa’s method clearly demonstrated
that the absolute configuration found in 3.2 is that predicted by the mnemonic for the Sharpless

epoxidation given in Section 3.2.3, and required for the project (Scheme 3.30).
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(cocly, (3.0 eq.),

0o DMF (3.0 eq.), 0 DMAP (2.0 eq.),
CF, oH hexane, rt, 1 h . CF; CH,Cl,, 1t, 1 h .
MeO MeO 78% (3.98),
Ph Ph 64% (3.99)
(R)=3.94 (R) =3.96
(5)=3.95 (s)=3.97 (R) = 3.98 78%
() =3.99 64%
b)
More shielded
0 -42/-12_oTBS
— » expected positive ASSR 36/0 H 5
12/6 —</
- | » (o}
O E— MTPAO E H
Ph' CF; 30 72 24
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H /\\ OTBS P g : :
0 o experimentally deterrmined values
More shielded of A5SRin Hz

(S)-MTPA ester 3.99

(R)-MTPA ester 3.98

Scheme 3.30: a) Preparation of 3.2 MTPA esters 3.98 and 3.99. b) Mosher ester analysis of 3.2. E=CO,Me.

3.5 Chapter summary

In summary, we have successfully developed a high-yielding, scalable, and highly enantioselective
route to key lactone 2.50 utilising a Sharpless epoxidation as the enantioinductive transformation; we
then explored a range of allylic oxidation conditions within two strategic paradigms, eventually

determining that the Guillemonat oxidation was the most synthetically viable (Scheme 3.31).

dimethyl malonate (1.1 eq.),

K3POy4 (7.5 eq.),
OMs TBAI (20 mol.%), THF, rt,

—_——

NaOMe (1.5 eq.),
2:3 MeOH/THF,
rt, 20 min

CO,Me

CO,Me

HI/\/\/OAC 2h )i\/\/\ —_
78% 92%
X OAc

1.106
SeO, (20 mol.%),
TBHP (2.5 eq.),
400:40:4:1 LIHMDS (2.0 eq.),
CH,Cly/MeOH/H,0/AcOH, Me0,c 2 ZnCl, (2.0 eq.),
40°C, 6 h : THF, 60°C, 2 h
B S
48% quant.

2.50

Scheme 3.31: Route to 3.2 developed in this chapter.

CO,Me

COzMe
X OH
3.9
i) Ti(OiPr)4 (0.1 eq.),
(+)-DET (0.15 eq.),
TBHP (2.0 eq.),
CH,Cl,, 3 A mol. sieves,
freezer, 72 h,
ii) TBSCI (1.3 eq.),
imidazole (1.5 eq.),
CHzclz, rt, 12 h

67%

COzMe
CO,Me
F OTBS
o
3.10
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Chapter 4: Synthesis of the cyclopentane core 4.38

4.1 Chapter introduction

Having developed an enantioselective synthesis of lactone 2.50 and established suitable conditions
for the allylic oxidation to give 3.2, the stage was set for the next important transformation in our
planned route (Section 1.5.2), the hydrogenation of the 1,1-disubstituted alkene to deliver a methyl
group. Stereochemistry was the principal concern in planning this reaction: the putative target natural
product 1.17 is furnished with the S configuration at the methyl-bearing carbon atom C2. Our initial
strategy was to use the recently installed hydroxyl group to direct hydrogen delivery during this
process, and to subsequently invert the stereochemistry of this hydroxyl group through the use of a
Mitsunobu reaction.®* Following this, we planned to convert the lactone fragment of 4.3 into an
a-bromolactone 4.2, and perform the reduction methodology outlined in Scheme 1.15 to provide the
a-hydroxyacetal 4.1 (Scheme 4.1). This would constitute a synthesis of the core of euphodendroidin
D 1.17, and subsequent work would focus on preparing this fragment for coupling with the eastern

fragment. This chapter will cover our investigations into this sequence.

RO

%4 MeO .
Reduction-
e OR inversion
ro H [H !
S 1 T

stereochemistry
found in target
natural products

Decarboxylative
bromination

directed
hydrogenation

alcohol
inversion

Scheme 4.1: Strategy for accessing the absolute and relative configuration of the jatrophanes via directed
hydrogenation, alcohol inversion, decarboxylative bromination, and reduction-inversion.
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4.2 Diastereoselective hydrogenation and alcohol inversion

4.2.1 Hydroxyl-directed hydrogenation using Crabtree’s catalyst 4.7

The cationic iridium complex 4.7 was first synthesised by Robert Crabtree and George Morris in
1977,%%7 and was subsequently found to be a highly active catalyst for the hydrogenation of alkenes.*38
In 1983, Crabtree and Davis disclosed that the hydrogenation of terpinen-4-ol using 4.4 exhibits a
remarkably high diastereoselectivity, a phenomenon which they attribute to coordination of the Lewis
basic hydroxyl group prior to hydrogen delivery (Scheme 4.2).96 The selectivity observed was
complementary to that afforded by a heterogeneous palladium-on-carbon catalyst, where the product
distribution was ascribed to steric control of hydrogen delivery. Since these findings, ‘Crabtree’s
catalyst’ 4.7 has become a mainstay of stereoselective synthesis, and its reactivity a classic example

of substrate-controlled stereoselectivity in catalysis.

H, (1 atm),
Me catalyst, e PFe
CH,Cly, 0°C, pC
@ 90 minutes Q Q Y3
& O

:YOH

Me/\Me
4.4 4.5 4.6

with Pd/C: 4.5 : 4.6 =20 : 80
with 4.7: 4.5:4.6 =99.9: 0.1

Scheme 4.2: Results from Crabtree and Davis regarding the directing effect observed in the hydrogenation of
terpinene-4-ol 4.4 by Crabtree’s catalyst 4.7.
Racemic lactone 3.2 was exposed to a standard balloon-contained hydrogen atmosphere in the
presence of 20 mol.% of 4.7 in dichloromethane (Table 4.1, entry 1). This led to rapid consumption of
the starting material, with full conversion achieved in 30 minutes. NMR spectroscopic analysis of the
crude reaction product revealed two compounds in a ratio of 2:1; a difficult chromatographic
separation followed by the acquisition of NOESY 'H NMR spectra allowed characterisation of these
compounds as stereoisomers 4.12 and 3.1 (see Scheme 4.4 below for this analysis), with the desired

isomer 3.1 formed as the major product. Although this was a promising result, the conversion of a
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third of the substrate material to a difficult-to-separate and irrecoverable by-product led us to deem
that it required optimisation before it could be considered synthetically useful. Alternatively, we
performed the hydrogenation using palladium-on-carbon in ethyl acetate, which resulted in a
diastereomeric ratio of 3:1 with 4.12 formed as the major product (entry 2). This indicated that 4.12
was likely the preferred product on either a steric or thermodynamic basis. This inauspicious result
led us to investigate avenues through which the diastereoselectivity of the Crabtree’s catalyst-
mediated hydrogenation of 3.2 might be improved in favour of the desired product 3.1.

Fortunately, we were aware of Dixon’s 2017 synthesis of himalensine A;3° amidst a generally
impressive series of results, their observations regarding the effect of partial hydrogen pressure on
the stereochemical outcome of a Crabtree’s catalyst-mediated hydrogenation of 4.8 stand out. They
had observed a significant spike in selectivity for the directed product 4.10 over the ‘steric’ product
4.11 upon a reduction in partial hydrogen pressure, an effect which they attribute to a coordinative
saturation of the iridium species at high hydrogen concentration precluding chelation by the Lewis

basic amide (Scheme 4.3).

OTIPS 4.7 (20 mol.%), OTIPS OTIPS
gas conditions,
@ CH,Cl, Me Me...
—_— —_—
N N N
H H H
o o
4.8 4.10 (desired) 4.11 (undesired)

1086 mbar, Hy: d.r. =2.2:1
1029 mbar, 1:2 Ho/Ar: d.r. = >20:1

Scheme 4.3: Results from Dixon et al. regarding the effect of hydrogen partial pressure on the diastereoselectivity of

the hydrogenation of 4.8 by Crabtree’s catalyst 4.7.

In line with this, we varied the partial hydrogen pressure by using single-skinned balloons and doping
the gas mixture with nitrogen. A 1:1 gaseous mixture of nitrogen/hydrogen in a single-skinned balloon

gave a 5:2 ratio of 3.1 to 4.12 (entry 3); a 3:1 mixture gave a ratio of approximately 10:1 (entry 4).
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We considered this result to be useful to the project, in addition to a corroboration of the finding of
Dixon and co-workers and a further indication that partial pressure effects can play a decisive role in
the stereochemical outcome of substrate-directed Crabtree’s catalyst-mediated hydrogenation. This
utility comes with a caveat, however, in the context of our project: the scalability of this process was
never explored and could potentially prove problematic. In particular, it should be noted that
Crabtree’s catalyst is known to have a comparatively short lifetime under typical reaction
conditions;38 140 35 such, one might expect that this catalyst is ill-suited to a large-scale heterogeneous
reaction under a low hydrogen pressure, where gas-solution mass transfer effects impose a limit on
productive turnover. Additionally, the administration of a stoichiometric volume of hydrogen at low

partial pressure might require specialised laboratory equipment on a large scale.

see table for
conditions _
3.2
| H2/N2vol
Entry Catalyst Solvent o/ zV? ume Result
(mol.%) ratio
1 4.7 (20) CH,Cl, Pure H, 4.12/3.1=1:2
2 Pd/C (10) EtOAc Pure H, 4.12/3.1=3:1
¥ 4.7 (20) CH.,Cl, 1:1 4.12/3.1=2:5
42
4.7 (20) CHyCl, 1:3 4,12/3.1=1:10

Table 4.1: Results of the hydrogenation of 3.2 under different catalytic conditions and hydrogen partial pressures.
Reactions conditions were: 3.2 (1.0 eq.), catalyst, solvent, gas balloon, 20 °C. Product ratio was determined by
inspection of the 'H NMR spectrum of the crude reaction material. 2Gas balloon was single-skinned.

The relative configurations of 4.12 and 3.1 were confirmed by *H NMR NOESY experiments. The key
correlations used for each stereochemical assignment are shown below in Scheme 4.4. In compound

4.12, a reciprocal NOE correlation between the bridgehead proton and the protons of the methyl
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group implied the exo- disposition of the methyl group. This was corroborated by a reciprocal NOE
correlation between the methyl group and the proton of the hydroxyl group. On the endo- face, the
protons of the silyloxymethyl group and the alkyl proton of the secondary alcohol showed reciprocal
NOE correlations to the alkyl proton of the methyl-bearing methine group, further corroborating this
assignment. In compound 3.1, the bridgehead proton showed a reciprocal NOE correlation with the
alkyl proton of the methyl-bearing methine group, implying an exo- disposition. Both the protons of
the silyloxy group and the secondary alcohol alkyl proton showed reciprocal NOE correlations with the
protons of the methyl group, implying that the methyl group was endo-, in keeping with the
assignment of 4.12.

a)

Scheme 4.4: Selected NOESY correlations used in the stereochemical assignments of compounds 4.12 and 3.1.
a) Correlations for 4.12. b) Correlations for 3.1. E = CO;Me.
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4.2.2 Mitsunobu reaction

Having set the configuration of the methyl-bearing carbon atom, we now sought to invert the
configuration of the hydroxyl-bearing carbon atom. The most prevalent strategies for alcohol
inversion in the literature are stereospecific inversion via activation of the hydroxyl and subsequent
Sn2 reaction, and oxidation to the ketone followed by stereoselective reduction. Of these methods,
the former has certain advantages in the general case: it constitutes a more efficient transfer of
stereochemical information, and is typically achieved using the Mitsunobu reaction,® a reliable
protocol which allows for one-pot activation and substitution and tolerates a range of useful
nucleophiles. The latter strategy of oxidation-reduction constitutes the destruction and
re-establishment of stereochemical information and relies on substrate control for
diastereoselectivity, which is disadvantageous in the general case; however, it is ideally suited for
systems where one face of the ketone intermediate is significantly more hindered than the other,
which are precisely the systems where one would expect the Mitsunobu reaction to be challenging
due to unfavourable steric interactions in either the activation or Sy2 steps. As such, there is a strong

degree of complementarity between these two strategies, which are shown in Scheme 4.5.

MeO,C

Mitsunobu reaction

stereospecific

“H (R derived from nucleophile)

Ho M ““ores
4.13

oxidation reduction

stereoablative stereoselective

Scheme 4.5: Different strategies for alcohol inversion.

We began by investigating the Mitsunobu reaction in the context of our system. The results of this
experimentation are summarised in Table 4.2. Initial attempts in refluxing tetrahydrofuran using

benzoic or nitrobenzoic acid as a nucleophile with DIAD and triphenylphosphine led to no conversion
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of the starting material (entry 1, entry 2). Moving into refluxing toluene enabled the slow conversion

of material into a new compound which was isolated in a yield of 52% after 24 hours reaction time,

and subsequently found to be the desired benzoate ester 4.16 (entry 3). An increase in the

concentration of the other reagents and extension of the reaction time to 48 hours led to full

conversion of the starting material and a 78% yield of 4.16 (entry 4).

Meo,c P see table for o
z conditions
X
R=Ph4.16 X=H4.18
R =4-NO»-Ph 4.17 X=NO0.4.19
. Temperature
Entry Nucleophile Solvent °C) Result
1 4.18 THF 70 No reactivity
2 4.19 THF 70 No reactivity
3 52% yield of 4.16 after
4.18 PhMe 110
24 hours
4° 78% yield of 4.16 after
4.18 PhMe 110
48 hours

Table 4.2: Results of the investigation into the Mitsunobu reaction of 3.1. Reaction conditions were: 4.16 (1.0 eq.),

triphenylphosphine (3.0 eq.), DIAD (3.0 eq.), nucleophile (3.0 eq.), temperature. 2 5.0 equivalents of all reagents used.

Although this was a successful result, the harsh conditions, extended reaction time, and large excess

of challenging-to-separate reagents required for this transformation encouraged us to consider

alternatives. We reasoned that allylic alcohol 3.2 was a prospectively interesting substrate for the

Mitsunobu protocol as the unsaturation should accelerate the desired Sn2 reaction. This would give

an inverted allylic ester 4.22, which would allow us to investigate hydrogenation using steric control

rather than direction by the hydroxyl group.
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Exposure of 3.2 to Mitsunobu conditions led to the full consumption of starting material at room
temperature in one hour, a result which was surprising given the inertia of 3.1. Although the product
was chromatographically inseparable from the triphenylphosphine oxide formed during the reaction,
analysis of the 'H NMR spectrum of the product showed the loss of the silyl group and the retention
of the double bond. We tentatively assigned the structure of this product as desilylative
cycloetherification product 3.51. (This compound has already been mentioned in Section 3.3.4; this is
a reflection of the topical, rather than chronological, arrangement of this thesis. This result was the
initial seed of the Sn2’-based strategy investigated in that chapter). In order to confirm this
assignment, we resolved to prepare an authentic sample of 3.51 via mesylation of 3.2 to give mesylate
4.20, followed by fluoride deprotection of the silyl group to engender a cyclisation. Indeed, such was
the facility of this cyclisation that no deprotection step was required, with 3.51 being formed in a
nearly quantitative yield from the mesylation reaction (Scheme 4.6). Although this result is
undesirable from a synthetic perspective, it further corroborates the assignment of the relative
configuration of 3.2. The absence of such a cyclisation in the Mitsunobu reaction of 3.1 bears brief
comment: presumably, the electrophilicity of the allylic oxophosphonium 4.21 is increased to such an

extent compared with the saturated system that the weakly nucleophilic silyl ether can engage it in

MsCI (1.5 eq.),
NEt; (2.0 eq.),
CH2C|2, rt,
30 min

98%

MeO,C P
o "lH
H (o]

3.51

DIAD (3.0 eq.),
PPh3 (3.0 eq.),
BzOH (3.0 eq.),
THF, rt, 1 h

2% 422
not observed

Scheme 4.6: Facile desilylative cycloetherification of 3.2 under Mitsunobu or mesylation conditions to give 3.51.
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the unsaturated system. The reduced steric accessibility of the C-O antibonding orbital in 3.1 may also
be a contributing factor, as may the ground state conformational change induced by the
endo-disposed methyl group. However, the former would also exert a comparatively inhibitory effect
on the (successful) intermolecular Sn2 step of the Mitsunobu reaction of 3.1, and the latter might be
expected to be overcome by the high reaction temperature and extended duration of that Mitsunobu
reaction.

It should be noted that esters 4.23 and 4.24 were prepared via standard DMAP-catalysed esterification
of 3.2 and 3.1 during the above investigation into the Mitsunobu reaction; this was to lend confidence
to the stereochemical assignment of the products by enabling us to distinguish true Mitsunobu
products from direct starting material acylation products (Scheme 4.7).14!

Bz,0 (2.0 eq.),

DMAP (2.0 eq.),
CH,Cly, 1t, 12 h

81%

3.2

Bz,0 (2.0 eq.),
DMAP (2.0 eq.),
CH,Cl,, 1t, 12 h

70%

3.1 4.24

Scheme 4.7: Preparation of 4.23 and 4.24 by acylation to add weight to the stereochemical assignment of 4.16.

4.2.3 Oxidation followed by hydride reduction

The drawbacks of the Mitsunobu reaction when performed on the saturated substrate 3.1 and failure
when performed on the allylic substrate 3.2 prompted us to explore the feasibility of the oxidation-
reduction strategy for alcohol inversion discussed at the beginning of Section 4.2.2. Oxidation of
alcohol 3.2 to 3.30 was attempted using the ABNO variant of Stahl’s copper-catalysed aerobic

oxidation protocol;'4?1%* after one hour at room temperature, the reaction was a blue-green colour,
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indicative of persistent copper(ll) species and the completion of the reaction. Although the simple
bipyridyl ligand 4.26 could be used, no reaction was observed when TEMPO was used in place of
ABNO. Enone 3.30 was the only compound visible in the 'H NMR spectrum of the crude reaction
mixture; as observed previously (Section 3.3.3), this compound was unstable under chromatographic
conditions. As such, the crude material was subject to Luche’s conditions for the reduction of
unsaturated ketones;*> 16 this resulted in the extremely rapid formation of 4.25 as the only product.

The exclusive addition of hydride to the exo- face of enone 3.30 further evidences the crowded steric

environment inside the ‘bow!’ of the oxabicyclo-[3.3.0]-octane (Scheme 4.8).

ABNO (1 mol.%), 4.26 (5 mol.%)
NaBH, (1.0 eq.),

MeO,C [o] [Cu(MeCN),]BF, (5 mol.%),
: N-methylimidazole (10 mol.%) CeCl37H,0 (1.0 eq.),
MeCN, rt, open to air, 2 h MeOH, rt, 5 min
o quant.

\"'H presumed quant.

:
4.26 ' H
H@J

hydride attacks from
less hindered face

Scheme 4.8: Stahl oxidation and Luche reduction of 3.2 to give 4.25 via 3.30 (not isolated).

The stereochemistry of 4.25 was ascertained through a *H NOESY experiment (Scheme 4.9). Reciprocal
NOE correlations between the bridgehead proton and the alkyl proton of a secondary alcohol
indicated that hydride delivery had occurred on the exo- face. Reciprocal NOE correlations between

the hydroxyl proton and the protons of the silyloxymethyl group corroborated this assignment.
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Additionally, all other data indicated that 4.25 was a diastereomer of 3.1. Comparative analysis
between the NOESY spectra of 3.1 and 4.25 further cemented our stereochemical assignments of

both, and these assignments are in keeping with mechanistic rationale (Scheme 4.9, Scheme 3.15).

Scheme 4.9: Selected NOESY correlations used in the stereochemical assignments of compounds 4.25. E = CO;Me.
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It was now necessary to investigate whether hydrogenation of 4.25 would allow us to access the
appropriate configuration at the methyl-bearing carbon atom through steric control. As such 4.25,
synthesised as delineated above, was subjected to standard hydrogenation conditions using
palladium-on-carbon; this resulted in conversion to a promising 10:1 ratio of two products, as
determined by 'H NMR spectroscopic analysis of the crude reaction material. Only the major product,
4.26, was isolated from column chromatography, and it was to our considerable chagrin that a NOE
analysis indicated that this was the undesired hydrogenation epimer (see Scheme 4.11 below).

Whilst awaiting the NOE data for 4.26, we attempted to repeat this result on a larger scale. Performing
the Guillemonat oxidation on 2.50 at reflux in anhydrous dichloromethane gave enone 3.30 directly;
a Luche reduction then gave 4.25 in a yield of 40%. Given the quantitative yield of 4.25 obtained by
Stahl oxidation of 3.2 followed by Luche reduction, this implies that the true practical yield of the

selenium dioxide-mediated step is 40%.

Se0, (1.0 eq.),
TBHP (4.0 eq.),
CH,Cly, reflux, 3 h

NaBH,4 (1.0 eq.),
CeCl3'7H,0 (1.0 eq.),
MeOH, rt, 5 min

40% over 2 steps

Scheme 4.10: Sequence for the synthesis of 4.25 from 2.50 via allylic oxidation to compound 3.30 followed by
reduction.

When this batch of 4.25 was hydrogenated using the same conditions as before, a 3:2 ratio of
diastereomers was obtained, a strikingly different outcome to that observed previously. Undesired
product 4.26 remained the major product, whilst the minor product was found to be the desired
stereoisomer 4.27 (Table 4.3, entry 1). This apparent irreproducibility of outcome in the
hydrogenation of 4.25 demanded an explanation. A repeat experiment conducted on material which
had been purified by two rounds of column chromatography confirmed the discrepancy and gave a
product ratio of 3:2. Given that the chemical history of the starting material batch was the most

obvious difference between the two results, a series of spiking experiments was performed. It was
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found that the inclusion of approximately 0.1 mol.% of Cu(bipy)BF4 (0.01 equivalents with respect to
palladium) led to the high selectivity outcome (entry 2). Increasing this loading any further led to
complete inhibition of hydrogenation, with no appreciable conversion observed after twelve hours
(entry 3). Although 4.26 was not the stereoisomer we desired to access in the context of a total
synthesis of natural product 1.17, the ability to access this stereoisomer is relevant to any structure-
activity relationship studies of 1.17 or other jatrophane natural products which might be carried out
in the future. Moreover, this result highlights that dramatic changes in selectivity can be elicited by
catalyst poisoning. The application of these poisoned hydrogenation conditions to other
hydrogenation reactions undertaken in this project led to no significant changes in selectivity,
indicating a strong degree of system-dependence in this chemistry. We attribute this phenomenon to

catalyst poisoning.#’

see table for
conditions
Entry Additive (mol.%) Result
1 3:2 ratio 4.27 t0 4.26, 92%
None .
combined
2 . 10:1 ratio 4.27 to 4.26, 87%
Cu(bipy)BF4 (0.1) .
combined
3 Cu(bipy)BF4(2.0) No reactivity

Table 4.3: Results of the investigation into the hydrogenation of 4.25. Reactions conditions were: 4.25 (1.0 eq.),
palladium on carbon (10 mol.%), additive, hydrogen balloon, ethyl acetate, room temperature.
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The relative configurations of 4.26 and 4.27 were determined by *H NOESY experiments. For 4.26, a
reciprocal NOE correlation between the alkyl proton of the secondary alcohol and the protons of the
methyl group indicated the exo- disposition of the methyl group. This assignment was corroborated
by a reciprocal NOE correlation between the alkyl proton of the methine group and the hydroxyl
proton of the secondary alcohol on the endo- face of the oxabicyclo-[3.3.0]-octane system. The
assignment of compound 4.27 was less facile due to overlapping peaks in the *H NMR spectrum;
however a reciprocal NOE correlation between the hydroxyl proton and the protons of the methyl
group was indicative. This assignment was corroborated by comparing the *H NOESY spectra of the

two diastereomers.

a)

Scheme 4.11: Selected NOESY correlations used in the stereochemical assignments of compounds 4.26 and 4.27.
a) Correlations for 4.26. b) Correlations for 4.27. E = CO,Me.
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At this stage, having found methods for accessing all three undesired stereoisomers at the methyl-
and oxygen-bearing carbon atoms in the cyclopentane ring in greater than 5:1 selectivity, we
determined to access the desired 4.3. To achieve this, we opted to overwhelm any native selectivity
in the system with a large steric blocking group. 4.25 was silylated using tert-butyldimethylsilyl triflate
(TBSOTHS) in the presence of 2,6-lutidine to give 4.28 in a yield of 78% after twelve hours. The use of
the analogous silyl chloride (TBSCI) failed to elicit any conversion of the starting material, as did the
use of triisopropylsilyl triflate (TIPSOTf); these failures presumably stem from the need to introduce
the large silyl group onto the already sterically congested endo- face of the oxabicyclo-[3.3.0]-octane.
The silyl ether 4.28 thus obtained was then hydrogenated using palladium-on-carbon as a
heterogeneous catalyst. Pleasingly, this delivered 4.3 as the sole product in a quantitative yield after
four hours, affirming the validity of the sterically controlled approach (Scheme 4.12). It should be
mentioned that this hydrogenation reaction was somewhat capricious; reproducible successful results
were obtained when the substrate solution was sparged first with nitrogen and then with hydrogen,
before being added to a flask under nitrogen containing the catalyst. Rapid stirring and a fresh, triple-

skinned hydrogen balloon also led to a faster reaction.

TBSOTf (3.0 eq.),
2,6-lutidine (4.5 eq.),
CH,Cly, rt, 12 hours

—

78%

H, (1 atm),
Pd/C (10 mol.% Pd),

MeO,C 9
: EtOAc, r1t, 4 hours
_——

Meo,c 9

quant.
dr.>10:1

heterogeneous catalyst
delivers hydrogen to
less hindered face

Scheme 4.12: Silylation and hydrogenation of 4.25 via 4.28 to give 4.3 as the major product.

The relative configuration of 4.3 was confirmed by a *H NOESY experiment (Scheme 4.13). A reciprocal

NOE correlation between the alkyl methine proton and the alkyl proton of the secondary silyl ether
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indicated that hydrogenation had been successfully directed to the exo- face. This assighment was
corroborated by a reciprocal NOE correlation between the protons of the methyl group and those of

the alkyl protons of the silane, and are in keeping with other stereochemical assignments made

throughout this project.

Scheme 4.13: Selected NOESY correlations used in the stereochemical assignment of compound 4.3. E = CO,Me.
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4.3 Bromination and reduction

4.3.1 Prior art and use of 2.50 as model substrate

Having set the stereochemistry at the methyl- and oxygen-bearing carbon atoms, the next task was to
convert the lactone structure into a-hydroxyacetal 4.1. As discussed in Section 1.5.2 and Scheme 4.1,
we had chosen to achieve this via the DIBALH-mediated reduction of a-bromolactone 4.2, which
would be accessed via the decarboxylative bromination of 4.3. Given that 2.50 was furnished with the
same relevant functionality as 4.3, it was chosen as a model substrate for this sequence.

During his work on the more simplified model system, Dr Bruno Sousa had accessed the
a-bromolactone 1.114 from the carboxylic acid 1.113 through the use of a Barton radical
decarboxylation in the presence of bromotrichloromethane.®® This was for two reasons. Firstly, it was
the sequence performed by Dr Erin Shepherd during her attempted synthesis of pepluanin A 1.18,
where an attempted Krapcho decarboxylation-anionic bromination sequence had failed;>® 148
secondly, the epoxide formation/opening conditions used on the model system had given the

carboxylic acid directly (see Section 2.3.1; Scheme 4.14).

a) DIBALH (4.0 eq.),
5 THF, -78 °C, 12 h,
arton then NaOMe (9.0 eq.),
HO,C 0 decarboxy- Br @  MeOH, -78 (SC to fﬂ,) Ho OMe
- bromination z 2h OMe
0O —» o)
: : 69% :
TIPSO H TIPSO H over two steps TIPSO H OH
4.29 1.80 1.81
DIBALH (4.0 eq.),
b) 5 THF, -78 °C, 12 h,
arton then NaOMe (9.0 eq.),
deca'rbo>_<y— MeOH, -78 °C to rt, Ho QMe
bromination 2h

43%
over two steps

Scheme 4.14: Decarboxylative halogenation and reduction sequences performed by a) Dr Erin Shepherd on 4.29 and
b) Dr Bruno Sousa on 1.113.

As lactone 2.50 is endowed with a methyl ester rather than a carboxylic acid, and given our prior
difficulties with basic hydrolysis in this system (Section 2.3.4), it was convenient to briefly explore the
Krapcho decarboxylation-anionic bromination sequence on our model system. As such, 2.50 was

treated with lithium chloride in wet dimethylformamide at reflux; after four hours, this resulted in an
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86% vyield of lactone 4.30. Anionic bromination proved slightly more challenging. Attempts to

deprotonate the starting material with lithium hexamethyldisilazide (LiIHMDS) followed by the

addition of carbon tetrabromide resulted in no isolable compounds; the ESI* mass spectrum of the

crude material contained a peak corresponding to the mass of Claisen self-condensation product 4.32

(m/z = 587.3 = [M+Na]*, not isolated). Similar results were obtained using inverse addition; this

indicated that the undesired Claisen condensation was outcompeting deprotonation. As such, LIHMDS

was added to a mixture of starting material 4.30 and 20 equivalents of carbon tetrabromide in order

to statistically outcompete the Claisen process. Gratifyingly, this led to a 68% yield of a-bromolactone

4.31. The stoichiometry of carbon tetrabromide could be lowered to five equivalents without

impairing this outcome; these results are summarised in Table 4.4.

Meo,c 9 wggnﬂ%oé%)dc, H see table for
F 4 hours _ : conditions
:Cs[%H 86% o :Cié; o
210 oTBS 4"*30 OTBS
| \
A— . Cﬁ
Entry Method Eq:;vg:::ts Result
1 LiIHMDS added 3.0 No products isolated, 4.32 observed by
to substrate MS
2 Substrate added 3.0 No products isolated, 4.32 observed by
to LIHMDS MS
LiIHMDS added
3 to substrate and 20.0 68% vyield of 4.31
CBry
LIHMDS added
4 to substrate and 5.0 70% yield of 4.31
CBry

Table 4.4: Results of the investigation into the anionic bromination of 4.30. Reactions conditions were: 4.30 (1.0 eq.),

carbon tetrabromide, LIHMDS (2.0 eq.), tetrahydrofuran, 0 °C to rt, 30 minutes.
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Having accessed a-bromolactone 4.31, we now needed to trial the DIBALH-mediated reduction.

Exposure of 4.31 to four equivalents of DIBALH at -78 °C for twelve hours, followed by the introduction

of sodium methoxide in methanol, led to the formation of 4.33 in a yield of 67%. This compound was

found to be stable on the timescale of column chromatography and characterisation. This result is

summarised in Scheme 4.15.

) DIBALH (4.0 eq.),
LIHMDS (2.0 eq.), THF, -78 °C, 12 h,

CBry (5.0 eq.), then NaOMe (9.0 eq.),
THF, 0°Cto rt, MeOH, -78 °C to rt,
30 min 2h
70% 67%
4.30 4.31 4.33

Scheme 4.15: Bromination and reduction of compound 4.30 to give acetal 4.33.

The relative configuration of 4.33 was assigned with comparison to the results of Dr Sousa and Dr
Shepherd (Section 1.4, 1.5), and is the only diastereomer which can be obtained from the above
conditions which is in keeping with the mechanistic rationale. A *H NOESY experiment was run to
cement this assignment, however due to overlapping peaks in the *H NMR spectrum, all correlations

which would either clearly prove or disprove this assignment were ambiguous.

4.3.2 Extension of the reduction sequence to lactone 4.3

Having devised appropriate conditions for, and accomplished, the desired decarboxylation-
bromination-reduction sequence on the model system 2.50, we now sought to apply this methodology
to the more advanced 4.3. This ‘real’ substrate retains the salient functionality from the model
substrate and much of the peripheral substitution; the main chemical difference is the increase in
steric crowding in the ‘bow!’ of the oxabicyclo-[3.3.0]-octane system on account of the methyl and
silyloxy groups.

Subjection of 4.3 to the same Krapcho decarboxylation conditions outlined previously resulted in the

complete consumption of starting material and the formation of 4.34 in an isolated yield of 92%. The
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anionic bromination conditions delineated in Table 4.3 led to the formation of 4.2 in a yield of 74%,
vindicating the use of the model system for the investigation of this sequence. This set of results is

summarised in Scheme 4.16.

LIHMDS (2.0 eq.),

LiCl (5.0 eq.), CBry4 (5.0 eq.),
wet DMF, 150 °C, THF, 0°Ctort,
4 h 30 min

74%

Scheme 4.16: Krapcho decarboxylation and anionic bromination of 4.3 to give 4.2.

The reduction of the a-bromolactone 4.2 proved to be less comparable to the reduction of the model
system a-bromolactone 4.31; the summary of our investigation to that end is contained within Table
4.5. Following an initial failure to replicate the reactivity of the model system, we chose to focus on
the initial reduction step to the lactol 4.35, before subsequently converting this to the desired acetal
4.1. Difficulties associated with maintaining test-scale reactions at -78 °C overnight engendered a
degree of irreproducibility in the initial results; at length it was determined that performing the
reaction in tetrahydrofuran at -78 °C elicited no conversion of the starting material even after 36
hours. This deserves brief commentary in light of Dr Erin Shepherd’s and our finding that 1.80 and
4.31 respectively succumbed to these conditions; evidently the hydride reduction of the lactone to an
aluminium-bound acetal can tolerate the steric demand of either of the endo- disposed silyloxy
groups, but not both, at -78 °C (entry 1). Running the reaction at 0 °C in tetrahydrofuran resulted in
the slow consumption of starting material through to lactol 4.35, however the TLC profile and *H NMR
spectrum of the reaction material at full starting material conversion (six hours) exhibited a rich array
of products which could not be identified on the test scale (entry 2). We ascribed this undesirable
outcome to the rate of product degradation being competitive with that of starting material
consumption. As such, we examined whether the use of a non-coordinating solvent might accelerate
the reduction step; indeed, performing the reaction in toluene resulted in a 58% yield of lactol 4.35

after 20 minutes at 0 °C, followed by rapid column chromatography (entry 3).
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see table for Br OH

conditions :
—> Me [o]
TBSO OTBS

4.35
Entry Solvent Temp:e rature Result
(°C)
1 THF -78 No consumption of 4.2
2 THE 0 Slow consumption of 4.2, wide range
of products after six hours
3 PhMe 0 58% yield of 4.35 after 20 minutes

Table 4.5: Results of the investigation into the reduction of 4.2. Reactions conditions were: 4.2 (1.0 eq.), DIBALH (4.0
eq.), solvent, temperature.

With lactol 4.35 in hand, it was treated with sodium methoxide in methanol and tetrahydrofuran with
the intention of reaching acetal 4.1. This led to the formation of an inseparable mixture of compounds,
characterised as the desired acetal 4.1 and the aldehyde 4.36 (Scheme 4.17) with full conservation of
mass. Presuming that 4.36 arose from the partial hydrolysis of 4.1 during work-up or in the NMR
sample on the small scale of this reaction (0.002 mmol), we attempted to repeat this transformation
on a larger scale to access 4.1 cleanly. Performing the reduction on 4.2 on a larger scale (0.020 mmol)
and subsequently treating the crude material, rather than purified lactol 4.35, with sodium methoxide
gave two interesting results: firstly, 4.1 and 4.36 were both obtained, again in a ratio of 5:2; secondly,
there was a significant proportion of epoxide 4.38 isolated.

The retention of the ratio of 4.1 to 4.36 implies that the partial hydrolysis of 4.1 was not an artefact
of performing the reaction on a small scale, and is in fact a reliable result of performing the aqueous
work-up. The reason for the increased tendency of this acetal to hydrolyse as compared with the
model substrate 4.33 or acetal 1.81 made by Dr Erin Shepherd is unclear. One possibility is that a

general increase in steric compression around the cyclopentane ring in 4.1 as compared with these
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less hindered species leads to a greater propensity for the acetal to ionise to release this compression

(Scheme 4.17).

TBSOA/OF;) TBso OH

OH OMe OH
Me < _ . Me ‘(
H |-IOMe H HH

H ‘oTBs H “otes

4.1 4.36
Scheme 4.17: Steric interactions around the cyclopentane ring of 4.1 possibly driving acetal hydrolysis.

The formation of the epoxide 4.38 presumably arises via the production of diol 4.37 from the
reduction of the lactol 4.35, followed by a 3-exo-trig cyclisation upon exposure to base (Scheme 4.18).
Presumably diol 4.37 could be isolated from the reduction reaction using appropriate
chromatographic conditions, and this result explains the loss of mass balance previously observed

(Table 4.4).

reduction

4.2

Scheme 4.18: Presumed pathway for the formation of epoxide 4.38 via diol 4.37 (not isolated).

As the acetal 4.1 could not be accessed cleanly, we reasoned that epoxide 4.38 presented a more
synthetically useful intermediate for our synthesis. As such, we repeated the sequence described in
this section with a four-hour reaction time for the DIBALH reduction followed by brief exposure to

sodium methoxide; this ultimately led to the isolation of epoxide 4.38 in a yield of 82% from 4.2

(Scheme 4.19).
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DIBALH (4.0 eq.),
PhMe 0 °C, 4 h,
then NaOMe (9.0 eq.),
MeOH, rt, 2 h

82%

only product
isolated

Scheme 4.19: One-pot reaction to yield epoxide 4.38 directly from lactone 4.2.

The stereochemistry of epoxide 4.38 was confirmed by 'H NMR NOESY experiments, the key
correlations of which are shown below (Scheme 4.20). Reciprocal NOE correlations between the
epoxide protons and alkyl protons on the lower face (as shown) of the cyclopentane ring indicated the

assignment shown, which is in keeping with all other results obtained and mechanistic rationale.

Scheme 4.20: Selected NOESY correlations used in the stereochemical assignments of compound4.38.
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4.4 Attempts to install an a-vinyl pronucleophile

4.4.1 Strategy for the installation of a vinyl pronucleophile

Having installed the five major stereocentres of the natural product core, the next challenge was to
install a vinyl pronucleophile at the site occupied by the silyloxy group of lactone 4.3. We chose 4.3 as
the putative model substrate for this transformation due to its ease of accessibility and stability. Our
plan for this sequence was to carry out a site-selective cleavage of the primary silyl ether to reach
4.39, followed by an oxidation to an aldehyde 4.40, and homologation to alkyne 4.41. This terminal

alkyne would then serve as the basis for derivatisation to the vinyl pronucleophile 4.42 (Scheme 4.21).

