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Abstract

Natural products continue to be an abundant source of lead compounds for drug discovery and
development. (-)-TAN-2483A and (-)-TAN-2483B, isolated from the culture of a filamentous
fungus, incorporate an unusual furo[3,4-b]pyran-5-one scaffold. TAN-2483A was initially
reported to inhibit the c-Src tyrosine kinase enzyme, a potential anticancer target, and
parathyroid hormone-induced bone resorption. TAN-2483B, on the other hand, was not
isolated in sufficient quantities for biological testing. The synthesis of TAN-2483B is therefore
desirable from a drug discovery perspective. Several analogues of TAN-2483B that are
functionalised at the propenyl sidechain have previously been synthesised in the Harvey group
and have shown promising biological activity. For example, the (Z)-ethyl ester analogue
showed micromolar inhibition of HL-60 cells and Bruton’s tyrosine kinase, a protein involved
in B-cell maturation that is implicated in certain cancers. The lactone moiety of TAN-2483B

and its sidechain analogues, however, appears to be unstable to nucleophilic attack.

The aim of this thesis was to investigate the viability of a synthetic route toward lactam
analogues of TAN-2483B. It was proposed that substituting the lactone for a lactam would
increase the stability of the compound in nucleophilic media. Moreover, the lactam nitrogen
may provide a site for further functionalisation of the compound for future structure-activity
relationship studies. Because installation of the (Z)-ethyl ester sidechain via Wittig conditions
has previously been found to be more facile than installation of the (E)-propenyl sidechain
found in the natural product, investigations into forming the lactam ring system were carried
out on the ethyl ester advanced intermediates. Reductive amination of a ketone intermediate
was envisaged to install the amine prior to a palladium-catalysed carbonylation/lactam
formation step. The promising bioactivity of the (Z)-ethyl ester analogue was anticipated to be

retained in the target lactam analogues.

It was found that the substrates of the proposed reductive amination, the advanced ketone
intermediates, were incompatible with the tested conditions, presumably due to base
sensitivity. Three by-products from the reductive amination experiments were isolated and
tentatively characterised by NMR spectroscopy and HRMS. An alternative route toward lactam
analogues of TAN-2483B, via intermediate amines accessed by the substitution of an activated

alcohol, was briefly investigated with encouraging results.



Further optimisation of the synthetic route toward analogues of TAN-2483B was also achieved.
Removal of a purification step enabled the more expedient two-step synthesis of a diol
intermediate. The two-step transformation to (Z)- and (E)-ethyl ester intermediates, via sodium
periodate-mediated diol cleavage and Wittig olefination, proceeded in the highest yield
obtained to date. Investigations into the desilylation of a trimethylsilyl-protected acetylene

were also conducted.

Although lactam analogues of TAN-2483B were not obtained in this study, progress was made
toward their synthesis. The alternative route toward amines that was briefly explored here
appears promising, and work is ongoing in the Harvey group to access lactam (and other)
analogues of TAN-2483B, in addition to the natural product itself.

R =H, Bn, "Pr

(-)-TAN-2483A (-)-TAN-2483B (Z)-cthyl ester Lactam and sidechain
analogue analogues
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1. Introduction

Natural products have historically been a rich source of lead compounds for drug development.
They are isolated from organisms found in diverse terrestrial and marine environments. As well
as being modified by medicinal chemists in the pursuit of higher potency and lower toxicity,
natural products have also been utilised in unmodified forms as powerful pharmaceutical

agents, most notably in cancer treatment.®2

The production of secondary metabolites by an organism ostensibly comes at a metabolic cost.
While some have argued that most natural products do not offer a selective ecological
advantage to the organisms that produce them, it is generally believed today that almost all are
biologically active or produced for a specific purpose.® The chemical space occupied by natural
products is therefore usually more biologically relevant than that of most synthetic or
combinatorial compounds, and thus natural products may be more likely to interact with

biomolecular targets.*

Many natural products, however, have no known biological function, or possess only low
potency. In some cases, the selective advantage of a natural product may have been relevant at
an earlier evolutionary stage of the organism, but is now no longer useful. Potent bioactivity is
rare because high affinity and specificity to a target protein requires a small molecule to adhere
to strict structural and conformational limitations, and therefore secondary metabolic pathways
may have evolved to optimise the production and retention of a wide range of natural products
at a low metabolic cost, producing several chemical cul-de-sacs along the way.® Nevertheless,
screening natural products for biological activity will ignore those with no obvious biological

function.