MeO,c 9 selective
: deprotection oxidation
Me— | O 7T Me— | O TTTTTTTTTTTOOC
H ' H
TBSO OTBS
4.3 4.40
i
homologation !
hydro- MeO,C o

functionalisation

"""""""""""""""" Me o]
B ‘'H
T8so H \

Scheme 4.21: Prospective transformation of silyl ether 4.3 into vinylmetallic reagent 4.43.

4.4.2 Synthesis of alkyne 4.41

The selective deprotection of 4.3 at the primary silyl ether was achieved by subjecting the starting
material to catalytic para-toluenesulfonic acid in methanol at 0 °C. This proceeded quantitatively to
give 4.39, with no deprotection of the secondary silyl ether observed. Primary alcohol 4.39 was then
treated with Dess-Martin periodinane buffered with sodium bicarbonate, which resulted in the
formation of aldehyde 4.40 in a quantitative yield as a single diastereomer, which was confirmed by
inference from subsequent data (Scheme 4.23) to be the desired (non-epimerised) one. These results

are summarised in Scheme 4.22.
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Dess-Martin
periodinane (1.5 eq.),

TsOH (20 mol.%), MeO,C o] NaHCO3 (5.0 eq.), MeO,C o]
MeOH, 0°C, 4 h : CHoCly, 1t, 1 h :
- Me T e
quant. ~~(y quant. H am
™850 H o, TBSO o
439 4.40

Scheme 4.22: Successful selective deprotection and oxidation of 4.3 to give 4.40.

Having successfully reached aldehyde 4.40, the next task was to perform a homologation to convert
the aldehyde into an alkyne. There are several methods for achieving this within the synthetic canon;
whilst the Ramirez-Corey-Fuchs sequence!*® 0 of reactions is a common approach, we chose to
employ the Ohira-Bestmann reagent 4.45'1 152 on account of the milder reaction conditions. Aldehyde
4.40 and potassium carbonate were stirred in methanol at room temperature, and 4.45 was added
(Table 4.6, entry 1). This led to rapid conversion of the starting material over the course of
approximately ten minutes; however, inspection of the *H NMR spectrum of the crude reaction
product revealed the presence of two alkyne species, assigned as diastereomers 4.41 and 4.44, in a
ratio of 3:2. It seemed evident that basic epimerisation of the starting material by potassium
carbonate was the cause of this. Performing the same reaction at 0 °C had no effect on the outcome
(entry 2). Given the rapidity of the homologation reaction, we reasoned that the order of reagent
addition might exert a significant effect. Indeed, adding potassium carbonate to a stirred solution of
4.40 and 4.45 resulted in the formation of the products in a significantly more favourable ratio of 5:1
(entry 3); evidently the brief period in the first case when 4.40 and potassium carbonate were allowed
to stir prior to 4.45 addition was sufficient for a significant degree of epimerisation to occur. Another
prospective solution to this problem would be to pre-form the anionic Seyferth-Gillbert reagent 4.46
in situ by treatment of 4.45 with one equivalent of sodium methoxide prior to the addition of

substrate.
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MeO,C 2 see table for
T conditions

N, N2
4.45 4.46
Temperature
Entry Method °) Result
4.45 added to a . )
1 . 3:2 ratio of 4.41:4.44, 66% combined
solution of 4.40 20 .
yield
and K,COs
4.45 added to a . )
2 ] 3:2 ratio of 4.41:4.44, 64% combined
solution of 4.40 0 .
yield
and K2C03
K,COsadded to . )
3 . 5:1 ratio of 4.41:4.44, 71% combined
a solution of 20 .
yield
4.40 and 4.45

Table 4.6: Results of the investigation into the homologation of 4.40. Reactions conditions were: 4.40 (1.0 eq.), 4.45
(2.0 eq.), potassium carbonate (3.0 eq.), methanol, temperature, 30 minutes.

The stereochemistry of 4.41 and 4.44 was assigned by a *H NOESY experiment conducted on the
mixture of the two (Scheme 4.23). For 4.41, reciprocal NOE correlations between the terminal proton
of the alkyne and the protons of the silane indicated that the transformations shown above had
occurred without epimerisation of the a-proton of the aldehyde. This was corroborated by reciprocal
NOE correlations between the lactone alkyl proton and the bridgehead proton on the endo- face. For
4.44, reciprocal NOE correlations between the lactone alkyl proton and the protons of the silane were

indicative of the assignment shown, which is in keeping with the assignment of 4.41.
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Scheme 4.23: Selected NOESY correlations used in the stereochemical assignments of compounds a) 4.41 and b) 4.44.

Having successfully accessed terminal alkyne 4.41 in good yield, we now faced the challenge of
converting it into a vinyl pronucleophile for use in a later macrocyclisation. As the Nozaki-Hiyama-Kishi
reaction was the intended methodology for macrocyclisation (see Section 1.5.2), we focused on the
installation of either an iodide or a tosylate at the internal position of the alkyne.

In general, most simple methods for the synthesis of a-vinyl iodides rely on the use of hydroiodic acid
or a surrogate thereof. Given the acid-sensitive protecting groups found throughout our planned
synthesis, we deemed 9-iodo-9-bicycloboranonane (9-1-9-BBN) to be the surest instantiation of this
strategy to start with. Exposure of 4.41 to 9-1-9-BBN, however, led to no consumption of starting
material over a 24 hour period. We thus turned to a procedure using cerium(lll) chloride and sodium
iodide published by the Marcantoni group, but this too failed to elicit any conversion of starting

material (Scheme 4.24).

CeCl3 (1.5 eq.),

Nal (2.0 eq.), 9-1-9-BBN (2.0 eq.),
MeCN, reflux, MeO,c 9 CH,Cly,
24h : 0°Ctort,24h

no reactivity
observed

no reactivity

observed Me

t8so H

4.41
Scheme 4.24: Unsuccessful attempts to hydroiodinate alkyne 4.41.
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4.4.3 Chapter summary

In conclusion, we have developed a route from lactone 2.50 to epoxide 4.38 in a yield of 16% over
seven steps. This sequence features a series of diastereoselective reductions which take advantage of
the natural concavity of the oxabicyclo-[3.3.0]-octane ring system to achieve exquisite levels of
stereocontrol; it concludes with an efficient reduction-cyclisation reaction to give spiro-epoxide 4.38,
establishing the fifth contiguous stereogenic centre in the jatrophane core and provide a useful handle

for subsequent functionalisation (Scheme 4.25).

SeO, (1.0 eq.),

TBHP (4.0 eq.),
CH,Cl,, reflux, 3 h
—_—_——

NaBH, (1.0 eq.),
CeCl37H,0 (1.0 eq.),
MeOH, rt, 5 min

40%
over two steps

4.25

TBSOTf (3.0 eq.),
2,6-lutidine (4.5 eq.), | 789

CH,Cly, 1t, 12 h
LiCl (5.0 eq.), H, (1 atm), o
wet DMF, 150 °C, Pd/C (10 mol.% Pd), MeO,C
4h EtOAc, rt, 4 h 3
B S
92% quant.

LIHMDS (2.0 eq.),
CBry4 (5.0 eq.),
THF, 0°Ctort,

30 min

74%

DIBALH (4.0 eq.),
PhMe, 0 °C, 4 h,
then NaOMe, MeOH,
rt,2h

82%

Scheme 4.25: Summary of the work covered in this chapter, resulting in epoxide 4.38.
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Chapter 5: Synthesis of the eastern fragment 5.2

5.1 Chapter introduction

The synthesis of the cyclopentane core 4.38, discussed in the previous chapters, was the major
challenge of the project and as such received the majority of our time and energy. However, as
outlined in Section 1.5.2, our synthetic plan also featured ‘eastern’ fragment 5.2. In that design, this
open-chain fragment contains five of the atoms in the twelve-membered ring of the jatrophane
skeleton, including the dimethylated quaternary carbon atom and two oxygen-bearing stereocentres;
this chain is capped by an aryl sulfone on one end and a protected alcohol or aldehyde on the other
end, enabling coupling to the cyclopentanoid fragment.

The stereogenic diol motif is perhaps retrosynthetically suggestive of the chemistry of Sharpless,>3 a
canon which had thus far richly rewarded our solicitations; in spite of this, we elected to pursue the
simpler, yet elegant, chiral pool-oriented strategy delineated below. In line with Dr Erin Shepherd’s
work on a homologue of this system (Scheme 1.12), the sulfone 5.2 would be installed via a
Mitsunobu/oxidation sequence performed on alcohol 5.3, accessed through the reduction of ester
5.4. The stereodefined B-hydroxyester retron suggests the acquisition of the relative configuration
through a Felkin-Nguyen®® or Cornforth-Evans>* stereocontrolled Reformatsky reaction?>®> between
methyl a-bromoisobutyrate 5.6 and glyceraldehyde acetonide 5.5. The absolute stereochemistry
would thus originate from that of 5.5, the enantiopure synthesis of which is known to be accomplished
by the oxidative cleavage of b-mannitol bisacetonide 5.7.1°¢ This chapter will cover our investigation

of this approach (Scheme 5.1).
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S .
o) Mitsunobu,
n _As idati RO OH
y RO O:S/LN oxidation OH-
. Me )
0
et ]/‘>8 oo e’ e
Me™ g Me Me
5.2 5.3
(protected 1.17)
ester
reduction

OH o><Me oxidative (0] [} Reformatsky RO O
o - Me cleavage OH« Me reaction ol
Ml W —— Me O H OMe &——— Mo OMe
Me OH Me” g Br' e Me M’ Me

(o]
5.7 5.5 5.6 5.4

Scheme 5.1: Strategy for the synthesis of ‘eastern’ fragment 5.2, starting from chiral pool starting material D-mannitol
acetonide 5.7.

5.2 Reformatsky approach to ester 5.4

5.2.1 Synthesis of glyceraldehyde acetonide 5.5

The incorporation of two equivalents of acetone into D-mannitol 5.8 to deliver the bisacetonide 5.7 is
a transformation which has abundant precedent in the synthetic literature. We initially followed the
procedure of Yamauchi and co-workers,*>” using ten equivalents of zinc(ll) chloride in dry acetone.
Although this did indeed yield the desired product 5.7 in a high yield of 81%, the work-up protocol
was somewhat impracticable on a larger (10.0 mmol or greater) scale; the addition of potassium
carbonate solution at the end of the reaction resulted in the precipitation of copious amounts of
zinc(ll) carbonate in the form of a dense slurry, which necessitated a tedious and inefficient
subsequent filtration step. As such, we turned instead to the work of Kroin and co-workers (Scheme
5.2),%¢ which uses a more economical three equivalents of zinc(ll) chloride resulting in a smoother
purification protocol and an admittedly slightly diminished yield of 75% for 5.7.

Having accessed 5.7, we next sought to cleave the central diol in order to provide two equivalents of
glyceraldehyde acetonide 5.5. This was readily achieved using sodium periodate in a biphasic

dichloromethane/aqueous sodium bicarbonate system, according to the conditions of Galvez and
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co-workers.'®® The crude aldehyde thus obtained was found to be essentially pure as a solution in

dichloromethane and was carried forward immediately without additional purification.

NalO4 (1.5 eq.),

OH NaHCO; (2.0 eq.),
L, o ZnCl, (3.0 eq.), b o °><'V'e 2:1 CHAClyH,0. A
- —OH acetone, rt, 15 h 0 o Me rn,4h 0%
HO H e Me>< 'Ho - > Me>< H
0,
HO OH 75% Me” Yo OH assumed quant. Me™ g
5.8 5.7 5.5

Scheme 5.2: Synthesis of glyceraldehyde acetonide 5.5 via the oxidative cleavage of D-mannitol acetonide 5.7.

5.2.2 Reformatsky reaction of glyceraldehyde acetonide 5.5

We now turned our attention to the Reformatsky reaction of this aldehyde with methyl
a-bromoisobutyrate 5.6, a transformation which would establish the second stereocentre in the
eastern fragment 5.2. We chose the Reformatsky protocol on two bases: firstly, that the reaction of
methyl 5.6 with zinc powder was the simplest protocol for generating a metal enolate operationally,
and secondly, that the divalent zinc(ll) cation would lead to well-defined Zimmerman-Traxler
transition states 5.11-5.14 (Scheme 5.3),**° thus enhancing the diastereoselectivity of the reaction.
This choice was rewarded by the formation of methyl ester 5.10 with in a yield of 67%, in a 10:1 ratio
with the minor diastereomer 5.15 (Scheme 5.3). It should be noted that the Reformatsky enolate 5.9
could only be successfully generated using zinc powder under sonication. We assert that the
diastereoselectivity of this reaction can be rationalised within the Felkin-Nguyen or Cornforth-Evans
models for the stereochemical outcome of nucleophilic addition to an a-chiral aldehyde (5.11-5.14).
Within the Felkin-Nguyen paradigm, the most electrophilic conformations of the aldehyde are
obtained through the perpendicular alignment of the C-O o-bond of the a-carbon and the C-O n-bond
of the carbonyl; nucleophilic attack occurs preferentially on the conformer in which the proton
substituent, rather than the 1,3-dioxolane ring, occludes the Burgi-Dunitz trajectory. The

Cornforth-Evans model presents an even more compelling distinction between the two
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diastereomeric series: the most populated conformer of the a-chiral aldehyde is obtained via the
opposed alignment of the relevant two C-O bonds and their respective dipoles; the nucleophile then

attacks from the proton-bearing face rather than the 1,3-dioxolane bearing face.

a)

o
o“j)L
Me i H
Me><o
5.5 HO ©

o) Zn powder (3.3 eq.), OZnBr (0.3 eq.), H
Me>‘)j\ome THF, rt, sonication, 5 ml; Meﬁ/\ome THF, -78 °C . MEXONOMe
Br 50% over 2 steps Me Me Me

Me Me dr.=10:1 o
5.6 5.9 (yield determined 5.10
from 5.5)
b)
o ks t H HO O
Me Me Me o~
,0-|-zn-9 o H.0-.7,-0 Me OMe
Me>< y.- fn or 2 Z .- En - > M >< Me Me
o Hivd Me’\ > e” Yo
H'C  OMe v © i ‘ome <10
5.11 5.12 major broduct
Felkin-Nguyen alignment Cornforth-Evans alignment 1
of C-O o*-orbital of C-O o-bond
t $ HO o
Me H Me H %
M . LA B
ST W IR B <3 VO I
- -t Me Me Me
MeO MQHQ o Me MeO  Me |-|o><0 o
Me Me 5.5
minor product
5.13 514
Felkin-Nguyen alignment Cornforth-Evans alignment
of C-O o*-orbital of C-O o-bond
Unfavourable steric Unfavourable steric
interaction interaction

Scheme 5.3: a) Reformatsky reaction of methyl a-bromoisobutyrate 5.6, and glyceraldehyde acetonide 5.9. b) Putative
Felkin-Nguyen and Cornforth-Evans Zimmerman-Traxler transition states leading to major and minor products5.10 and
5.15 respectively.
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5.2.3 Proof of the relative stereochemistry of 5.10 by lactonisation to 5.16

Before proceeding with the synthesis, we endeavoured to demonstrate that the major diastereomer
formed from this reaction was indeed the one predicted by the Zimmerman-Traxler transition state,
required by the project, and depicted above as compound 5.10. As such, the putative 5.10 was treated
with dilute hydrochloric acid resulting in the formal loss of acetone and methanol and giving
guantitative formation of lactone 5.16 as a crystalline solid (Scheme 5.4). The relative configuration
of 5.16 was then assigned using a *H NOESY experiment, and that of 5.10 was correspondingly inferred
(see Scheme 5.5 below). The protons of the hydroxymethyl group showed a stronger reciprocal NOE
correlation to one of the diastereotopic methyl groups, suggesting that they occupied the same face;
the other methyl group exhibited a stronger reciprocal NOE correlation to the hydroxyl proton of the
secondary alcohol, indicating that the secondary alcohol is trans- to the hydroxymethyl group as
shown. This is in keeping with the theory delineated in Scheme 5.3 and the results of Dr Erin Shepherd.
We additionally determined that 5.16 could be obtained via the direct treatment of the crude
Reformatsky reaction product with dilute hydrochloric acid, allowing for an entirely non-
chromatographic preparation of analytically pure 5.16 from commercially available starting materials.
The prospect of such a facile, scalable, and expeditious opening sequence to the eastern fragment led
us to contemplate whether 5.16 could be efficiently integrated into the planned route. The realisation
of this would require the oxidation of the primary alcohol to give protected aldehyde 5.17, as the
reduction of the lactone prior to such a transformation would lead to the need for extensive use of

protecting groups and thus stray from efficiency.

[0}

HO O conc. HCI (12.0 eq.), Me primary alcohol oxidation, PO
H 2:1 water/THF, rt, 2 h Me o) protection steps, reduction p H
Me><° 3 OMe > oH Tt - 0 OH
Me” \g— Me Me quant. wo' ) Me Me
o o
5.10 5.16 5.17

Scheme 5.4: Acid-mediated lactonisation to give 5.16, and prospective route to 5.17.
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Scheme 5.5: Selected NOESY correlations found in compound 5.16.

As such, 5.16 was subjected to a suite of standard alcohol oxidation conditions, with the goal of
oxidising the primary alcohol selectively in the presence of the considerably more hindered secondary
alcohol (Scheme 5.6). The Stahl,42144 Swern,¢° Parikh-Doering,'%! and Piancatelli'®? protocols all failed
to elicit any reactivity whatsoever from 5.16. This surprising inertia led us to consult the literature in
a search for analogous systems; this led us to the work of Menche and co-workers on the total
synthesis of a set of leupyrrin natural products.*®3 During their investigations, the Menche group had
attempted to oxidise 5.18 to 5.19 using a variety of procedures; in their publication, they note that
5.18 was ‘very unreactive’, requiring the use of Dess-Martin periodinane to obtain any product at all
and even then in irreproducible yields. Given the apparent similarities between their system and ours,

we elected to discontinue this line of investigation.

a)
(o}
RO N 0 various oxidation COHdItIOﬂS= RO D oxidation only observed using Dess-Martin periodinane;
Me* OH Me yields irreproducible, no reactivity observed on free
ROl : | alcohols
5.18
b)
o Stahl, Swern, Parikh-Doering,
Me Piancatelli oxidation conditions .
Me O, > no reactivity observed
a OH
HO" 2
H H
5.16

Scheme 5.6: a) Results from Menche and co-workers on the attempted oxidation of system 5.18. b) Our unsuccessful
attempts to oxidise 5.16.
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5.3 Synthesis of eastern fragment 5.24

Having discarded the notion of proceeding from lactone 5.16, we returned our attention to 5.10 and

the matter of how to proceed thence. Taking Dr Erin Shepherd’s route to 1.85 as a blueprint

(delineated in Scheme 1.12), 5.10 was treated with freshly prepared para-methoxybenzyl bromide

(PMBBr) in the presence of base, resulting in the formation of 5.21 in good yield. Reduction of the

methyl ester group of 5.21 with DIBALH resulted in smooth conversion to primary alcohol 5.22, again

in high yield (Scheme 5.7). Subsequent Mitsunobu reaction with 2-mercaptobenzothiazole 5.25

proved facile in spite of the neopentylic substrate, resulting in thioether 5.23. Oxidation with hydrogen

peroxide in the presence of ammonium molybdate then gave the sulfone 5.24 in good yield.

HO O

H—
Me><°' OMe
Me o Me Me

5.10

e

PMBBr (2.0 eq.),

NEt; (3.0 eq.),
KHMDS (1.5 eq.), DIBALH (3.0 eq.),
THF, -78 °C to PMBO O CHCly, -78 °C to PMBO  OH
0°C,2h ot 0°C,2h ot
> Me OMe > Me y
68% Me><° Me Me 85% Me><0 Me Me
5.21 5.22
DIAD (1.8 eq.),
5.25 (2.0 eq.),
PPhs (2.2 eq.), | 84%
THF, 65°C, 2 h
o} (NH,)6Mo70,4 (2.0 eq.) S/Q
4)6 724 \&- <)
PMBO 0¢§/L‘N 1:1:1 THF/Et;0/H,0, (30% aq.), PMBO S/L‘N
H B ,12h H
I\,|e><o . - —— Me><o .
Me o Me Me Me Me Me

5.24

(o]
5.23

Scheme 5.7: Elaboration of ester 5.10 to sulfone 5.24 through protection, reduction, substitution, and oxidation.
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5.4 Chapter summary

In summary, the work in this chapter constitutes a short, efficient synthesis of fully protected eastern
fragment 5.24 from the chiral pool starting material D-mannitol 5.8 in seven steps and a cumulative
yield of 14% (Scheme 5.8). Material thus obtained would be suitable for Julia-Kocienski'®* coupling

with prospective aldehyde 5.26 to give 5.27 in a continuation of this project.

o I
7 steps, [ORIPES
14% yield PI-IIVIBO ~s N
- Me><° <
Me o Me Me
5.8 5.24

Scheme 5.8: Summary of the synthesis of 5.24 described in this chapter, and prospective incorporation of 5.24 into the
synthesis of the jatrophanes by coupling with 5.26.
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Chapter 6: Conclusions and future work

6.1 Conclusion

In summary, we have made significant progress towards the synthesis of the jatrophane natural
product 1.17. The best route to our most advanced intermediate, 4.38, is shown in Scheme 6.1. As
described in Chapter 2 and Chapter 3, an open-chain molecule 1.106 was synthesised via an olefin
metathesis and malonate alkylation. This compound was then easily converted into an allylic alcohol
3.9 which served as the substrate for a Sharpless asymmetric epoxidation to give 3.10 after protection,
a transformation which gave a high level of enantioinduction into the synthesis. A subsequent tandem
epoxide opening-lactonisation reaction assembled an oxabicyclo-[3.3.0]-octane skeleton in cis-fused
cyclopentane lactone 2.50. The increased steric hindrance inside the ‘bow!’ of this structure relative
to the convex face enabled a series of highly diastereoselective transformations which accessed the
relative configuration necessary for the project. Allylic oxidation followed by hydride reduction gave
4.25; subsequent silylation gave 4.28, which was hydrogenated to give 4.3. A Krapcho decarboxylation
gave 4.34, and anionic bromination gave 4.2. Reduction with DIBALH followed by treatment with
sodium methoxide finally gave epoxide 4.38. Thus we had accessed 4.38 in 16 steps in an overall yield
of 6%. A number of possible alternatives for some of these transformations were explored, and this
route was found to be the most successful and direct. Before the termination of this project, the route
shown was conducted on asymmetric material, and data for enantioenriched intermediates were
obtained.

We also achieved the synthesis of eastern fragment 5.24, which has just been described in Chapter 5

and so will not be reiterated here (Scheme 5.7, Scheme 5.8).
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1.120 2.14
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K3POy4 (7.5 eq.),
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Me0,C 0

Scheme 6.1: The route to epxoxide 4.38 developed over the course of this project, proceeding in a 6% yield over 16

steps.
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6.2 Future work

Although the route shown above is adequate for the purpose of natural product synthesis, the allylic
oxidation is a conspicuous weakness. Scheme 6.2 depicts an alternative route where the allylic alcohol
is installed via the addition of a vinylmetallic species derived from building block 6.4 via iodide 6.5,
into an aldehyde 6.3. 6.3 could be synthesised from building block 6.1 via a Sharpless epoxidation to
give 6.2 followed by oxidation. This would give fragment 6.6 which is analogous to 3.2, but with
indeterminate stereochemistry. A sequence in line with that which has been developed in this thesis
would then enable access to 4.38. In addition to avoiding the low-yielding allylic oxidation step, this
route would avoid the costly early-stage ruthenium-catalysed olefin metathesis and lower the overall
step count of the route. Following this, the planin Section 1.5 could be continued to further investigate

the applicability of this chemistry to the total synthesis of the jatrophanes.

Sharpless
epoxidation oxidation H OH
[ [0 R P HO AN e mommmmmnn A
~X“oTBS > \/6>/\0Tas > \[@/\OTBS ;
o |
6.1 6.2 6.3 6.4
. \
i substitution i
i Nozaki- Y
i Hiyama-
CO,Me ! Kishi C02Me
| reaction
D EEEEEE R S LT CO,Me
|
6.5
i oxidation
Meo,c QO
" reduction
--------- >

1.17
euphodendroidin D

Scheme 6.2: Hypothetical third-generation route to the cyclopentane core 4.38 of euphodendroidin D 1.17 using the
chemistry developed in this thesis.
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Chapter 7: Experimental

7.1 General experimental

NMR spectra: Proton (*H) and proton-decoupled carbon (*3C) NMR spectra were recorded on Bruker
AV 600 (600/126 MHz), Bruker AV 500 (500/125 MHz), Bruker AV 400 (400/100 MHz) or Bruker DPX
200 (200/50 MHz) spectrometers. Proton and carbon chemical shifts are quoted in ppm and
referenced to tetramethylsilane (6 = 0 ppm), with residual protonated solvent as an internal standard.
Assignments were made by analysing chemical shifts, coupling constants, COSY, HSQC, HMBC, and
NOESY data, and by comparison with spectra of related compounds. Resonances are described as s
(singlet), d (doublet), t (triplet), g (quartet), m (multiplet), br (broad), dd (double doublet) and so on;
these resonances are described as they were seen, rather than as a chemical interpretation would
indicate (i.e. a resonance which would be chemically interpreted as a double doublet with two
identical coupling constants would be described as a triplet). Coupling constants (/) are given in Hz and
are rounded to the nearest 0.1 Hz, and are averaged between corresponding coupling constants.
Diastereotopic sets of protons are denoted H and H” where no stereochemical assignment could be
made. Where a stereochemical assignment could be made on the basis of NOESY data, diastereotopic
protons are either clearly labelled, or labelled Hendo and Hexo based on their orientation with respect to
the cis-fused oxabicyclo-[3.3.0]-octane skeleton (Scheme 7.1). Nuclei attached to or part of an

aromatic ring are either labelled Har or Car, or are clearly labelled where an assignment could be made.

o Hexo

Hendo

Scheme 7.1: Explanation of stereochemical labels used in NMR assignments in this thesis.
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Mass spectra: Low resolution mass spectra were recorded on a Fisons Platform spectrometer
(electrospray). High resolution mass spectra were recorded by Mass Spectrometry Department staff
at the Chemistry Research Laboratory, University of Oxford, using a Bruker Daltronics microTOF
spectrometer (electrospray). m/z values are reported in Daltons with their percentage abundances
and the formulae of relevant ions in parentheses. High resolution values are calculated to four decimal
places from the molecular formula, all found values being within an acceptable tolerance.

Infrared spectra: Infrared spectra were recorded on a Bruker Tensor 27 Fourier Transform
spectrometer, using diamond ATR. Absorption maxima (Vmax) are quoted in wavenumbers (cm™).
Melting points: Melting points were determined using a Griffin heated metal block apparatus and are
uncorrected. Solids were crystallised from chromatography solvent except where stated.

Optical rotations: Optical rotations were measured using a Perkin-Elmer 241 polarimeter in a cell of 1
dm path length (1). Specific rotations denoted as [a]} where T = temperature in °C, D refers to the 145

line of a sodium lamp (A =589 nm), and are calculated according to the equation below where a is the

100a
lc

observed rotation: [a]] =

Chromatography: TLC was performed on Merck DC-Alufolien 60 F254 0.2 mm precoated plates and
visualised using an acidic vanillin or basic potassium permanganate dips. Flash column
chromatography was performed on Merck 60 silica (particle size 40-63 um, pore diameter 60 A) and
the solvent system used is recorded in parentheses. HPLC analysis was performed in an Agilent 12000
series using a Chiracel OD column (9.4 x 250 mm, 10 um beads).

Reactions: All reactions were carried out in flame-dried glassware under an inert atmosphere of
nitrogen and employing standard techniques for handling air-sensitive materials unless specified.
Solvents and commercially available reagents were dried and purified before use, as appropriate;
where this was found to be necessary for a successful reaction outcome, it is clearly stated. Degassing
was done by sparging with argon gas. All water used experimentally was deionised and the term ‘brine’

refers to a saturated solution of sodium chloride in water.
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7.2 General preparations and purification procedures for reagents

2.45 - Bromodiethylsulfonium bromopentachloroantimonate (BDSB) had been previously synthesised
by Dr Sam Chan in the Jonathan Burton group, who kindly provided a sample.

2.44 - lododiethylsulfonium iodopentachloroantimonate (IDSI)

According to the procedure of Snyder®®: Diethyl sulfide (0.54 mL, 5.00 mmol) was added dropwise over
2 minutes to a solution of iodine (635 mg, 2.50 mmol) in 1,2-dichloroethane (15 mL) at 0 °C, and the
solution was stirred for 5 minutes. A solution of antimony pentachloride (1.0 M in dichloromethane,
5.00 mL, 5.00 mmol) was added dropwise over 1 minute, and the reaction was allowed to warm to
room temperature and stirred for 2 hours. The stirrer bar was removed, hexane (4 mL) was layered
on top of the solution, and the flask was carefully placed in a freezer and left for 48 hours. This led to
the formation of orange crystals, which were isolated via filtration and washed twice with ice-cold
hexane (1 mL), and dried under high vacuum prior to use without further purification (1.13 g, 3.50
mmol, 70% yield).

Cu/Al oxide

According to the modified procedure of Guerra®*®: Sodium carbonate (1.27 g, 12.00 mmol) and sodium
hydroxide (5.20 g, 13.00 mmol) were dissolved in water (100 mL) to give a colourless solution.
Copper(ll) chloride (5.00 g, 40.00 mmol) and aluminium trichloride (2.20 g, 16.00 mmol) were
dissolved in water (50 mL) to give a green solution. The basic solution was added dropwise to the
copper-containing solution over 5 minutes, and the resulting blue suspension was heated to 70 °C for
24 hours, over which time the suspension turned black. The mixture was cooled to room temperature,
filtered, and the black residue was washed with water. The residue was then dried under a stream of
nitrogen at 110 °C for 3 hours, cooled to room temperature, ground to a uniform consistency in a
mortar, and dried under high vacuum overnight.

3.59 — a sample of manganese complex 3.59 was generously donated to Pol Herndndez-Lladé in the
Jonathan Burton group by the group of Miquel Costas; a small portion of this donation was kindly

provided.
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Palladium(ll) acetate was recrystallised from benzene according to the procedure of White!®® prior for

use in this project.
Molecular sieves were activated by heating to 200 °C under high vacuum for 12 hours.

Other preparations and purifications for reagents are given in the procedures for the compounds they

were used to make.
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7.3 Preparations for compounds and characterisation data

1.120 - 2-Methylenepent-4-en-1-ol

/\JI\/OH

According to the procedure of Saux’*: copper(l) iodide (6.10 g, 32.0 mmol) was suspended in dry,
degassed diethyl ether (320 mL) in a multi-neck round-bottomed flask with a mechanical stirrer fitted,
and the suspension was cooled to -10 °C. Propargyl alcohol (17.9 g, 18.6 mL, 320 mmol) was added,
and then allylmagnesium bromide solution (1.0 M in diethyl ether, 800 mL, 800 mmol) was added
dropwise via cannula over 10 minutes. The mixture was warmed to room temperature and stirred for
1 hour. After this time had elapsed, the reaction was cooled down to 0 °C and quenched by the
dropwise addition of 50% aqueous ammonium chloride solution (800 mL) over 30 minutes. The
organic phase was separated, and the aqueous phase was extracted three times with diethyl ether
(500 mL). The combined organic fractions were washed with brine, dried over anhydrous magnesium
sulfate, filtered, and the majority of the diethyl ether was removed under reduced pressure. The crude
residue was distilled (b.p. = 84-85 °C at 34 mbar, lit. 84 °C at 33 mbar’?) to give the product as a
colourless oil (24.59 g, 250.6 mmol, 78% yield).

Data and spectra matched that previously reported in the literature.”

R.f: 0.28 (20% ethyl acetate in pentane, stains dark blue in vanillin dip, stains in potassium
permanganate dip without heating).

1H NMR (600 MHz, CDCl5): & 5.83 (ddt, J = 17.0, 10.0, 7.0 Hz, 1H, H,C=CHR), 5.11 — 5.00 (m, 1H,
HH’C=CHR), 5.10 — 5.00 (m, 2H, HH’C=CHR, HH’C=CR,), 4.88 (q, J = 1.5 Hz, 1H, HH’C=CR,), 4.04 (s, 2H,
CH,0H), 2.79 (d, J = 7.0 Hz, 2H, H,C=CHCH;R). Hydroxyl proton resonance not observed.

13C NMR (151 MHz, CDCls): & 147.4 (H,C=CR,), 135.9 (H,C=CHR), 116.7 (H,C=CHR), 110.7 (H,C=CR,),

65.9 (RCH,OH), 38.0 (H,C=CHCH:R).
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2.14 - (E)-5-(Hydroxymethyl)hexa-2,5-dien-1-yl acetate and 2.14’ - (Z)-5-(hydroxymethyl)hexa-2,5-

dien-1-yl acetate

o OH
(0]
Me)LoWI\/OH )L

Compound 1.120 (3.93 g, 40.0 mmol) and allyl acetate (40.05 g, 43.16 mL, 400.0 mmol) were dissolved
in dry, degassed dichloromethane (400 mL) under nitrogen. Hoveyda-Grubbs catalyst (2" generation,
also known as Hoveyda-Grubbs Catalyst® M720, 1.123) (376 mg, 0.600 mmol) was added, and the
solution was observed to turn a deep green colour which rapidly changed to a dark amber colour. The
reaction was allowed to stir for 24 hours under nitrogen (supplied through a Schlenk manifold to allow
for removal of the ethene by-product), after which dimethyl sulfoxide (0.38 mL) was added. The
solution was allowed to stir for 12 hours, after which activated charcoal (20 g) was added. The mixture
was allowed to stir for a further 12 hours, after which it was filtered through a pad of Celite™. Volatile
organics were removed under reduced pressure, and the crude residue was purified via flash column
chromatography, eluting with 5-20% acetone in pentane, in order to give the product as a colourless
oil (5.24 g, 30.8 mmol, 77% yield, 10:1 ratio E to 2).

R.f: 0.15 (20% acetone in pentane, stains dark turquoise in vanillin dip, stains in potassium
permanganate dip without heating).

'H NMR (600 MHz, CDCls): § 5.75 (dt, J = 15.3, 6.9 Hz, 1H, AcOCH,CH=CHR), 5.63 (dt, J = 15.3, 6.4 Hz,
1H, AcOCH,CH=CHR), 5.07 (br s, 1H, HH’C=CR;), 4.89 (brs, 1H, HH’C=CR;), 4.52 (dt, / = 6.4, 1.0 Hz, 2H,
AcOCH,CH=CR), 4.05 (s, 2H, HOCHzR), 2.82 (d, J = 6.9 Hz, 2H, AcOCH,CH=CHCH2R), 2.05 (s, 3H,
MeCO;R). Distinguishable minor diastereomer peaks: 4.63 (d, J = 6.2 Hz, 2H, AcOCH,CH=CR), 2.89 (d,
J = 6.9 Hz, 2H, AcOCH,CH=CHCH,R). Peak integral ratio for major:minor = 10:1. Hydroxyl proton
resonance not observed.

13C NMR (151 MHz, CDCl5): 6 171.0 (MeCOzR), 147.0 (H,C=CR;), 132.9 (AcOCH,CH=CHR), 126.1

(AcOCH2CH=CHR), 111.0 (H.C=CR;), 65.7 (HOCH:R), 65.0 (AcOCH:R), 36.0 (AcOCH,CH=CHCH:R), 21.1

117



(MeCO2R). Distinguishable minor diastereomer peaks: 131.9 (AcOCH,CH=CHR), 125.4
(AcOCH,CH=CHR), 60.3 (AcOCH3R), 31.3 (AcOCH,CH=CHCH,R).

IR: (Vmax/cm™® (thin film)) = 3416, 2932, 1737, 1432, 1382, 1026, 902.

LRMS (ESI*): m/z = 193.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([CoH140sNa]*) = 193.0835; m/z found = 193.0837

2.16 - (E)-5-(((Methylsulfonyl)oxy)methyl)hexa-2,5-dien-1-yl acetate; and 2.16’ - (2)-5-

(((methylsulfonyl)oxy)methyl)hexa-2,5-dien-1-yl acetate

(0]
M O._..Me
Me)LOWI\/O*3' e (o) S

0'1 \\O )L _ o’/ \b

Mixture 2.14 (3.40 g, 20.0 mmol) and methanesulfonyl chloride (2.75 g, 1.86 mL, 24.0 mmol) were
dissolved in dry dichloromethane (80 mL) in a flame-dried round-bottomed flask under nitrogen, and
the resulting solution was cooled to 0 °C in an ice bath. Triethylamine (2.83 g, 3.90 mL, 28.00 mmol)
was added dropwise over 1 minute. The reaction was allowed to stir for 10 minutes, after which time
a white precipitate was observed to have formed. The mixture was allowed to warm to room
temperature, was quenched by the addition of saturated aqueous sodium bicarbonate solution (40
mL) and water (40 mL), and stirred rapidly for 5 minutes. The reaction was transferred to a separating
funnel, and the organic layer was separated. The aqueous layer was extracted three times with ethyl
acetate (160 mL), and the combined organic extracts were washed with water, washed with brine,
dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under reduced
pressure to give the crude product as a pale yellow oil (4.97 g, 20.0 mmol, presumed quantitative
yield, 10:1 ratio of E to Z). N.B: This product was observed to have a mild lachrymatory effect, and as
such should be handled in sealed vessels when outside a fumehood, and should be concentrated on a
rotary evaporator inside a fumehood.

R.f: 0.25 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).
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14 NMR (600 MHz, CDCls): & 5.77 (dt, J = 15.2, 6.8 Hz, 1H, AcOCH,CH=CHR), 5.66 (dt, J = 15.2, 6.0 Hz,
1H, AcOCH,CH=CHR), 5.23 (brs, 1H, HH'C=CR;), 5.12 (brs, 1H, HH’C=CR;), 4.64 (s, 2H, MsOCHzR), 4.55
(d, J = 6.0 Hz, 2H, AcOCH2R), 3.02 (s, 3H, MeSO3R), 2.89 (d, J = 6.8 Hz, 2H, AcOCH,CH=CHCH,R), 2.06 (s,
3H, MeCO4R). Distinguishable minor diastereomer peaks: 4.64 (d, J = 6.8 Hz, 2H, AcOCH;R), 2.95 (d, J
= 7.4 Hz, 2H, AcOCH,CH=CHCH3R). Peak integral ratio for major:minor = 10:1.

13C NMR (151 MHz, CDCl3): 6 170.9 (MeCOzR), 140.3 (H,C=CR;), 131.3 (AcOCH,CH=CHR), 127.3
(ACOCH,CH=CHR), 117.1 (H,C=CR,), 71.9 (MsOCH,R), 64.7 (AcOCH.R), 38.1 (MeSOsR), 35.8
(AcOCH,CH=CHCH;R), 21.1 (MeCO;R). Distinguishable minor diastereomer peaks: 130.4
(ACOCH,CH=CHR), 126.6 (AcOCH,CH=CHR), 60.1 (AcOCH3R), 31.1 (AcOCH,CH=CHCH.R).

IR: (Vmax/cm™ (thin film)) = 1735, 1437, 1352, 1173, 1024, 967, 834.

LRMS (ESI*): m/z = 271.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C10H160sSNa]*) = 271.0611; m/z found = 271.0611

2.18 - Dibenzyl (E)-2-(6-acetoxy-2-methylenehex-4-en-1-yl)malonate;

BnO,C
Bnozc)\J\/\/\OAc
Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (159 mg, 0.750 mmol) and tetrabutylammonium iodide (7.4 mg, 0.020 mmol) were
suspended in dry, degassed tetrahydrofuran (0.10 mL). Dibenzyl malonate (31 mg, 0.027 mL, 0.11
mmol) was added, and a solution of mixture 2.16 (25 mg, 0.10 mmol) in dry, degassed tetrahydrofuran
(0.10 mL) was added. The resulting pale yellow suspension was stirred rapidly for 2 hours at room
temperature. After this time had elapsed, ethyl acetate (2 mL), saturated agueous ammonium chloride
solution (2 mL) and water (2 mL) were added and the organic phase was separated. The aqueous phase

was extracted three times with ethyl acetate (5 mL). The combined organic extracts were washed with

brine, dried over anhydrous magnesium sulfate, filtered, and volatile organics were removed under
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reduced pressure. The crude residue was purified via flash column chromatography, eluting with 20%
ethyl acetate in pentane, to give the product as a colourless oil (29 mg, 0.067 mmol, 67% yield).

R.f: 0.63 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 7.33 — 7.27 (m, 10H, H-Ar), 5.70 (dtt, J = 15.5, 6.6, 1.1 Hz, 1H,
AcOCH,CH=CHR), 5.58 (dtt, J = 15.5, 6.1, 1.1 Hz, 1H, AcOCH,CH=CHR), 5.14 (s, 4H, (PhCH,0,C),CHR),
4.78 (br s, 2H, HH’'C=CR,, HH’C=CR;), 4.50 (dd, J = 6.1, 1.1 Hz, 2H, AcOCH2R), 3.69 (t, J = 7.8 Hz, 1H,
(BnO,C),CHR), 2.75 (br d, J = 6.6 Hz, 2H, AcOCH,CH=CHCH3R), 2.66 (d, J = 7.8 Hz, 2H, (BnO,C),CHCHR),
2.05 (s, 3H, MeCOzR).

13C NMR (151 MHz, CDCls): & 170.9 (MeCO3R), 168.8 (2C, (Bn0O,C),CHR), 143.6 (H,C=CR;), 135.4 (2C,
RCO,CH,Car), 132.7 (AcOCH,CH=CHR), 128.7 (4C, Car), 128.5 (2C, Car), 128.4 (4C, Cas), 126.4
(AcOCH,CH=CHR), 113.0 (H.C=CR3), 67.4 (2C, (PhCH,0,C),CHR), 64.9 (AcOCH2R), 50.7 ((BnO,C),CHR),
39.1 (AcOCH,CH=CHCH;R), 34.8 ((BnO,C),CHCHR), 21.1 (MeCO;R).

IR: (Vmax/cm™! (thin film)) = 2980, 1736, 1498, 1455, 1231, 1150, 1026.

HRMS (ESI*): Predicted m/z ([CasH2s0sNal*) = 459.1778; m/z found = 459.1779.

1.106 - Dimethyl (E)-2-(6-acetoxy-2-methylenehex-4-en-1-yl)malonate and 1.106’ - dimethyl (2)-2-(6-

acetoxy-2-methylenehex-4-en-1-yl)malonate

MeO,C

M XN
MeO,C NX"Noac  Meo:C

OAc
Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (1.59 g, 7.50 mmol) and tetrabutylammonium iodide (74 mg, 0.20 mmol) were
suspended in dry, degassed tetrahydrofuran (1.00 mL). Dimethyl malonate (313 mg, 0.275 mL, 1.10
mmol) was added, and a solution of mixture 2.16 (248 mg, 1.00 mmol) in dry, degassed
tetrahydrofuran (1.00 mL) was added. The resulting pale yellow suspension was stirred rapidly for 2

hours at room temperature. After this time had elapsed, ethyl acetate (10 mL), saturated aqueous
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ammonium chloride solution (10 mL) and water (10 mL) were added and the organic phase was
separated. The aqueous phase was extracted three times with ethyl acetate (20 mL). The combined
organic extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and
volatile organics were removed under reduced pressure. The crude residue was purified via flash
column chromatography, eluting with 20% ethyl acetate in pentane, to give the product as a colourless
oil (244 mg, 0.823 mmol, 82% yield, 10:1 ratio of E to Z).

R.f: 0.50 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl5): 6 5.74 (dt, J = 15.2, 6.9 Hz, 1H, AcOCH,CH=CHR), 5.60 (dt, J = 15.2, 6.2 Hz,
1H, AcCOCH,CH=CHR), 4.82 (br s, 1H, HH'C=CR,), 4.80 (br s, 1H, HH’C=CRy), 4.52 (d, J = 6.2 Hz, 2H,
AcOCHzR), 3.72 (s, 6H, (MeOC),CHR), 3.60 (t, J = 7.8 Hz, 1H, (MeO,C),CHR), 2.77 (d, J = 6.9 Hz, 2H,
AcOCH,CH=CHCH,R), 2.61 (d, J = 7.8 Hz, 2H, (MeO,C),CHCH4R), 2.05 (s, 3H, MeCO:R). Distinguishable
minor diastereomer peaks: 4.60 (d, J = 5.4 Hz, 2H, AcOCH:R), 2.83 (d, J = 5.6 Hz, 2H,
AcOCH,CH=CHCH;R). Peak integral ratio for major:minor = 10:1.

13C NMR (151 MHz, CDCl3): 6 170.9 (MeCO3R), 169.5 (2C, (Me0,C),CHR), 143.7 (H,C=CR;), 132.7
(AcOCH,CH=CHR), 126.4 (AcOCH,CH=CHR), 112.8 (H2C=CR3), 64.9 (AcOCHR), 52.7 (2C, (MeOC),CHR),
50.4 ((MeO,C),CHR), 39.1 (AcOCH,CH=CHCH:R), 34.8 ((MeO.C),CHCH;R), 21.1 (MeCO;R).
Distinguishable minor diastereomer peaks: 131.7 (AcOCH,CH=CHR), 125.7 (AcOCH,CH=CHR), 60.1
(AcOCH3R), 34.2 (AcOCH,CH=CHCH:R).

IR: (Vmax/cm’! (thin film)) = 1735, 1436, 1231, 1153, 1027, 975.

LRMS (ESI*): m/z = 307.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C14aH2006Na]*) = 307.1152; m/z found = 307.1153.

121



1.125 - (+)-Dibenzyl 4-methylene-2-vinylcyclopentane-1,1-dicarboxylate

CO,Bn
: COan

A
Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (1.59 g, 7.50 mmol) and tetrabutylammonium iodide (74 mg, 0.20 mmol) were
suspended in dry, degassed tetrahydrofuran (1.00 mL). Dibenzyl malonate (313 mg, 0.275 mL, 1.10
mmol) was added, and a solution of mixture 2.16 (248 mg, 1.00 mmol) in dry, degassed
tetrahydrofuran (1.00 mL) was added. The resulting pale yellow suspension was stirred rapidly for 2
hours at room temperature. After this time, full consumption of 2.16 was observed by thin layer
chromatography (20% ethyl acetate in pentane), and a solution of palladium(ll) acetate (23 mg, 0.10
mmol) and triphenyl phosphine (79 mg, 0.30 mmol) in anhydrous, degassed tetrahydrofuran (8.00 mL)
was added, and the resulting bright orange suspension was stirred rapidly for 12 hours at room
temperature. After this time had elapsed, dichloromethane (10 mL), saturated agueous ammonium
chloride solution (10 mL) and water (10 mL) were added and the organic phase was separated. The
aqueous phase was extracted three times with dichloromethane (20 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile
organics were removed under reduced pressure. The crude residue was purified via flash column
chromatography, eluting with 10% diethyl ether in pentane, to give the product as a colourless oil (256
mg, 0.681 mmol, 68% yield).

R.f: 0.73 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

14 NMR (600 MHz, CDCls): & 7.39=7.21 (m, 10H, H-Ar), 5.79 (ddd, J = 16.6, 10.4, 7.9 Hz, 1H, RCH=CH,),
5.12 (br s, 2H, RCO,CHzPh), 5.07 (d, J = 12.3 Hz, 1H, RCO,CHH’Ph), 5.03 (d, J = 12.3 Hz, 1H,
RCO,CHH’Ph), 5.03 (br d, J = 16.6 Hz, 1H, RCH=CHH’), 4.96 (br d, J = 10.4 Hz, 1H, RCH=CHH’), 4.91 (br

s, 2H, R,C=CH,), 3.34 (q, J = 7.9 Hz, 1H, H,C=C(R)CH,CHR,), 3.21 (dq, J = 17.3, 2.2 Hz, 1H,
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H,C=C(R)CHH’CR(CO:Bn)s), 2.79 (dq, J = 17.3, 2.2 Hz, 1H, H,C=C(R)CHH’CR(CO,Bn).), 2.67 (dq, J = 17.3,
2.1 Hz, 1H, H,C=C(R)CHH’CHR;), 2.43 (dq, / = 17.3, 2.1 Hz, 1H, H,C=C(R)CHH’CHR:).

13C NMR (151 MHz, CDCls):  171.2 (RCO,Bn), 169.9 (RCO,Bn), 146.8 (R.C=CH,), 136.8 (RHC=CH,),
135.6 (RCH»-Ca/), 135.5 (RCH»-Car), 128.6 (2C, Car), 128.6 (2C, Ca/), 128.4 (Car), 128.4 (3C, Ca), 128.2 (2C,
Car), 116.7 (RHC=CH,), 107.6 (R2C=CH,), 67.3 (RCO,CHPh), 67.1 (RCO,CH,Ph), 63.9 ((Bn0O,C)-CR,), 49.0
(H.C=CHCHR), 40.2 ((BnO,C),CRCH,), 37.2 (H,C=CHC(R)HCHR).

N.B: The NMR resonances corresponding to nuclei in the desymmetrised CO,Bn groups were
coincident to a significant extent in both *H and *3C NMR spectra; this precluded a more precise
assignment. NOESY data may have allowed for assignment of the benzylic CH; groups.

IR: (Vmax/cm™® (thin film)) = 3034, 1731, 1498, 1455, 1231, 1162, 1029, 919, 738.

LRMS (ESI*): m/z = 399.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C24H2404Nal*) = 399.1567; m/z found = 399.1566.

1.102 - (1)-Dimethyl 4-methylene-2-vinylcyclopentane-1,1-dicarboxylate

CO,Me
z COzMG

i\

Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (15.92 g, 75.00 mmol) and tetrabutylammonium iodide (741 mg, 2.00 mmol) were
suspended in dry, degassed tetrahydrofuran (10.00 mL). Dimethyl malonate (1.45 g, 1.26 mL, 11.0
mmol) was added, and a solution of mixture 2.16 (2.48 g, 10.0 mmol) in dry, degassed tetrahydrofuran
(10.00 mL) was added. The resulting pale yellow suspension was stirred rapidly for 2 hours at room
temperature. After this time, full consumption of 2.16 was observed by thin layer chromatography
(20% ethyl acetate in pentane), and a solution of palladium(ll) acetate (225 mg, 1.00 mmol) and
triphenyl phosphine (787 mg, 3.00 mmol) in anhydrous, degassed tetrahydrofuran (80.00 mL) was

added, and the resulting bright orange suspension was stirred rapidly for 12 hours at room
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temperature. After this time had elapsed, dichloromethane (200 mL), saturated aqueous ammonium
chloride solution (100 mL) and water (100 mL) were added and the organic phase was separated. The
aqueous phase was extracted three times with dichloromethane (100 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile
organics were removed under reduced pressure. The crude residue was purified via flash column
chromatography, eluting with 10% diethyl ether in pentane, to give the product as a colourless oil
(1.58 g, 7.00 mmol, 70% yield).

R.f: 0.81 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

1H NMR (600 MHz, CDCls): 6 5.81 (ddd, J = 17.1, 10.3, 7.5 Hz, 1H, RCH=CH,), 5.10 (dd, J = 17.1, 1.7 Hz,
1H, RCH=CHH’), 5.00 (dd, / = 10.3, 1.7 Hz, 1H, RCH=CHH’), 4.92 (m, 2H, R,C=CH,), 3.73 (s, 3H, RCO,Me),
3.67 (s, 3H, RCOMe), 3.31 (q, J = 7.5 Hz, 1H, H,C=C(R)CH,CHR,), 3.18 (dqg, J = 17.3, 2.1 Hz, 1H,
H,C=C(R)CHH'CR(CO,Me),), 2.76 (dq, J = 17.3, 2.1 Hz, 1H, H,C=C(R)CHH’CR(CO,Me),), 2.66 (ddq, J =
16.3, 7.5, 2.0 Hz, 1H, H,C=C(R)CHH’CHR3), 2.42 (ddq, J = 16.3, 7.5, 2.4 Hz, 1H, H,C=C(R)CHH’CHRy).

13C NMR (151 MHz, CDCl5): 6 171.8 (RCO,Me), 170.4 (RCO,Me), 146.8 (R,C=CH,), 136.8 (RHC=CH>),
116.4 (RHC=CH,), 107.4 (H,C=CR,), 63.8 (R.C(CO.Me),), 52.6 (RCO.Me), 52.3 (RCO,Me), 48.9
(H2C=CHCHR,), 39.9 (H,C=C(R)CH,CR(CO,Me),), 37.1 (H,.C=C(R)CH,CHR).

IR: (Vmax/cm! (thin film)) = 2981, 1731, 1435, 1275, 1164, 1070, 1044, 959.

LRMS (ESI*): m/z = 247.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C12H1604Na]*) = 247.0941; m/z found = 247.0941.
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2.21 - (+)-Diethyl 4-methylene-2-vinylcyclopentane-1,1-dicarboxylate

Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (159 mg, 0.750 mmol) and tetrabutylammonium iodide (7.4 mg, 0.020 mmol) were
suspended in dry, degassed tetrahydrofuran (0.10 mL). Diethyl malonate (18 mg, 0.02 mL, 0.11 mmol)
was added, and a solution of mixture 2.16 (25 mg, 0.10 mmol) in dry, degassed tetrahydrofuran (0.10
mL) was added. The resulting pale yellow suspension was stirred rapidly for 2 hours at room
temperature. After this time, full consumption of 2.16 was observed by thin layer chromatography
(20% ethyl acetate in pentane), and a solution of palladium(ll) acetate (2.3 mg, 0.10 mmol) and
triphenyl phosphine (7.9 mg, 0.30 mmol) in anhydrous, degassed tetrahydrofuran (0.80 mL) was
added, and the resulting bright orange suspension was stirred rapidly for 12 hours at room
temperature. After this time had elapsed, dichloromethane (2 mL), saturated aqueous ammonium
chloride solution (2 mL) and water (5 mL) were added and the organic phase was separated. The
aqueous phase was extracted three times with dichloromethane (5 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile
organics were removed under reduced pressure. The crude residue was purified via flash column
chromatography, eluting with 10% diethyl ether in pentane, to give the product as a colourless oil (14
mg, 0.055 mmol, 55% yield).

R.f: 0.65 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

14 NMR (500 MHz, CDCls): 6 5.83 (ddd, J = 17.1, 10.3, 7.5 Hz, 1H, RCH=CH,), 5.09 (dt, J = 17.1, 1.5 Hz,
1H, RCH=CHH’), 5.03 (ddd, J=10.3, 1.5, 1.0 Hz, 1H, RCH=CHH’), 4.91 (m, 2H, R,C=CH,), 4.26 — 4.07 (m,
4H, R,C(CO,CH:Me)z), 3.30 (br g, J = 7.5 Hz, 1H, H,C=C(R)CH,CHR,), 3.22 — 3.11 (dq, J = 17.4, 2.2 Hz,

1H, H,C=C(R)CHH’CR(CO,Et),), 2.75 (da, J = 17.4, 2.2 Hz, 1H, H,C=C(R)CHH’CR(CO,Et),), 2.67 (ddgq, J =
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16.3, 7.5, 2.0 Hz, 1H, H,C=C(R)CHH’CHR,), 2.43 (ddq, J = 16.3, 7.5, 2.2 Hz, 1H, H,C=C(R)CHH’CHR,), 1.24
(t,J = 7.1 Hz, 3H, RCO,CH,Me), 1.22 (t, J = 7.1 Hz, 3H, RCO,CH,Me).

13C NMR (126 MHz, CDCl3): & 171.5 (RCO,Et), 170.2 (RCO,Et), 147.1 (R,C=CH.), 137.1 (RHC=CH,), 116.4
(RHC=CH,), 107.3 (H,C=CR,), 63.7 (R.C(COsEt),), 61.5 (RCO.CH.Me), 61.3 (RCO,CH,Me), 48.9
(Ho.C=CHCHR,), 40.0 (H,C=C(R)CH,CR(CO,Et),), 37.3 (H2C=C(R)CH.CHR,), 14.3 (RCO,CH,Me), 14.2
(RCO,CH,Me).

IR: (Vmax/cm® (thin film)) = 2981, 1730, 1445, 1367, 1261, 1096, 1044, 919.

LRMS (ESI*): m/z = 275.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C14H2104]*, [M+H]*) = 253.1434; m/z found = 253.1436.

2.22 - (+)-Diisopropyl 4-methylene-2-vinylcyclopentane-1,1-dicarboxylate

(_302iPr
:_CO,iPr

i
Anhydrous tribasic potassium phosphate (having been further dried by heating at 150 °C under high
vacuum overnight) (159 mg, 0.750 mmol) and tetrabutylammonium iodide (7.4 mg, 0.020 mmol) were
suspended in dry, degassed tetrahydrofuran (0.10 mL). Diisopropyl malonate (21 mg, 0.021 mL, 0.11
mmol) was added, and a solution of mixture 2.16 (25 mg, 0.10 mmol) in dry, degassed tetrahydrofuran
(0.10 mL) was added. The resulting pale yellow suspension was stirred rapidly for 2 hours at room
temperature. After this time, full consumption of 2.16 was observed by thin layer chromatography
(20% ethyl acetate in pentane), and a solution of palladium(ll) acetate (2.3 mg, 0.10 mmol) and
triphenyl phosphine (7.9 mg, 0.30 mmol) in anhydrous, degassed tetrahydrofuran (0.80 mL) was
added, and the resulting bright orange suspension was stirred rapidly for 12 hours at room
temperature. After this time had elapsed, dichloromethane (2 mL), saturated aqueous ammonium
chloride solution (2 mL) and water (5 mL) were added and the organic phase was separated. The

aqueous phase was extracted three times with dichloromethane (5 mL). The combined organic

126



extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile
organics were removed under reduced pressure. The crude residue was purified via flash column
chromatography, eluting with 10% diethyl ether in pentane, to give the product as a colourless oil (9
mg, 0.03 mmol, 32% yield).

R.f: 0.71 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

'H NMR (500 MHz, CDCl3): 6 5.84 (ddd, J = 17.1, 10.2, 8.0 Hz, 1H, RCH=CH>), 5.08 (dt, J = 17.1, 1.5 Hz,
1H, RCH=CHH’), 5.06 — 4.96 (m, 3H, RCH=CHH’, R,C(CO,CHMe;),), 4.93 — 4.88 (m, 2H, R,C=CH), 3.30
(g9, J = 7.6 Hz, 1H, H,C=C(R)CH,CHR:3), 3.14 (dq, J = 17.2, 2.3 Hz, 1H, H,C=C(R)CHH’CR(CO,iPr),), 2.72
(dg,J=17.2, 2.2 Hz, 1H, H,C=C(R)CHH’CR(CO,iPr),), 2.72 — 2.60 (m, 1H, H,C=C(R)CHH’CHR,), 2.41 (ddq,
J=16.3,7.6,2.2 Hz, 1H, H,C=C(R)CHH’CHR;), 1.22 (d, J = 6.2 Hz, 6H, R,C(CO,CHMe3),), 1.20 (d, J = 6.2
Hz, 3H, RCO,CHMe;), 1.19 (d, J = 6.2 Hz, 3H, RCO,CHMe;).

13C NMR (126 MHz, CDCl3): & 170.8 (RCO,iPr), 169.5 (RCO,iPr), 147.0 (R.C=CH,), 137.0 (RHC=CH,),
116.1 (RHC=CH,), 107.0 (H.C=CR.), 68.7 (RCO.,CHMe,), 68.6 (RCO.CHMe,), 63.3 (R.C(CO.iPr),), 48.6
(H2C=CHCHR;), 39.9 (H.C=C(R)CH,CR(CO:iPr);), 37.2 (H,C=C(R)CH,CHR;), 21.7 (RCO,CHMe;), 21.5
(RCO,CHMe,), 21.5 (RCO,CHMe,), 21.4 (RCO,CHMe,).

IR: (Vmax/cm™® (thin film)) = 2981, 1725, 1466, 1386, 1233, 1145, 1065, 1033, 885, 828.

LRMS (ESI*): m/z = 303.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C1sH2504]*,[M+H]*) = 281.1747; m/z found = 281.1747.
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2.38 - (+)-Benzyl (1S,3aR,6aS)-1-(iodomethyl)-5-methylene-3-oxotetrahydro-1H-cyclopenta[c]furan-
3a(3H)-carboxylate; 2.39 - (+)-Benzyl (1R,3aR,6aS)-1-(iodomethyl)-5-methylene-3-oxotetrahydro-1H-

cyclopenta[c]furan-3a(3H)-carboxylate

Bno,C @ BnO,C

lodine (50 mg, 0.20 mmol) was dissolved in anhydrous dichloromethane (1.00 mL). Anhydrous sodium
bicarbonate (25 mg, 0.30 mmol) was added to this solution, the flask was wrapped in foil to exclude
light, and the mixture was stirred for 15 min at room temperature. 1.125 (38 mg, 0.10 mmol) was
added, and the reaction was allowed to stir for 5 hours. After this time had elapsed, saturated aqueous
sodium thiosulfate solution (1 mL), water (1 mL), and dichloromethane (2 mL) were added. The organic
phase was separated, and the aqueous phase was extracted three times with dichloromethane (5 mL).
The combined organic extracts were washed with saturated sodium thiosulfate solution, washed with
brine, dried over anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure.
The crude residue was purified via flash column chromatography, eluting with 10% ethyl acetate in
pentane, to give the product as a yellow oil (33 mg, 0.080 mmol, 80%, 3:2 ratio of 2.39 to 2.38).
Partial data for 2.38 and 2.39:

R.f: 0.34 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).
Most of the NMR resonances could not be assigned due to peak overlap. The diagnostic resonances
used in the assignment of the two diastereomers were those of the epimeric lactone protons. Across
all compounds made in this series, lactone protons endo- with respect to the ‘bowl’ of the
oxabicyclo-[3.3.0]-octane resonated around 4.2 ppm, whilst those exo- resonated around 4.8 ppm.
'H NMR (400 MHz, CDCls): 6 7.48 — 7.14 (m), 5.29 (s), 5.27 (d, J = 3.2 Hz), 5.24 (s), 5.21 (s), 5.18 (d, J =

1.1 Hz), 5.15 (d, J = 2.2 Hz), 5.11 — 5.09 (m), 4.98 — 4.89 (m), 4.99 (dt, J = 10.2, 3.8 Hz, ICH2CH(OR)R),

4.22 (ddd, J = 8.9, 4.8, 4.1 Hz, ICH,CH(OR)R), 3.91 (dd, J = 9.4, 5.2 Hz), 3.45 (dd, J = 10.0, 5.7 Hz), 3.41
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—3.01(m), 2.89 (t, /=9.7 Hz), 2.85-2.75 (m), 2.71 — 2.62 (m), 2.38 — 2.27 (m). Peak integral ratio for
major:minor = 3:2.

13C NMR (101 MHz, CDCls): 6 174.4, 174.3, 169.2, 168.6, 145.4, 145.4, 134.8, 134.8, 129.2, 129.1,
129.0, 128.6,128.5, 128.4.,109.8, 109.1, 84.1, 79.9, 68.2, 68.0, 63.6, 61.6, 50.0, 48.7, 39.9, 40.2, 39.3,
31.9,5.5, -0.5.

HRMS (ESI*): Predicted m/z ([C17H1704INa]*) = 435.0064; m/z found = 435.0062

2.40 - (+)-Methyl (1S,3aR,6aS)-1-(iodomethyl)-5-methylene-3-oxotetrahydro-1H-cyclopenta[c]furan-

3a(3H)-carboxylate

MeO,Cc 9

lodine (5.08 g, 20.0 mmol) was dissolved in dry dichloromethane (150 mL), and sodium bicarbonate
(2.52 g, 30.0 mmol) was added. The resulting dark purple mixture was stirred for 1 hour, and the flask
was covered in foil to exclude light. A solution of compound 1.102 (1.13 g, 5.00 mmol) in dry
dichloromethane (50 mL) was added, and the reaction was stirred rapidly for 4.5 hours at room
temperature. After this time had elapsed, saturated aqueous sodium thiosulfate (200 mL) was added,
and the mixture was stirred for 1 hour. After this time had elapsed, water (100 mL) was added and the
organic phase was separated. The aqueous phase was extracted three times with ethyl acetate (200
mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, filtered, and volatile organics were removed under reduced pressure. The crude residue was
purified via flash column chromatography, eluting with 10-20% ethyl acetate in pentane, to give the
product as a colourless oil (1.29 g, 3.85 mmol, 77% yield).

R.f: 0.41 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (500 MHz, CDCls): 6 4.97 — 4.95 (m, 2H, HH’C=CR,, HH’C=CR;), 4.23 (dt, J = 8.6, 4.9 Hz, 1H,

ICH,CH(OR)R), 3.80 (s, 3H, MeO,CR), 3.42 (dd, J = 10.2, 4.9 Hz, 1H, ICHH'R), 3.31 (dd, J = 10.2, 8.6 Hz,
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1H, ICHH'R), 3.18 (dtt, J = 16.6, 2.5, 1.3 Hz, 1H, H,C=C(R)CHH’C(CO,Me)COOR), 3.08 (ddd, J = 8.6, 4.4,
23 Hz, 1H, ICH,CH(OR)CHR;), 2.81 (dddd, J = 16.3, 3.7, 2.5 13 Hz, 1H,
H,C=C(R)CHH’CH(R)CH(OR)CHl), 2.82 — 2.74 (m, 1H, H,C=C(R)CHH’C(CO,Me)COOR), 2.37 — 2.31 (m,
H,C=C(R)CHH’CH(R)CH(OR)CH.l).

13C NMR (126 MHz, CDCls): 6§ 174.2 (R,C(CO,Me)CO,R), 169.8 (R,C(CO:Me)CO3R), 145.2 (H2C=CR,),
109.7 (H,C=CR,), 83.8 (ICH,CH(OR)CHR;), 61.4 (R,C(CO.Me)CO;R), 53.4 (MeO,CR), 50.0
(ICH,CH(OR)CHR3), 40.1 (H2C=C(R)CH,C(R)(CO:Me)CO3R), 39.7 (H2C=C(R)CH,CH(R)CH(OR)CH,l), 5.5
(ICH2R).

IR: (Vmax/cm? (thin film)) = 1776, 1739, 1433, 1340, 1143, 1018, 899.

LRMS (ESI*): m/z = 359.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H1304INa]*) = 358.9751; m/z found = 358.9752.

HPLC data: flow rate: 1.0 mL/min, solvent: 5% IPA in hexane, retention times 20.0 minutes, 21.0

minutes; enantiomers unassigned.

2.42 - (+)-Methyl (1S,3aR,6aS)-1-(iodomethyl)-5-methyl-3-ox0-6,6a-dihydro-1H-cyclopenta[c]furan-

3a(3H)-carboxylate

MeO,C O

Compound 2.42 was isolated as a product from the above procedure to form 2.40 from 1.102, in
varying yields.

R.f: 0.40 (20% ethyl acetate in pentane, UV active, stains in potassium permanganate dip without
heating).

'H NMR (600 MHz, CDCls): 6 5.51 (br s, 1H, MeC(R)=CHR), 4.22 (dt, J = 8.4, 5.3 Hz, 1H, ICH,CH(OR)R),

3.80 (s, 3H, MeO,CR), 3.47 (ddd, J = 10.2, 5.3 Hz, 1H, ICHH'R), 3.35 (dd, J = 10.2, 8.4 Hz, 1H, ICHH’R),
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3.25 (ddd, J = 7.7, 5.3, 1.8 Hz, 1H, ICH,CH(OR)CHR,), 2.88 (br dd, J = 17.4, 7.7 Hz, 1H, Hexo), 2.35 (br d,
J=17.4, Hz, 1H, Hendo), 1.83 (br s, 3H, MeC(R)=CHR).

3C NMR (151 MHz, CDCl): & 171.9 (R,C(CO,Me)CO:R), 169.5 (R.C(CO,Me)COsR), 145.6
(MeC(R)=CHC(R)(CO,Me)CO,R), 120.6 (MeC(R)=CHC(R)(CO,Me)COR), 84.6 (ICH,CH(OR)CHR,), 69.4
(R,C(CO,Me)CO,R), 53.2 (MeO,CR), 49.4 (ICH,CH(OR)CHR,), 43.7 (MeC(=CHR)CH,CHR,), 16.2
(MeC(=CHR)CH;R), 5.8 (ICH,R).

Key NOESY correlations used in assigning the relative configuration of 2.42:

MeO,C 9 Meo,Cc ©

IR: (Vmax/cm™t (thin film)) = 2953, 1772, 1731, 1435, 1037, 1009, 827.
LRMS (ESI*): m/z = 359.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H1304INa]*) = 358.9751; m/z found = 358.9752.

2.46 - (£)-Methyl (1R,3aR,6aS)-1-(hydroxymethyl)-5-methylene-3-oxotetrahydro-1H-
cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C

z C02M9
:C;</o
H

H
Compound 2.40 (335 mg, 1.00 mmol) was dissolved in dry tetrahydrofuran (10.00 mL) and a solution
of sodium methoxide (25% in methanol, 0.34 mL, 1.5 mmol) was added dropwise over 1 minute. The
resulting colourless solution was stirred for 1 hour at room temperature. After this time had elapsed,
saturated aqueous ammonium chloride solution (5 mL), water (5 mL), and ethyl acetate (10 mL) were

added and the organic phase was separated. The aqueous phase was extracted three times with ethyl
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acetate (20 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, filtered, and volatile organics were removed under reduced pressure. The crude
residue was used directly in the next reaction (241 mg, 1.00 mmol, quantitative yield).

R.f: 0.45 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

H NMR (600 MHz, CDCls): & 4.95 (br's, 1H, HH'C=CR,), 4.90 (br s, 1H, HH’C=CR,), 3.76 (s, 3H, MeO.CR),
3.74 (s, 3H, MeO,CR), 3.25 (br d, J = 17.3 Hz, 1H, H,C=C(R)CHH’C(CO,Me);R), 2.99 (ddd, J=7.0, 4.0, 2.8
Hz, 1H, H,C(O)CHR), 2.86 (dd, J = 17.3, 2.0 Hz, 1H, H.C=C(R)CHH’C(CO.Me),R), 2.72 (dd, J = 5.0, 4.0 Hz,
1H, HH’C(O)CHR), 2.66 — 2.61 (m, 2H, H,C=C(R)CHH’CH(R)CH(O)CH,, H.C=C(R)CH,CH(R)CH(O)CH,),
2.51 (dd, J = 5.0, 2.8 Hz, 1H, HH’C(O)CHR), 2.36 — 2.24 (m, 1H, H,C=C(R)CHH’CH(R)CH(O)CH,).

13C NMR (151 MHz, CDCl5): 6 171.7 (RCO,Me), 170.5 (RCO,Me), 146.0 (H,C=CR;), 108.2 (H,C=CR,),
62.3  (R.C(CO;Me);,), 53.0 (MeO,CR), 52.8 (MeO,CR), 51.6 (H.C(O)CHR), 47.8
(H.C=C(R)CH,CH(R)CH(O)CH,), 45.6  (H.C(O)CHR), 40.3 (H.C=C(R)CH.C(CO,Me);R), 33.8
(H2C=C(R)CH,CH(R)CH(O)CHs).

IR: (Vmax/cm™® (thin film)) = 2955, 1738, 1435, 1272, 1168, 1046, 898.

LRMS (ESI*): m/z = 263.1 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C12H160sNa]*) = 263.0890; m/z found = 263.0891.

2.49 - Methyl (1R,3aR,6aS)-1-(hydroxymethyl)-5-methylene-3-oxotetrahydro-1H-cyclopenta[c]furan-

3a(3H)-carboxylate

MeOZC

From compound 2.50: compound 2.50 (113 mg, 0.500 mmol) was dissolved in dry tetrahydrofuran
(5.00 mL). A solution of tetrabutylammonium fluoride (1.0 M in tetrahydrofuran, 0.75 mL, 0.75 mmol)
was added, and the resulting colourless solution was stirred for 1 hour. After this time had elapsed,

saturated aqueous ammonium chloride solution (5 mL), water (5 mL), and ethyl acetate (10 mL) were
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added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (20 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure, and the
crude product was purified via flash column chromatography, eluting with 40% ethyl acetate in
pentane, to give the product as a colourless oil (112 mg, 0.496 mmol, 99% yield).

From compound 2.46: compound 2.46 (720 mg, 3.00 mmol) was dissolved in dry tetrahydrofuran (30
mL). A solution of iron(lll) chloride (1.0 M in tetrahydrofuran, 1.05 mL, 1.05 mmol) was added, and the
resulting orange solution was stirred at room temperature for 4 hours at room temperature. After this
time had elapsed, dry methanol (15 mL) was added, and the reaction was allowed to stir overnight.
After this time had elapsed, saturated aqueous sodium bicarbonate solution (10 mL) and water (10
mL) were added, causing the precipitation of a dark red solid, and the mixture was stirred for 5
minutes. The reaction was filtered through a plug of Celite™, ethyl acetate (30 mL) was added. The
organic layer was separated, and the aqueous layer was extracted three times with ethyl acetate (30
mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. Volatile organics were removed under reduced pressure, and the crude product
was purified via flash column chromatography, eluting with 40% ethyl acetate in pentane, to give the
product as a colourless oil (488 mg, 2.16 mmol, 72% yield).

R.f: 0.31 (60% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): & 4.92 (m, 2H, HH’C=CR,), 4.85 (ddd, J = 7.5, 5.8, 4.2 Hz, 1H,
HOCH,CH(OR)R), 3.93 (dd, J=12.1, 7.5 Hz, 1H, HOCHH'R), 3.80 (s, 3H, MeO,CR), 3.79 (dd, J = 12.1, 4.2
Hz, 1H, HOCHH’R), 3.17 (ddd, J = 9.0, 8.0, 5.8 Hz, 1H, HOCH,CH(OR)CHR,), 3.07 (dq, 1H, J = 16.7 2.0 Hz,
H,C=C(R)CHH'C(R)(CO,Me)CO3R), 2.96 (br d, J = 16.7 Hz, 1H, H,C=C(R)CHH’C(R)(CO,Me)CO;R), 2.54
(ddg, J = 16.0, 9.0, 1.0 Hz, 1H, H.C=C(R)CHH’CH(R)CH(OR)CH,OH), 2.44 (ddq, J = 16.0, 8.0, 2.0 Hz, 1H,
H,C=C(R)CHH’CH(R)CH(OR)CH,0H). Hydroxyl proton resonance not observed.

13C NMR (151 MHz, CDCl3): 6§ 174.8 (R,C(CO.Me)CO3R), 169.7 (R,C(CO.Me)CO3R), 146.4 (H.C=CR,),

108.8 (H.C=CR;), 81.0 (HOCH,CH(OR)CHR;), 62.9 (R,C(CO.Me)CO;R), 62.1 (HOCH;R), 53.5 (MeO,CR),
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47.2 (HOCH,CH(OR)CHR,), 39.2 (H2C=C(R)CH.C(R)(CO,Me)CO4R), 33.1
(H2C=C(R)CHCH(R)CH(OR)CH,0OH).

IR: (Vmax/cm? (thin film)) = 3457, 2957, 1774, 1739, 1435, 1361, 1107, 966.

LRMS (ESI*): m/z = 249.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H140sNa]*) = 249.0733; m/z found = 249.0733.

Specific rotation for enantioenriched material: [a]3°-22.0 (c = 0.1 in CHCl3).

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.