Despite the high proportion of natural products possessing promising therapeutic properties,
they were not well-suited to drug development programs throughout most of the 20" century.
There were several barriers. During initial drug discovery screens, bioassays were conducted
on the crude extracts. These consisted of complicated mixtures of natural products that could
confound the response of the assay by additive, synergistic or inhibitory effects between
compounds. Furthermore, phenotypic responses may not have been observed if compounds
were present in low concentrations. The large-scale pharmaceutical manufacture of natural
product-based drugs is often challenging. The high expectations of combinatorial chemistry as
a drug discovery vehicle also shifted focus away from natural products. Finally, the rise of

high-throughput screening (HTS), which is routinely applied in the pharmaceutical industry to
1



assay libraries of up to 5 million molecules within a few weeks, was initially deemed to be

unsuited to natural product-based drug discovery programs.®’

These novel approaches to drug discovery, however, were not always successful. Screening
libraries of synthetic compounds usually consist of molecules with drug- or lead-like
properties: those that obey Lipinski’s rule of five® and are likely to have favourable absorption,
distribution, metabolism, excretion and toxicity characteristics. Although this strategy reduces
the likelihood of hit compounds failing in the clinic due to poor bioavailability or possessing
otherwise unfavourable physico-chemical properties, it doesn’t imply that the components of
the library will possess meaningful bioactivity. A recent study found that HTS of natural
products had significantly higher hit rates than HTS of traditional synthetic and combinatorial

libraries of compounds.®

Despite these difficulties, nearly half of all small-molecule pharmaceuticals approved in the
US between 2000 and 2010 were derived from natural products,® and they continue to
successfully contribute to drug discovery when compared with the disproportionately vast
libraries of synthetic compounds employed in HTS and combinatorial chemistry. Additionally,
recent technological advances have begun to break down the barriers limiting the use of natural
products in modern drug development strategies. Removing molecules that are likely to cause
artefacts in bioassays, such as polyphenolic tannins in plant extracts, allows fractions of
reduced complexity to be prepared in smaller-scale assays.'? Pre-fractionation, whereby partial
separation of the crude extracts is conducted prior to HTS, often produces higher hit rates than
crude extracts, and can reduce concentration-dependent and synergistic effects that obscure the
assay response.*! These developments have contributed to a renewed focus on natural product-

based drug discovery programs in the pharmaceutical industry.21?

Fungi are well known to be prolific producers of natural products. Several important human
therapeutics have been derived from fungal natural products, including antibiotics such as
penicillin, cholesterol-lowering drugs such as the statins, and immunosuppressants such as the
cyclosporins. While approximately 100,000 fungal species are known, it is thought that over
ten times that number exist in nature.** The implications of only a small fraction of existing
natural products having been isolated and characterised to date is stimulating further efforts
toward fungal natural product-based drug discovery. Hundreds of fungal species have recently

undergone genome sequencing, and it is expected that an increased understanding of the



genetic basis for secondary metabolite production will help to identify and activate hidden

natural products in fungal genomes.*®

Natural products incorporate a wide range of pharmacophores with uncommon structural
motifs and varied stereochemical configurations. This structural diversity presents a challenge
to synthetic chemists, but also provides exciting opportunities for drug discovery. The furo[3,4-
b]pyran? scaffold (Figure 1) is found in very few natural products. These natural products,
which are typically isolated from fungi, incorporate a variety of stereocentres and functional
groups. Several groups have been involved in the isolation, structure elucidation, and synthesis

of the furo[3,4-b]pyran-based natural products.

Figure 1: The furo[3,4-b]pyran scaffold

1.1 Natural products incorporating a furo[3,4-b]pyran-5-one scaffold

The furo[3,4-b]pyran scaffold is found in only a handful of known natural products, including
TAN-2483A and B,'° the fusidilactones,”8 the massarilactones,'®-?2 and waol A%?* and B.?®
The biological activity of these natural products is broad, and includes cytotoxic, antibacterial,

antifungal and antialgal properties.

1.1.1 TAN-2483A and B

In 1998, Hayashi and co-workers from Takeda Chemical Industries in Japan isolated two
secondary metabolites from a fermentation broth of filamentous fungus NF 2329.1°
Spectroscopic data suggested that (—)-TAN-2483A (1) and (—)-TAN-2483B (2) are epimers
incorporating a furo[3,4-b]pyran-5-one scaffold (Figure 2). TAN-2483A was initially reported
to inhibit both the c-Src (sarcoma) tyrosine kinase enzyme and parathyroid hormone-induced
bone resorption.’®* TAN-2483B was not isolated in sufficient quantities for biological testing.
TAN-2483A was first synthesised in 2003,%* but TAN-2483B has not been synthesised to date.

2 The nomenclature describes the connection between the pyran and furan rings as formed between C-3 and C-4
of the furan, and bond b of the pyran ring.



(-)-TAN-2483A (1) (-)-TAN-2483B (2)

Figure 2: (-)-TAN-2483A and B

1.1.2 Fusidilactones

In 2002, Krohn and co-workers isolated fusidilactones A, B, and C from cultures of the fungal
endophyte Fusidium sp (Figure 3).1” The crude diethyl ether extracts showed good antifungal
activity against Eurotium repens and Fusarium oxysporum, and weak antibacterial activity
against Escherichia coli and Bacillus megaterium. The same group later isolated fusidilactones
D and E from the same species, which differ from fusidilactones A and B only in the extent of
hydroxylation of the sidechain, and confirmed the absolute and relative stereochemical
configurations of the compounds by a solid state CD/TDDFT (circular dichroism/time-
dependent density functional theory) approach.'® Fusidilactone A has recently been isolated

from the fermentation culture of the fungus Pseudallescheria boydii.?

oH O
R =H, (+)-fusidilactone A (3) R = OH, (+)-fusidilactone B (4) (+)-fusidilactone C (5)
R = OH, (+)-fusidilactone D (6) R = H, (+)-fusidilactone E (7)

Figure 3: Fusidilactones A-E

Fusidilactones A, B, D and E contain a furopyran scaffold, whereas fusidilactone C exhibits an
ususual oxoadamantane skeleton and a spiroketal component. Hsung and co-workers explored
a ketal-tethered intramolecular Diels-Alder cycloaddition (IMDA) toward the synthesis of the
spiroketal core of fusidilactone C.2” The novel and facile cycloaddition was highly endo-

selective, which was further enhanced by use of Lewis acids or protic solvents.?® Unfortunately,



exo-selectivity is desired for the synthesis of fusidilactone C. Snider and co-workers
synthesised the fusidilactone B ring system in 2003, confirming the correct stereochemical
assignments by 'H and ¥C NMR spectroscopic comparisons with the natural product (see
section 1.3).%°

1.1.3 Massarilactones

Massarilactones B, D and H incorporate a furopyran scaffold (Figure 4). In 2001, Gloer and
co-workers isolated massarilactones A and B from cultures of the freshwater aquatic fungus
Massarina tunicata.'® Both showed antibacterial activity against Bacillus subtilis, while
massarilactone B was also active against Staphylococcus aureus. Krohn and co-workers later
discovered massarilactones C and D from the endophytic fungus Coniothyrium sp, but despite
the crude extract of all six isolates showing antifungal, antibacterial and antialgal activities, the
purified substances were inactive against the gram-positive bacterium Bacillus megaterium,
the fungus Microbotryum violaceum, and the green alga Chlorella fusca.?’ Further work by the
same group uncovered massarilactones E, F and G and the acetonide 16, also isolated from
Coniothyrium sp.?! Massarilactone H was later isolated from the marine fungus Phoma

herbarum.??

R =H, (+)-massarilactone B (8) )
R = OH, (+)-massarilactone D (9)  (+)-massarilactone H (10)  (+)-massarilactone A (11)

0]
(+)-massarilactone E (13) (+)-massarilactone F (14) (+)-massarilactone G (15) (+)-massarilactone acetonide (16)

Figure 4: Massarilactones A-H and massarilactone acetonide

Other work has shown the massarilactones to be present in many different fungal species.
Massarilactone B has been isolated from the plant pathogenic fungus Pestalotiopsis scirpina.®
Massarilactones D and E were isolated from fungal endosymbiont Paraphaeosphaeria sp.,

5



found in the gut of Pantala flavescens larvae.®! Finally, massarilactones C and G have been
isolated from the solid-substrate fermentation cultures of the ascomycete fungus Trichocladium
opacum, found in China.3>33 Snider and co-workers first synthesised massarilactone B in 2003

via an aldol strategy (see section 1.3).242°

1.1.4 Waol A and B

Mizoue and co-workers in 1995 isolated 6-lactone FD-211 from the fermentation broth of the
fungus Myceliophthora lutea.?® When the same group subsequently isolated a closely related
compound from the same strain, termed waol B, FD-211 was renamed to waol A.% Both
showed activity against a range of tumour cell lines, including adriamycin-resistant HL-60
cells. Soon after, the synthesis of a key intermediate of the proposed waol A structure was
reported.>* However, spectroscopic properties of waol A that were inconsistent with the
proposed structure prompted the Snider group to investigate further. Spectroscopic comparison
of waol A with TAN-2483A, whose structure was previously assigned crystallographically,
suggested that waol A may be the vinylogue of TAN-2483A. The correct structures of waol A
and B were confirmed by their total synthesis (Figure 5).24%° Waol B is the ring-opened methyl

ester analogue of waol A.

HO CO,Me

(£)-waol A (17) (£)-waol B (18)
(FD-211)

Figure 5: Waol A and waol B

1.2 Biosyntheses of furo[3,4-b]pyrans

In organic chemistry, bioinspired syntheses are those which mimic a series of transformations
hypothesised or proven to be carried out in the biosynthesis of a natural product. Biosynthetic
hypotheses can provide a framework for developing a synthetic route toward a target
compound, and if successful, the resulting biomimetic synthesis can lend weight to the original

biosynthetic proposal. Conversely, a failed biomimetic synthesis may imply that the



biosynthetic hypothesis needs revisiting. Identifying a common biosynthetic precursor can
enable ready access to a group of related natural products, and can help reveal links between
natural products that appear to share biogenetic resemblance. Several complex natural products
have been accessed using a bioinspired synthetic strategy.®®

The Snider group proposed a biosynthetic approach to both TAN-2483A and TAN-2483B
(Scheme 1). The condensation of an aldehyde such as 19 with the natural product y-
methyltetronic acid®® (20) could produce intermediate 21 as an epimeric mixture. Reduction of
21 would produce TAN-2483A and TAN-2483B. However, initial attempts at performing this
biomimetic route on a number of representative aldehydes with tetronic acid were unsuccessful.
Failure to construct the pyran ring does not, however, discount the possibility that 21 is a
common precursor to both TAN-2483A and B. More work is required to elucidate possible

biosynthetic pathways toward these natural products.