2.50 - Methyl (1R,3aR,6aS)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-methylene-3-oxotetrahydro-1H-

cyclopenta[c]furan-3a(3H)-carboxylate

Meo,c O

“H
OTBS

According to the modified procedure of Thompson®’: compound 3.10 (1.86 g, 5.00 mmol) was dissolved
in dry, degassed tetrahydrofuran (50 mL). A solution of lithium hexamethyldisilazide (1.0 M in toluene,
10.00 mL, 10.00 mmol) and a solution of zinc(ll) chloride (1.0 M in diethyl ether, 10.00 mL, 10.00 mmol)
were added, an air condenser was attached, and the resulting golden solution was stirred and heated
to reflux for 2 hours, over which time the reaction mixture was observed to become cloudy. After this
time had elapsed, the reaction was allowed to cool to room temperature, saturated aqueous
ammonium chloride solution (25 mL), water (25 mL), and ethyl acetate (50 mL) were added, and the
organic phase was separated. The aqueous layer was extracted three times with ethyl acetate (100
mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. Volatile organics were removed under reduced pressure, and the crude product
was purified via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the
product as a colourless oil which solidified upon standing in a freezer (1.70 g, 5.00 mmol, quantitative

yield). Racemic material was a colourless oil.
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R.f: 0.33 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): &6 4.92 (m, 2H, HH'C=CR,, HH’C=CR;), 4.75 (q, J = 6.4 Hz, 1H,
TBSOCH,CH(OR)R), 3.93 (dd, J=10.8, 6.4 Hz, 1H, TBSOCHH’R), 3.79 (s, 3H, MeO,CR), 3.72 (dd, J = 10.8,
6.4 Hz, 1H, TBSOCHH'R), 3.15 (td, J = 8.7, 6.4 Hz, 1H, TBSOCH,CH(OR)CHR:3), 3.07 (br d, J = 16.7 Hz, 1H,
H,C=C(R)CHH’'C(R)(CO,Me)CO3R), 2.96 (d, J = 16.7 Hz, 1H, H,C=C(R)CHH’C(R)(CO,Me)CO;R), 2.54 (dd, J
= 16.1, 9.0 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,OTBS), 2.45 (br dd, J = 16.1, 9.0 Hz, 1H,
H,C=C(R)CHH’CH(R)CH(OR)CH,0TBS), 0.90 (s, 9H, Me3CSiMe,OR), 0.09 (s, 6H, Me3CSiMe,0R).

13C NMR (151 MHz, CDCls): 6 175.1 (R,C(CO,Me)CO:R), 170.0 (R,C(CO,Me)CO:R), 146.7 (H,C=CR,),
108.5 (H.C=CR;), 80.2 (RCO,CHR;), 62.6 (R,C(CO,Me)COR), 61.7 (TBSOCH,R), 53.4 (MeO,CR), 47.5
(TBSOCH,CH(OR)CHR)), 39.3 (H2.C=C(R)CH.C(R)(CO.Me)CO2R), 33.0
(H.C=C(R)CH.CH(R)CH(OR)CH,OTBS), 25.9 (3C, MesCSiMe,OR), 18.3 (MesCSiMe,OR), -5.3
(MesCSiMe,0R), -5.4 (Me3CSiMe;0R).

Key NOESY correlations used in assigning the relative configuration of 2.50:

IR: (Vmax/cm! (thin film)) = 2954, 2930, 1780, 1742, 1472, 1054, 838.

LRMS (ESI*): m/z = 363.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H2505Si:Na]*) = 363.1598; m/z found = 363.1599.
Specific rotation for enantioenriched material: [a]2° +1.5 (c = 0.4 in CHCl).
Melting point of enantioenriched material: 25-26 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.
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3.9 - Dimethyl (2)-2-(6-hydroxy-2-methylenehex-4-en-1-yl)malonate and 3.9" dimethyl (2)-2-(6-

hydroxy-2-methylenehex-4-en-1-yl)malonate

MeO,C MeO,C

Meozc/\)]\/\/\orl MeO,C &
OH

Mixture 1.106 (853 mg, 3.00 mmol) was dissolved in a mixture of dry tetrahydrofuran (18.00 mL) and
dry methanol (12.00 mL), and a solution of sodium methoxide (25% in methanol, 1.03 mL, 4.50 mmol)
was added dropwise over 1 minute. The resulting colourless solution was stirred for 20 minutes at
room temperature. After this time had elapsed, saturated aqueous ammonium chloride solution (15
mL), water (15 mL), and ethyl acetate (15 mL) were added and the organic phase was separated. The
aqueous phase was extracted three times with ethyl acetate (50 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile organics were
removed under reduced pressure. The crude residue was purified via flash column chromatography,
eluting with 40% ethyl acetate in pentane, to give the product as a colourless oil (671 mg, 2.77 mmol,
92% yield, 10:1 ratio of E to 2).
R.f: 0.42 (50% ethyl acetate in pentane, stains in potassium permanganate dip without heating).
1H NMR (500 MHz, CDCls): & 5.72 (dt, J = 15.6, 5.4 Hz, 1H, HOCH,CH=CHR), 5.66 (dt, J = 15.6, 6.1 Hz,
1H, HOCH,CH=CHR), 4.84 (br s, 1H, HH’C=CR;), 4.81 (br s, 1H, HH’C=CR;), 4.12 (dd, J = 7.1, 5.4 Hz, 2H,
HOCH,R), 3.74 (s, 6H, (MeO,C),CHR), 3.63 (t, J = 7.8 Hz, 1H, (MeO,C),CHR), 2.78 (d, J = 6.1 Hz, 2H,
HOCH,CH=CHCHR), 2.64 (d, J = 7.8 Hz, 2H, (MeO,C),CHCHJR), 1.26 (t, J = 7.1 Hz, 1H, HOCH,R).
Distinguishable minor diastereomer peaks: 4.19 (d, J = 6.8 Hz, 2H, HOCH;R), 2.82 (d, J = 7.3 Hz, 2H,
HOCH,CH=CHCH;R). Peak integral ratio for major:minor = 10:1.
13C NMR (126 MHz, CDCls): § 169.6 (2C, (Me0,C),CHR), 144.1 (H,C=CR,), 131.6 (HOCH,CH=CHR), 129.8
(HOCH,CH=CHR), 112.7 (H,C=CR;), 63.6 (HOCHR), 52.7 (2C, (MeO,C),CHR), 50.5 (MeO,C),CHR), 39.2
(HOCH,CH=CHCH;R), 34.8 ((MeO,C),CHCH;R). Distinguishable minor diastereomer peaks: 130.8

(HOCH,CH=CHR), 129.4 (HOCH,CH=CHR), 58.5 (HOCHR), 34.2 (HOCH,CH=CHCHR).
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IR: (Vmax/cm® (thin film)) = 3656, 2980, 1735, 1647, 1382, 1152, 1030, 971.
LRMS (ESI*): m/z = 265.1 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C12H180sNa]*) = 265.1046; m/z found = 265.1048.

3.8 - Dimethyl 2-(2-(((2S,3S)-3-(hydroxymethyl)oxiran-2-yl)methyl)allyl)malonate and 3.8’ - dimethyl

2-(2-(((2R,3S)-3-(hydroxymethyl)oxiran-2-yl)methyl)allyl)malonate

Meow MeO,C o
MeO,C “”“OH MeO,C

OH
Racemic: According to the modified procedure of Itoh*¢®: mixture 3.9 (121 mg, 0.500 mmol) was
dissolved in dry dichloromethane (4.00 mL) and a solution of vanadyl acetylacetonate (9.6 mg, 0.038
mmol) in dry dichloromethane (1.00 mL) was added to give a green solution. A solution of tert-butyl
hydroperoxide (5.5 M in decane, 0.18 mL, 1.0 mmol) was added dropwise over 1 minute, and the
resulting dark red solution was stirred for 6 hours at room temperature, over which time the colour
of the solution faded to a pale red. After this time had elapsed, saturated aqueous ammonium chloride
solution (5 mL), water (5 mL), and ethyl acetate (10 mL) were added and the organic phase was
separated. The aqueous phase was extracted three times with ethyl acetate (20 mL). The combined
organic extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and
volatile organics were removed under reduced pressure. The crude residue was purified via flash
column chromatography, eluting with 40-60% ethyl acetate in pentane, to give the product as a
colourless oil (66 mg, 0.26 mmol, 51% yield; 10:1 ratio of 3.8 to 3.8’).
Enantioselective: According to the modified procedure of Sharpless®”: (+)-diethyl tartrate (0.22 mL, 1.3
mmol) was dissolved in dry dichloromethane (60 mL), and powdered activated 3 A molecular sieves
(600 mg) were added. The resulting mixture was cooled to -20 °C in an acetone bath (temperature

maintained by the addition of dry ice), and stirred for 20 minutes. After this time had elapsed,
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titanium(IV) isopropoxide (0.26 mL, 0.86 mmol) was added, and the reaction was stirred for a further
20 minutes. After this time had elapsed, a solution of tert-butyl hydroperoxide (5.5 M in decane, 3.44
mL, 17.2 mmol) was added, and the mixture was stirred for a further 20 minutes. After this time had
elapsed, a solution of mixture 3.9 (2.09 g, 8.61 mmol) in dry dichloromethane (30 mL) was added, and
the reaction was stirred for a further 20 minutes. After this time had elapsed, the flask was removed
from the acetone bath and transferred to a freezer (the temperature of which was measured to be -
24 °C), and allowed to stand for 72 hours. After this time had elapsed, saturated agueous ammonium
chloride solution (50 mL), water (50 mL), and ethyl acetate (100 mL) were added and the organic phase
was separated. The aqueous phase was extracted three times with ethyl acetate (200 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered,
and volatile organics were removed under reduced pressure. The crude product was used immediately
in the subsequent reaction.

R.f: 0.21 (50% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): & 4.96 (br s, 1H, HH'C=CR;), 4.90 (br s, 1H, HH’C=CR,), 3.88 (m, 1H,
HOCHH'R), 3.74 (s, 3H, (Me0,C),CHR), 3.74 (s, 3H, (Me0,C).CHR), 3.73 — 3.70 (m, 1H, HOCHH'R), 3.66
(t, /= 7.8 Hz, 1H, (MeO,C),CHR), 3.06 (ddd, J = 6.2, 5.3, 2.3 Hz, 1H, HOCH,CH(O)CHR), 2.95 (ddd, J =
4.1, 3.0, 2.3 Hz, 1H, HOCH,CH(O)CHR), 2.70 (br d, J = 7.8 Hz, 2H, (Me0,C),CHCH,R), 2.33 (dd, J = 15.3,
6.2 Hz, 1H, HOCH,CH(O)CHCHH’R), 2.28 (dd, J = 15.3, 5.3 Hz, 1H, HOCH,CH(O)CHCHH’R), 1.74 (t, J =
5.4 Hz, 1H, HOCH;R). Distinguishable minor diastereomer peaks: 3.20 (dt, J = 6.0, 4.3 Hz, 1H,
HOCH,CH(O)CHR), 3.16 (ddd, J = 6.7, 6.0, 4.2 Hz, 1H, HOCH,CH(O)CHR). Peak integral ratio for
major:minor = 10:1.

13C NMR (151 MHz, CDCl3): 6 169.5 ((MeO2C).CHR), 169.5 ((MeO,C).CHR), 141.8 (H.C=CR;), 113.9
(H,C=CR5), 61.7 (HOCH.R), 58.3 (HOCH,CH(O)CHR), 54.8 (HOCH,CH(O)CHR), 52.8 ((MeO,C),CHR), 52.8
((MeO,C),CHR), 50.4 ((MeO,C),CHR), 38.5 (HOCH,CH(O)CHCH3R), 353
((Me0O,C),CHCH,R). Distinguishable minor diastereomer peaks: 56.4 (HOCH,CH(O)CHR), 55.7

(HOCH,CH(O)CHR).
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IR: (Vmax/cm™ (thin film)) = 3460, 1734, 1649, 1437, 1249, 1074, 1032, 734.
LRMS (ESI*): m/z = 281.1 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C12H180sNa]*) = 281.0996; m/z found = 281.0996.

3.10 - Dimethyl 2-(2-(((2S,3S)-3-(((tert-butyldimethylsilyl)oxy)methyl)oxiran-2-

yl)methyl)allyl)malonate

MeO,C
MeO,C : OTBS

Mixture 3.8 (assumed 2.22 g, 8.61 mmol from the previous reaction) was dissolved dry
dichloromethane (86 mL), and imidazole (762 mg, 12.9 mmol) and tert-butyldimethylsilyl chloride
(1.69 g, 11.2 mmol) were added. The colourless solution was stirred for 12 hours at room temperature,
over which time a white precipitate had formed. After this time had elapsed, saturated aqueous
sodium bicarbonate solution (50 mL), water (50 mL), and dichloromethane (50 mL) were added and
the organic phase was separated. The aqueous phase was extracted three times with ethyl acetate
(100 mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, filtered, and volatile organics were removed under reduced pressure. The crude residue was
purified via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the
product as a colourless oil (2.15 g, 5.77 mmol, 67% yield over two steps; quantitative yield observed
from purified racemic starting material).

R.f: 0.42 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 4.97 (brs, 1H, HH'C=CR;), 4.87 (br s, 1H, HH'C=CR;), 3.79 (dd, J = 11.9, 3.7
Hz, 1H, TBSOCHH'R), 3.73 (s, 3H, (Me02C),CHR), 3.73 (s, 3H, (MeO.C),CHR), 3.70 (dd, J = 11.9, 4.7 Hz,
1H, TBSOCHH’R), 3.65 (t, /= 7.9 Hz, 1H, (MeO,C),CHR), 2.94 (td, J= 5.7, 2.2 Hz, 1H, TBSOCH,CH(O)CHR),
2.87 (ddd, J = 4.7, 3.7, 2.2 Hz, 1H, TBSOCH,CH(O)CHR), 2.69 (br d, J = 7.9 Hz, 2H, (Me0,C),CHCH.R),
2.28 (d, J = 5.7 Hz, 2H, HOCH,CH(O)CHCHzR), 0.89 (s, 9H, Me3CSiMe,0OR), 0.07 (s, 3H, Me3CSiMe,OR),

0.06 (s, 3H, MesCSiMe;OR).
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3¢ NMR (151 MHz, CDCls): 6 169.5 ((MeO.C),CHR), 169.4 ((MeO,C),CHR), 142.0 (H,C=CR,), 113.7
(H.C=CR;), 63.4 (TBSOCH:R), 58.6 (TBSOCH,CH(O)CHR), 54.8 (TBSOCH.CH(O)CHR), 52.7
((MeO,C),CHR), 52.7 ((MeOC),CHR), 50.4 ((MeO,C),CHR), 38.4 (TBSOCH,CH(O)CHCH:R), 35.5
((MeO,C).CHCH;R), 26.0 (3C, MesCSiMe,OR), 18.5 (MesCSiMe,0R), -5.2 (MesCSiMe,OR), -5.2
(Me5;CSiMe;OR).

IR: (Vmax/cm™ (thin film)) = 1739, 1462, 1072, 955, 913.

LRMS (ESI*): m/z = 395.2 = [M+Nal*

HRMS (ESI*): Predicted m/z ([C1sH3206SiNa]*) = 395.1860; m/z found = 395.1859.

Specific rotation for enantioenriched material: [a]3° -5.4 (c = 0.6 in CHCls). Racemic and

enantioenriched data had the same physical and spectroscopic properties otherwise.

3.18 - Methyl (1R,3aR,6aS)-1-((benzoyloxy)methyl)-5-methylene-3-oxotetrahydro-1H-

cyclopenta[c]furan-3a(3H)-carboxylate

Meo,Cc 9

Compound 2.49 (10 mg, 0.045 mmol) was dissolved in dry dichloromethane (0.50 mL), and the
solution was cooled to 0 °Cin an ice bath. 4-(Dimethylamino)pyridine (11 mg, 0.090 mmol) and benzoic
anhydride (20 mg, 0.090 mmol) were added, and the colourless solution was stirred at room
temperature for 12 hours. After this time had elapsed, saturated aqueous sodium bicarbonate
solution (1 mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was separated,
and the aqueous layer was extracted three times with ethyl acetate (5 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile

organics were removed under reduced pressure, and the crude product was purified via flash column
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chromatography, eluting with 15% ethyl acetate in pentane, to give the product as a colourless oil (11
mg, 0.033 mmol, 74% yield).

R.f: 0.51 (30% ethyl acetate, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): & 8.08 (d, J = 7.6 Hz, 2H, Ha-Ar), 7.60 (t, J = 7.6 Hz, 1H, Hp-Ar), 7.46 (t, /= 7.6
Hz, 2H, He-Ar), 5.06 (ddd, J = 7.8, 5.7, 4.3 Hz, 1H, BzZOCH,CH(OR)R), 4.97 (brt, J = 2.1 Hz, 1H, HH'C=CRy),
4.95 (brt, J=2.1 Hz, 1H, HH’C=CR;), 4.58 (dd, J = 12.0, 4.3 Hz, 1H, BzZOCHH'R), 4.50 (dd, J = 12.0, 7.8
Hz, 1H, BzZOCHH'R), 3.81 (s, 3H, MeO,CR), 3.25 (td, J = 8.7, 5.7 Hz, 1H, BzZOCH,CH(OR)CHR,), 3.10 (dg,
J = 16.8, 2.1 Hz, 1H, H,C=C(R)CHHC(R)(CO,Me)CO:R), 3.01 (d, J = 16.3 Hz, 1H,
H,C=C(R)CHH’C(R)(CO,Me)CO,R), 2.63 (dd, J = 16.3, 8.7 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,OBz),
2.47 (dd, J=16.0, 8.7 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,0Bz).

13C NMR (151 MHz, CDCls): & 174.6 (R.C(CO.Me)CO3R), 169.5 (R.C(CO,Me)CO:R), 166.2 (PhCO4R),
145.9 (H2C=CR;), 133.7 (Hc-Car), 130.0 (2C, Ha-Car), 129.4 (RO,C-Car), 128.7 (2C, Hp-Car), 109.2 (H,C=CR,),
78.0 (BzOCH,CH(OR)R), 63.4 (BzOCH,R), 62.7 (R.C(CO,Me)CO,R), 53.6 (MeO,CR), 47.4
(BzOCH,CH(OR)CHR;), 39.1 (H.C=C(R)CH,C(R)(CO,Me)CO;R), 33.2 (H,C=C(R)CH,CH(R)CH(OR)CH,0OBz).
IR: (Vmax/cm! (thin film)) = 1781, 1729, 1723, 1273, 1122, 1026, 712.

LRMS (ESI*): m/z = 353.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C1sH1s06Na]*) = 353.0996; m/z found = 353.0995.

Specific rotation for enantioenriched material: [a]3°-20.5 (c = 0.1 in CHCl3).

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.
HPLC data: flow rate: 1.0 mL/min, solvent: 3% IPA in hexane, retention times 75.0 minutes (1R, shown

above), 80.0 minutes (1S).
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3.2 - Methyl (1R,3aR,6S,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methylene-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

According to the modified procedure of Wood'*: compound 2.50 (409 mg, 1.20 mmol) was dissolved
in dichloromethane (12.00 mL). Methanol (1.20 mL), water (0.12 mL), acetic acid (0.03 mL), and
selenium dioxide (27 mg, 0.24 mmol) was added, a solution of tert-butyl hydroperoxide (5.5 M in
decane, 0.55 mL, 3.0 mmol) was added, an air condenser was attached, and the colourless solution
was heated to reflux for 4 hours. After this time had elapsed, the reaction was allowed to cool to room
temperature, and volatile organics were evaporated under a stream of nitrogen. The crude residue
was redissolved in methanol (15 mL), and potassium carbonate (166 mg, 1.20 mmol) was added. The
resulting cloudy suspension was stirred for 1 hour, over which time a pale orange colour developed.
After this time had elapsed, saturated agueous ammonium chloride solution (10 mL), water (10 mL),
and ethyl acetate (20 mL) were added. The organic layer was separated, and the aqueous layer was
extracted three times with ethyl acetate (20 mL). The combined organic extracts were washed with
brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under
reduced pressure, and the crude product was purified via flash column chromatography, eluting with
20% ethyl acetate in pentane, to give the product as a colourless oil (205 mg, 0.576 mmol, 48% vyield).
R.f: 0.45 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

1H NMR (600 MHz, CDCls): 6 5.18 (br q, J = 2.3 Hz, 1H, HH’C=CR,), 5.04 (q, J = 2.3 Hz, 1H, HH’C=CR,),
4.81 (dt,J=7.2,5.1 Hz, 1H, TBSOCH,CH(OR)R), 4.57 (br d, J = 8.5 Hz, 1H, H,C=C(R)CH(OH)R), 4.13 (dd,
J=11.6, 5.1 Hz, 1H, TBSOCHH'R), 4.08 (dd, J = 11.6, 7.2 Hz, 1H, TBSOCHH'R), 3.80 (s, 3H, MeOCR),
332 (d, J = 3.2 Hz, 1H, H,C=C(R)CH(OH)R), 3.23 (dgq, J = 17.5, 1.8 Hz, 1H,

H,C=C(R)CHH'C(R)(CO,Me)CO2R), 295 - 2.87 (m, 2H, H,C=C(R)CHH’C(R)(CO.Me)CO:R,
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TBSOCH,CH(OR)CHR,), 0.92 (s, 9H, MesCSiMe,OR), 0.15 (s, 3H, MesCSiMe,OR), 0.15 (s, 3H,
MesCSiMe,OR).

13C NMR (151 MHz, CDCls): & 174.7 (R.C(CO,Me)CO:R), 169.4 (R,C(CO,Me)CO,R), 147.7 (H,C=CR,),
107.9 (H,C=CRy), 78.3 (RCO,CHR,), 72.1 (H,C=C(R)CH(OH)R), 61.6 (TBSOCH:R), 57.9 (R.C(CO,Me)COR),
55.6 (TBSOCH,CH(OR)CHR,), 53.7 (MeO,CR), 35.0 (H,C=C(R)CH.C(R)(CO,Me)COR), 25.9 (3C,
MesCSiMe,OR), 18.4 (MesCSiMe,0R), -5.3 (MesCSiMe,0R), -5.3 (MesCSiMe,0R).

Key NOE correlations involved in stereochemical assighment (E = CO.Me):

IR: (Vmax/cm™ (thin film)) = 3491, 2954, 1779, 1741, 1471, 1252, 1122, 838.

LRMS (ESI*): m/z = 379.2 = [M+Nal*

HRMS (ESI*): Predicted m/z ([C17H2806Si1Na]*) = 379.1547; m/z found = 379.1548.
Specific rotation for enantioenriched material: [@]3>-3.0 (c = 0.1 in CHCl3).

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.

3.33 - (%)-Methyl (3aS,7aR)-5-methyl-2-oxotetrahydro-2H-3,5-methanofuro[2,3-c]pyran-3(3aH)-

carboxylate

o—-Ho
Me—%o
COzMe
H
Compound 2.50 (6.8 mg, 0.020 mmol) was dissolved in chloroform (0.20 mL). para-Toluenesulfonic
acid monohydrate (3.8 mg, 0.020 mmol) was added, and the colourless solution was stirred at room

temperature for 2 hours. After this time had elapsed, saturated aqueous sodium bicarbonate solution

(1 mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was separated, and the
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aqueous layer was extracted three times with ethyl acetate (2 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure to give the product as a colourless oil (4.5 mg, 0.020 mmol, 100%
yield).

R.f: 0.30 (50% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

!H NMR (600 MHz, CDCls): 6 4.83 (dd, J = 9.1, 2.0 Hz, 1H, R,C(CO,Me)CO.CHR,), 3.82 (dd, J = 13.3, 2.0
Hz, 1H, MeCR,0CHH’R), 3.79 (s, 3H, MeO,CR), 3.73 (d, J = 13.3 Hz, 1H, MeCR,OCHH’R), 3.47 (dd, J =
9.1, 4.7 Hz, 1H, MeC(R)(OR)CH,CHR3), 2.49 (d, J = 14.0 Hz, 1H, MeC(R)(OR)CHH’C(R)(CO,Me)COR),
2.30 (dd, J = 14.0, 2.6 Hz, 1H, MeC(R)(OR)CHH'C(R)(CO.Me)CO.R), 2.13 (dd, J = 13.6, 2.6 Hz, 1H,
MeC(R)(OR)CHH’CHR;), 1.64 (dd, J = 13.6, 4.7 Hz, 1H, MeC(R)(OR)CHH’CHR;), 1.39 (s, 3H, MeC(OR)R,).
13C NMR (151 MHz, CDCl3): 6 175.2 (R,C(CO2Me)CO2R), 170.6 (R,C(CO.Me)CO,R), 81.5 (MeC(OR)R,),
78.9 (R.C(CO,Me)CO,CHR;), 63.4 (MeCR,OCH;R), 58.6 (R.,C(CO,Me)CO;R), 53.5 (MeO,CR), 49.6
(MeC(R)(OR)CH,C(R)(CO.Me)CO2R), 45.7 (MeC(R)(OR)CH,CHR;), 34.7 (MeC(R)(OR)CH,CHR;), 23.3
(MeC(OR)R,).

IR: (Vmax/cm™! (thin film)) = 1772, 1734, 1256, 1116, 1074.

LRMS (ESI*): m/z = 249.1 = [M+Na]".

HRMS (ESI*): Predicted m/z ([C11H140sNa]*) = 249.0733; m/z found = 249.0734.

3.51 - (t)-Methyl (2alR,4aR,6aR)-4-methylene-2-oxohexahydro-1,5-dioxacyclopenta[cd]pentalene-
2a(2H)-carboxylate
o] .0
//@f/%
HCOzMe

Compound 3.2 (18 mg, 0.050 mmol) was dissolved in dry dichloromethane (0.50 mL), and the solution
was cooled to 0 °C in an ice bath. Triethylamine (10 mg, 0.014 mL, 0.10 mmol) and methanesulfonyl
chloride (8.6 mg, 0.006 mL, 0.075 mmol) were added, and the colourless solution was stirred and

allowed to warm to room temperature over 2 hours. After this time had elapsed, saturated aqueous
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sodium bicarbonate solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The organic
layer was separated, and the aqueous layer was extracted three times with ethyl acetate (5 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 40% ethyl acetate in pentane, to give the product as a
colourless oil (11.0 mg, 0.049 mmol, 98% vyield).

R.f: 0.41 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (500 MHz, CDCls): 6 5.33 — 5.31 (m, 1H, HH’C=CR;), 5.22 — 5.20 (m, 1H, HH’C=CR;), 5.18 (dd, J
= 7.0, 3.2 Hz, 1H, H,C=C(R)CH(R)OCH,CH(O,CR)CHR,), 4.64 (br d, J = 6.6 Hz, 1H, H,C=C(R)CH(OR)R),
4.21 (d, J = 11.0 Hz, 1H, H,C=C(R)CH(R)OCHH’R), 3.81 (s, 3H, MeOCR), 3.76 (dd, J = 11.0, 3.2 Hz, 1H,
H,C=C(R)CH(R)OCHH’R), 3.69 (t, J = 7.0 Hz, 1H, H,C=C(R)CH(OR)CHR,), 3.33 (dt, J = 17.2, 2.1 Hz, 1H,
H,C=C(R)CHH'R), 3.16 (dt, J = 17.3, 2.4 Hz, 1H, H,C=C(R)CHH’R).

13C NMR (126 MHz, CDCl3): § 174.7 (R,C(CO,Me)CO3R), 169.7 (R,C(CO.Me)CO3R), 146.3 (H2C=CR.),
114.2 (H,C=CR;), 87.5 (H.C=C(R)CH(OR)R), 82.8 (H,C=C(R)CH(R)OCH,CH(O,CR)CHR),, 74.3
(H,C=C(R)CH(R)OCH3R), 60.1 (R,C(CO,Me)COR), 55.6 (H.C=C(R)CH(OR)CHR,), 53.7 (MeO-,CR), 39.7
(H2C=C(R)CHR).

IR: (Vmax/cm! (thin film)) = 1774, 1742, 1435, 1354, 1153, 1006, 969.

LRMS (ESI*): m/z = 247.0 = [M+Na]".

HRMS (ESI*): Predicted m/z ([C1:H1,0sNa]*) = 247.0577; m/z found = 247.0578.
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3.53 - (*)-(1R,3aR,6aS)-3a-(Methoxycarbonyl)-5-methylene-3-oxohexahydro-1H-cyclopenta[c]furan-

1-carboxylic acid

According to the modified procedures of Martin'?° and Pinnick*?*: compound 2.49 (120 mg, 0.500
mmol) was dissolved in dry dichloromethane (5.00 mL), and stirred at room temperature. Sodium
bicarbonate (210 mg, 2.50 mmol) and Dess-Martin periodinane (310 mg, 0.750 mmol) were added,
and the resulting white suspension was stirred rapidly at room temperature for 1 hour. After this time
had elapsed, the reaction was filtered through a plug of Celite™, saturated aqueous sodium
bicarbonate solution (20 mL), water (20 mL), and ethyl acetate (50 mL) were added. The organic layer
was separated, and the aqueous layer was extracted three times with ethyl acetate (50 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, to give a colourless oil as the crude
residue.

This crude residue was redissolved in tert-butanol (3.50 mL) and stirred at room temperature.
Amylene (1.50 mL), sodium dihydrogen phosphate (117 mg, 0.750 mmol), and sodium chlorite (135
mg, 1.50 mmol)) were added, and the resulting solution was stirred rapidly at room temperature for
2 hours, over which time a pale green colour was observed to develop and then fade. After this time
had elapsed, saturated aqueous sodium bicarbonate solution (30 mL), water (20 mL), and ethyl
acetate (50 mL) were added. The aqueous layer was separated, and the organic layer was extracted
three times with water (20 mL). The combined aqueous extracts were acidified to pH 2 with sulfate
buffer (pH = 2), and were extracted three times with ethyl acetate (50 mL). The combined organic
extracts were dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed

under reduced pressure, to the crude product as a colourless oil (75 mg, 0.31 mmol, 62%).
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R.f: 0.30 (30% methanol in dichloromethane).

'H NMR (600 MHz, de-DMSO): 6 5.26 (d, J = 6.6 Hz, 1H, HO,CCH(OR)R), 4.90 (br s, 1H, HH’C=CR;), 4.89
(br's, 1H, HH’C=CR3), 3.74 (s, 3H, MeO,CR), 3.54 (dt, J = 9.8, 6.6 Hz, 1H, HO,CCH(OR)CHR,), 3.00 (br d,
J = 163 Hz, 1H, H,C=C(R)CHH'C(R)(CO,Me)CO.R), 2.78 (br d, J = 16.3 Hz, 1H,
H,C=C(R)CHH’C(R)(CO.Me)CO,R), 2.69 (dd, J = 16.7, 9.8 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CO:H), 2.20
—2.11 (m, 1H, H,C=C(R)CHH’CH(R)CH(OR)CO.H). Hydroxyl proton resonance not observed.

13C NMR (151 MHz, de-DMSO): & 174.0 (R,C(CO,Me)CO3R), 168.6 (R.C(CO.Me)CO3R), 168.5 (RCO,H),
145.9 (H,C=CR;), 108.5 (H,C=CR;), 77.6 (HO,CCH(OR)CHRy), 61.6 (R,C(CO,Me)CO,R), 53.3 (MeO,CR),
46.1 (HO,CCH(OR)CHR;), 40.1 (H.C=C(R)CH,C(R)(CO.Me)CO;R), 34.2 (H,C=C(R)CH,CH(R)CH(OR)CO,H).
IR: (Vmax/cm® (thin film)) = 1780, 1745.

LRMS (ESI*): m/z = 263.1 = [M+Na]*

HRMS (ESI): Predicted m/z ([C11H1106]") = 239.0561; m/z found = 239.0565.

3.54 - (£)-Methyl (2a1R,4aR,6aR)-4-methylene-2,6-dioxohexahydro-1,5-
dioxacyclopenta[cd]pentalene-2a(2H)-carboxylate
o

|_ICOZMe
According to the modified procedure of Piestruszka'®”: compound 3.53 (28 mg, 0.12 mmol) was
dissolved in dry ethyl acetate (2.00 mL). White’s catalyst 3.44 (12 mg, 0.023 mmol), freshly
recrystallised benzoquinone (19 mg, 0.18 mmol), and powdered activated 4 A molecular sieves (5 mg)
were added, and the resulting crimson suspension was heated to 40 °C and stirred for 4 days. After
this time had elapsed, the reaction was filtered through a plug of Celite™, volatile organics were
removed under reduced pressure, and the crude product was purified rapidly via flash column
chromatography, eluting with 40% ethyl acetate in pentane, to give the product as a colourless oil (1.4

mg, 0.0060 mmol, 2% yield).
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Partial data for 3.54:

R.f: 0.45 (60% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

1H NMR (600 MHz, CDCls): & 5.44 (br g, J = 2.0 Hz, HH'C=CR3), 5.37 (br g, J = 2.0 Hz, 1H, HH’C=CR,),
536 (br d, J = 87 Hz, 1H, H,C=C(R)CH(O,CR)R), 5.05 (d, J = 87 Hz, 1H,
H,C=C(R)CH(R)O2CCH(O,CR)CHR3), 4.01 (t, J = 8.7 Hz, 1H, H,C=C(R)CH(O,CR)CHR.), 3.84 (s, 3H,
MeO,CR), 3.26 (dt, J = 16.2, 2.0 Hz, 1H, H,C=C(R)CH(R)OCHH'R), 3.05 (dt, J = 16.2, 2.0 Hz, 1H,
H,C=C(R)CH(R)OCHH"R).

13C NMR (151 MHz, CDCl3): 6 172.5 (R,C(CO,Me)COzR), 169.4 (H.C=C(R)CH(R)O,CCH(O.CR)CHR,),
167.9 (R,C(CO,Me)COzR), 143.3 (H,C=CR,), 116.3 (H,C=CR,), 82.6 (H,C=C(R)CH(R)O.CR), 74.5
(H2C=C(R)CH(R)O,CCH(O,CR)CHR,), 58.7 (R.C(CO,Me)CO4R), 54.1 (MeO,CR), 48.5
(H2C=C(R)CH(R)O2CCH(O,CR)CHR,), 39.8 (H,C=C(R)CH:R).

IR: (Vmax/cm™® (thin film)) = 1784, 1746, 1437, 1229, 1145, 1025, 930.

LRMS (ESI*): m/z = 239.0 = [M+H]".

3.55 - (+)-Methyl (1R,3aR,5R,6aS)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-methyl-3-oxotetrahydro-

1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C

OTBS

Compound 2.50 (34 mg, 0.10 mmol) was dissolved in ethyl acetate (1.00 mL), the solution was sparged
with nitrogen, and palladium on carbon (10% palladium by weight, 11 mg, 0.010 mmol palladium) was
added. The suspension was sparged with nitrogen, then sparged with hydrogen, the flask was fitted
with a three-skinned hydrogen balloon, and the mixture was stirred rapidly for 4 hours. After this time
had elapsed, the hydrogen balloon was removed, and the flask was opened to the atmosphere. The

mixture was filtered through a pad of Celite™, volatile organics were removed under reduced
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pressure, and the crude product was purified via flash column chromatography, eluting with 20%
diethyl ether in pentane, to give the product as a colourless oil (31 mg, 0.091 mmol, 91% yield).

R.f: 0.33 (20% diethyl ether in pentane, stains in potassium permanganate dip with heating).

'H NMR (600 MHz, CDCls): 6 4.70 (q, J = 6.2 Hz, 1H, TBSOCH,CH(OR)R), 3.90 (dd, J = 10.7, 6.2 Hz, 1H,
TBSOCHH’R), 3.78 (s, 3H, MeO,CR), 3.72 (dd, J = 10.7, 6.2 Hz, 1H, TBSOCHH’R), 3.03 (dt, J = 12.0, 6.2
Hz, 1H, TBSOCH,CH(OR)CHR;), 2.69 (dd, J = 13.9, 7.7 Hz, 1H, MeCH(R)CHexoHendoC(R)(CO2Me)CO2R),
2.19-2.06 (m, 1H, MeCHR;), 1.92 (dd, J = 12.0, 6.0 Hz, 1H, MeCH(R)CHexoHendoCH(R)CH(OR)CH,OTBS),
1.66 (dd, J = 13.9, 10.9 Hz, 1H, MeCH(R)CHexoHendoC(R)(CO2Me)CO3R), 1.27 — 1.18 (q, J = 12.0 Hz, 1H,
MeCH(R)CHexoHendoCH(R)CH(OR)CH,OTBS), 1.04 (d, J = 6.2 Hz, 3H, MeCHR;), 0.90 (s, 9H,
Me;CSiMe,OR), 0.09 (s, 3H, MesCSiMe,OR), 0.08 (s, 3H, Me3CSiMe,OR).

13C NMR (151 MHz, CDCl5): 6 176.3 (R,C(CO,Me)CO,R), 170.8 (R.C(CO,Me)COR), 80.0 (RCO,CHR,),
62.9 (R,C(CO,Me)COzR), 62.0 (TBSOCH;R), 53.3 (MeO,CR), 50.1 (TBSOCH,CH(OR)CHR,), 41.3
(MeCH(R)CHC(R)(CO.Me)CO2R), 36.4 (MeCHR,), 35.8 (MeCH(R)CH,CH(R)CH(OR)CH,OTBS), 25.9 (3C,

Me:zCSiMe;OR), 18.8 (MeCHR;), 18.4 (Me3CSiMe,0OR), -5.2 (Me3CSiMe;OR), -5.4 (Me3CSiMe;OR).

Key NOE correlations involved in stereochemical assignment (E = CO,Me):

IR: (Vma/cm-t (thin film)) = 1778, 1743, 1258, 1116, 838.
LRMS (ESI*): m/z = 365.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H3105Si]*, [M+H]*) = 343.1935; m/z found = 343.1938.
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3.56 - (£)-Methyl (1R,3aR,5R,6aS)-1-(hydroxymethyl)-5-methyl-3-oxotetrahydro-1H-

cyclopentalc]furan-3a(3H)-carboxylate

Meo,Cc

Compound 3.55 (29 mg, 0.085 mmol) was dissolved in dry tetrahydrofuran (0.85 mL), and the reaction
was cooled to 0 °C in an ice bath. A solution of tetrabutylammonium fluoride (1.0 M in
tetrahydrofuran, 0.13 mL, 0.13 mmol) was added, and the colourless solution was stirred and allowed
to warm to room temperature over 30 minutes. After this time had elapsed, saturated aqueous
ammonium chloride solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The organic
layer was separated, and the aqueous layer was extracted three times with ethyl acetate (15 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 40% ethyl acetate in pentane, to give the product as a
colourless oil (17 mg, 0.074 mmol, 87% yield).