HO.
OH \Qo ........ -
o)
HO = e
19 20

Scheme 1: Proposed condensation biosynthesis of TAN-2483A and B

The Gloer group have suggested that massarilactones A (11), B (8) and D (9) appear to be
derived from the same polyketide precursor.’® The incorporation of a three carbon unit is
proposed to account for carbons labelled here as 7, 7a and 8 (Figure 6).%” Many other fungal
metabolites bear biogenetic resemblance to the furopyran core of the massarilactones,
including rosigenin (22, also isolated from M. tunicata), the curvupallides (e.g. 23), and the
spirostaphylotrichines (e.g. 24) (Figure 7).24° Studies on spirostaphylotrichine biosynthesis —
which may be extended to other members of this class of compounds — suggest that they are
formed by the condensation of a polyketide chain with an unidentified C4 unit, possibly aspartic

acid or an intermediate from the citric acid cycle.®®



. R =H, (+)-massarilactone B (8)
(+)-massarilactone A (11) R = OH, (+)-massarilactone D (9)

Figure 6: The proposed biogenetic resemblance between massarilactones A, B and D

OH o
HO
| N-OMe
NN 0
rosigenin (22) curvupallide A (23) spirostaphylotrichine A (24)

Figure 7: Natural products bearing biogenetic resemblance to the furopyran core of the
massarilactones

1.3 Syntheses of furo[3,4-b]pyran-based natural products

In 2003 the Snider group published the first total syntheses of TAN-2483A, massarilactone B,
and waol A and B.?° The retrosynthetic route to TAN-2483A (1) and waol A (17) is shown in

Scheme 2.

074H B

R Me, TAN-2483A (1) - 29
= 1E-propenyl, waol A (17)

\@ g <

Scheme 2: Snider’s retrosynthesis of TAN-2483A and Waol A%




Aldol reaction of aldehyde 25 and lactone 26 produced a mixture of B-hydroxy lactone 27 and
its undesired C-4 epimer. The C-4 epimers were separated by column chromatography on 20%
silver nitrate on silica gel. The stereochemical configuration at C-4 is important because the
iodoetherification occurring in the next step is directed by the alcohol at that position:
formation of the iodinium ion occurs on the opposite face of the alkene. Subsequent
nucleophilic attack to form the pyran 28 then results in the propenyl substituent at C-2 adopting
the correct stereochemical configuration to that present in the natural product (i.e. 2R).
Furthermore, the configuration of the C-4 alcohol is conserved during epoxide formation and
subsequent epoxide opening from C-4 to C-3, so that the desired 3R configuration is obtained.
lodoetherification of 27 using bis(sym-collidine)-AgPFs and iodine produced the desired
iodoalcohol 28. Treatment of 28 with triethylamine afforded epoxide 29, which reacted further
to produce TAN-2483A.

The vinylogue of TAN-2483A —waol A —was similarly prepared using the appropriate lactone
with the 1E-propenyl substituent in the initial aldol reaction without complication. Lactone
hydrolysis of waol A followed by reaction with diazomethane produced waol B in a 38% yield,
with a 47% yield of by-product 30 formed via the conjugate addition of methoxide at the C-4

position (Scheme 3).

KOH, MeOH/H,0

HCI, then CH,N,
0 (38% over two steps)

(x)-waol A (17) (+)-waol B (18) 30

Scheme 3: Conversion of waol A to waol B®

Massarilactone B (8) was synthesised via a longer route involving an aldol reaction of aldehyde
25 and the diastereoisomer of lactone 26, i.e. lactone 31 (Scheme 4). lodoetherification of
intermediate 32 was followed by radical substitution of the iodide in 33 by a hydroxy group.

Finally, oxidation-elimination of intermediate 34 produced massarilactone B.



o O

(+)-massarilactone B (8)

| Ho, ¢ |
L+ QO —
: 0
25 31

Scheme 4: Retrosynthesis of (+)-massarilactone B

oH ©
3

The same group explored similar methodology toward the synthesis of TAN-2483B. The
previously discussed lactone 31 was considered a potential precursor and reacted with aldehyde
25 to form a separable diastereomeric mixture of 32 and 36 (Scheme 5). lodoetherification of
32 produced the iodoalcohol 33, with the expected C-2, C-3 and C-4 configurations due to the
directing effects of the C-4 alcohol (as discussed above). Treatment of 33 with DBU produced
the TAN-2483B C-2/C-3 diastereoisomer 37.

- 1) LDA,
HO,, : WO
O
Q 2) AgNO3/SiO, chrom.
o]
31

bis(sym-collidine)-
AgPF®6, I,

= H
OoH ©
33

Scheme 5: Snider’s attempted synthesis of TAN-2483B°

10



It is unclear why the iodoetherification of dienol 36 was not reported, since we may expect that
it possesses the correct stereochemistry to produce the corresponding iodoalcohol for the
synthesis of TAN-2483B. Instead, Snider and co-workers reported a final attempted route to
TAN-2483B. They envisaged that directed epoxidation of dienol 36 with m-CPBA would
produce mainly threo alcohol 38. Cyclisation of the presumed intermediate 38 should yield
furopyran 39. Epoxidation followed by a base-catalysed dehydration would complete the
synthesis of TAN-2483B (Scheme 6).