R.f: 0.31 (60% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

1H NMR (600 MHz, CDCls): 6 4.79 (ddd, J = 7.9, 6.0, 4.1 Hz, 1H, HOCH,CH(OR)R), 3.92 (dd, J = 12.2, 7.9
Hz, 1H, HOCHH'R), 3.78 (s, 3H, MeO,CR), 3.76 (dd, J = 12.2, 4.1 Hz, 1H, HOCHH'R), 3.03 (dt, J = 11.9,
6.0 Hz, 1H, HOCH,CH(OR)CHR,), 2.70 (dd, J = 13.9, 7.8 Hz, 1H, MeCH(R)CHH’C(R)(CO,Me)CO,R), 2.12
(ddddd, J = 119, 109, 7.8, 6.5, 53 Hz, 1H, MeCHR;), 195 - 185 (m, 1H,
MeCH(R)CHH’C(R)(CO.Me)CO,R), 1.67 (dd, J = 11.9, 10.9 Hz, 1H, MeCH(R)CHH’CH(R)CH(OR)CH,OH),
1.23(q, /= 11.9 Hz, 1H, MeCH(R)CHH’CH(R)CH(OR)CH,0H), 1.05 (d, J = 6.5 Hz, 3H, MeCHR,). Hydroxyl
proton resonance not observed.

13C NMR (151 MHz, CDCl3): & 175.9 (R,C(CO,Me)COzR), 170.5 (R,C(CO,Me)CO,R), 80.7 (RCO,CHRy),

63.2 (R,C(CO,Me)COzR), 62.4 (HOCH;R), 53.4 (MeO,CR), 49.8 (HOCH,CH(OR)CHR,), 41.2
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(MeCH(R)CH.C(R)(CO,Me)CO:R), 36.6 (MeCHR,), 35.8 (MeCH(R)CH,CH(R)CH(OR)CH,OH), 18.7
(MeCHRy).

IR: (Vmax/cm® (thin film)) = 3546, 1772, 1740, 1104, 997.

LRMS (ESI*): m/z = 251.1 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H170s]*, [M+H]*) = 229.1071; m/z found = 229.1072.

3.58 - (£)-(1R,3aR,5R,6aS)-3a-(Methoxycarbonyl)-5-methyl-3-oxohexahydro-1H-cyclopenta[c]furan-1-

carboxylic acid

MeO,C @

Me

According to the modified procedures of Martin?° and Pinnick*?*: compound 3.56 (12 mg, 0.050 mmol)
was dissolved in dry dichloromethane (0.50 mL), and stirred at room temperature. Sodium
bicarbonate (21 mg, 0.25 mmol) and Dess-Martin periodinane (31 mg, 0.075 mmol) were added, and
the resulting white suspension was stirred rapidly at room temperature for 1 hour. After this time had
elapsed, the reaction was filtered through a plug of Celite™, saturated aqueous sodium bicarbonate
solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The organic layer was separated,
and the aqueous layer was extracted three times with ethyl acetate (10 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile
organics were removed under reduced pressure, to give a colourless oil as the crude residue.

This crude residue was redissolved in tert-butanol (0.35 mL) and stirred at room temperature.
Amylene (0.15 mL), sodium dihydrogen phosphate (12 mg, 0.075 mmol), and sodium chlorite (14 mg,
0.15 mmol)) were added, and the resulting solution was stirred rapidly at room temperature for 2
hours, over which time a pale green colour was observed to develop and then fade. After this time
had elapsed, saturated aqueous sodium bicarbonate solution (3 mL), water (2 mL), and ethyl acetate

(5 mL) were added. The aqueous layer was separated, and the organic layer was extracted three times
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with water (2 mL). The combined aqueous extracts were acidified to pH 2 with sulfate buffer (pH = 2),
and were extracted three times with ethyl acetate (5 mL). The combined organic extracts were dried
over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under reduced
pressure, to the crude product as a colourless oil (8.3 mg, 0.034 mmol, 68%).

R.f: 0.30 (30% methanol in dichloromethane).

'H NMR (600 MHz, d-DMSO): 6 5.18 (d, J = 6.9 Hz, 1H, HO,CCH(OR)R), 3.72 (s, 3H, MeO,CR), 3.41 (dt,
J=11.9, 6.9 Hz, 1H, HO,CCH(OR)CHR,), 2.57 (dd, J = 13.5, 7.6 Hz, 1H, MeCH(R)CHH’C(R)(CO,Me)CO4R),
2.12 -2.01 (m, 1H, MeCHR;), 1.93 (dddd, J = 11.9, 6.9, 5.1 Hz, 1H, MeCH(R)CHH’CH(R)CH(OR)CO.H),
1.50 (dd, J = 13.5, 10.8 Hz, 1H, MeCH(R)CHH'C(R)(CO,Me)CO:R), 1.02 (g, J = 11.9 Hz, 1H,
MeCH(R)CHH’CH(R)CH(OR)CO.H), 0.96 (d, J = 6.6 Hz, 3H, MeCHR;). Hydroxyl proton resonance not
observed.

13C NMR (151 MHz, de-DMSO): 6 174.9 (R.C(CO.Me)CO;R), 169.5 (R,C(CO,Me)CO;R), 168.6 (RCO,H),
76.5 (RCO,CHR,), 61.7 (R.C(CO,Me)COsR), 53.2 (MeO,CR), 48.5 (HO,CCH(OR)CHR,), 40.7
(MeCH(R)CH.C(R)(CO,Me)COzR), 37.0 (MeCHR;), 35.3 (MeCH(R)CH,CH(R)CH(OR)CO,H), 18.3
(MeCHR).

IR: (Vmax/cm® (thin film)) = 1780, 1745.

LRMS (ESI*): m/z = 265.1 = [M+Na]*

HRMS (ESI): Predicted m/z ([C11H1306]") = 241.0718; m/z found = 241.0714.
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3.19 - ()-Methyl (1R,3aR,6aS)-1-(((tert-butoxycarbonyl)oxy)methyl)-5-methylene-3-oxotetrahydro-

1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,c 9

o]
o)\OtBu

Compound 2.49 (113 mg, 0.500 mmol) was dissolved in dry dichloromethane (5.00 mL), and the
solution was cooled to 0 °C in an ice bath. 4-(Dimethylamino)pyridine (183 mg, 1.50 mmol) and di-
tert-butyl dicarbonate (164 mg, 0.750 mmol) were added, and the colourless solution was stirred and
allowed to warm to room temperature over 12 hours. After this time had elapsed, saturated aqueous
sodium bicarbonate solution (5 mL), water (5 mL), and ethyl acetate (15 mL) were added. The organic
layer was separated, and the aqueous layer was extracted three times with ethyl acetate (15 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 30% ethyl acetate in pentane, to give the product as a
colourless oil (139 mg, 0.426 mmol, 85% yield).

R.f: 0.68 (40% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): 6 4.98 —4.88 (m, 3H, BocOCH,CH(OR)R, HH’C=CR;), 4.33 (dd, J = 11.8, 7.6
Hz, 1H, BocOCHH’'R), 4.22 (dd, J = 11.8, 4.7 Hz, 1H, BocOCHH’R), 3.79 (s, 3H, MeO,CR), 3.18 (td, J = 8.7,
5.7 Hz, 1H, BocOCH,CH(OR)CHR,), 3.08 (dq, J = 16.9, 2.1 Hz, 1H, H,C=C(R)CHH’C(R)(CO,Me)CO;R), 3.98
(br d, J = 16.9 Hz, 1H, H,C=C(R)CHH’C(R)(CO.Me)CO:R), 2.57 (ddg, J = 16.0, 9.0, 1.5 Hz, 1H,
H,C=C(R)CHH'CH(R)CH(OR)CH,OBoc), 2.38 (ddg, J = 16.0, 9.0, 2.0 Hz, 1H,
H,C=C(R)CHH’CH(R)CH(OR)CH,0Boc), 1.50 (s, 9H, MesCOCO:R).

13C NMR (151 MHz, CDCls): 6 174.4 (R,C(CO,Me)CO;R), 169.5 (R.C(CO,Me)CO,R), 153.1 (Me3COCO,R),

145.9 (H,C=CR;), 109.1 (H,C=CR;), 83.3 (Me3COCO2R), 77.6 (BocOCH,CH(OR)CHR;), 65.2 (BocOCH:R),
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62.6  (R.C(CO:Me)CO,R),  53.5  (MeO,CR), 473  (BocOCH,CH(OR)CHR,),  39.0
(H2C=C(R)CH2C(R)(CO,Me)CO,R), 33.1 (H,C=C(R)CH,CH(R)CH(OR)CH,0Boc), 27.9 (3C, MesCOCO;R).
IR: (Vmax/cm® (thin film)) = 1782, 1745, 1280, 1158, 857.

LRMS (ESI*): m/z = 349.2 = [M+Na]*; 293.0 = [M-H,C=CMe,+Na]*;

HRMS (ESI*): Predicted m/z ([C1sH2207Na]*) = 349.1258; m/z found = 349.1256.

3.67 - (£)-Methyl (1R,3aR,6aS)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-(hydroxymethyl)-3-oxo-4,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

According to the procedure of Li*?%: compound 2.50 (3.4 mg, 0.010 mmol) was dissolved in dry
dichloroethane (0.50 mL). Tetraphenylporphyrin (0.6 mg, 0.001 mmol) was added, the solution was
sparged with oxygen for 15 minutes, and the flask was fitted with an oxygen balloon. The resulting
deep violet solution was irradiated using a 30 W compact fluorescent light (at a distance of 1 cm) and
stirred for 4 days. After this time had elapsed, the light source was removed, triphenylphosphine (5.2
mg, 0.020 mmol) was added, and the reaction was stirred for a further 30 minutes. The volatile
organics were removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 40% ethyl acetate in pentane, to give the product as a pale green oil
(1.7 mg, 0.0046 mmol, 46% yield).

R.f: 0.45 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): 6 5.53 — 5.50 (m, 1H, HOCH,C(R)=CHCHR;), 4.76 (g, / = 6.4 Hz, 1H,
TBSOCH,CH(OR)R), 4.28 — 4.15 (m, 2H, HOCHzR), 3.92 (dd, J = 10.6, 6.2 Hz, 1H, TBSOCHH'R), 3.82 —
3.81 (m, 1H, TBSOCH,CH(OR)CHR3), 3.81 (s, 3H, MeOCR), 3.72 (dd, J = 10.6, 7.0 Hz, 1H, TBSOCHH'R),

3.16 (dtt, J = 16.9, 2.3, 1.2 Hz, 1H, HOCH,C(=CHR)CHH’C(R)(CO,Me)CO3R), 2.96 (dq, J = 16.9, 1.4 Hz,
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1H, HOCH,C(=CHR)CHH’C(R)(CO.Me)CO,R), 0.90 (s, 9H, MesCSiMe,OR), 0.10 (s, 3H, MesCSiMe,OR),
0.09 (s, 3H, Me3CSiMe;0R). Hydroxyl proton resonance not observed.

3C NMR (151 MHz, CDCls): & 175.6 (R.C(CO,Me)CO:R), 169.4 (R,C(CO.Me)CO:R), 146.7
(HOCH,C(R)=CHCHR;), 119.4  (HOCH,C(R)=CHCHR,), 81.2  (TBSOCH,CH(OR)CHR.), 62.3
(TBSOCH,CH(OR)CHR3), 61.4 (HOCH3R), 61.2 (R,C(COMe)CO4R), 54.4 (TBSOCH,CH(OR)CHR,), 53.4
(MeO,CR), 39.9 (HOCH,C(=CHR)CH.C(R)(CO,Me)CO,R), 25.9 (3C, MesCSiMe,OR), 18.3
(MesCSiMe,0R), -5.2 (MesCSiMe,OR), -5.3 (MesCSiMe,OR).

IR: (Vmax/cm? (thin film)) = 1770, 1739.

LRMS (ESI*): m/z = 379.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H2806SiNa]*) = 379.1457; m/z found = 379.1459.

3.66 - (+)-Methyl (1R,3aR,6aS)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-(hydroxymethyl)-3-oxo-6,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OoTBS

Compound 3.66 was isolated as a product from the above procedure to form 3.67 from 2.50, in a yield
of (0.4 mg, 0.001 mmol, 10% yield).

R.f: 0.42 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

!H NMR (600 MHz, CDCls): & 5.83 — 5.80 (m, 1H, HOCH,C(R)=CHC(R)(CO,Me)CO;R), 4.82 (td, J = 7.0,
5.4 Hz, 1H, TBSOCH,CH(OR)R), 4.22 (br s, 2H, HOCH,R), 3.96 (dd, /= 11.0, 5.4 Hz, 1H, TBSOCHH’R), 3.81
(s, 3H, MeO,CR), 3.78 (dd, J = 11.0, 7.0 Hz, 1H, TBSOCHH'R), 3.57 (ddd, J = 9.5, 7.0, 5.4 Hz, 1H,
TBSOCH,CH(OR)CHR;), 2.75 — 2.68 (m, 1H, HOCH,C(=CHR)CHH’CHR;), 2.64 — 2.58 (br dd, J = 17.3, 9.5
Hz, 1H, HOCH,C(=CHR)CHH’CHR;), 0.89 (s, 9H, Me3CSiMe,OR), 0.10 (s, 3H, Me3CSiMe,O0R), 0.09 (s, 3H,

Me3CSiMe;0R). Hydroxyl proton resonance not observed.
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3C NMR (151 MHz, CDCls): & 172.7 (R.C(CO,Me)COsR), 169.8 (R.C(COMe)CO:R), 149.4
(HOCH,C(R)=CHC(R)(CO,Me)CO2R), 121.2 (HOCH,C(R)=CHC(R)(CO,Me)CO2R), 80.3
(TBSOCH,CH(OR)CHR:), 68.7 (R.C(CO.Me)CO,R), 62.3 (TBSOCH,CH(OR)CHR;), 61.3 (HOCH.R), 53.4
(MeO,CR), 46.3 (TBSOCH,CH(OR)CHR3), 32.9 (HOCH,C(=CHR)CH>CHR;), 25.9 (3C, MesCSiMe,0R), 18.3
(MesCSiMe,0R), -5.3 (Me;CSiMe;0R), -5.3 (Me3CSiMe,OR).

IR: (Vmax/cm™® (thin film)) = 3385, 1767, 1737.

LRMS (ESI*): m/z = 379.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H2806SiNal*) = 379.1457; m/z found = 379.1459.

3.76 - ()-Methyl (1R,3aR,6aS)-5-(acetoxymethyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-3-oxo-4,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

According to the modified procedure of Stahl*?°: compound 2.50 (34 mg, 0.10 mmol) was dissolved in
dry dioxane (0.75 mL) and acetic acid (0.25 mL). Palladium(ll) acetate (2.2 mg, 0.010 mmol), sodium
acetate (1.6 mg, 0.020 mmol), and 4,5-diazafluoren-9-one (1.8 mg, 0.010 mmol) were added, and the
flask was fitted with an oxygen balloon. The resulting golden solution was heated to 70 °C, at which
temperature the colour of the solution was observed to change from golden to deep orange over 30
minutes; the reaction was stirred at this temperature for 18 hours. After this time had elapsed, the
reaction was cooled to room temperature, volatile organics were removed under reduced pressure,
and the crude product was purified via flash column chromatography, eluting with 20% ethyl acetate
in pentane, to give the product as a colourless oil (27 mg, 0.068 mmol, 68% vyield).

R.f: 0.32 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): & 5.56 — 5.52 (m, 1H, AcOCH,C(R)=CHCHR,), 4.76 (dt, J = 7.3, 6.1 Hz, 1H,

TBSOCH,CH(OR)R), 4.61 (br s, 2H, AcOCHzR), 3.92 (dd, J = 10.5, 5.9 Hz, 1H, TBSOCHH'R), 3.83 — 3.81

156



(m, 1H, TBSOCH,CH(OR)CHR3), 3.80 (s, 3H, MeO,CR), 3.69 (dd, J = 10.5, 7.3 Hz, 1H, TBSOCHH’R), 3.17
(dtt, J = 17.0, 2.3, 1.2 Hz, 1H, AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO;R), 2.97 (dt, J = 17.0, 1.9 Hz, 1H,
AcOCH,C(=CHR)CHH’C(R)(CO.Me)CO3R), 2.08 (s, 3H, MeCO,CH,R), 0.90 (s, 9H, MesCSiMe,OR), 0.09 (s,
3H, MesCSiMe,0R), 0.09 (s, 3H, Me3CSiMe,OR).

13C NMR (151 MHz, CDCl3): & 175.4 (R,C(CO,Me)CO4R), 170.6 (MeCO,CH,R), 169.2 (R,C(CO,Me)CO4R),
141.4 (AcOCH,C(R)=CHCHR,), 122.5 (AcOCH,C(R)=CHCHR;), 80.9 (TBSOCH,CH(OR)CHR,), 62.1
(TBSOCH,CH(OR)CHR3), 62.0 (AcOCH,R), 61.1 (R,C(CO,Me)CO,R), 54.5 (TBSOCH,CH(OR)CHR,), 53.4
(MeO,CR), 40.2 (AcOCH,C(=CHR)CH,C(R)(CO.Me)CO,R), 25.9 (3C, MesCSiMe,0R), 20.9 (MeCO,CHR),
18.3 (Me3CSiMe;0R), -5.3 (Me3CSiMe,0R), -5.4 (Me;CSiMe,0R).

IR: (Vmax/cm™® (thin film)) = 1780, 1744, 1031.

LRMS (ESI*): m/z = 421.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C19H3007SiNa]*) = 421.1653; m/z found = 421.1652.

3.78 - (+)-Methyl (1R,3aR,6aS)-5-(acetoxymethyl)-1-(((tert-butoxycarbonyl)oxy)methyl)-3-oxo-4,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

According to the modified procedure of Stahl*?°: compound 3.19 (33 mg, 0.10 mmol) was dissolved in
dry dioxane (0.75 mL) and acetic acid (0.25 mL). Palladium(ll) acetate (2.2 mg, 0.010 mmol), sodium
acetate (1.6 mg, 0.020 mmol), and 4,5-diazafluoren-9-one (1.8 mg, 0.010 mmol) were added, and the
flask was fitted with an oxygen balloon. The resulting golden solution was heated to 70 °C, at which
temperature the colour of the solution was observed to change from golden to deep orange over 30
minutes; the reaction was stirred at this temperature for 18 hours. After this time had elapsed, the

reaction was cooled to room temperature, volatile organics were removed under reduced pressure,
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and the crude product was purified via flash column chromatography, eluting with 40% ethyl acetate
in pentane, to give the product as a colourless oil (24 mg, 0.063 mmol, 63% yield).

R.f: 0.18 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): & 5.47 — 5.45 (m, 1H, AcOCH,C(R)=CHCHR;), 4.97 (ddd, J = 7.5, 6.3, 5.1 Hz,
1H, BocOCH,CH(OR)R), 4.61 (br s, 2H, AcOCH3R), 4.29 (dd, J = 11.6, 7.5 Hz, 1H, BocOCHH’R), 4.25 (dd,
J =117, 5.1 Hz, 1H, BocOCHH’R), 3.86 (dq, J = 6.3, 2.1 Hz, 1H, BocOCH,CH(OR)CHR;), 3.80 (s, 3H,
MeO,CR), 3.20 (br d, J = 17.2 Hz, 1H, AcOCH,C(=CHR)CHH'C(R)(CO,Me)CO,R), 3.00 (br d, J = 17.2 Hg,
1H, AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO,R), 2.10 (s, 3H, MeCO,CH;R), 1.50 (s, 9H, Me3sCOCO;R).
13CNMR (151 MHz, CDCl3): 6 174.7 (R,C(CO,Me)CO2R), 170.6 (MeCO,CH,R), 168.7 (R,C(CO,Me)CO,R),
153.1 (MesCOCO4R), 142.9 (AcOCH,C(R)=CHCHR3), 120.8 (AcOCH,C(R)=CHCHR;), 83.4 (Me3COCO;R),
78.6 (BocOCH,CH(OR)CHR;), 65.6 (BocOCH,CH(OR)CHR;), 61.8 (AcOCH;R), 61.0 (R.C(CO,Me)CO,R),
54.0 (BocOCH,CH(OR)CHR;), 53.6 (MeO,CR), 40.2 (AcOCH,C(=CHR)CH,C(R)(CO.Me)CO;R), 27.9 (3C,
Me;COCO4R), 20.9 (MeCO,CH3R).

IR: (Vmax/cm™ (thin film)) = 1782, 1742, 1370.

LRMS (ESI*): m/z = 351.0 = [M-H,C=CMe,+Na]*

HRMS (ESI*): Predicted m/z ([CisH2409Nal*, [M+Na]*) = 407.1307; m/z found = 407.1313.

3.89 - (i)-Methyl (1R,3aR,6aS)-5-(acetoxymethyl)-1-(hydroxymethyl)-3-oxo-4,6a-dihydro-1H-

cyclopental[c]furan-3a(3H)-carboxylate

MeO,C

AcO

Compound 3.78 (3.8 mg, 0.010 mmol) was dissolved in dry dichloromethane (0.10 mL) and the
resulting solution was cooled to 0 °C in an ice bath. Boron trifluoride diethyl etherate (0.001 mL, 0.01
mmol) was added, and the reaction was allowed to stir for 5 minutes. After this time had elapsed,

saturated aqueous sodium bicarbonate solution (1 mL), water (1 mL), and ethyl acetate (2 mL) were
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added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (5 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure to give the
product as a colourless oil (2.2 mg, 0.0079 mmol, 79% vyield).

R.f: 0.30 (60% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 5.50 (br s, 1H, AcOCH,C(R)=CHCHR,), 4.87 (td, J = 6.9, 4.7 Hz, 1H,
HOCH,CH(OR)R), 4.61 (br s, 2H, AcOCH3R), 3.89 (dd, J = 12.0, 6.9 Hz, 1H, HOCHH'R), 3.86 (dd, J = 12.0,
4.7 Hz, 1H, HOCHH’R), 3.83 (td, J = 4.7, 2.1 Hz, 1H, HOCH,CH(OR)CHR>), 3.81 (s, 3H, MeO,CR), 3.17 (br
d, J = 17.2 Hz, 1H, AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO2R), 2.99 (br d, J = 17.2 Hz, 1H,
AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO;R), 2.09 (s, 3H, MeCO,CH;R).

13C NMR (151 MHz, CDCls): § 174.9 (R,C(CO.Me)CO3R), 170.5 (MeCO,CHR), 168.8 (R.C(CO.Me)CO3R),
141.6 (AcOCH,C(R)=CHCHR;), 121.7 (AcOCH,C(R)=CHCHR;), 81.7 (HOCH,CH(OR)CHR;), 62.4
(HOCH,CH(OR)CHR;), 61.8 (AcOCH;R), 61.2 (R.C(CO,Me)CO:R), 53.8 (BocOCH,CH(OR)CHR,), 53.4
(MeO,CR), 40.0 (AcOCH,C(=CHR)CH,C(R)(CO,Me)CO2R), 20.8 (MeCO,CH;R).

IR: (Vmax/cm (thin film)) = 3566, 1772, 1734.

HRMS (ESI*): Predicted m/z ([C13H1607Na]*) = 307.0788; m/z found = 307.0789.

3.20 - (1)-Methyl (1R,3aR,6aS)-1-(((methoxycarbonyl)oxy)methyl)-5-methylene-3-oxotetrahydro-1H-

cyclopentalc]furan-3a(3H)-carboxylate

MeO,C 9

(o]
O)‘OMe

Compound 2.49 (68 mg, 0.25 mmol) was dissolved in dry dichloromethane (2.50 mL), and the solution
was cooled to 0 °C in an ice bath. 4-(Dimethylamino)pyridine (92 mg, 0.75 mmol) and methyl

chloroformate (35 mg, 0.03 mL, 0.38 mmol) were added, and the colourless solution was stirred and
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allowed to warm to room temperature over 12 hours. After this time had elapsed, saturated aqueous
sodium bicarbonate solution (3 mL), water (3 mL), and ethyl acetate (10 mL) were added. The organic
layer was separated, and the aqueous layer was extracted three times with ethyl acetate (10 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 30% ethyl acetate in pentane, to give the product as a
colourless oil (50 mg, 0.18 mmol, 72% yield).

R.f: 0.52 (50% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

1H NMR (600 MHz, CDCl3): 6 4.96 — 4.93 (m, 3H, MeOCO,CH,CH(OR)R, HH’C=CR,), 4.40 (dd, J = 11.8,
7.6 Hz, 1H, MeOCO,CHH'R), 4.30 (dd, J = 11.8, 4.7 Hz, 1H, MeOCO,CHH’R), 3.82 (s, 3H, MeOCO,CHR),
3.80 (s, 3H, MeO,CR), 3.19 (td, J = 8.7, 5.7 Hz, 1H, MeOCO,CH,CH(OR)CHR,), 3.13 — 3.03 (dg, J = 17.0,
1.9 Hz, 1H, H,C=C(R)CHH’C(R)(CO.Me)CO:R), 2.98 (d, J = 17.0 Hz, 1H, H,C=C(R)CHH’C(R)(CO.Me)CO2R),
2.58 (ddq, J = 16.0, 8.7, 1.6 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,0CO,Me), 2.38 (br dd, J = 16.0, 8.7
Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,0CO;,Me).

13C NMR (151 MHz, CDCl3): 6 174.3 (R,C(CO,Me)CO4R), 169.4 (R,C(CO,Me)CO4R), 155.4 (MeOCO3R),
145.8 (H,C=CR;), 109.2 (H,C=CR;), 77.4 (MeOCO,CH,CH(OR)CHR;), 66.1 (MeOCO,CH;R), 62.6
(R,C(CO,Me)CO,R), 55.4 (MeOCO,R), 53.6 (MeO,CR), 47.2 (MeOCO,CH,CH(OR)CHR,), 39.0
(H.C=C(R)CH,C(R)(CO,Me)CO2R), 33.1 (H.C=C(R)CH,CH(R)CH(OR)CH,OCO,Me).

IR: (Vmax/cm! (thin film)) = 1780, 1747, 1275, 1059, 790.

LRMS (ESI*): m/z = 307.0 = [M+Na]".

HRMS (ESI*): Predicted m/z ([C13H160;Na]*) = 307.0788; m/z found = 307.0788.
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3.91 - (%)-Methyl (1R,3aR,6aS)-5-(acetoxymethyl)-1-(((methoxycarbonyl)oxy)methyl)-3-oxo-4,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C

AcO
(o)
0)"OMe

According to the modified procedure of Stahl*?°: compound 3.20 (29 mg, 0.10 mmol) was dissolved in
dry dioxane (0.75 mL) and acetic acid (0.25 mL). Palladium(ll) acetate (2.2 mg, 0.010 mmol), sodium
acetate (1.6 mg, 0.020 mmol), and 4,5-diazafluoren-9-one (1.8 mg, 0.010 mmol) were added, and the
flask was fitted with an oxygen balloon. The resulting golden solution was heated to 70 °C, at which
temperature the colour of the solution was observed to change from golden to deep orange over 30
minutes; the reaction was stirred at this temperature for 18 hours. After this time had elapsed, the
reaction was cooled to room temperature, volatile organics were removed under reduced pressure,
and the crude product was purified via flash column chromatography, eluting with 40% ethyl acetate
in pentane, to give the product as a colourless oil (18 mg, 0.051 mmol, 51% yield).

R.f: 0.23 (40% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

1H NMR (600 MHz, CDCls): 6 5.47 — 5.45 (m, 1H, AcOCH,C(R)=CHCHR,), 4.98 (ddd, J = 7.3, 6.3, 5.3 Hz,
1H, MeOCO,CH,CH(OR)R), 4.62 (br s, 2H, AcOCH2R), 4.36 (dd, J = 11.7, 7.3 Hz, 1H, MeOCO,CHH'R),
433 (dd, J = 11.7, 53 Hz, 1H, MeOCO,CHH'R), 3.86 (ddt, J = 6.3, 3.9, 2.0 Hz, 1H,
MeOCO,CH,CH(OR)CHR;), 3.83 (s, 3H, MeOCO,CH;R), 3.81 (s, 3H, MeO,CR), 3.18 (br d, J = 17.2, Hz,
1H, AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO:R), 3.00 (dt, J = 17.2, 2.0 Hz, 1H,
AcOCH,C(=CHR)CHH’C(R)(CO,Me)CO;R), 2.10 (s, 3H, MeCO,CH;R).

13C NMR (151 MHz, CDCls): & 174.6 (R2C(CO2Me)CO3R), 170.6 (MeCO,CH,R), 168.7 (R.C(CO.Me)CO3R),
155.5 (MeOCO;R), 143.1 (AcOCH,C(R)=CHCHR;), 120.7 (AcOCH,C(R)=CHCHR;), 78.3

(MeOCO,CH,CH(OR)CHR;), 66.5 (MeOCO,CH,CH(OR)CHR>), 61.8 (AcOCH,C), 61.0 (R,C(CO,Me)CO:R),
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55.4 (MeOCOR), 53.9 (MeOCO,CH,CH(OR)CHR,), 53.6 (MeO,CR), 40.2
(AcOCH,C(=CHR)CH,C(R)(CO,Me)CO,R), 20.9 (MeCO,CH;R).

IR: (Vmax/cm® (thin film)) = 1772, 1745, 1443, 977.

LRMS (ESI*): m/z = 365.0 = [M+Na]*.

HRMS (ESI*): Predicted m/z ([CisH180sNa]*) = 365.0843; m/z found = 365.0843.

3.70 - (1)-Methyl (1R,3aR,6aS)-1-(((tert-butoxycarbonyl)oxy)methyl)-5-(hydroxymethyl)-3-oxo-4,6a-

dihydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C

HO
(o]
o)‘OtBu

Compound 3.78 (3.8 mg, 0.010 mmol) was dissolved in dry methanol (1.00 mL) and potassium
carbonate (2.1 mg, 0.015 mmol) was added. The resulting suspension was stirred at room temperature
for 30 minutes. After this time had elapsed, saturated ammonium chloride solution (2 mL), water (2
mL), and ethyl acetate (5 mL) were added, and the organic phase was separated. The aqueous phase
was extracted three times with ethyl acetate (5 mL). The combined organic extracts were washed with
brine, dried over anhydrous magnesium sulfate, filtered, and volatile organics were removed under
reduced pressure. The crude residue was purified via flash column chromatography, eluting with 20%
ethyl acetate in pentane, to give the product as a colourless oil (2.7 mg, 0.0080 mmol, 80% yield).
R.f: 0.43 (30% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 5.45 (br s, 1H, HOCH,C(R)=CHCHR;), 4.96 (ddd, J = 7.5, 6.2, 5.4 Hz, 1H,
BocOCH,CH(OR)R), 4.30 (dd, J = 16.6, 7.5 Hz, 1H, BocOCHH'R), 4.26 (dd, J = 16.6, 5.4 Hz, 1H,
BocOCHH’R), 4.22 (br d, J = 15.0 Hz, 1H, HOCHH'R), 4.20 (br d, J = 15.0 Hz, 1H, HOCHH’R), 3.85 (ddd, J
= 6.2, 4.6, 2.4 Hz, 1H, BocOCH,CH(OR)CHR3), 3.80 (s, 3H, MeO,CR), 3.17 (br d, J = 17.0 Hz, 1H,

HOCH,C(=CHR)CHH’C(R)(CO.Me)COR), 2.96 (br d, J = 17.0 Hz, 1H,
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HOCH,C(=CHR)CHH’C(R)(CO;Me)CO,R), 1.50 (s, 9H, Me3sCOCO;R). Hydroxyl proton resonance not
observed.

13C NMR (151 MHz, CDCls): & 175.0 (R.C(CO2Me)CO3R), 168.9 (R2C(CO,Me)CO,R), 153.1 (MesCOCO,R),
148.0  (HOCH,C(R)=CHCHR,), 118.0  (HOCH,C(R)=CHCHR;), 83.3  (MesCOCO;R), 78.7
(BocOCH,CH(OR)CHR3), 65.7 (BocOCH,CH(OR)CHR,), 61.3 (HOCH:R), 61.1 (R,C(CO,Me)CO:R), 53.9
(BocOCH,CH(OR)CHR;), 53.5 (MeO,CR), 39.8 (HOCH,C(=CHR)CH,C(R)(CO,Me)COzR), 27.9 (3C,
MesCOCOSR).

IR: (Vmax/cm™ (thin film)) = 1781, 1742, 1155, 1039.

LRMS (ESI*): m/z = 309.0 = [M-H,C=CMe>+Na]*;

HRMS (ESI*): Predicted m/z ([C1sH220sNal*, [M+Na]*) = 365.1207; m/z found = 365.1206.

3.92 - (+)-Methyl (1R,3aR,6aS)-1,5-bis(hydroxymethyl)-3-oxo-4,6a-dihydro-1H-cyclopentac]furan-

3a(3H)-carboxylate

MeO,C

HO : \"H

Compound 3.92 was isolated as a product from the above procedure to form 3.70 from 3.78 (0.3 mg,
0.001 mmol, 11% yield).

R.f: 0.20 (70% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCl3): 6 5.48 (br s, 1H, HOCH,C(R)=CHCHR;), 4.87 (td, J = 6.7, 4.6 Hz, 1H,
HOCH,CH(OR)R), 4.21 (m, 2H, HOCHH’C(R)=CHR, HOCHH’C(R)=CHR), 3.88 (m, 2H, HOCHH’CH(OR)R),
HOCHH’CH(OR)R), 3.81 (s, 3H, MeO,CR), 3.81 (m, 1H, HOCH,CH(OR)CHR3), 3.15 (d, / = 17.0 Hz, 1H,
HOCH,C(=CHR)CHH’C(R)(CO,Me)CO;R), 2.96 (d, J = 17.0 Hz, 1H,
HOCH,C(=CHR)CHH’C(R)(CO,Me)CO;R), 1.93 (dd, / = 7.4, 5.0 Hz, 1H, HOCHH’CH(OR)R), 1.67 (t, /= 5.8

Hz, 1H, HOCHH’C(R)=CHR).
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3C NMR (151 MHz, CDCls): & 175.4 (R.C(CO:Me)COsR), 169.2 (R,C(CO,Me)CO:R), 147.0
(HOCH2C(R)=CHCHRy), 118.7 (HOCH2C(R)=CHCHR), 82.1 (HOCH,CH(OR)CHR:), 62.7
(HOCH,CH(OR)CHR,), 61.5 (R,C(CO2Me)CO4R), 61.3 (HOCH,C(R)=CHR), 53.9 (HOCH,CH(OR)CHR,), 53.5
(MeO,CR), 39.8 (HOCH,C(=CHR)CH,C(R)(CO,Me)CO,R).

IR: (Vmax/cm (thin film)) = 3347, 1771, 1730.

LRMS (ESI*): m/z = 265.0 = [M+Na]*.

HRMS (ESI*): Predicted m/z ([C11H1406Na]*) = 265.0683; m/z found = 265.0683.

3.98 - Methyl (1R,3aR,6S,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-methylene-3-oxo-6-(((R)-
3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)tetrahydro-1H-cyclopenta[c]furan-3a(3H)-

carboxylate

According to the modified procedure of Ward*3: (R)-MTPA 3.94 (8.0 mg, 0.033 mmol) was dissolved
in dry hexane (1.30 mL), and the solution was stirred at room temperature. Oxalyl chloride (0.012 mL,
0.13 mmol) and N,N-dimethylformamide (0.003 mL, 0.030 mmol) were added, and the resulting
colourless solution was stirred for 1 hour, over which time a white precipitate was observed to form.
After this time had elapsed, the reaction mixture was filtered through a plug of cotton wool, and the
volatile organics were removed under reduced pressure to give a colourless oily residue.

This residue was redissolved in dry dichloromethane (0.25 mL), and the solution was stirred at room
temperature. A solution of alcohol 3.2 (4.0 mg, 0.011 mmol) in dry dichloromethane (0.25 mL) and 4-
(dimethylamino)pyridine (7.0 mg, 0.055 mmol) were added, and the resulting colourless solution was

stirred for 2 hours. After this time had elapsed, saturated aqueous sodium bicarbonate solution (1
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mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was separated, and the
aqueous layer was extracted three times with ethyl acetate (5 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 15% diethyl ether in pentane, to give the product as a colourless oil (4.9
mg, 0.0090 mmol, 79% vyield).

R.f: 0.37 (20% ethyl acetate in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 7.54 — 7.50 (m, 2H, Ha-Ar), 7.46 — 7.42 (m, 3H, Hp-Ar, Hc-Ar), 5.98 (d, J =
2.0 Hz, 1H, H,C=C(R)CH(OMTPA)R), 5.31—5.28 (m, 1H, HH’=CR3), 5.25 (dt, J = 2.5, 1.2 Hz, 1H, HH’=CR,),
4.84 (ddd, J = 8.0, 5.9, 4.5 Hz, 1H, TBSOCH,CH(OR)R), 4.09 (dd, J = 11.4, 4.5 Hz, 1H, TBSOCHH'R), 3.95
(dd, J = 11.4, 5.9 Hz, 1H, TBSOCHH’R), 3.80 (s, 3H, MeO,CR), 3.53 (s, 3H, ArOMe), 3.33 (dd, J = 8.0, 2.0
Hz, 1H, TBSOCH,CH(OR)CHR;), 3.21 -3.11 (m, 1H, H,C=C(R)CHH’C(R)(CO.Me)COR), 2.94 (brd, J=15.9
Hz, 1H, H,C=C(R)CHH’C(R)(CO,Me)CO4R), 0.93 (s, 9H, MesCSiMe,OR), 0.14 (s, 3H, MesCSiMe,OR), 0.12
(s, 3H, MesCSiMe,OR).

3¢ NMR (151 MHz, CDCls): & 173.6 (R,C(CO,Me)COsR), 168.7 (R.C(CO,Me)CO:R), 165.8
(PhC(CF3)(OMe)CO3R), 143.9 (H,C=CR;), 131.7 (RO,C-Car), 129.8 (H-Car), 128.5 (2C, Hp-Car), 127.3 (2C,
Ha-Car), 123.2 (q, J = 290 Hz, FsCR), 115.6 (H,C=CR,), 84.7 (q, J = 30 Hz, FsCCR3), 79.0 (RCO,CHR,), 78.5
(H.C=C(R)CH(OMTPA)R), 61.4 (TBSOCH;R), 60.6 (R.C(CO,Me)CO;R), 55.4 (ArOMe), 53.5 (MeOCR),
53.2 (TBSOCH,CH(OR)CHR;), 38.0 (H2C=C(R)CH,C(R)(CO,Me)CO,R), 25.7 (3C, MesCSiMe,OR), 18.3
(MesCSiMe;0R), -5.4 (MesCSiMe,O0R), -5.6 (Me3CSiMe,OR).

19E NMR (565 MHz, CDCls): & -71.7 (FsCR).