TAN-2483B (2)

Scheme 6: Final proposed synthetic route to TAN-2483B

Instead, epoxidation of 36 produced a mixture of terminal epoxides 40 and diol 41 (Scheme 7).
The authors suggested that the lactone alcohol helps to direct epoxidation of the terminal
double bond.

OH
40

Scheme 7: Undesired synthesis of diol 41%°

1.4 Syntheses of TAN-2483B analogues

The total synthesis of TAN-2483B has not yet been achieved. However, the Harvey group at
Victoria University of Wellington has produced a number of analogues of TAN-2483B.%! The
synthetic strategy uses D-mannose as the chiral starting material, and incorporates a gem-
dihalocyclopropanation/ring expansion sequence and a palladium-catalysed lactone formation

step.
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1.4.1 First synthesis of the TAN-2483B ring system

In 2011, Harvey and Hewitt published the first synthesis of the TAN-2483B ring system via a
D-mannose-derived cyclopropane.*? As TAN-2483B incorporates diverse stereochemistry and
several oxygen groups, readily available D-mannose provided a suitable chiral scaffold.
Retrosynthetic analysis suggested that TAN-2483B (2) could be accessed from furopyran 42,
which in turn could be derived from haloalkenes 43 or 44 via a palladium-catalysed
carbonylation and lactone formation step (Scheme 8). Haloalkenes 43 or 44 could be prepared
by gem-dihalocyclopropanation and subsequent ring expansion of glycal 45. The formation of
45 follows a four-step procedure developed by Theodorakis and co-workers.*® Synthesis of the

simplified furopyran 46 was conducted as a proof-of-principle.

X = Cl (43)

% X = Br (44)
H

0]

D-mannose 45

Scheme 8: Cyclopropanation and ring expansion retrosynthesis of TAN-2483B

Initial attempts to generate the dibromocyclopronane intermediate through the in situ formation
of dibromocarbene produced complex mixtures. On the other hand, using chloroform to
generate the dichlorocarbene that undergoes addition to glycal 45 under Makosza conditions**
led to the more facile formation of the dichlorocyclopropane 47 (Scheme 9).4? Ring expansion
was achieved using silver acetate in acetic acid to produce acetate 48 in good yield over two
steps. While the dichlorocyclopropane 47 was isolable, avoiding chromatographic purification

by using a one-pot, two-step sequence produced better yields.
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O 0
><o“' H 5 CHels, TEBAC ><o‘ 1 Ho. 4 AgOAc
v B B ——
J NaOH aq) Cl AcOH
\c

BnO BnO (77% over two steps)

45 47

Scheme 9: Gem-Dichlorocyclopropanation and ring expansion®2

The formation of the furanone ring system was carried out using a palladium-catalysed
carbonylation/lactonisation of 49 under an atmosphere of carbon monoxide (Scheme 10).
Stereochemical assignments of lactone 46 were based on nOe correlations, and suggested that

only one of the diastereoisomers of 49 reacted.

Pd(OAc),,
PPhs, CO

_

DIPEA
18%

Scheme 10: Pd-catalysed carbonylation and lactone formation?

The low yield of the carbonylation sequence may be partly due to the poor reactivity of
chloroalkenes in carbonylation reactions. This reaction was first described by Heck in 1974
and involves the carbonylation of aryl and vinyl halides with carbon monoxide under basic
conditions in the presence of a nucleophile.*>%® Applications of the reaction have continued to
broaden, and it has become an important process in the chemical industry.*” The active
palladium catalyst is generated in situ from a stable Pd* precursor. The first step in the catalytic
cycle is oxidative addition of the aryl or vinyl halide to the palladium catalyst via insertion of
palladium into the R-X bond (Scheme 11).#® The next step is the insertion of carbon monoxide
into the Pd-R bond (carbonylation). Finally, reductive elimination of the carbonylated species
and HX is triggered by nucleophilic attack, regenerating the Pd°(L) catalyst. Consideration of
many factors is necessary when determining the reactivity of a particular substrate and

nucleophile combination.
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Pld R—X
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HNu reductive
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I 2+ T 2+
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L L

carbonylation \

CoO

Scheme 11: Mechanism of the Pd-catalysed carbonylation

The nature of the rate-determining step may depend on the catalyst, the nucleophile and/or the
identity of the halide. Halide reactivity typically increases with size and decreases with
electronegativity, so that | > Br >> CI.#’ Since oxidative addition involves insertion of
palladium into the R-X bond, the ease of oxidative addition is dependent on the strength and
size of the R-X bond. Therefore, the rate-determining step with aryl iodides and bromides is
often the carbonylation step, because oxidative addition of these species tends to be facile. On
the other hand, oxidative addition is more likely to be the rate-determining step with aryl

chlorides, which indeed often require more electron-donating ligands on the catalyst.*°

While this model system delivered the desired furopyran core, the limitations of the
chloroalkene in the palladium-catalysed carbonylation reinvigorated efforts to proceed via the

corresponding bromoalkene, which should be more reactive under Heck conditions.

1.4.2 Synthesis of TAN-2483B sidechain analogues

Dr. Kalpani Somarathne developed the D-mannose-based synthetic strategy further during her
synthesis of TAN-2483B sidechain analogues.** Attempts at synthesising the ring system via
dichlorocyclopropane and Vilsmeier-Haack-derived intermediates were unsuccessful, largely
due to the poor reactivity of the chloroalkene in the carbonylation reaction. Thus the

dibromocyclopropanation route was explored in more detail (Scheme 12). Sidechain analogues
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50, 51 and 52 were accessed from alcohols 53 via the palladium-catalysed carbonylation, and
subsequent work in the same group by Jasmin Riesterer produced the long-chain heptadecanoyl
ester sidechain analogue 54.**° Alcohol 53 was accessed from aldehyde 55 through the
oxymercuration and stereoselective reduction of the TMS-deprotected alkyne, and Wittig
olefination of the aldehyde to append the sidechains: the (E)- and (Z)-ethyl esters (51 and 52),
(E)-hydroxypropenyl (50) and (E)-heptadecanoyl ester (54). Aldehyde 55 was produced from
acetate 56 by acetonide deprotection and oxidative diol cleavage, and stereoselective
alkynylation at the anomeric centre. Acetate 56 was accessed via the gem-
dibromocyclopropanation and ring expansion of glycal 45, which in turn was produced from

D-mannose in a four-step procedure described by Theodorakis and co-workers.*

Wittig
H OH  olefination, 0)

[

H = Pd-catalysed

R:?Qo/l\':("\o carbonylation R:H?(OIK oxymercuration, | |;| o H — TMS
_ S
HO % ;
BnO Br stereoselective =
R = o 53 ketone reductioanO 55 Br
OH (0] (0] 0]
EtO 10 OEt 7 OC47H3s5 .
| diol cleavage,
stereoselective
50 51 52 54 alkynylation
O

gem-dibromocyclopropanation ><
and ring expansion 0o

Scheme 12: Retrosynthetic analysis of TAN-2483B sidechain analogues*-%3

The first major transformation was the formation of glycal 45 from D-mannose (Scheme 13).
Catalytic 1> was used to form the bisacetonide furanol 57 from D-mannose dissolved in acetone.
Treatment of 57 with p-toluenesulfonyl chloride (tosyl chloride), triethylamine and 4-
dimethylaminopyridine produced chlorofuran 58, which was added to a solution of the
naphthalene radical anion®® formed in situ from freshly-cut sodium in tetrahydrofuran. Two
single-electron-transfer steps produced the intermediate glycal alcohol, which was immediately

protected using benzyl bromide and sodium hydride to form 45.4
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1. Na,
TsCl, Et3N o _naphthalene ><

" omap 2. BnBr, NaH_ BnBr, NaH /

><O BnO

57 58 45

1T
1T

Scheme 13: Glycal formation from D-mannose*®

As described in Hewitt’s PhD thesis®® and subsequent publication,” the gem-
dibromocyclopropanation step was extremely challenging under many typical conditions.
However, Galin and co-workers had previously demonstrated that using potassium carbonate
as a weak base in conjunction with TBAB as a phase-transfer catalyst allows for the moderately
facile formation and in situ ring opening of dihalocyclopropanes.> Somarathne applied this
methodology to glycal 45 which afforded the ring-opened methyl glycoside 59 (Scheme 14).4

CHBH;,, K,COs,
TBAB, MeOH

THF

Scheme 14: Formation of methyl glycoside 59 via gem-dihalocyclopropanation and ring expansion®

Recognising that the subsequent transformation to the C-glycoside acetylene 55 would be
more facile with a better leaving group at the anomeric centre, the reaction was then attempted
with sodium acetate as the nucleophile, rather than methanol. The expected acetate 56 was

obtained in a 21% yield, along with two by-products 60 and 61 (Scheme 15).%

60 61

Scheme 15: Formation of acetate 56 via gem-dihalocyclopropanation and ring expansion**
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Heating the reaction mixture in neat bromoform at 85-90°C for two days, and adding 18-crown-
6 to increase the basicity and solubility of potassium carbonate, resulted in a yield of 47% with

less evidence of by-product formation (Table 1).

Entry Reagents Nucleophile  Solvent Conditions Product Yield

1 CHBr3, K2COs, MeOH THF Reflux,24 59 18%
TBAB hours

2 CHBI3, K,COs, NaOAc THF Reflux, 24 56 21%
TBAB hours

3 CHBr3, K2COs, NaOAc neat CHBr;  85-90°C,2 56 47%
TBAB, 18-crown-6 days

Table 1: Gem-Dihalocyclopropanation optimisation conditions*

Later, Jasmin Riesterer™ and José Luis Pinedo Rivera>® explored modifications to the
procedure. By using an excess of freshly distilled bromoform, stirring the reaction at room
temperature to create a uniform dispersion before heating, and adding fresh quantities of
bromoform after each day of heating, the acetate 56 was reliably obtained in moderate to good
yields (Scheme 16).