IR: (Vmax/cm™® (thin film)) = 2955, 1783, 1749, 1437, 1124, 1016, 968, 838.

LRMS (ESI*): m/z = 595.2 = [M+Nal]*

HRMS (ESI*): Predicted m/z ([C,7H3s0gF3SiNal*) = 595.1942; m/z found = 595.1946.

Specific rotation for enantioenriched material: [a]3® +1.5 (c = 0.1 in CHCl5).
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3.99 - Methyl (1R,3aR,6S,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-methylene-3-oxo-6-(((S)-
3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)tetrahydro-1H-cyclopenta[c]furan-3a(3H)-

carboxylate

According to the modified procedure of Ward*3’: (S)-MTPA 3.95 (8.0 mg, 0.033 mmol) was dissolved in
dry hexane (1.30 mL), and the solution was stirred at room temperature. Oxalyl chloride (0.012 mL,
0.13 mmol) and N,N-dimethylformamide (0.003 mL, 0.03 mmol) were added, and the resulting
colourless solution was stirred for 1 hour, over which time a white precipitate was observed to form.
After this time had elapsed, the reaction mixture was filtered through a plug of cotton wool, and the
volatile organics were removed under reduced pressure to give a colourless oily residue.

This residue was redissolved in dry dichloromethane (0.25 mL), and the solution was stirred at room
temperature. A solution of alcohol 3.2 (4.0 mg, 0.011 mmol) in dry dichloromethane (0.25 mL) and 4-
(dimethylamino)pyridine (7.0 mg, 0.055 mmol) were added, and the resulting colourless solution was
stirred for 2 hours. After this time had elapsed, saturated aqueous sodium bicarbonate solution (1
mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was separated, and the
aqueous layer was extracted three times with ethyl acetate (5 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 15% diethyl ether in pentane, to give the product as a colourless oil (3.3
mg, 0.0061 mmol, 52% vyield).

R.f: 0.39 (20% ethyl acetate in pentane)
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1H NMR (600 MHz, CDCl3): & 7.52 — 7.46 (m, 2H, Ha-Ar), 7.44 — 7.38 (m, 3H, Hu-Ar, He-Ar), 5.99 (br s,
1H, H,C=C(R)CH(OMTPA)R), 5.32 (br d, J = 2.3 Hz, 1H, HH'=CR,), 5.26 (br d, J = 2.3 Hz, 1H, HH’=CR,),
4.80 (dt, J = 8.1, 5.0 Hz, 1H, TBSOCH,CH(OR)R), 4.02 (dd, J = 11.5, 4.5 Hz, 1H, TBSOCHH'R), 3.93 (dd, J
= 11.5, 5.5 Hz, 1H, TBSOCHH'R), 3.75 (s, 3H, MeO,CR), 3.52 (s, 3H, ArOMe), 3.24 — 3.21 (m, 3H,
TBSOCH,CH(OR)CHR,,  H,C=C(R)CHH’C(R)(CO.Me)COR), 294 (d, J = 16.0 Hz 1H,
H.C=C(R)CHH’C(R)(CO,Me)CO,R), 0.90 (s, 9H, MesCSiMe,0R), 0.11 (s, 3H, MesCSiMe,OR), 0.10 (s, 3H,
MesCSiMe,OR).

3C NMR (151 MHz, CDCl): & 173.8 (R,C(CO,Me)CO.R), 168.8 (R.C(CO.Me)COR), 166.0
(PhC(CF3)(OMe)CO;R), 144.3 (H,C=CRy), 131.9 (RO;C-Car), 129.9 (Hc-Car), 128.7 (2C, Hp-Car), 127.4 (2C,
Ha-Car), 123.4 (g, J = 290 Hz, FsCR), 115.8 (H,C=CR,), 84.6 (d, J = 30 Hz, FsCCRs), 79.3 (RCO,CHR,), 78.6
(H.C=C(R)CH(OMTPAJR), 61.6 (TBSOCH,R), 60.8 (R.,C(CO.Me)CO,R), 55.5 (ArOMe), 53.6 (MeO,CR),
53.5 (TBSOCH,CH(OR)CHR,), 38.2 (H,C=C(R)CH,C(R)(CO,Me)CO:R), 25.9 (3C, MesCSiMe,OR), 18.5
(Me3CSiMe,0R), -5.3 (MesCSiMe,0R), -5.4 (MesCSiMe,OR).

19F NMR (565 MHz, CDCls): & -71.4 (FsCR).

IR: (Vmax/cm® (thin film)) = 2954, 1784, 1749, 1251, 1125, 1017, 838.

LRMS (ESI*): m/z = 595.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([Ca7H3sOsFsSiNal*) = 595.1942; m/z found = 595.1945.

Specific rotation for enantioenriched material: [a]3°-31.5 (c = 0.1 in CHCl3).
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SI1 - Methyl (1R,3aR,6S,6aR)-6-((4-bromobenzoyl)oxy)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-

methylene-3-oxotetrahydro-1H-cyclopentalc]furan-3a(3H)-carboxylate

Compound 3.2 (4.0 mg, 0.011 mmol) was dissolved in dry dichloromethane (0.25 mL).
4-(Dimethylamino)pyridine (7.0 mg, 0.055 mmol) and bromobenzoyl chloride (7.0 mg, 0.033 mmol)
were added and the resulting colourless solution was stirred for 2 hours. After this time had elapsed,
saturated aqueous sodium bicarbonate solution (1 mL), water (1 mL), and ethyl acetate (2 mL) were
added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (5 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure, and the
crude product was purified via flash column chromatography, eluting with 10% diethyl ether in
pentane, to give the product as a colourless oil (3.8 mg, 0.0069 mmol, 64% yield).

R.f: 0.43 (20% ethyl acetate in pentane)

'H NMR (600 MHz, CDCls): & & 7.86 (br d, J = 8.5 Hz, 2H, Ha-Ar), 7.59 (br d, J = 8.5 Hz, 2H, Hy-Ar), 5.93
(brs, 1H, H,C=C(R)CH(O,CAr)R), 5.25 (br d, J = 2.0 Hz, 1H, HH’=CR;), 5.22 (br d, J = 2.0 Hz, 1H, HH’=CR;),
4.85 (dt, J=7.5, 5.0 Hz, 1H, TBSOCH,CH(OR)R), 4.10 (dd, J = 11.5, 5.0 Hz, 1H, TBSOCHH'R), 4.01 (dd, J
= 115, 5.0 Hz, 1H, TBSOCHH'R), 3.82 (s, 3H, MeO.CR), 3.38 - 3.28 (m, 2H,
H,C=C(R)CHH’C(R)(CO,Me)CO,R, TBSOCH,CH(OR)CHR,), 3.00 (d, J = 162 Hz, 1H,
H,C=C(R)CHH’C(R)(CO,Me)CO;R), 0.84 (s, 9H, Me3CSiMe,OR), 0.08 (s, 3H, Me3CSiMe,OR), 0.05 (s, 3H,

Me3CSiMe,OR).
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13C NMR (151 MHz, CDCls): & 174.0 (R.C(CO,Me)CO:R), 169.3 (R,C(CO,Me)CO4R), 165.1 (ArCO4R),
144.9 (H,C=CR;), 132.0 (2C, H.-Car), 131.4 (2C, Hy-Car), 128.8 (Br-Car), 128.7 (RO,C-Car), 114.0 (H,C=CR>),
79.8 (RCO,CHR,), 76.5 (H.C=C(R)CH(O,CAr)R), 61.7 (TBSOCH:R), 60.3 (R.C(CO,Me)CO.R), 53.9
(TBSOCH,CH(OR)CHR;), 53.7 (MeO.CR), 37.9 (H.C=C(R)CH,C(R)(CO.Me)CO;R), 25.9 (3C,
MesCSiMe,0R), 18.4 (Me3CSiMe,0R), -5.3 (Me3CSiMe,0R), -5.4 (Me;CSiMe;OR).

IR: (Vmax/cm™ (thin film)) = 2957, 1783, 1735, 1730, 1262, 1059, 1012.

LRMS (ESI*): m/z = 561.0, 563.0 = [M+Na]*

HRMS (ESI*): Predicted m/zs ([C.4H3107SiBrNa]*) = 561.0915 (50%), 563.0896 (50%); m/z found =
561.0914 (50%), 563.0893 (50%).

Specific rotation for enantioenriched material: [a]3°-8.0 (c = 0.05 in CHCls).

4.12 - (+)-Methyl (1R,3aR,5R,6R,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

Compound 3.2 (36 mg, 0.10 mmol) was dissolved in ethyl acetate (1.20 mL), the solution was sparged
with nitrogen, and palladium on carbon (10% palladium by weight, 11 mg, 0.010 mmol palladium) was
added. The suspension was sparged with nitrogen, then sparged with hydrogen, the flask was fitted
with a three-skinned hydrogen balloon, and the mixture was stirred rapidly for 4 hours. After this time
had elapsed, the hydrogen balloon was removed, and the flask was opened to the atmosphere. The
mixture was filtered through a pad of Celite™, volatile organics were removed under reduced
pressure, and the crude product was purified via flash column chromatography, eluting with 5-20%
ethyl acetate in pentane, to give the product as a colourless oil (27 mg, 0.074 mmol, 74% yield).

R.f: 0.47 (30% ethyl acetate in pentane, stains in potassium permanganate dip with heating).
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1H NMR (500 MHz, CDCls): & 4.75 (td, J = 6.8, 4.8 Hz, 1H, TBSOCH,CH(OR)R), 4.28 (t, J = 5.3 Hz, 1H,
MeCH(R)CH(OH)R), 4.02 (dd, J = 11.4, 4.8 Hz, 1H, TBSOCHH'R), 3.97 (dd, J = 11.4, 6.8 Hz, 1H,
TBSOCHH'R), 3.79 (s, 3H, MeO,CR), 3.08 (dd, J = 6.8, 5.3 Hz, 1H, MeCH(R)CH(OH)CHR,), 2.54 (br s, 1H,
MeCH(R)CH(OH)R), 231 - 229  (m,  2H, MeCH(R)CHH’C(R)(CO,Me)CO:R,
MeCH(R)CHH’C(R)(CO,Me)CO,R), 2.16 — 2.11 (qd, J = 7.0, 5.3 Hz, 1H, MeCHRy), 1.03 (d, J = 7.0 Hz, 3H,
MeCHR,), 0.91 (s, 9H, MesCSiMe,0R), 0.12 (s, 3H, MesCSiMe,0R), 0.12 (s, 3H, MesCSiMe,OR).

13C NMR (126 MHz, CDCl3): & 175.6 (R.C(CO,Me)COR), 170.0 (R,C(CO,Me)COR), 78.6 (RCOCHR),
74.4 (MeCH(R)CH(OH)R), 61.6 (R,C(CO,Me)CO;R), 60.7 (TBSOCH:R), 55.0 (TBSOCH,CH(OR)CHR,), 53.5
(MeO,CR), 38.6 (MeCHR,), 37.4 (MeCH(R)CH,C(R)(CO,Me)COR), 25.9 (3C, MesCSiMe,OR), 18.4
(MesCSiMe,0R), 13.0 (MeCHR,), -5.4 (2C, MesCSiMe,OR).

Key NOE correlations involved in stereochemical assignment (E = CO,Me):

IR: (Vmax/cm™ (thin film)) = 3480, 1777, 1741, 1461, 1435, 1360, 1047.
LRMS (ESI*): m/z = 381.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H3006Si1Na]*) = 381.1704; m/z found = 381.1704.

3.1 - (1)-Methyl (1R,3aR,5S,6R,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

Compound 3.2 (36 mg, 0.10 mmol) was dissolved in dichloromethane (1.50 mL), the solution was

sparged with nitrogen, and Crabtree’s catalyst (16 mg, 0.020 mmol) was added. The resulting orange
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solution was stirred at room temperature, and the flask was fitted with a single-skinned balloon (which
had been previously inflated at least once) filled with a 4:1 mixture of nitrogen and hydrogen, and the
mixture was stirred rapidly for 1 hour. After this time had elapsed, the hydrogen balloon was removed,
and the flask was opened to the atmosphere. The mixture was filtered through a pad of Celite™,
volatile organics were removed under reduced pressure, and the crude product was purified via flash
column chromatography, eluting with 20% ethyl acetate in pentane, to give the product as a colourless
oil (33 mg, 0.091 mmol, 91% yield).

R.f: 0.43 (30% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

1H NMR (500 MHz, CDCls): 6 4.73 (dt, J = 8.4, 5.5 Hz, 1H, TBSOCH,CH(OR)R), 4.11 (dd, J = 11.3, 5.5 Hz,
1H, TBSOCHH'R), 4.02 (dd, J = 11.3, 8.4 Hz, 1H, TBSOCHH’R), 3.80 (s, 3H, MeO,CR), 3.67 (ddd, J = 10.5,
9.3, 1.9 Hz, 1H, MeCH(R)CH(OH)R), 3.61 (d, J = 1.9 Hz, 1H, MeCH(R)CH(OH)R), 2.95 (dd, J = 9.3, 5.5 Hz,
1H, MeCH(R)CH(OH)CHRy), 2.74 (dd, J = 14.2, 8.2 Hz, 1H, MeCH(R)CHexoHendoC(R)(CO,Me)CO,R), 2.10 —
1.99 (m, 1H, MeCHR,), 1.63 (dd, J = 14.2, 11.9 Hz, 1H, MeCH(R)CHexoHendoC(R)(CO2Me)CO2R), 1.09 (d, J
= 6.5 Hz, 3H, MeCHR;), 0.92 (s, 9H, Me3CSiMe,0R), 0.15 (s, 6H, MesCSiMe,OR).

13C NMR (126 MHz, CDCls): & 175.4 (R,C(CO,Me)CO,R), 170.1 (R,C(CO,Me)CO:R), 77.8 (RCO,CHR,),
76.8 (MeCH(R)CH(OH)R), 61.5 (R.C(CO,Me)CO2R), 58.1 (TBSOCH;R), 56.4 (TBSOCH,CH(OR)CHR3), 53.5
(MeO,CR), 41.4 (MeCHR;), 36.7 (MeCH(R)CH.C(R)(CO,Me)CO:R), 25.8 (3C, MesCSiMe,OR), 18.3
(MesCSiMe;0R), 16.3 (MeCHR;), -5.3 (Me3CSiMe;OR), -5.4 (Me3CSiMe,0R).

Key NOE correlations involved in stereochemical assighment (E = CO.Me):

IR: (Vma/cm’t (thin film)) = 3481, 1776, 1742, 1168, 1004.
LRMS (ESI*): m/z = 381.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H3006Si1Na]*) = 381.1704; m/z found = 381.1704.
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4.16 - (+)-Methyl (1R,3aR,5S,6S,6aR)-6-(benzoyloxy)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-

methyl-3-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

Compound 3.1 (18 mg, 0.050 mmol) was dissolved in dry, degassed toluene (0.50 mL). Benzoic acid
(31 mg, 0.25 mmol), triphenylphosphine (66 mg, 0.25 mmol), and diisopropylazodicarboxylate (51 mg,
0.25 mmol) were added, the resulting pale yellow solution was heated to 110 °C and stirred for 72
hours. After this time had elapsed, the reaction was allowed to cool to room temperature, saturated
aqueous sodium bicarbonate solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The
organic layer was separated, and the aqueous layer was extracted three times with ethyl acetate (10
mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. Volatile organics were removed under reduced pressure, and the crude product
was purified via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the
product as a colourless oil (18s mg, 0.039 mmol, 78% yield).

R.f: 0.42 (20% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

'H NMR (500 MHz, CDCls): 6 8.02 — 7.95 (m, 2H, Ha-Ar), 7.63 — 7.55 (m, 1H, H-Ar), 7.53 — 7.41 (m, 2H,
Hc-Ar), 5.74 (t, J=4.0 Hz, 1H, MeCH(R)CH(OBz)R), 4.82 (ddd, J=7.3, 6.1, 5.1 Hz, 1H, TBSOCH,CH(OR)R),
3.86 (dd, J = 11.1, 7.3 Hz, 1H, TBSOCHH'R), 3.84 (s, 3H, MeO,CR), 3.71 (dd, J = 11.1, 5.1 Hz, 1H,
TBSOCHH’R), 3.26 (dd, J = 6.1, 4.0 Hz, 1H, MeCH(R)CH(OBz)CHR,), 2.70 (dd, J = 13.7, 8.2 Hz, 1H,
MeCH(R)CHH’C(R)(CO,Me)CO,R), 2.47 — 2.32 (m, 1H, MeCHR,), 2.11 (dd, J = 13.7, 11.9 Hz, 1H,
MeCH(R)CHH’C(R)(CO,Me)CO2R), 0.96 (d, J = 6.7 Hz, 2H, MeCHR:3), 0.79 (s, 9H, Mes3CSiMe,0R), -0.10

(s, 3H, MesCSiMe;0R), -0.13 (s, 3H, MesCSiMe,OR).

172



13C NMR (126 MHz, CDCls): & 175.1 (R,C(CO,Me)CO,R), 170.3 (R.C(CO,Me)CO4R), 165.3 (PhCO3R),
133.6 (HeCal), 129.8 (2C, H.-Cas), 128.8 (RO,C-Ca), 128.7 (2C, Hp-Cas), 80.2 (RCO,CHR,), 78.1
(MeCH(R)CH(OBz)R), 61.6 (TBSOCH,R), 61.3 (R,C(CO,Me)CO,R), 53.4 (MeO,CR), 53.3
(TBSOCH,CH(OR)CHR,), 41.4 (MeCHR;), 37.9 (MeCH(R)CH,C(R)(CO;Me)COR), 25.7 (3C,
MesCSiMe,OR), 18.1 (MesCSiMe,OR), 13.3 (MeCHR,), -5.7 (MesCSiMe,OR), -5.8 (MesCSiMe,OR).

IR: (Vmax/cm® (thin film)) = 1787, 1725, 1687, 706.

LRMS (ESI): m/z = 485.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C24H3407SiNa]*) = 485.1996; m/z found = 485.1996.

423 - (i)-Methyl (1R,3aR,6S,6aR)-6-(benzoyloxy)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-

methylene-3-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

Compound 3.2 (4.0 mg, 0.011 mmol) was dissolved in dry dichloromethane (0.25 mL).
4-(Dimethylamino)pyridine (2.7 mg, 0.022 mmol) and benzoic anhydride (5.0 mg, 0.022 mmol) were
added and the resulting colourless solution was stirred for 12 hours. After this time had elapsed,
saturated aqueous sodium bicarbonate solution (1 mL), water (1 mL), and ethyl acetate (2 mL) were
added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (5 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure, and the
crude product was purified via flash column chromatography, eluting with 10% diethyl ether in
pentane, to give the product as a colourless oil (4.1 mg, 0.0090 mmol, 81% yield).

R.f: 0.42 (20% ethyl acetate in pentane, stains in potassium permanganate deep without heating).
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1H NMR (500 MHz, CDCls): 6 8.06 — 7.99 (m, 2H, Ha-Ar), 7.63 — 7.54 (m, 1H, Hc-Ar), 7.52 — 7.40 (m, 2H,
He-Ar), 5.93 (dq, J = 2.8, 1.5 Hz, 1H, H,C=C(R)CH(OBZ)R), 5.25 (q, J = 1.5 Hz, 1H, HH'=CR,), 5.22 (q, J =
1.5 Hz, 1H, HH’=CR,), 4.86 (dt, J = 7.5, 5.0 Hz, 1H, TBSOCH,CH(OR)R), 4.11 (dd, J = 11.5, 5.0 Hz, 1H,
TBSOCHH'R), 4.03 (dd, J = 11.5, 5.0 Hz, 1H, TBSOCHH'R), 3.82 (s, 3H, MeO,CR), 3.44 — 3.29 (m, 2H,
H.C=C(R)CHH'C(R)(CO,Me)CO,R, TBSOCH,CH(OR)CHR,), 3.01 (dt, J = 16.1, 1.5 Hz, 1H,
H.C=C(R)CHH’C(R)(CO,Me)CO,R), 0.84 (s, 9H, MesCSiMe,0R), 0.08 (s, 3H, MesCSiMe,OR), 0.04 (s, 3H,
MesCSiMe,OR).

13C NMR (126 MHz, CDCls): & 174.1 (R,C(CO,Me)CO,R), 169.4 (R,C(CO,Me)CO4R), 165.9 (PhCO,R),
145.1 (H,C=CRy), 133.6 (Hc-Car), 129.9 (2C, Ha-Car), 129.8 (RO,C-Cay), 128.6 (2C, Hy-Car), 113.7 (H,C=CR,),
80.0 (RCO,CHR,), 76.1 (H,C=C(R)CH(OBz)R), 61.8 (TBSOCH;R), 60.2 (R.C(CO,Me)COR), 53.9
(TBSOCH,CH(OR)CHR,), 53.7 (MeO,CR), 37.8 (H.C=C(R)CH.C(R)(CO.Me)COR), 25.9 (3C,
MesCSiMe,OR), 18.4 (MesCSiMe,0R), -5.3 (MesCSiMe,0R), -5.4 (MesCSiMe,0R).

IR: (Vmax/cm® (thin film)) = 1783, 1747, 1722, 1472, 1251, 1109, 837, 712.

LRMS (ESI*): m/z = 483.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C24H3,0,SiNa]*) = 483.1810; m/z found = 483.1804.

424 - (+)-Methyl (1R,3aR,5S,6R,6aR)-6-(benzoyloxy)-1-(((tert-butyldimethylsilyl)oxy)methyl)-5-

methyl-3-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

Compound 3.1 (3.9 mg, 0.010 mmol) was dissolved in dry dichloromethane (0.10 mL). 4-
Dimethylaminopyridine (2.4 mg, 0.020 mmol) and benzoic anhydride (4.5 mg, 0.020 mmol) were

added and the resulting colourless solution was stirred for 12 hours. After this time had elapsed, the
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reaction was allowed to cool to room temperature, saturated aqueous sodium bicarbonate solution
(1 mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was separated, and the
aqueous layer was extracted three times with ethyl acetate (5 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 10% diethyl ether in pentane, to give the product as a colourless oil (3.2
mg, 0.0070 mmol, 70% yield).

R.f: 0.44 (20% ethyl acetate in pentane, stains in potassium permanganate deep with heating).

1H NMR (500 MHz, CDCls): & 8.05 — 7.95 (m, 2H, Ha-Ar), 7.62 — 7.55 (m, 1H, Hc-Ar), 7.49 — 7.40 (m, 2H,
Hp-Ar), 5.20 (dd, J= 8.7, 6.5 Hz, 1H, MeCH(R)CH(OBz)R), 4.82 (dt, J = 8.0, 4.5 Hz, 1H, TBSOCH,CH(OR)R),
4.18 (dd, J = 11.8, 4.5 Hz, 1H, TBSOCHH'R), 3.96 (dd, J = 11.8, 4.5 Hz, 1H, TBSOCHH'R), 3.81 (s, 3H,
MeO,CR), 3.37 (dd, J = 8.0, 6.5 Hz, 1H, MeCH(R)CH(OBz)CHR;), 2.75 (dd, J = 13.6, 7.5 Hz, 1H,
MeCH(R)CHH’C(R)(CO.Me)CO,R), 2.47 — 2.39 (m, 1H, MeCHR,), 1.93 (dd, J = 13.6, 11.4 Hz, 1H,
MeCH(R)CHH’C(R)(CO,Me)CO;R), 1.11 (d, J = 6.7 Hz, 3H, MeCHR3), 0.83 (s, 9H, Me3CSiMe,0OR), 0.05 (s,
3H, MesCSiMe,0R), 0.01 (s, 3H, MesCSiMe,OR).

13C NMR (126 MHz, CDCl3): 6 174.6 (R,C(CO,Me)CO;R), 170.3 (R.C(CO,Me)CO,R), 166.2 (PhCO,R),
133.5 (Hc-Car), 129.9 (2C, Ha-Cad), 129.7 (RO,C-Ca’), 128.6 (2C, Hy-Car), 80.4 (RCO,CHR;), 80.2
(MeCH(R)CH(OBz)R), 62.1 (TBSOCH:R), 59.8 (R,C(CO,Me)CO;R), 54.1 (TBSOCH,CH(OR)CHR;), 53.6
(MeO,CR), 42.0 (MeCHR;), 37.0 (MeCH(R)CH.C(R)(CO.Me)CO:R), 26.0 (3C, MesCSiMe,OR), 18.6
(MesCSiMe;0R), 16.3 (MeCHR;y), -5.3 (Me3CSiMe;0R), -5.4 (Me3CSiMe,0R).

IR: (Vmax/cmt (thin film)) = 1781, 1746, 1721, 1452, 1127, 1109, 835, 781, 712.

LRMS (ESI*): m/z = 485.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C24H3407SiNal*) = 485.1996; m/z found = 485.1996.
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4.25 - Methyl (1R,3aR,6R,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methylene-3-
oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C O

‘H
OTBS

HO
Compound 2.50 (1.03 g, 3.00 mmol) was dissolved in dichloromethane (30 mL). Selenium dioxide (333
mg, 3.00 mmol) was added, a solution of tert-butyl hydroperoxide (5.5 M in decane, 2.18 mL, 12.0
mmol) was added dropwise over 1 minute, an air condenser was attached, and the colourless solution
was heated to reflux for 3 hours. After this time had elapsed, the reaction was allowed to cool to room
temperature, filtered through a plug of Celite™, and water (50 mL), and ethyl acetate (50 mL) were
added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (100 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure, and the
crude product was redissolved in methanol. Cerium trichloride heptahydrate (1.12 g, 3.00 mmol) and
sodium borohydride (114 mg, 3.00 mmol) were added, and the resulting reaction was stirred for 5
minutes at room temperature. After this time had elapsed, ammonium chloride (30 mL), water (30
mL), and ethyl acetate (50 mL) were added. The organic layer was separated, and the aqueous layer
was extracted three times with ethyl acetate (100 mL). The combined organic extracts were washed
with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed
under reduced pressure, and the crude residue was purified via flash column chromatography, eluting
with 20% ethyl acetate in pentane, to give the product as a waxy white solid (427 mg, 1.21 mmol, 40%
yield). Racemic material was a colourless oil.

R.f: 0.43 (30% ethyl acetate in pentane, stains in potassium permanganate deep without heating).

'H NMR (500 MHz, CDCls): 6 5.18 (br s, 1H, HH'C=CR;), 4.99 (br s, 1H, HH’C=CR,), 4.78 (ddd, J = 6.0,
4.6, 3.1 Hz, 1H, TBSOCH,CH(OR)R), 4.57 (dd, J = 4.6, 2.5 Hz, 1H, H,C=C(R)CH(OH)R), 4.24 (dd, J = 11.9,

4.6 Hz, 1H, TBSOCHH'R), 4.06 (dd, J = 11.9, 3.1 Hz, 1H, TBSOCHH’R), 3.89 (br d, J = 2.5 Hz, 1H,

176



H.C=C(R)CH(OH)R), 3.79 (s, 3H, MeO,CR), 3.20 (dt, J = 16.8, 25 Hz, 1H,
H.C=C(R)CHH'C(R)(CO,Me)COR), 3.05 — 298 (m, 2H, H,C=C(R)CHH’C(R)(CO,Me)CO:R,
TBSOCH,CH(OR)CHR,), 0.93 (s, 9H, MesCSiMe,OR), 0.16 (s, 3H, MesCSiMe,OR), 0.14 (s, 3H,
MesCSiMe,OR).

13C NMR (126 MHz, CDCls): & 174.7 (R.C(CO,Me)COR), 170.3 (R,C(CO,Me)CO,R), 149.6 (H,C=CR,),
109.9 (H,C=CRy), 79.6 (RCO,CHR,), 76.3 (H,C=C(R)CH(OH)R), 61.5 (TBSOCH:R), 60.7 (R.C(CO,Me)CO:R),
53.7 (TBSOCH,CH(OR)CHR,), 53.6 (MeO,CR), 35.5 (H,C=C(R)CH.C(R)(CO.Me)COR), 25.9 (3C,
MesCSiMe,OR), 18.5 (MesCSiMe,0R), -5.4 (MesCSiMe,0R), -5.5 (MesCSiMe,0R).

Key NOE correlations involved in stereochemical assignment (E = CO,Me):

IR: (Vmax/cm™ (thin film)) = 3370, 1777, 1739, 1462, 1389, 1254, 1121, 954, 838, 780.
LRMS (ESI*): m/z =379.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H2806Si1Nal*) = 379.1547; m/z found = 379.1548.
Specific rotation for enantioenriched material: [a]3°-23.5 (c = 0.35 in CHCl5).
Melting point of enantioenriched material: 82-83 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.
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4.27 - (t)-Methyl (1R,3aR,5S,6S,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

Compound 4.25 (36 mg, 0.10 mmol) was dissolved in ethyl acetate (1.20 mL), the solution was sparged
with nitrogen, and palladium on carbon (10% palladium by weight, 11 mg, 0.010 mmol palladium) was
added. The suspension was sparged with nitrogen, then sparged with hydrogen, the flask was fitted
with a three-skinned hydrogen balloon, and the mixture was stirred rapidly for 4 hours. After this time
had elapsed, the hydrogen balloon was removed, and the flask was opened to the atmosphere. The
mixture was filtered through a pad of Celite™, volatile organics were removed under reduced
pressure, and the crude product was purified via flash column chromatography, eluting with 5-20%
ethyl acetate in pentane, to give the product as a colourless oil (8 mg, 0.02 mmol, 21% yield) alongside
compound 4.26 (23 mg, 0.065 mmol, 65% yield).

R.f: 0.42 (30% ethyl acetate in pentane, stains in potassium permanganate deep with heating).

'H NMR (500 MHz, CDCls): 6 4.66 (ddd, J = 5.9, 3.7, 2.5 Hz, 1H, TBSOCH,CH(OR)R), 4.28 (dd, J = 12.2,
3.7 Hz, 1H, TBSOCHH'R), 4.14 (br s, 1H, MeCH(R)CH(OH)R), 4.01 (dd, J = 12.2, 2.5 Hz, 1H, TBSOCHH'R),
3.80 (br s, 1H, MeCH(R)CH(OH)R), 3.77 (s, 3H, MeO,CR), 2.88 (dd, J = 5.9, 3.1 Hz, 1H,
MeCH(R)CH(OH)CHR,), 2.48 (dd, J = 11.0, 5.4 Hz, 1H, MeCH(R)CHH’C(R)(CO,Me)CO,R), 2.24 — 2.07 (m,
2H, MeCHR,, MeCH(R)CHH’C(R)(CO,Me)COzR), 1.06 (d, J = 6.3 Hz, 3H, MeCHR;), 0.92 (s, 9H,
MesCSiMe,OR), 0.15 (s, 3H, MesCSiMe,OR), 0.15 (s, 3H, MesCSiMe,0R).

13C NMR (126 MHz, CDCls): 6 175.6 (R.C(CO.Me)CO,R), 171.3 (R.C(CO,Me)CO:R), 79.0 (RCO,CHR>),
75.8 (MeCH(R)CH(OH)R), 61.9 (R.C(CO,Me)CO3R), 61.6 (TBSOCH,R), 57.0 (TBSOCH,CH(OR)CHR,), 53.3
(MeO,CR), 41.3 (MeCHR;), 37.2 (MeCH(R)CH,C(R)(CO.Me)CO;R), 25.9 (3C, MesCSiMe,OR), 18.5

(MesCSiMe,0OR), 13.1 (MeCHR3), -5.5 (Me3CSiMe,0R), -5.6 (Me3CSiMe,OR).
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Key NOE correlations involved in stereochemical assignment (E = CO,Me):

IR: (Vmax/cm (thin film)) = 2955, 1775, 1738, 1461, 1253, 1118, 1000, 836, 779.
LRMS (ESI*): m/z = 381.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H3006SiiNa]*) = 381.1704; m/z found = 381.1704.

4.26 - (+)-Methyl (1R,3aR,5R,6S,6aR)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-hydroxy-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

OTBS

Compound 4.25 (36 mg, 0.10 mmol) was dissolved in ethyl acetate (1.20 mL), the solution was sparged
with nitrogen, and palladium on carbon (10% palladium by weight, 11 mg, 0.010 mmol palladium) was
added. A single crystal of tetrakis(acetonitrile)copper(l) tetrafluoroborate and a single crystal of
2,2’-bipyridine were dissolved in ethyl acetate (1.000 mL), and 0.050 mL of this solution was added to
the reaction. The suspension was sparged with nitrogen, then sparged with hydrogen, the flask was
fitted with a three-skinned hydrogen balloon, and the mixture was stirred rapidly for 8 hours. After
this time had elapsed, the hydrogen balloon was removed, and the flask was opened to the
atmosphere. The mixture was filtered through a pad of Celite™, volatile organics were removed under
reduced pressure, and the crude product was purified via flash column chromatography, eluting with
5-20% ethyl acetate in pentane, to give the product as a colourless oil (33 mg, 0.091 mmol, 91% vyield).

R.f: 0.40 (30% ethyl acetate in pentane, stains in potassium permanganate deep with heating).
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1H NMR (500 MHz, CDCl3): & 4.72 (ddd, J = 6.3, 3.8, 1.9 Hz, 1H, TBSOCH,CH(OR)R), 4.41 (d, J = 4.0 Hz,
1H, MeCH(R)CH(OH)R), 4.28 (dd, J = 12.3, 3.8 Hz, 1H, TBSOCHH'R), 4.03 (dd, J = 12.3, 1.9 Hz, 1H,
TBSOCHH'R), 3.99 (br g, J = 4.0 Hz, 1H, MeCH(R)CH(OH)R), 3.78 (s, 3H, MeO,CR), 3.10 (dd, J = 6.3, 4.0
Hz, 1H, MeCH(R)CH(OH)CHR,), 2.66 (dd, J = 13.6, 7.0 Hz, 1H, MeCH(R)CHendoHexoC(R)(CO2Me)COR),
2.20 (m, 1H, MeCHR,), 2.00 (dd, J = 13.6, 4.2 Hz, 1H, MeCH(R)CHendoHexoC(R)(CO2Me)CO3R), 0.98 (d, J
= 7.0 Hz, 3H, MeCHR;), 0.93 (s, 9H, MesCSiMe;OR), 0.16 (s, 3H, MesCSiMe,OR), 0.15 (s, 3H,
MesCSiMe,OR).

BC NMR (126 MHz, CDCl): & 175.5 (R,C(CO,Me)CO,R), 171.0 (R.C(CO,Me)COR), 79.4
(MeCH(R)CH(OH)R), 79.0 (RCO,CHR,), 61.4 (R,C(CO,Me)CO,R), 61.3 (TBSOCH,R), 53.4 (MeO,CR), 52.7
(TBSOCH,CH(OR)CHRz), 41.7 (MeCHR,), 37.7 (MeCH(R)CH,C(R)(CO;Me)COR), 25.9 (3C,
MesCSiMe,OR), 18.6 (MesCSiMe,OR), 17.5 (MeCHR,), -5.4 (MesCSiMe,OR), -5.6 (MesCSiMe,OR).

Key NOE correlations involved in stereochemical assighment (E = CO,Me):

IR: (Vmax/cmt (thin film)) = 1775, 1737, 1461, 1000, 836, 779.
LRMS (ESI*): m/z = 381.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C17H3006Si1Na]*) = 381.1704; m/z found = 381.1704.
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4.28 - Methyl (1R,3aR,6R,6aS)-6-((tert-butyldimethylsilyl)oxy)-1-(((tert-
butyldimethylsilyl)oxy)methyl)-5-methylene-3-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-

carboxylate

OTBS

Compound 4.25 (179 mg, 0.500 mmol) was dissolved in dry dichloromethane (5.00 mL). 2,6-Lutidine
(241 mg, 0.26 mL, 2.25 mmol) was added, tert-butyldimethylsilyl trifluormethanesulfonate (397 mg,
0.35 mL, 1.50 mmol) was added, and the resulting colourless solution was stirred at room temperature
for 12 hours. After this time had elapsed, saturated aqueous sodium bicarbonate solution (5 mL),
water (5 mL), and ethyl acetate (10 mL) were added, and the organic phase was separated. The
aqueous phase was extracted three times with ethyl acetate (20 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate, filtered, and volatile organics were
removed under reduced pressure. The crude residue was purified via flash column chromatography,
eluting with 20% diethyl ether in pentane, to give the product as a white solid (184 mg, 0.391 mmol,
78% yield). Racemic material was a colourless oil.

R.f: 0.49 (40% diethyl ether in pentane, stains in potassium permanganate dip without heating).

'H NMR (600 MHz, CDCls): 6 5.07 (br s, 1H, HH'=CR;), 4.97 (br s, HH’=CR;), 4.76 (q, J = 6.0 Hz, 1H,
TBSOCH,CH(OR)R), 4.54 (d, J = 4.1 Hz, 1H, H,C=C(R)CH(OTBS)R), 4.15 (dd, J = 10.7, 6.0 Hz, 1H,
TBSOCHH’R), 4.07 (dd, J = 10.7, 6.0 Hz, 1H, TBSOCHH'R), 3.79 (s, 3H, MeO,CR), 3.08 (br d, J = 16.4 Hz,
1H, H,C=C(R)CHH’C(R)(CO,Me)CO3R), 2.95 (d, J = 16.4 Hz, 1H, H,C=C(R)CHH’C(R)(CO,Me)CO,R), 2.91
(dd,J=6.0, 4.1 Hz, 1H, TBSOCH,CH(OR)CHR;), 0.90 (s, 9H, Me3CSiMe,O0R), 0.87 (s, 9H, Me3CSiMe,O0R),
0.10 (s, 3H, MesCSiMe,OR), 0.09 (s, 6H, MesCSiMe;OR, MesCSiMe,0R), 0.05 (s, 3H, MesCSiMe,OR).
13C NMR (151 MHz, CDCl3): 6 174.6 (R,C(CO,Me)CO:R), 170.6 (R,C(CO,Me)COR), 150.1 (H,C=CR,),
110.4 (H,C=CR,), 81.0 (RCO.CHR;), 77.5 (H.C=C(R)CH(OTBS)R), 62.2 (TBSOCH;R), 60.1

(R2C(CO,Me)CO3R), 53.5 (2C, MeO,CR, TBSOCH,CH(OR)CHR:), 35.8 (H.C=C(R)CH.C(R)(CO.Me)CO:R),
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26.0 (3C, MesCSiMe;0OR), 25.8 (3C, Mes3CSiMe,0R), 18.3 (MesCSiMe,OR), 18.1 (Me3CSiMe,0R), -3.8
(MesCSiMe,0R), -4.9 (Me3CSiMe;0R), -5.0 (Me3CSiMe,0R), -5.2 (Me3;CSiMe,OR).