CHBI’3, KQCO3, )

TBAB

18-crown-6, NaOAc,

82:C, 2days X

A o'

69%

rt. 24 h

Scheme 16: Modified dibromocyclopropanation and ring expansion

The next transformation produces the TMS-protected acetylene diol 63. Treatment of 56 with
bis-trimethylsilylacetylene promoted by tin tetrachloride yielded a mixture of the desired diol
63 and the acetonide-protected 64 (Scheme 17). The stereoselectivity of this alkynylation
reaction is important because the configuration at the C-1 position defines the difference
between TAN-2483A and B. The alkynylation conditions produce only the a-glycoside, which
is required for accessing TAN-2483B. The stereoselectivity is thought to be due to the orbitals
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of the oxonium ion overlapping best with the acetylene orbitals in an a-pseudo-axial orientation

(Scheme 18).% Any acetonide 64 isolated from the alkynylation was converted to the desired

diol 63 using trifluoroacetic acid in acetonitrile.

TFA

Scheme 17: Stereoselective alkynylation and acetonide deprotection

O o)
o') TMS—=—TMS D) TMS
~  snck > Y |‘|

OBnAcO, OBn T™S
“SnCl,

(0]
O
><O ><O
0 0]
o || - TMSOACc OBn J\4. TMS
TMS
TMS

Scheme 18: Proposed mechanism of stereoselective alkynylation®

-

The desilylation of TMS-protected acetylenes is typically conducted with a weak base in a
protic solvent.>® This reaction was first investigated on the analogous chloroalkene acetonide
65 (Scheme 19).*! It was found that, while the reaction conditions appeared to produce the
terminal acetylene, prolonged concentration at 40°C caused degradation to an unknown by-
product, possibly via the formation of an allene. Similar degradation to an allene following
desilylation of an acetylene had previously been reported by Hagenah and co-workers.*’ It was
rationalised that prolonged evaporation during workup could be avoided by using a co-solvent

with a lower boiling point, and so dichloromethane was investigated as a primary solvent with
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methanol as a 20% (v/v) co-solvent. This procedure, using 5 equivalents of potassium
carbonate, with careful evaporation of the solvent during workup at room temperature, yielded
the desired deprotected acetylene 66 in moderate to good yields. When this reaction was carried
out on the chloroalkene ethyl ester variant of the acetylene, migration of the internal alkene to
the 1,2-position was evident; fortunately, this migration was not detected on the bromoalkene

variants that were ultimately used to produce the TAN-2483B sidechain analogues.**

K,CO3, MeOH

40°C rotovap

K,CO3, DCM

MeOH (20% v/v)
r.t. rotovap
50-78%

Scheme 19: Initial desilylation attempts*

Prior to the installation of sidechain analogues under Wittig conditions, attempts were made to
install the (1E)-propenyl sidechain found in the natural product TAN-2483B. Because the Julia-
Kocienski (JK) olefination has high selectivity for (E)-alkenes,>® JK conditions were tested on
aldehyde 67.** Unfortunately, the desired alkene 68 was not obtained. Similar degradation

occurred when Wittig homologation was trialled with ethyltriphenylphosphonium iodide
(Scheme 20).4

9 H T™MS Eh Q0
"oy = NS
N-N
=
BnO Cl KHMDS, THF
67
Ph
H H s phep® 1C
ol = L\
Ph
/ :
BnO cl KHMDS, THF
67

Scheme 20: Attempted olefination conditions*
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It was proposed that the acidic a-proton of the aldehyde could be deprotonated by KHMDS or
the sulfone anion, or the ylide under Wittig conditions, leading to rearrangement and
degradation of the starting material, possibly via elimination of benzyl alcohol. Consequently,
it was reasoned that milder conditions without the use of a strong base would be required for
sidechain installation. Stabilised Wittig reagents generally do not require external bases to be
used, are not themselves highly basic and are typically selective for (E)-alkenes. Thus, the
stabilised Wittig reagent ethyl (triphenylphosphoranylidene)acetate was initially investigated
as a means toward an (E)-ethyl ester sidechain analogue of TAN-2483B. A number of solvents
were trialled, but the (E)-selectivity was generally poor; dimethylformamide was the most
selective, with a 3:1 (E:Z) ratio. Nevertheless, successful installation of several sidechain
analogues was achieved under Wittig conditions. Ethyl (triphenylphosphoranylidene)acetate
was used to form the (E)- and (2)-ethyl esters 51 and 52
(triphenylphosphoranylidene)acetaldehyde was used to form the aldehyde precursor to 10-
hydroxyTAN-2483B 50; and the Bestmann ylide (triphenylphosphoranylidene)ketene® was
used with heptadecanol to form the (E)-heptadecanoyl ester analogue 54 (see Scheme 12).>

Progress toward more reliable installation of the (1E)-propenyl sidechain via the JK reaction
was recently made in the Harvey group by Christopher Orme.®® Changing solvent from the
originally investigated tetrahydrofuran to dimethylformamide allowed for the conversion of
aldehyde 55 to alkene 69 in a 39% vyield (see Scheme 21). It was proposed that
dimethylformamide, as a more polar aprotic solvent, may better stabilise the intermediate

formed following attack of the sulfone anion on the aldehyde.