IR: (Vmax/cm™t (thin film)) = 2857, 1781, 1737, 1472, 1103, 1066, 1005, 837, 777.

LRMS (ESI*): m/z = 493.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([Ca3H4206SioNa]*) = 493.2412; m/z found = 493.2408.

Specific rotation for enantioenriched material: [a]3°-16.5 (c = 0.6 in CHCl3).

Melting point of enantioenriched material: 40-41 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.

4.3 - Methyl (1R,3aR,5S,6S,6aS)-6-((tert-butyldimethylsilyl)oxy)-1-(((tert-

butyldimethylsilyl)oxy)methyl)-5-methyl-3-oxotetrahydro-1H-cyclopentalc]furan-3a(3H)-carboxylate

Compound 4.28 (94 mg, 0.20 mmol) was dissolved in ethyl acetate (2.50 mL), the solution was sparged
with nitrogen, and palladium on carbon (10% palladium by weight, 21 mg, 0.020 mmol palladium) was
added. The suspension was sparged with nitrogen, then sparged with hydrogen, the flask was fitted
with a three-skinned hydrogen balloon, and the mixture was stirred rapidly for 4 hours. After this time
had elapsed, the hydrogen balloon was removed, and the flask was opened to the atmosphere. The
mixture was filtered through a pad of Celite™, volatile organics were removed under reduced pressure
to give the product as a white solid (94 mg, 0.20 mmol, 100% yield). Racemic material was a colourless
oil.

R.f: 0.49 (40% diethyl ether in pentane, stains in potassium permanganate dip with heating).

!H NMR (500 MHz, CDCl5): 6 4.67 (ddd, J = 7.2, 6.3, 5.3 Hz, 1H, TBSOCH,CH(OR)R), 4.31 (dd, J = 4.7, 2.7
Hz, 1H, MeCH(R)CH(OTBS)R), 4.10 (dd, J = 11.2, 7.2 Hz, 1H, TBSOCHH’R), 4.00 (dd, J = 11.2, 5.3 Hz, 1H,

TBSOCHH’R), 3.78 (s, 3H, MeO,CR), 2.97 (dd, J = 6.3, 4.7 Hz, 1H, MeCH(R)CH(OTBS)CHR;), 2.44 — 2.34
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(dd, J = 10.5, 5.5 Hz, 1H, MeCH(R)CHH'C(R)(CO,Me)CO:R), 2.14 — 2.04 (m, 2H, MeCHR,
MeCH(R)CHH’C(R)(CO,Me)COR), 0.99 (d, J = 6.6 Hz, 3H, MeCHR;), 0.91 (s, 9H, Me3CSiMe,0R), 0.90 (s,
9H, MesCSiMe,0OR), 0.13 (s, 3H, Mes;CSiMe,OR), 0.09 (s, 3H, MesCSiMe,OR), 0.09 (s, 3H,
Me3CSiMe,OR), 0.09 (s, 3H, MesCSiMe,OR).

13C NMR (126 MHz, CDCls): & 175.4 (R,C(CO,Me)CO4R), 171.3 (R,C(CO,Me)CO:R), 81.4 (RCO,CHR,),
77.7 (MeCH(R)CH(OTBS)R), 62.5 (TBSOCH,R), 60.7 (R.C(CO.Me)CO,R), 54.6 (TBSOCH,CH(OR)CHR,),
53.4 (MeO,CR), 41.8 (MeCHR,), 37.1 (MeCH(R)CH,C(R)(CO,Me)COR), 26.2 (3C, MesCSiMe,OR), 26.0
(3C, Me3sCSiMe,0R), 18.5 (MesCSiMe,0R), 18.3 (MesCSiMe,0R), 14.5 (MeCHR,), -2.1 (MesCSiMe,0R),
-3.6 (Me3CSiMe;0R), -4.9 (Me;CSiMe,0R), -5.0 (MesCSiMe,OR).

Key NOE correlations involved in stereochemical assignment (E = CO,Me):

IR: (Vmax/cm™® (thin film)) = 1782, 1740, 1463, 1028, 838, 776.

LRMS (ESI*): m/z = 495.3 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C23Has06Si2]*) = 473.2749; m/z found = 473.2747.
Specific rotation for enantioenriched material: [a]2° +1.0 (c = 0.35 in CHCl5).
Melting point of enantioenriched material: 43-44 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.
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4.30 - (%)-(3R,3aS,6aR)-3-(((tert-Butyldimethylsilyl)oxy)methyl)-5-methylenehexahydro-1H-

cyclopenta[c]furan-1-one

OTBS

Compound 2.50 (170 mg, 0.500 mmol) and anhydrous lithium chloride (106 mg, 2.50 mmol) were
dissolved in dry, degassed N,N-dimethylformamide (5.00 mL) under nitrogen. Water (0.05 mL) was
added, an air condenser was attached, and the solution was heated to reflux for 4 hours, over the
course of which the colour of the reaction turned from colourless to yellow. The reaction was allowed
to cool to room temperature, and the majority of the volatile organics were removed under a stream
of dry nitrogen overnight. The crude residue was redissolved in diethyl ether (10 mL) and water (10
mL), and this mixture was transferred to a separating funnel. The organic layer was separated, and the
aqueous layer was extracted three times with diethyl ether (10 mL). The combined organic extracts
were washed twice with water, washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the product as a
colourless oil (122 mg, 0.432 mmol, 86% yield).

R.f: 0.33 (20% diethyl ether in pentane, stains in potassium permanganate dip with heating).

1H NMR (600 MHz, CDCls): 6 4.92 —4.90 (m, 1H, HH'C=CR3), 4.89 — 4.85 (m, 1H, HH’C=CR;), 4.58 (q, J
= 6.0 Hz, 1H, TBSOCH,CH(OR)R), 3.91 (dd, J = 10.8, 6.0 Hz, 1H, TBSOCHH'R), 3.72 (dd, J = 10.8, 6.0 Hz,
1H, TBSOCHH’R), 3.15 (ddd, J = 10.2, 8.7, 2.5 Hz, 1H, RO,CCHR;), 2.97 (qd, J = 8.7, 6.0 Hz, 1H,
TBSOCH,CH(OR)CHR;), 2.80 — 2.73 (m, 1H, H,C=C(R)CHH’CH(R)CO:R), 2.68 — 2.59 (m, 1H,
H,C=C(R)CHH’CH(R)CO3R), 2.41 (dd, J = 16.1, 8.7 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,OTBS), 2.37 —
2.29 (dd, J = 16.1, 8.7 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,OTBS), 0.90 (s, 9H, Me3CSiMe,OR), 0.09

(S, 6H, M&:,CSiMEzOR).
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13C NMR (151 MHz, CDCls): & 179.5 (RCO,R), 148.8 (H,C=CR), 107.8 (H,C=CR5), 80.5, (RCO,CHR>), 62.2
(TBSOCH3R), 46.2 (RO,CCHR;), 42.1 (TBSOCH,CH(OR)CHR;), 34.1 (H.C=C(R)CH.CH(R)CO.R), 32.3
(H2C=C(R)CH,CH(R)CH(OR)CH,OTBS), 25.9 (3C, MesCSiMe,OR), 18.4 (MesCSiMe,OR), -5.2
(Me3CSiMe,0R), -5.4 (MesCSiMe,OR).

IR: (Vmax/cm (thin film)) = 1775, 1119, 838.

LRMS (ESI*): m/z = 305.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C1sH2705Si1]*, [M+H]*) = 283.1724; m/z found = 283.1723

4.31 - (+)-(3R,3aR,6aS)-6a-Bromo-3-(((tert-butyldimethylsilyl)oxy)methyl)-5-methylenehexahydro-1H-

cyclopenta[c]furan-1-one

Compound 4.30 (28 mg, 0.10 mmol) was dissolved in dry, degassed tetrahydrofuran (1.00 mL) under
nitrogen. Carbon tetrabromide (166 mg, 0.500 mmol) was added, and the resulting solution was
cooled to 0 °C. A solution of lithium hexamethyldisilazide (1.0 M in toluene, 0.20 mL, 0.20 mmol) was
added dropwise over 30 seconds; during this addition the colour of the solution was observed to
change from colourless to brown. The solution was allowed to warm to room temperature over 30
minutes. After this time had elapsed, saturated aqueous ammonium chloride solution (3 mL), water
(3 mL), and ethyl acetate (5 mL) were added. The organic layer was separated, and the aqueous layer
was extracted three times with ethyl acetate (5 mL). The combined organic extracts were washed with
brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under
reduced pressure, and the crude product was purified via flash column chromatography, eluting with
10% diethyl ether in pentane, to give the product as a colourless oil (25 mg, 0.070 mmol, 70% yield).

R.f: 0.40 (10% diethyl ether in pentane, stains in potassium permanganate dip with heating).
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1H NMR (600 MHz, CDCls): & 4.99 — 4.90 (m, 2H, HH’C=CR,, HH’C=CR,), 4.80 (td, J = 6.5, 4.8 Hz, 1H,
TBSOCH,CH(OR)R), 3.98 (dd, J = 10.8, 6.5 Hz, 1H, TBSOCHH'R), 3.73 (dd, J = 10.8, 6.5 Hz, 1H,
TBSOCHH'R), 3.36 (br d, J = 17.3, 1.6 Hz, 1H, H,C=C(R)CHH’CBr(R)COR), 3.07 (td, J = 9.4, 4.8 Hz, 1H,
TBSOCH,CH(OR)CHR,), 2.96 (dq, J = 17.3, 2.4 Hz, 1H, H,C=C(R)CHH’CBr(R)CO,R), 2.55 (ddq, J = 16.8,
9.4, 1.7 Hz, 1H, H,C=C(R)CHH’CH(R)CH(OR)CH,OTBS), 2.36 (ddt, J = 16.8, 9.4, 2.4 Hz, 1H,
H,C=C(R)CHH’CH(R)CH(OR)CH,OTBS), 0.90 (s, 9H, MesCSiMe,OR), 0.10 (s, 3H, MesCSiMe;OR), 0.09 (s,
3H, MesCSiMe;0R).

13C NMR (151 MHz, CDCls): & 174.5 (RCO4R), 144.6 (H,C=CRy), 109.5 (H,C=CR,), 78.8 (RCO,CHR,), 61.4
(TBSOCH,R), 57.9 (RO,CCBrR,), 51.9 (TBSOCH,CH(OR)CHR,), 44.6 (H,C=C(R)CH,CBr(R)COsR), 31.7
(H2C=C(R)CH.CH(R)CH(OR)CH,OTBS), 25.9 (3C, MesCSiMe,0OR), 18.3 (MesCSiMe;OR), -5.3
(Me;CSiMe,OR), -5.4 (MesCSiMe,OR).

IR: (Vmax/cm® (thin film)) = 1782, 1121, 839.

LRMS (ESI*): m/z = 383.1, 385.1 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C1sH2s0sBrSiNa]*) = 383.0649, 385.0628; m/z found = 383.0648 (50%),

385.0627 (50%).

433 - (1)-(1R,2R)-2-((R)-2-((tert-Butyldimethylsilyl)oxy)-1-hydroxyethyl)-1-(dimethoxymethyl)-4-

methylenecyclopentan-1-ol

OTBS

Compound 4.31 (18 mg, 0.050 mmol) was dissolved in dry, degassed tetrahydrofuran (0.50 mL) under
nitrogen, and the resulting solution was cooled to -78 °C. A solution of diisobutylaluminium hydride
(1.0 Min hexane, 0.20 mL, 0.20 mmol) was added dropwise over 1 minute, and the resulting colourless

solution was stirred at -78 °C for 12 hours. After this time had elapsed, methanol (0.50 mL) and sodium

186



methoxide (25% by weight in methanol, 0.10 mL, 0.45 mmol) were added, and the reaction was
allowed to warm to room temperature over 2 hours. After this time had elapsed, saturated aqueous
ammonium chloride solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The organic
layer was separated, and the aqueous layer was extracted three times with ethyl acetate (10 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the product as a
colourless oil (12 mg, 0.34 mmol, 67% yield).

R.f: (40% diethyl ether in pentane, stains in potassium permanganate dip upon heating).

1H NMR (600 MHz, CDCls): & 4.93 (dd, J = 2.8, 1.4 Hz, 1H, HH'C=CR,), 4.90 (dd, J = 2.8, 1.5 Hz, 1H,
HH’C=CR,), 4.30 (s, 1H, (MeO),CHR), 4.18 (td, J = 6.1, 2.5 Hz, 1H, TBSOCH,CH(OH)R), 3.58 (dd, J = 9.7,
6.1 Hz, 1H, TBSOCHH'R), 3.56 (s, 3H, (MeO),CHR), 3.55 (s, 3H, (MeO),CHR), 3.49 (s, 1H,
(MeO),CHC(OH)R;)  3.46 (dd, J = 9.7, 6.1 Hz, 1H, TBSOCHH'R), 3.34 (d, J = 2.5 Hz, 1H,
TBSOCH,CH(OH)R), 2.83 — 2.72 (m, 1H, H,C=C(R)CHH’CH(R)CH(OH)CH,OTBS), 2.71 — 2.61 (m, 1H,
H,C=C(R)CHH’C(OH)(R)CH(OMe),), 235 - 230 (m, 2H,  TBSOCH,CH(OH)CHR,,
HoC=C(R)CHH’CH(R)CH(OH)CH,0TBS), 2.27 (br d, J = 16.7 Hz, 1H, H,C=C(R)CHH’C(OH)(R)CH(OMe),),

0.90 (s, 9H, MesCSiMe;0R), 0.07 (s, 6H, Me3CSiMe,OR).

3C NMR (151 MHz, CDCls): & 148.4 (H,C=CR,), 108.8 ((MeO),CHR), 107.3 (H,C=CR,), 85.1
((Me0),CHC(OH)R,), 70.8 (TBSOCH,CH(OH)R), 65.6 (TBSOCH,R), 58.6 ((MeO),CHR), 58.1 ((MeO),CHR),
43.7 (TBSOCH,CH(OH)CHR,), 43.1 (H2C=C(R)CH,C(OH)(R)CH(OMe),), 29.7
(H2C=C(R)CH,CH(R)CH(OH)CH,0TBS), 26.0 (3C, MesCSiMe;,OR), 18.4 (MesCSiMe,OR), -5.2

(MesCSiMe,0R), -5.3 (Me3CSiMe,OR).

IR: (Vmax/cm™ (thin film)) = 3384, 1079.

LRMS (ESI*): m/z = 369.2 = [M+Na]*
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HRMS (ESI*): Predicted m/z ([C17H3405SiNa]*) = 369.2068; m/z found = 369.2068.

4.34 - (3R,3a$,4S,55,6aR)-4-((tert-Butyldimethylsilyl)oxy)-3-(((tert-butyldimethylsilyl)oxy)methyl)-5-

methylhexahydro-1H-cyclopenta[c]furan-1-one

(0]

H

Me
o

TBSO OTBS

Compound 4.3 (94 mg, 0.20 mmol) and anhydrous lithium chloride (42 mg, 1.0 mmol) were dissolved
in dry, degassed N,N-dimethylformamide (2.00 mL) under nitrogen. Water (0.02 mL) was added, an
air condenser was attached, and the solution was heated to reflux for 4 hours, over the course of
which the colour of the reaction turned from colourless to dark brown. The reaction was allowed to
cool to room temperature, and the majority of the volatile organics were removed under a stream of
dry nitrogen overnight. The crude residue was redissolved in diethyl ether (10 mL) and water (10 mL),
and this mixture was transferred to a separating funnel. The organic layer was separated, and the
aqueous layer was extracted three times with diethyl ether (20 mL). The combined organic extracts
were washed twice with water, washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 10% diethyl ether in pentane, to give the product as a
white solid (76 mg, 0.18 mmol, 92% yield). Racemic material was a colourless oil.

R.f: 0.52 (40% diethyl ether in pentane, stains in potassium permanganate dip upon heating).

'H NMR (500 MHz, CDCls): 6 4.54 (td, J = 6.5, 5.3 Hz, 1H, TBSOCH,CH(OR)R), 4.20 (dd, J = 4.4, 3.1 Hz,
1H, MeCH(R)CH(OTBS)R), 4.09 (dd, J = 11.2, 6.5 Hz, 1H, TBSOCHH'R), 4.00 (dd, J = 11.2, 5.3 Hz, 1H,
TBSOCHH’R), 3.03 (td, / = 9.4, 4.4 Hz, 1H, RO,CCHR;), 2.77 (ddd, J = 9.4, 6.5, 4.4 Hz, 1H,
TBSOCH,CH(OR)CHR), 2.03 (ddd, J = 12.5, 9.5, 6.9 Hz, 1H, MeCH(R)CHH’C(R)HCO.R), 1.94 (dtd, J = 9.5,

6.9, 3.1 Hz, 1H, MeCHR;), 1.80 (ddd, J = 12.5, 9.5, 4.4 Hz, 1H, MeCH(R)CHH’C(R)HCO:R), 0.97 (d, /= 6.9
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Hz, 3H, MeCHR,), 0.91 (s, 9H, Me3CSiMe,0R), 0.90 (s, 9H MesCSiMe,0R), 0.12 (s, 3H MesCSiMe,0R),
0.08 (s, 9H, Me3CSiMe;0R).

13C NMR (126 MHz, CDCls): 6 180.0 (RCO3R), 81.8 (RCO,CHR>), 76.9 (TBSOCHR;), 62.8 (TBSOCH-R), 48.9
(TBSOCH,CH(OR)CHR;), 43.9 (R,CHCO:R), 41.9 (MeCHR;), 31.7 (RCH,CHRCO;R), 26.2 (3C,
MesCSiMe;OR), 26.0 (3C, MesCSiMe,OR), 18.4 (MesCSiMe,OR), 18.3 (MesCSiMe,0R), 15.0 (MeCHR.),
-2.0 (MesCSiMe;0R), -3.6 (Me3CSiMe,0R), -4.9 (MesCSiMe,0R), -5.0 (Me3CSiMe,OR).

IR: (Vmax/cmt (thin film)) = 1773, 1463, 1362, 1138, 1115, 1071, 837, 775.

LRMS (ESI*): m/z = 437.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C21H4204Si>,Na]*) = 437.2514; m/z found = 437.2510.

Specific rotation for enantioenriched material: [a]2° +0.7 (c = 0.7 in CHCl5).

Melting point of enantioenriched material: 50-51 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.

4.2 - (3R,3aS,45,5S,6aS)-6a-Bromo-4-((tert-butyldimethylsilyl)oxy)-3-(((tert-

butyldimethylsilyl)oxy)methyl)-5-methylhexahydro-1H-cyclopenta[c]furan-1-one

o
OTBS

Compound 4.34 (41 mg, 0.10 mmol) was dissolved in dry, degassed tetrahydrofuran (1.00 mL) under
nitrogen. Carbon tetrabromide (166 mg, 0.500 mmol) was added, and the resulting solution was
cooled to 0 °C. A solution of lithium hexamethyldisilazide (0.5 M in toluene, 0.40 mL, 0.20 mmol) was
added dropwise over 30 seconds, during the course of which the colour of the solution was observed
to change from colourless to brown. The solution was allowed to warm to room temperature over 30
minutes. After this time had elapsed, saturated agueous ammonium chloride solution (2 mL), water
(2 mL), and ethyl acetate (5 mL) were added. The organic layer was separated, and the aqueous layer

was extracted three times with ethyl acetate (10 mL). The combined organic extracts were washed
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with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed
under reduced pressure, and the crude product was purified via flash column chromatography, eluting
with 5% diethyl ether in pentane, to give the product as a colourless oil (36 mg, 0.074 mmol, 74%
yield).

R.f: 0.48 (10% diethyl ether in pentane, stains in potassium permanganate dip upon heating).

'H NMR (500 MHz, CDCl3): 6 4.74 (br g, J = 6.2 Hz, 1H, TBSOCH,CH(OR)R), 4.23 (dd, J = 4.0, 3.0 Hz, 1H,
MeCH(R)CH(OTBS)R), 4.11 (dd, J = 10.9, 6.2 Hz, 1H, TBSOCHH'R), 3.98 (dd, J = 10.9, 6.2 Hz, 1H,
TBSOCHH’R), 2.86 (dd, J = 6.2, 4.0 Hz, 1H, TBSOCH,CH(OR)CHR;), 2.50 — 2.30 (m, 3H,
MeCH(R)CHH’C(R)(CO,Me)CO,R, MeCH(R)CHH’C(R)(CO.Me)CO:R, MeCHR,), 0.99 (d, J = 6.6 Hz, 3H,
MeCHRy), 0.91 (s, 9H, Me3CSiMe,0OR), 0.89 (s, 9H, Me3CSiMe,0R), 0.13 (s, 3H, Me3CSiMe,0OR), 0.10 (s,

3H, Me;CSiMe;OR), 0.10 (s, 3H, MesCSiMe,0R), 0.09 (s, 3H, Me3CSiMe,0R).

13C NMR (126 MHz, CDCls): & 174.9 (RCO4R), 79.4 (RCO,CHR,), 76.9 (MeCH(R)CH(OTBS)R), 61.6
(TBSOCH;R), 60.2 (TBSOCH,CH(OR)CHR,), 58.8 (R;CBrCO,R), 42.8 (MeCH(R)CH,CBr(R)COR), 41.5
(MeCHR,), 26.1 (3C, MesCSiMe,OR), 25.9 (3C, MesCSiMe,OR), 18.4 (MesCSiMe,OR), 18.3
(Me3CSiMe,0R), 14.7 (MeCHR;), -1.7 (MesCSiMe,0R), -3.6 (MesCSiMe,0R), -4.9 (MesCSiMe,OR), -5.0

(M63CSiMEZOR).
IR: (Vmax/cm™® (thin film)) = 1773, 1463, 1161, 1138, 1035, 836, 775.
LRMS (ESI*): m/z =515.2,517.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C21Ha104BrSi;Na]*) = 515.1619, 517.1600; m/z found = 515.1619 (50%),

517.1600 (50%).
Specific rotation for enantioenriched material: [a]3° +1.5 (c = 0.25 in CHCls).
Melting point of enantioenriched material: 52-53 °C.

Racemic and enantioenriched data had the same physical and spectroscopic properties otherwise.
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4.35 - (%)-(3R,3aS,4S,5S,6aS)-6a-Bromo-4-((tert-butyldimethylsilyl)oxy)-3-(((tert-

butyldimethylsilyl)oxy)methyl)-5-methylhexahydro-1H-cyclopenta[c]furan-1-ol

Compound 4.2 (4.9 mg, 0.010 mmol) was dissolved in dry, degassed toluene (0.10 mL) under nitrogen,
and the resulting solution was cooled to 0 °C. A solution of diisobutylaluminium hydride (1.0 M in
hexane, 0.04 mL, 0.04 mmol) was added dropwise over 30 seconds. The solution was allowed to warm
to room temperature over 20 minutes. After this time had elapsed, saturated agueous ammonium
chloride solution (1 mL), water (1 mL), and ethyl acetate (2 mL) were added. The organic layer was
separated, and the aqueous layer was extracted three times with ethyl acetate (3 mL). The combined
organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered.
Volatile organics were removed under reduced pressure, and the crude product was purified via flash
column chromatography, eluting with 5% diethyl ether in pentane, to give the product as a colourless
oil (2.9 mg, 0.0058 mmol, 58% yield).

Partial data for 4.35:

R.f: 0.48 (40% diethyl ether in pentane, stains in potassium permanganate dip upon heating).

'H NMR (500 MHz, CDCl5): 6 5.40 (d, J = 12.7 Hz, 1H, R,CBrCH(OH)OR), 5.13 (d, J = 12.7 Hz, 1H,
R,CBrCH(OH)OR), 4.39 (dt, J = 8.1, 6.6 Hz, 1H, TBSOCH,CH(OR)R), 4.16 (t, J = 3.4 Hz, 1H,
MeCH(R)CH(OTBS)R), 3.91 (dd, J = 9.9, 6.2 Hz, 1H, TBSOCHH'R), 3.87 (dd, J = 9.9, 8.1 Hz, 1H,
TBSOCHH’R), 2.87 (dd, J = 6.2, 4.1 Hz, 1H, TBSOCH,CH(OR)CHR,), 2.53 — 2.40 (m, 2H,
MeCH(R)CHH’C(R)(CO,Me)CO.R, MeCHR;), 2.38 — 2.27 (m, 1H, MeCH(R)CHH’C(R)(CO,Me)CO,R), 0.99
(d, J = 7.0 Hz, 3H, MeCHR,), 0.96 (s, 9H, MesCSiMe,0OR), 0.90 (s, 9H, MesCSiMe,0R), 0.22 (s, 3H,

MesCSiMe;OR), 0.16 (s, 3H, MesCSiMe,OR), 0.08 (s, 3H, Me3CSiMe;OR), 0.07 (s, 3H, MesCSiMe,OR).
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3C NMR (126 MHz, CDCl): & 105.4 (R,CBrCH(OH)OR), 78.0 (R,CBrCH(OH)OCHR,), 77.0
(MeCH(R)CH(OTBS)R), 72.5 (R,CBrCH(OH)OR), 63.5 (TBSOCH,CH(OR)CHR;), 62.5 (TBSOCH,R), 42.5
(MeCHR,), 42.3 (MeCH(R)CH,CBr(R)CH(OH)OR), 26.4 (3C, MesCSiMe,0R), 26.0 (3C, MesCSiMe,OR),
18.4 (MesCSiMe,OR), 18.3 (MesCSiMe,OR), 14.8 (MeCHR,), -1.9 (MesCSiMe,0R), -3.4 (MesCSiMe,OR),

-4.0 (Me3CSiMe20R), -4.9 (ME3CSiM92OR).

IR: (Vmax/cm-t (thin film)) = 3373, 1472, 1361, 835, 775, 732.

LRMS (ESI*): m/z =517.2,519.2 = [M+Na]*

4.38 - (R)-2-((tert-Butyldimethylsilyl)oxy)-1-((3R,4S,5S,6S)-5-((tert-butyldimethylsilyl)oxy)-6-methyl-1-

oxaspiro[2.4]heptan-4-yl)ethan-1-ol

Compound 4.2 (246 mg, 0.500 mmol) was dissolved in dry, degassed toluene (5.00 mL) under nitrogen,
and the resulting solution was cooled to 0 °C. A solution of diisobutylaluminium hydride (1.0 M in
hexane, 2.00 mL, 2.00 mmol) was added dropwise over 30 seconds. The solution was allowed to warm
to room temperature over 4 hours. After this time had elapsed, saturated aqueous ammonium
chloride solution (10 mL), water (10 mL), and ethyl acetate (20 mL) were added. The organic layer was
separated, and the aqueous layer was extracted three times with ethyl acetate (50 mL). The combined
organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered.
Volatile organics were removed under reduced pressure to give a crude residue.

This crude residue was dissolved in dry tetrahydrofuran (2.50 mL). Methanol (0.50 mL) and sodium
methoxide (25% by weight in methanol, 1.00 mL, 4.77 mmol) were added, and the reaction was

allowed to warm to room temperature over 2 hours. After this time had elapsed, saturated aqueous
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ammonium chloride solution (10 mL), water (10 mL), and ethyl acetate (25 mL) were added. The
organic layer was separated, and the aqueous layer was extracted three times with ethyl acetate (50
mL). The combined organic extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. Volatile organics were removed under reduced pressure, and the crude product
was purified via flash column chromatography, eluting with 10% ethyl acetate in pentane, to give the
product as a colourless oil (164 mg, 0.395 mmol, 79% vyield).

R.f: 0.60 (30% ethyl acetate in pentane, stains in potassium permanganate dip upon heating).

1H NMR (600 MHz, CDCls): & 4.27 (t, J = 3.0 Hz, 1H, MeCH(R)CH(OTBS)R), 3.74 (ddt, J = 8.5, 6.1, 4.0 Hz,
1H, TBSOCH,CH(OH)R), 3.64 (dd, J = 9.8, 4.0 Hz, 1H, TBSOCHH'R), 3.38 (dd, J = 9.8, 6.1 Hz, 1H,
TBSOCHH'R), 2.64 (d, J = 4.8 Hz, 1H, R,COCH.H), 2.63 (d, J = 4.0 Hz, 1H, TBSOCH,CH(OH)R), 2.58 (d, J
= 4.8 Hz, 1H, R,COCH.Hy), 2.21 (dd, J = 8.5, 3.0 Hz, 1H, TBSOCH,CH(OH)CHR,), 1.93 — 1.89 (m, 3H,
MeCH(R)CHH’C(OR)R,, MeCH(R)CHH’C(OR)R,, MeCHR,), 1.04 (d, J = 5.9 Hz, 3H, MeCHR,), 0.94 (s, 9H,
MesCSiMe;0R), 0.89 (s, 9H, MesCSiMe,0R), 0.15 (s, 3H, MesCSiMe,0R), 0.10 (s, 3H, MesCSiMe,OR),

0.06 (s, 3H, MesCSiMe20R), 0.06 (s, 3H, MesCSiMe;OR).

13C NMR (151 MHz, CDCls): & 77.0 (MeCH(R)CH(OTBS)R), 68.5 (TBSOCH,CH(OH)R), 65.1 (TBSOCH.R),
62.6 (R,COCH,), 50.6 (R,COCH,), 49.9 (TBSOCH,CH(OH)CHR,), 39.1 (MeCH(R)CH,C(OR)R,), 38.3
(MeCHR,), 26.4 (3C, MesCSiMe,OR), 26.0 (3C, MesCSiMe,OR), 18.6 (MesCSiMe,OR), 18.4
(MesCSiMe,0R), 15.2 (MeCHR,), -3.7 (MesCSiMe;0R), -4.1 (MesCSiMe,0R), -5.1 (MesCSiMe,OR), -5.2

(M63CSiMEZO R).

Key NOE correlations involved in stereochemical assighment:
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IR: (Vmax/cm (thin film)) = 3567, 1472, 1388, 1254, 835.

LRMS (ESI*): m/z = 439.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C21Has04Si2]*, [M+H]*) = 417.2851; m/z found = 417.2847.

4.1 - (%)-(1R,2S,3S,4S5)-3-((tert-butyldimethylsilyl)oxy)-2-((R)-2-((tert-butyldimethylsilyl)oxy)-1-
hydroxyethyl)-1-(dimethoxymethyl)-4-methylcyclopentan-1-ol; 4.36 - (%)-(1R,2S,3S,4S)-3-((tert-
Butyldimethylsilyl)oxy)-2-((R)-2-((tert-butyldimethylsilyl)oxy)-1-hydroxyethyl)-1-hydroxy-4-

methylcyclopentane-1-carbaldehyde;

Compound 4.35 (10 mg, 0.020 mmol) was dissolved in dry tetrahydrofuran (0.10 mL). Methanol (0.10
mL) and sodium methoxide (25% by weight in methanol, 0.04 mL, 0.18 mmol) were added, and the
reaction was allowed to warm to room temperature over 2 hours. After this time had elapsed,
saturated aqueous ammonium chloride solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were
added. The organic layer was separated, and the aqueous layer was extracted three times with ethyl
acetate (10 mL). The combined organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure, and the
crude product was purified via flash column chromatography, eluting with 10% ethyl acetate in
pentane, to give a 5:2 mixture of the products as a colourless oil (5.1 mg combined 0.010 mmol, 51%).

R.f: 0.43 (20% diethyl ether in pentane, stains in potassium permanganate dip upon heating).
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NMR data for 4.1:

1H NMR (600 MHz, CDCls): 6 4.30 (t, J = 3.0 Hz, 1H, MeCH(R)CH(OTBS)R), 4.11 (s, 1H, (MeO),CHR), 3.94
(m, 2H, TBSOCH,CH(OH)R, TBSOCHH'R), 3.57 (dd, J = 9.7, 8.7 Hz, 1H, TBSOCHH’R), 3.55 (s, 3H,
(MeO),CHR), 3.46 (s, 3H, (MeO),CHR), 3.06 (s, 1H, (MeO),CHC(OH)R,), 2.79 (d, J = 3.0 Hz, 1H,
TBSOCH,CH(OH)R), 2.45 (dd, J = 13.9, 8.7 Hz, 1H, MeCH(R)CHH’C(OH)R,), 1.96 (dd, J = 8.7, 3.0 Hz, 1H,
TBSOCH,CH(OH)CHR,), 1.81 — 1.73 (m, 1H, MeCHR,), 1.47 — 1.37 (m, 1H, MeCH(R)CHH’C(OH)R,), 0.99
(d, J = 6.8 Hz, 3H, MeCHR,), 0.92 (s, 9H, MesCSiMe,OR), 0.92 (s, 9H, MesCSiMe,0R), 0.17 (s, 3H,

MesCSiMe;0R), 0.11 (s, 9H, Me3CSiMe;0R).

13C NMR (151 MHz, CDCls): 6 109.1 ((MeO),CHR), 83.7 ((MeO),CHC(OH)R,), 79.1 (MeCH(R)CH(OTBS)R),
69.0 (TBSOCH,CH(OH)R), 66.2 (TBSOCH,R), 58.7 ((MeO),.CHR), 57.4 ((MeO),CHR), 52.7
(TBSOCH,CH(OH)CHR,), 44.0 (MeCH(R)CH,C(OH)R.), 38.5 (MeCHR,), 26.4 (3C, MesCSiMe,OR), 26.1
(3C, MesCSiMe;0R), 18.6 (MesCSiMe,OR), 18.4 (MesCSiMe,0R), 15.5 (MeCHR,), -3.9 (MesCSiMe,OR),

-4.2 (MesCSiMe,0R), -5.0 (Me3CSiMe,0R), -5.0 (Me3CSiMe,OR).

NMR data for 4.36:

'H NMR (600 MHz, CDCls): 6 9.53 (s, 1H, OHCR), 4.39 (t, J = 2.9 Hz, 1H, , MeCH(R)CH(OTBS)R), 3.90 —
3.83 (m, 1H, TBSOCH,CH(OH)R), 3.62 (dd, J = 9.9, 3.3 Hz, 1H, TBSOCHH'R), 3.51 (s, 1H, OHCC(OH)R,),
3.33(dd, /=9.9, 6.0 Hz, 1H, TBSOCHH’R), 2.36 (m, 2H, TBSOCH,CH(OH)R, MeCH(R)CHH'C(OH)R>), 2.11
(m, 1H, MeCHR,), 1.99 (dd, J = 10.2, 2.9 Hz, 1H, TBSOCH,CH(OH)CHR.), 1.60 (dd, J = 14.5, 10.5 Hz, 1H,
MeCH(R)CHH’C(OH)R,), 1.06 (d, / = 6.8 Hz, 3H, MeCHR;), 0.95 (s, 9H, Me3CSiMe,OR), 0.94 (s, 9H,
MesCSiMe,0R), 0.20 (s, 3H, Me5;CSiMe;O0R), 0.15 (s, 3H, MesCSiMe,0R), 0.13 (s, 3H, Me;CSiMe;OR),

0.05 (s, 3H, MesCSiMe;OR).

13C NMR (151 MHz, CDCls): & 203.1 (OHCR), 85.8 (OHCC(OH)R,), 78.6 (MeCH(R)CH(OTBS)R), 67.5
(TBSOCH,CH(OH)R), 65.7 (TBSOCH;R), 55.2 (TBSOCH,CH(OH)CHR:), 46.5 (MeCH(R)CH.C(OR)R;), 39.1

(MeCHRz), 26.3 (3C, MesCSiMe;OR), 26.0 (3C, MesCSiMe,OR), 18.4 (MesCSiMe,OR), 18.4
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(MesCSiMe;0R), 15.2 (MeCHR,), -3.7 (MesCSiMe;0R), -4.0 (MesCSiMe,OR), -4.1 (MesCSiMe,OR), -4.5

(MesCSiMe;OR).

IR: (Vmax/cm™® (thin film)) = 3568, 1740.

LRMS (ESI*): m/z = 501.2 = [M(4.1)+Na]*; 455.2 = [M(4.36)+Na]*

HRMS (ESI*): Predicted m/z ([C2sHs006SioNa]*) = 501.3038; m/z found = 501.3038. Predicted m/z

([C21H440sSi2Na]*) = 455.2619; m/z found = 455.2619.

4.39 - (+)-Methyl (1R,3aR,5S,6S,6aS)-6-((tert-butyldimethylsilyl)oxy)-1-(hydroxymethyl)-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

Compound 4.3 (47 mg, 0.10 mmol) was dissolved in methanol (1.00 mL) and cooled to 0 °C. para-
Toluenesulfonic acid (38 mg, 0.020 mmol) was added, and the resulting colourless solution was stirred
at room temperature for 4 hours. After this time had elapsed, saturated aqueous sodium bicarbonate
solution (2 mL), water (2 mL), and ethyl acetate (5 mL) were added. The organic layer was separated,
and the aqueous layer was extracted three times with ethyl acetate (10 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile
organics were removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 40% ethyl acetate in pentane, to give the product as a colourless oil (36
mg, 0.10 mmol, 100% yield).

R.f: 24% (40% ethyl acetate in pentane, stains in potassium permanganate dip upon heating).

'H NMR (600 MHz, CDCl3): 6 4.79 (td, J = 7.0, 4.2 Hz, 1H, HOCH,CH(OR)R), 4.37 (dd, J = 7.0, 4.1 Hz, 1H,
MeCH(R)CH(OTBS)R), 4.17 (dd, J= 12.5, 7.0 Hz, 1H, HOCHH'R), 3.92 (dd, J = 12.5, 4.2 Hz, 1H, HOCHH'R),

3.78 (s, 3H, MeO,CR), 3.06 (t, / = 7.0 Hz, 1H, MeCH(R)CH(OTBS)CHR;), 2.41 (dd, J = 12.8, 7.0 Hz, 1H,
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MeCH(R)CHH'C(R)(CO,Me)CO3R), 2.20 — 2.10 (m, 2H, MeCHR, MeCH(R)CHH’C(R)(CO,Me)CO;R), 0.98
(d, 4 = 6.9 Hz, 3H, MeCHR3), 0.93 (s, 9H, MesCSiMe,OR), 0.15 (s, 3H, Mes;CSiMe,0OR), 0.12 (s, 3H,
MesCSiMe;0R). Hydroxyl proton resonance not observed.

13C NMR (151 MHz, CDCl3): & 175.3 (R,C(CO,Me)COzR), 170.7 (R,C(CO,Me)CO,R), 81.4 (RCO,CHRy),
77.9 (MeCH(R)CH(OTBS)R), 61.8 (HOCH;R), 60.7 (R,C(CO,Me)CO,R), 53.5 (MeO.CR), 52.4
(HOCH,CH(OR)CHR:>), 40.5 (MeCHR;), 36.8 (MeCH(R)CH,C(R)(CO.Me)CO:R), 26.1 (3C, Me3CSiMe,OR),
18.5 (MesCSiMe,0R), 14.2 (MeCHR,), -3.0 (Me3CSiMe,0R), -4.1 (Me;CSiMe,OR).

Key NOE correlations involved in stereochemical assighment (E = CO.Me):

IR: (Vmax/cm-t (thin film)) = 3454, 1776, 1737, 1258, 1150, 685.

HRMS (ESI*): Predicted mass ([C17H3106Si]*, [M+H]*) = 359.1884; mass found = 359.1886.

4.40 - (£)-Methyl (1R,3aR,5S,6S,6aS)-6-((tert-butyldimethylsilyl)oxy)-1-formyl-5-methyl-3-

oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-carboxylate

MeO,C 9

According to the modified procedure of Martin?°: compound 4.39 (18 mg, 0.050 mmol) was dissolved
in dry dichloromethane (0.50 mL). Sodium bicarbonate (21 mg, 0.25 mmol) and Dess-Martin
periodinane (32 mg, 0.075 mmol) were added, and the white suspension was stirred rapidly at room
temperature for 1 hour. After this time had elapsed, the reaction was filtered through a plug of

Celite™, saturated aqueous sodium bicarbonate solution (2 mL), water (2 mL), and ethyl acetate (5
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mL) were added. The organic layer was separated, and the aqueous layer was extracted three times
with ethyl acetate (5 mL). The combined organic extracts were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. Volatile organics were removed under reduced pressure,
to give the product as a colourless oil (18 mg, 0.050 mmol, 100% yield).

R.f: 0.25 (50% ethyl acetate in pentane, stains in potassium permanganate dip upon heating).

1H NMR (600 MHz, CDCls): § 9.98 (d, J = 0.9 Hz, 1H, RCHO), 4.88 (dd, J = 7.3, 0.9 Hz, 1H, OCHCH(OR)R),
4.28 (dd, J = 4.7, 2.9 Hz, 1H, MeCH(R)CH(OTBS)R), 3.79 (s, 3H, MeO,CR), 3.42 (dd, J = 7.3, 4.7 Hz, 1H,
MeCH(R)CH(OTBS)CHR,), 2.56 — 2.43 (m, 1H, MeCH(R)CHH’C(R)(CO,Me)CO3R), 2.19 — 2.01 (m, 2H,
MeCHR,, MeCH(R)CHH’C(R)(CO,Me)CO5R), 1.01 (d, J = 6.2 Hz, 3H, MeCHR;), 0.90 (s, 9H,
MesCSiMe,0R), 0.07 (s, 3H, MesCSiMe,0R), 0.04 (s, 3H, Me;CSiMe,OR).

13C NMR (151 MHz, CDCls): & 199.6 (RCHO), 174.0 (R,C(CO,Me)CO:R), 170.2 (R,C(CO,Me)CO,R), 81.2
(RCO,CHR;), 76.6 (MeCH(R)CH(OTBS)R), 60.0 (R,C(CO,Me)CO;R), 57.4 (OCHCH(OR)CHR;), 53.6
(MeO,CR), 40.9 (MeCHR;), 36.9 (MeCH(R)CH,C(R)(CO.Me)COR), 26.2 (3C, MesCSiMe,OR), 18.5
(MesCSiMe,0R), 14.6 (MeCHR,), -2.5 (Me3CSiMe,0R), -3.2 (Me3CSiMe,OR).

IR: (Vmax/cm! (thin film)) = 1789, 1736, 1102, 1005, 807, 745.

HRMS (ESI*): Predicted m/z ([C17H2806SiNa]*) = 379.1547; m/z found = 379.1548.
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441 - (x)-Methyl (1R,3aR,5S5,6S,6aS)-6-((tert-butyldimethylsilyl)oxy)-1-ethynyl-5-methyl-3-
oxotetrahydro-1H-cyclopenta[clfuran-3a(3H)-carboxylate; 4.44 - (t)-methyl (1S5,3aR,5S,6S,6aS)-6-
((tert-butyldimethylsilyl)oxy)-1-ethynyl-5-methyl-3-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-

carboxylate

MeO,C 2 MeO,C 9

According to the modified procedure of Bestmann®*?: Compound 4.40 (3.6 mg, 0.011 mmol) was
dissolved in dry methanol (0.10 mL). Ohira-Bestmann reagent 4.45 (4.2 mg, 0.022 mmol) was added,
and the resulting yellow solution was stirred at room temperature. Potassium carbonate (4.6 mg,
0.033 mmol) was added, and the reaction was stirred rapidly at room temperature for 30 minutes.
After this time had elapsed saturated aqueous ammonium chloride solution (1 mL), water (1 mL), and
ethyl acetate (2 mL) were added. The organic layer was separated, and the aqueous layer was
extracted three times with ethyl acetate (2 mL). The combined organic extracts were washed with
brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under
reduced pressure, and the crude product was purified via flash column chromatography, eluting with
30% diethyl ether in pentane, to give the product as a colourless oil (2.8 mg, 0.0080 mmol, 71% yield
5:1 ratio of 4.41 to 4.44).

R.f: 0.28 (30% diethyl ether in pentane, stains in potassium permanganate dip upon heating).

'H NMR (600 MHz, CDCl3): 6 5.36 (dd, J = 5.8, 2.7 Hz, 1H, HC=CCH(OR)R), 4.36 (t, J = 3.0 Hz, 1H,
MeCH(R)CH(OTBS)R), 3.78 (s, 3H, MeO,CR), 3.03 (dd, J = 5.8, 3.0 Hz, 1H, MeCH(R)CH(OTBS)CHR,), 2.61
(d, J = 2.7 Hz, 1H, HC=CR), 2.47 — 2.43 (m, 1H, MeCH(R)CHH’C(R)(CO.Me)CO.R), 2.14 — 2.04 (m, 2H,
MeCHR,, MeCH(R)CHH’C(R)(CO,Me)CO:R), 1.04 (d, J = 6.4 Hz, 3H, MeCHR,), 0.92 (s, 9H,
MesCSiMe,0R), 0.20 (s, 3H, MesCSiMe,OR), 0.11 (s, 3H, MesCSiMe,OR). Distinguishable minor

diastereomer peaks: 5.16 (t, J = 2.1 Hz, 1H, HC=CCH(OR)R), 4.19 (dd, J/ = 5.2, 3.7 Hz, 1H,
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MeCH(R)CH(OTBS)R), 3.79 (s, 3H, MeO,CR), 3.21 (dd, J = 5.2, 2.1 Hz, 1H, MeCH(R)CH(OTBS)CHR,), 2.61
(d, J = 2.1 Hz, 1H, HC=CR), 2.22 - 2.18 (m, 1H, MeCHR;), 1.98 (dd, J = 13.2, 10.4 Hz, 1H,
MeCH(R)CHH’C(R)(CO,Me)CO,R), 0.98 (d, J = 6.9 Hz, 3H, MeCHR;), 0.90 (s, 9H, MesCSiMe,OR), 0.11 (s,
3H, Me;CSiMe;0R), 0.09 (s, 3H, Me;CSiMe,0R). Peak integral ratio for major:minor = 5:1.

13C NMR (151 MHz, CDCls): 6 173.9 (R,C(CO,Me)CO;R), 170.7 (R,C(CO,Me)CO;R), 78.7 (HC=CR), 78.0
(HC=CR), 77.7 (MeCH(R)CH(OTBS)R), 67.5 (HC=CCH(OR)CHR,), 59.9 (R.C(CO,Me)CO,R), 57.5
(HC=CCH(OR)CHR;), 53.5 (MeO,CR), 42.1 (MeCHR;), 37.4 (MeCH(R)CH,C(R)(CO.Me)CO,R), 26.6 (3C,
MesCSiMe,0R), 18.7 (MesCSiMe,0R), 14.8 (MeCHR;), -1.5 (Mes;CSiMe,0R), -2.8 (MesCSiMe,OR).
Distinguishable minor diastereomer peaks: 6 175.0 (R,C(CO,Me)COzR), 171.4 (R.C(CO,Me)CO3R),
80.5 (HC=CR), 76.5 (MeCH(R)CH(OTBS)R), 75.6 (HC=CR), 66.6 (HC=CCH(OR)CHR,), 59.1
(HC=CCH(OR)CHR;), 59.0 (R,C(CO,Me)CO;R), 53.3 (MeO,CR), 41.5 (MeCHR;), 38.5
(MeCH(R)CH2C(R)(CO,Me)CO:R), 25.9 (3C, MesCSiMe,0R), 18.1 (MesCSiMe,OR), 13.8 (MeCHR,), -4.0
(Me3CSiMe;0R), -4.2 (MesCSiMe,0R).

Key NOE correlations involved in stereochemical assignment (E = CO.Me):

Major diastereomer: Minor diastereomer:

IR: (Vmax/cm™ (thin film)) = 3269, 1785, 1740, 1025, 991, 880, 810.

HRMS (ESI*): Predicted m/z ([CisH2s0sSiNa]*) = 375.1598; m/z found = 375.1604.

200



5.7 - (1S,2R)-1-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)ethane-1,2-

diol

Me
oH o—kMe
o

OH

Oun

(o)
MeAM—e

According to the modified procedure of Kroin*: anhydrous zinc chloride (40.89 g, 30.00 mmol) was
dissolved in dry acetone (500 mL). D-mannitol 5.8 (18.20 g, 10.00 mmol) was added, and the resulting
colourless solution was stirred at room temperature for 15 hours. After this time had elapsed,
saturated aqueous potassium carbonate solution (40 mL) was added slowly whilst the reaction was
stirred rapidly; stirring was continued for 1 hour as a white suspension formed. Ethyl acetate (200 mL)
was added, the mixture was filtered to remove solids, and the filter cake was washed with ethyl
acetate. Volatile organics were removed under reduced pressure, the crude residue was redissolved
in dichloromethane (200 mL) and water (200 mL). The organic layer was separated, and the aqueous
layer was extracted three times with dichloromethane (200 mL). The combined organic extracts were
washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure, and the crude residue was suspended in hexane (100 mL) and
transferred to a freezer for 2 weeks. After this time had elapsed, the mixture was warmed to room
temperature, filtered, and washed with hexane to give the product as a white solid (1.97 g, 7.51 mmol,
75% yield).

H NMR (500 MHz, CDCls): § 4.22 — 4.15 (m, 2H), 4.12 (dd, J = 8.5, 6.3 Hz, 2H), 3.97 (dd, J = 8.6, 5.6 Hz,
2H), 3.75(d, /= 6.6 Hz, 2H), 2.61 (d, J = 19.2 Hz, 2H), 1.42 (s, 6H), 1.36 (s, 6H).

Melting point: 111-112 °C (120-122 °C lit.168),

Other data and spectra matched those reported in the literature.6®
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5.5 - (R)-2,2-Dimethyl-1,3-dioxolane-4-carbaldehyde

o)

o/\.)LH
MeAM:

On

According to the modified procedure of Gdlvez*8: 5.5 (1.31 g, 5.00 mmol) was dissolved in
dichloromethane (50 mL). Saturated aqueous sodium bicarbonate solution (10 mL) was added, and
the resulting biphasic mixture was stirred rapidly at room temperature. A solution of sodium periodate
(1.60 g, 7.50 mmol) in water (16 mL) was added dropwise over 1 minute, and rapid stirring was
continued for 4 hours at room temperature. After this time had elapsed, dichloromethane (100 mL)
and water (50 mL) were added. The organic layer was separated, and the aqueous layer was extracted
three times with dichloromethane (100 mL). The combined organic extracts were washed with brine,
dried over anhydrous magnesium sulfate, and filtered. Volatile organics were carefully removed under
reduced pressure to give the crude product as a solution in dichloromethane. This crude product was
used immediately in subsequent procedures without further purification.

1H NMR (500 MHz, CDCl3): & 9.65 (d, J = 1.9 Hz, 1H, RCHO), 4.32 (ddd, J = 7.4, 4.7, 1.9 Hz, 1H,
OHCCH(OR)CH,0R), 4.10 (dd, J = 8.8, 7.4 Hz, 1H, OHCCH(OR)CHH’OR), 4.03 (dd, J = 8.8, 4.7 Hz, 1H,
OHCCH(OR)CHH’OR), 1.42 (s, 3H, MeMe’C(OR),), 1.35 (s, 3H, MeMe’C(OR)s).

LRMS (ESI*): m/z = 153.0 = [M+Na]*

Other data and spectra matched those reported in the literature.'>®
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5.10 - Methyl (5)-3-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-hydroxy-2,2-dimethylpropanoate

OH O
fo) OMe

" A__d Me Me
e

Me

Procedure for activating zinc dust: Zinc dust (50.00 g, 764.8 mmol) was added to an aqueous solution
of hydrochloric acid (2% concentrated HCI by weight, 200 mL), and the resulting suspension was stirred
rapidly for 1 minute. The mixture was filtered, and the metallic residue was washed twice with distilled
water (200 mL), twice with ethanol (200 mL), and once with dry diethyl ether (200 mL). The resulting
metallic chunks were then dried under a stream of nitrogen, dried under high vacuum, and then
powdered with a pestle in a mortar. The resulting grey powder was then stored in a stoppered flask
under an inert atmosphere.

Procedure for preparing Reformatsky reagent 5.9: Activated zinc dust (6.54 g, 100 mmol) was
suspended in dry, degassed tetrahydrofuran (80 mL), and stirred. Methyl a-bromoisobutyrate 5.6
(3.88 mL, 5.43 g, 30.0 mmol) was added dropwise over 2 minutes, and the mixture was sonicated for
3 minutes. After this time had elapsed, consumption of methyl a-bromoisobutyrate 5.6 was confirmed
by TLC analysis and the mixture was cooled to -78 °C for use in the procedure below.

Compound 5.5 (crude from the procedure above, assumed 10.00 mmol) was dissolved in
tetrahydrofuran (20 mL). The resulting colourless solution was added to the Reformatsky reagent 5.9
at -78 °C as prepared above, and the reaction was stirred for 2 hours. After this time had elapsed, the
reaction was allowed to warm to room temperature. Saturated aqueous ammonium chloride solution
(50 mL) was added, the mixture was stirred for a further 10 minutes, and the mixture was filtered.
Water (50 mL), and ethyl acetate (50 mL) were added to the filtrate, the organic phase was separated,
and the aqueous layer was extracted three times with ethyl acetate (100 mL). The combined organic
extracts were washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile

organics were removed under reduced pressure, and the crude product was purified via flash column
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chromatography, eluting with 10-30% ethyl acetate in pentane, to give the product as a colourless oil
(1.06 g, 4.61 mmol, 45% yield).

R.f: 0.35 (30% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

'H NMR (500 MHz, CDCls): & 4.09 - 4.03 (m, 2H, MeO,CCMe,CH(OH)CH(OR)CH,OR,
MeO,CCMe,CH(OH)CH(OR)CHH'OR), 3.98 —3.91 (m, 1H, Me0,CCMe,CH(OH)CH(OR)CHH’OR), 3.83 (d,
J =5.4 Hz, 1H, MeO,CCMe,CH(OH)CH(OR)CH,0R), 3.70 (s, 3H, MeO,CR), 1.38 (s, 3H, MeMe’C(OR),),
1.33 (s, 3H, MeMe’C(OR)z), 1.25 (s, 6H, MeO.CCMeMe’R, MeO,CCMeMe’R). Hydroxyl resonance not
observed

B3C NMR (126 MHz, CDCl): & 177.7 (MeO,CR), 109.1 (Me,C(OR),), 76.9
(MeO,CCMe,CH(OH)CH(OR)CH,O0R), 76.2 (Me0O,CCMe,CH(OH)CH(OR)CH,O0R), 67.0
(Me0O,CCMe,CH(OH)CH(OR)CH,0R), 52.2 (MeO:CR), 46.2 (MeO.CCMezR), 26.6 (Me,C(OR),), 25.5
(Me,C(OR)>), 21.8 (Me0O,CCMezR), 21.5 (MeO,CCMe;R).

IR: (Vmax/cm™! (thin film)) = 3479, 1721, 1470, 1213, 1057.

LRMS (ESI*): m/z = 255.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H200sNa]*) = 255.1203; m/z found = 255.1203.

5.15 - Methyl (R)-3-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-hydroxy-2,2-dimethylpropanoate

OH O

o :

ﬁ—d Me Me
Me

Me

Compound 5.15 was isolated as a product from the above procedure to form 5.10 from 5.5, in a yield

OMe

of (101 mg, 0.396 mmol, 5% yield) contaminated by approximately 25% of 5.10.

Partial data for 5.15:

R.f: 0.31 (30% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

1H NMR (500 MHz, CDCls): 6 4.18 (m, 1H, MeO,CCMe,CH(OH)CH(OR)CH,OR), 4.02 (dd, J = 8.0, 6.6 Hz,

1H, Me0O,CCMe,CH(OH)CH(OR)CHH'OR), 3.86 (t, J = 7.8 Hz, 1H, Me0O,CCMe,CH(OH)CH(OR)CHH’OR),
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3.68 (s, 3H, MeO-CR), 3.52 (dd, J = 9.4, 2.2 Hz, 1H, MeO,CCMe,CH(OH)CH(OR)CH-0R), 2.99 (d, J = 9.4
Hz, 1H, MeO,CCMe,CH(OH)CH(OR)CH,OR), 1.39 (s, 3H, MeMe’C(OR),), 1.34 (s, 3H, MeMe’C(OR),),
1.24 (s, 3H, MeO,CCMeMe’R), 1.24 (s, 3H, MeO,CCMeMe’R).

13C NMR (126 MHz, CDCls): 6 177.2 (MeO.CR), 109.7 (MexC(OR);), 75.3
(Me0,CCMe,CH(OH)CH(OR)CH,O0R), 74.7 (Me0,CCMe,CH(OH)CH(OR)CH,0R), 67.2
(MeO,CCMe,CH(OH)CH(OR)CH,0R), 52.1 (MeO,CR), 46.3 (Me0O,CCMe;R), 26.3 (Me,C(OR),), 25.7
(Me,C(OR),), 22.5 (MeO,CCMe3R), 21.9 (MeO,CCMesR).

IR: (Vmax/cm™ (thin film)) = 3471, 1723.

LRMS (ESI*): m/z = 255.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C11H200sNa]*) = 255.1203; m/z found = 255.1203.

5.16 - (4S,5R)-4-Hydroxy-5-(hydroxymethyl)-3,3-dimethyldihydrofuran-2(3H)-one

Compound 5.10 (232 mg, 1.000 mmol) was dissolved in tetrahydrofuran (3.50 mL). Water (6.50 mL)
was added, and the resulting mixture was stirred and cooled to 0 °C. Concentrated hydrochloric acid
(1.00 mL) was added, and the reaction was allowed to warm to room temperature over 2 hours. After
this time had elapsed ethyl acetate (20 mL) was added, the organic layer was separated, and the
aqueous layer was extracted three times with ethyl acetate (10 mL). The combined organic extracts
were washed with saturated aqueous sodium bicarbonate solution, dried over anhydrous magnesium
sulfate, and filtered. Volatile organics were carefully removed under reduced pressure to give the
product as a white solid (160 g, 1.00 mmol, 100% yield).

R.f: 0.40 (ethyl acetate, stains in potassium permanganate dip with heating).
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IH NMR (500 MHz, acetone): & 4.77 (br s, 1H, HOCH,CH(OR)CH(OH)R), 4.15 — 4.12 (m, 2H,
HOCH,CH(OR)CH(OH)R, HOCH,CH(OR)CH(OH)R), 4.11 (t, J = 6.0 Hz, 1H, HOCH,R), 3.94 (dd, J = 12.6,
6.0 Hz, 1H, HOCHH'R), 3.71 (m, 1H, HOCHH'R), 1.18 (s, 3H, HOCH,CH(OR)CH(OH)CMe,Me,CO,R), 1.14
(s, 3H, HOCH,CH(OR)CH(OH)CMe,Me,CO,R).

BC NMR (126 MHz, acetone): & 180.3 (HOCH,CH(OR)CH(OH)CMe,COR), 83.3
(HOCH,CH(OR)CH(OH)R), 75.0 (HOCH,CH(OR)CH(OH)R), 61.3 (HOCH,CH(OR)CH(OH)R), 44.2
(HOCH,CH(OR)CH(OH)CMe,CO1R), 23.0 (HOCH,CH(OR)CH(OH)CMe.Me,CO,R), 18.5
(HOCH,CH(OR)CH(OH)CMe,Me,CO:R).

Key NOE correlations involved in stereochemical assighnment:

IR: (Vima/cmt (thin film)) = 3416, 1755, 1101, 1037.

LRMS (ESI*): m/z = 183.0 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C;H1,04Na]*) = 183.0628; m/z found = 183.0629.
Specific rotation: [a]3° 54.0 (c = 0.1 in CHCls).

Melting point: 108-109 °C.
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5.21 - Methyl (5)-3-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-((4-methoxybenzyl)oxy)-2,2-
dimethylpropanoate

OMe
Hp

Ha
o o

o :

ﬁ,d Me Me
Me

Me

Procedure for preparing 4-methoxybenzyl bromide: according to the modified procedure of Burke®®:

OMe

hydrogen bromide (48% in water, 1.70 mL) was added to diethyl ether (2.50 mL) and a solution of
4-methoxybenzyl alcohol (1.38 g, 10.0 mmol) in diethyl ether (2.50 mL) was added dropwise over 3
minutes. The resulting mixture was stirred rapidly at room temperature for 1 hour. After this time had
elapsed, saturated aqueous sodium bicarbonate solution (20 mL) was added dropwise over 5 minutes.
Water (20 mL), and diethyl ether (40 mL) were added, the organic layer was separated, and the
aqueous layer was extracted three times with diethyl ether (50 mL). The combined organic extracts
were washed with water, washed with saturated aqueous sodium bromide solution, dried over
anhydrous magnesium sulfate, and filtered. Volatile organics were carefully removed under reduced
pressure to give the crude product as a colourless oil (1.97 g, 9.82 mmol, 98% yield). The crude product
was used immediately in subsequent procedures without further purification.

According to the modified procedure of Burke!®®: compound 5.10 (581 mg, 2.50 mmol) was dissolved
in tetrahydrofuran (25 mL). Triethylamine (1.04 mL, 7.50 mmol) and freshly prepared
4-methoxybenzyl bromide (0.71 mL, 5.00 mmol) were added, and the resulting colourless solution was
cooled to -78 °C. A solution of potassium hexamethyldisilazide (0.5 M in toluene, 7.50 mL, 3.75 mmol)
was added dropwise over 30 seconds, and the reaction was stirred for 15 minutes. After this time had
elapsed, the reaction was allowed to warm to room temperature and stirred for a further 30 minutes.
After this time had elapsed, saturated aqueous sodium bicarbonate solution (15 mL) was added and

the mixture was stirred rapidly for a further 30 minutes. Diethyl ether (50 mL) was added, the organic

207



layer was separated, and the aqueous layer was extracted three times with diethyl ether (50 mL). The
combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. Volatile organics were removed under reduced pressure, and the crude product was purified
via flash column chromatography, eluting with 5-10% diethyl ether in pentane, to give the product as
a colourless oil (600 mg, 1.71 mmol, 68% yield).

R.f: 0.31 (10% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

H NMR (500 MHz, CDCls): § 7.23 (d, J = 8.6 Hz, 2H, Ha-Ar), 6.87 (d, J = 8.6 Hz, 2H, Hy-Ar), 4.70 (d, J =
10.8 Hz, 1H, Ar-CHH'OR), 4.55 (d, J = 10.8 Hz, 1H, Ar-CHH’OR), 4.13 (td, J = 6.7, 4.3 Hz, 1H,
MeO,CCMe,CH(OR)CH(OR)CH,OR), 4.04 - 3.90 (m, 3H, Me0O,CCMe,CH(OR)CH(OR)CHOR,
MeO,CCMe,CH(OR)CH(OR)CHH'OR, Me0O,CCMe,CH(OR)CH(OR)CHH’OR), 3.80 (s, 3H, MeOAr), 3.65 (s,
3H, MeO,CR), 1.41 (s, 3H, MeMe’C(OR),), 1.32 (s, 3H, MeMe’C(OR),), 1.22 (s, 3H, MeO,CCMeMe’'R),
1.17 (s, 3H, MeO,CCMeMe'R).

13C NMR (126 MHz, CDCl3): & 176.7 (MeO,CR), 159.1 (MeO-Ca,), 130.6 (ROCH2-Car), 129.2 (2C, Ha-Car),
113.7 (2C, Hp-Ca), 108.2 (Me,C(OR);), 83.4 (MeO,CCMe,CH(OR)CH(OR)CH,0R), 76.5
(MeO,CCMe,CH(OR)CH(OR)CH,OR), 75.1 (ROCH-Ar), 66.0 (MeO,CCMe,CH(OR)CH(OR)CH,OR), 55.3
(MeO-Ar), 51.8 (MeO,CR), 46.5 (MeO,CCMe;R), 26.3 (Me,C(OR),), 24.8 (Me,C(OR),), 22.6
(Me0,CCMe;R), 20.3 (MeO,CCMe3R).

IR: (Vmax/cm™® (thin film)) = 1746, 1277, 1256.

LRMS (ESI*): m/z = 375.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C19H2806Na]*) = 375.1778; m/z found = 375.1778.

Specific rotation: [«]3° 8.5 (c = 0.1 in CHCl3).
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5.22 - (5)-3-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-3-((4-methoxybenzyl)oxy)-2,2-dimethylpropan-1-ol

OMe

Compound 5.21 (486 mg, 1.50 mmol) was dissolved in dry dichloromethane (15 mL) under nitrogen,
and the resulting solution was cooled to -78 °C. A solution of diisobutylaluminium hydride (1.0 M in
hexane, 5.00 mL, 5.00 mmol) was added dropwise over 1 minute. The solution was allowed to warm
to 0 °C over 1 hour. After this time had elapsed, the solution was allowed to warm to room
temperature, and saturated aqueous sodium potassium tartrate solution (5 mL), saturated aqueous
ammonium chloride solution (1 mL), and ethyl acetate (10 mL) were added, and the mixture was
stirred rapidly for 12 hours. The organic layer was separated, and the aqueous layer was extracted
three times with ethyl acetate (20 mL). The combined organic extracts were washed with brine, dried
over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under reduced
pressure, and the crude product was purified via flash column chromatography, eluting with 30% ethyl
acetate in pentane, to give the product as a colourless oil (415 mg, 1.28 mmol, 85% yield).

R.f: 0.15 (30% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

'H NMR (500 MHz, CDCls): 6 7.28 (d, J = 8.6 Hz, 2H, Ha-Ar), 6.88 (d, J = 8.6 Hz, 2H, Hy-Ar), 4.79 (d, J =
10.7 Hz, 1H, Ar-CHH'OR), 4.57 (d, J = 10.7 Hz, 1H, Ar-CHH’OR), 4.31 (td, J = 7.5, 3.4 Hz, 1H,
HOCH,CMe,CH(OR)CH(OR)CH,0R), 4.06 (t, J = 7.5 Hz, 1H, HOCH,CMe,CH(OR)CH(OR)CHH’OR), 4.02 {t,
J = 7.5 Hz, 1H, HOCH,CMe,CH(OR)CH(OR)CHH’OR), 3.80 (s, 3H, MeOAr), 3.64 (d, J = 3.4 Hz, 1H,
HOCH,CMe,CH(OR)CH(OR)CH,0R), 3.37 (m, 2H, HOCHH'R, HOCHH’R), 1.48 (s, 3H, MeMe’C(OR),), 1.37
(s, 3H, MeMe’C(OR)), 0.96 (s, 3H, HOCH,CMeMe’'R), 0.89 (s, 3H, HOCH,CMeMe’R). Hydroxyl proton

resonance not observed.
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13C NMR (126 MHz, CDCls): § 159.5 (MeO-Car), 130.5 (ROCH2-Car), 129.7 (2C, Ha-Car), 114.0 (2C, Hp-Cas),
108.2 (Me,C(OR);), 84.8 (HOCH,CMe,CH(OR)CH(OR)CH,OR), 76.8 (HOCH,CMe,CH(OR)CH(OR)CH,0OR),
75.3 (ROCH,Ar), 71.1 (HOCH,R), 65.6 (HOCH,CMe,CH(OR)CH(OR)CH,OR), 55.4 (MeO-Ar), 39.2
(HOCH,CMe;R), 26.6 (Me,C(OR),), 25.0 (Me,C(OR);), 22.4 (HOCH,CMe;R), 21.4 (HOCH,CMe;R).

IR: (Vmax/cm (thin film)) = 3446, 2982, 1515, 1059, 1037.

LRMS (ESI*): m/z = 347.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C1sH2s0sNal*) = 347.1829; m/z found = 347.1829.

Specific rotation: [a]3° 5.5 (c = 0.1 in CHCl3).

5.23 - 2-(((5)-3-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-3-((4-methoxybenzyl)oxy)-2,2-

dimethylpropyl)thio)benzo[d]thiazole

oeMe
M

Compound 5.22 (374 mg, 1.15 mmol) was dissolved in dry tetrahydrofuran (11.5 mL) under nitrogen.
Triphenylphosphine (604 mg, 2.30 mmol) was added, and the resulting solution was stirred and cooled
to 0 °C. Diisopropylazodicarboxylate (0.407 mL, 2.070 mmol) was added, and the reaction was stirred
for 15 minutes. 2-Mercaptobenzothiazole 5.25 (423 mg, 2.53 mmol) was added, and the resulting
solution was heated to 60 °C and stirred for 3 hours. After this time had elapsed, the solution was
allowed to cool to room temperature, and ethyl acetate (10 mL) and water (20 mL) were added. The
organic layer was separated, and the aqueous layer was extracted three times with ethyl acetate (20
mL). The combined organic extracts were washed with aqueous hydrogen peroxide (15% hydrogen
peroxide by weight), washed with saturated aqueous sodium thiosulfate solution, washed with brine,

dried over anhydrous magnesium sulfate, and filtered. Volatile organics were removed under reduced
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pressure, and the crude product was purified via flash column chromatography, eluting with 10%
diethyl ether in pentane, to give the product as a colourless oil (458 mg, 0.966 mmol, 84% yield).

R.f: 0.27 (20% diethyl ether in pentane, stains in potassium permanganate dip without heating).

'H NMR (500 MHz, CDCls): 6 7.84 (br d, J = 8.1 Hz, 1H, Hg-Ar), 7.73 (br d, J = 7.9 Hz, 1H, Hg-Ar), 7.40
(ddd, J=8.1, 7.4, 1.2 Hz, 1H, H¢-Ar), 7.29 — 7.27 (m, 3H, He-Ar, Ha-Ar), 6.88 — 6.75 (m, 2H, Hyp-Ar), 4.83
(d,/=10.6 Hz, 1H, Ar-CHH’OR), 4.55 (d, /= 10.6 Hz, 1H, Ar-CHH’OR), 4.36 (ddd, /= 7.8, 6.6, 2.8 Hz, 1H,
ArSCH,CMe,CH(OR)CH(OR)CH,0R), 4.07 (t, J = 7.8 Hz, 1H, ArSCH,CMe,CH(OR)CH(OR)CHH’OR), 4.02
(dd, J = 7.8, 6.6 Hz, 1H, ArSCH,CMe,CH(OR)CH(OR)CHH’OR), 3.77 (s, 3H, MeOAr), 3.75 (d, J = 2.8 Hz,
1H, ArSCH,CMe,CH(OR)CH(OR)CH,OR), 3.59 (d, J = 12.6 Hz, 1H, ArSCHH'R), 3.47 (d, J = 12.6 Hz, 1H,
ArSCHH’R), 1.47 (s, 3H, MeMe’C(OR),), 1.36 (s, 3H, MeMe’C(OR),), 1.11 (s, 3H, ArSCH.CMeMe’R), 1.04
(s, 3H, ArSCH,CMeMe’R).

13C NMR (126 MHz, CDCls): & 168.0 (RCHS-Car), 159.3 (MeO-Car), 153.0 ((RS).C=N-Car), 135.3
(RSC(=NR)S-Car), 130.9 (ROCH2-Car), 129.6 (2C, Ha-Car), 126.2 (Ht-Car), 124.3 (He-Car), 121.5 (Hg-Car),
121.1 (H4-Car), 113.8 (2C, Hp-Car), 108.1 (Me2C(OR),), 83.5 (ArSCH,CMe,CH(OR)CH(OR)CH,0R), 76.8
(ArSCH,CMe,CH(OR)CH(OR)CH,0R), 75.3 (ROCH,Ar), 65.4 (ArSCH,CMe,CH(OR)CH(OR)CH,OR), 55.4
(MeO-Ar), 43.7 (ArSCH:R), 39.4 (ArSCH,CMe;R), 26.6 (Me,C(OR);), 25.1 (Me,C(OR);), 24.2
(ArSCH,CMe3R), 23.5 (ArSCH,CMe3R).

IR: (Vmax/cm™ (thin film)) = 2984, 1612.

LRMS (ESI*): m/z = 496.3 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C2sH32,04NS,]¥, [M+H]*) = 474.1767; m/z found = 474.1766.

Specific rotation: [a]3°2.0 (c =0.1in CHCI3).
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5.24 - 2-(((5)-3-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-3-((4-methoxybenzyl)oxy)-2,2-

dimethylpropyl)sulfonyl)benzo[d]thiazole

OMe
Hp
Ha Hd He
(o] H¢
o S
1 \N
LY
O Me Ne QO
Me

Compound 5.23 (426 mg, 0.900 mmol) was dissolved in dry tetrahydrofuran (0.90 mL). Ethanol (0.90
mL) was added, and the resulting solution was stirred and cooled to 0 °C. Ammonium molybdate
tetrahydrate (2.68 g, 2.30 mmol) was dissolved in an aqueous solution of hydrogen peroxide (15%
hydrogen peroxide by weight, 0.90 mL), the resulting yellow solution was added dropwise to the
solution of compound 5.23 over 5 minutes, and the reaction was stirred for 12 hours. After this time
had elapsed, the solution was allowed to warm to room temperature, and ethyl acetate (20 mL) and
water (20 mL) were added. The organic layer was separated, and the aqueous layer was extracted
three times with ethyl acetate (20 mL). The combined organic extracts were washed with saturated
aqueous sodium thiosulfate solution, washed with saturated aqueous sodium bicarbonate solution,
washed with brine, dried over anhydrous magnesium sulfate, and filtered. Volatile organics were
removed under reduced pressure, and the crude product was purified via flash column
chromatography, eluting with 20% ethyl acetate in pentane, to give the product as a colourless oil
(360 mg, 0.711 mmol, 79% yield).

R.f: 0.30 (20% ethyl acetate in pentane, stains in potassium permanganate dip with heating).

!H NMR (500 MHz, CDCls): 6 8.20 (br d, J = 8.4 Hz, 1H, Hg-Ar), 8.02 (br d, J = 8.0 Hz, 1H, Hq-Ar), 7.64
(ddd, J=8.4,7.2, 1.3 Hz, 1H, H¢Ar), 7.59 (ddd, J = 8.0, 7.2, 1.3 Hz, 1H, He-Ar), 7.29 — 7.26 (m, 2H, Ha-
Ar), 6.84-6.79 (m, 2H, Hy-Ar), 4.79 (d, J = 10.7 Hz, 1H, Ar-CHH’OR), 4.64 (d, J = 10.7 Hz, 1H, Ar-CHH’OR),
430 (td, J = 7.0, 3.7 Hz, 1H, ArSO,CH,CMe,CH(OR)CH(OR)CH,OR), 3.99 (m, 2H,

ArSO,CH,CMe,CH(OR)CH(OR)CHH’OR, ArSO,CH,CMe,CH(OR)CH(OR)CHH’OR), 3.95 (d, J = 3.7 Hz, 1H,
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ArSO,CH,CMe,CH(OR)CH(OR)CH,0R), 3.79 (d, J = 14.3 Hz, 1H, ArSO,CHH'R), 3.76 (s, 3H, MeOAr), 3.62
(d, J = 14.3 Hz, 1H, ArSO,CHH'R), 1.47 (s, 3H, MeMe’C(OR),), 1.35 (s, 3H, MeMe’C(OR),), 1.34 (s, 3H,
ArSO,CH,CMeMe'R), 1.18 (s, 3H, ArSO,CH,CMeMe'R).

13C NMR (126 MHz, CDCls): 6 168.1 (RCH,S0,-Car), 159.4 (MeO-Car), 152.7 (RSO,C(SR)=N-Car), 136.9
(RSO.C(=NR)S-Cay), 130.6 (ROCH,-Car), 129.8 (2C, Ha-Car), 128.1 (Hs-Car), 127.7 (He-Car), 125.5 (Hg-Car),
122.5 (Hg-Car), 113.9 (2C, Hy-Car), 108.5 (Me;C(OR),), 83.6 (ArSO,CH,CMe,CH(OR)CH(OR)CH,OR), 76.3
(ArSO,CH,CMe,CH(OR)CH(OR)CH,0R), 75.1 (ROCH,Ar), 65.9 (ArSO,CH,CMe,CH(OR)CH(OR)CH,OR),
61.9 (ArSO,CH,CMe,CH(OR)CH(OR)CH.0R), 55.4 (MeO-Ar), 39.8 (ArSO,CH,CMe;R), 26.6 (Me,C(OR),),
25.1 (Me,C(OR),), 24.3 (ArSO,CH,CMe3R), 24.1 (ArSO,CH,CMe,R).

IR: (Vmax/cm® (thin film)) = 1612, 1514, 1472, 1380, 1248, 1149.

LRMS (ESI): m/z = 528.2 = [M+Na]*

HRMS (ESI*): Predicted m/z ([C2sH3106NS;Na]*) = 528.1485; m/z found = 528.1483.

Specific rotation: [a]3° 14.0 (c = 0.1 in CHCl5).
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