On a 10-20 mg scale, the reaction was found to proceed best at -35°C for 24 hours. However,
scaling up to over 100 mg with the same conditions consistently yielded below 10% of the
alkene. As described above, it was expected that degradation of the starting material occurred
via deprotonation of the acidic a-proton of the aldehyde in the presence of the strong base used
in the JK reaction. In order to mitigate this potential side reactivity, the reaction mixture was
diluted to 0.05M in dimethylformamide at a larger scale (significantly lower than the
concentrations typical of JK olefinations, 0.5-1 M), reacted at 35°C for 4 hours, and then
warmed to room temperature to react for a further 24 hours. The alkene 69 was obtained in a
35% yield (Scheme 21).%°
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Scheme 21: JK olefination of aldehyde 555

Synthesis of the natural product from alkene 69 is currently under investigation in the Harvey
group. If installation of the (1E)-propenyl sidechain undergoes further optimisation, this route
may also afford analogues of TAN-2483B that differ in areas other than the sidechain, which

would help to develop a better structure-activity relationship (SAR) understanding.

The final synthetic route toward sidechain analogues of TAN-2483B proceeded via desilylation
of the bromoalkene diol 63, using the successful conditions described above for the acetonide
(viz.Scheme 19). The deprotected acetylene was formed in excellent yields, but was anticipated
to degrade if subjected to column chromatography and was thus used without further
purification. The crude acetylene was treated with sodium periodate to afford aldehyde 70, the
substrate for Wittig olefination, in excellent yields. To access the ethyl ester sidechain
analogues of TAN-2483B, the crude aldehyde was then treated with ethyl
(triphenylphosphoranylidene)acetate to yield a 4:1 mixture of the ethyl esters (Z2)-71 and (E)-
71 in a 48% yield over three steps (Scheme 22).4

HO
1) K,COs3, o
H H T™S H H H
HO" NGO = MeOH/DCM 5:/\0;'? 3) PPh3;CHCO,Et EtO
2) NalOy4 (48% over three steps)
BnO 7 Br BnO Z Br
63 70 4:1

(2)-T1:(E)-T1

Scheme 22: Synthesis of ethyl esters (Z)-71 and (E)-71*

The final four steps in the reaction sequence are conserved among the syntheses of the (E)- and
(2)-ethyl ester analogues 51 and 52, 10-hydroxy-TAN 50 and the (E)-heptadecanoyl ester
analogue 54. Advanced ketone intermediates 72 were formed via oxymercuration of the
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deprotected acetylene intermediates (e.g. (E)-71 and (Z)-71) with Markovnikov selectivity
(Scheme 23).

O =
H H H H H Hol
R:?(Of HgSO, Rj/\o/\lflk NaBH, Rioj\l/'\
- il S OH
H-,SO MeOH =
Bn0” 7 “Br 2 Bno” N e BnO Br
71 72 53
Pd(OAC),
0 o o XantPhos, CO
OH okt Loc.H Na,COs, TBAI
R= \m B0 | " OC17Hss Et;N, 1,4-dioxane
~ < 4
50 51 52 54 v
\ H H 3
RHoH TiCly RIOIA
_ . - o)
_ DCM  gro”
HO Y 73 0O

Scheme 23: Final synthetic steps to sidechain analogues of TAN-2483B

Oxymercuration reactions are typically carried out on alkene substrates to generate the
corresponding acetoxymercury alcohol. Alkyne substrates afford enols, which undergo rapid
tautomerisation to the more stable ketones.%! Treatment of the ketones 72 with sodium
borohydride generated alcohols 53 with high stereoselectivity for the desired isomer. This was
attributed to the effect described by the polar Felkin-Ahn model®? used to explain
stereoselectivity of nucleophilic addition to a carbonyl group with an adjacent stereogenic

centre (Figure 8).

a) b)
Mo © Mo 9
L X
R R
. S S
Nu Nu
S = small, M = medium, L = large X = most electronegative substituent

Figure 8: Newman projections of the transitions state in the a) normal Felkin-Ahn model, and b) polar
Felkin-Ahn model
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In the normal Felkin-Ahn model, the carbonyl C=0 bond is oriented perpendicular to the
largest a-substituent in the reactive conformation (Figure 8-a). Nucleophilic attack occurs
along the Blirgi-Dunitz®® trajectory closest to the smallest substituent. The polar Felkin-Ahn
model is applicable in substrates with an electronegative a-substituent. In this case, a similar
conformation is observed whereby the carbonyl C=0 bond is oriented perpendicular to the
electronegative a-substituent (Figure 8-b). This conformation is thought to be favoured due to
the stabilising effect of hyperconjugation between the HOMO orbital of the nucleophile (i.e.
the newly-forming bond) and the o* orbital of the C-X bond.

When applied to the reduction of ketones 72, the pyran ring oxygen is considered the
electronegative a-substituent (Scheme 24). The path of the incoming hydride nucleophile
passes closest to the smallest substituent, the pseudoanomeric proton. The configuration of the
newly-formed chiral centre was confirmed by hydrogenation of a later intermediate (73) and

by nOe correlations.**

BnO -
R s (0] NG
R N g — I)\'\/\OH
© BnO = Br
MeH
“H
71 53

Scheme 24: Polar Felkin-Ahn model for the reduction of ketones 72

Finally, the palladium-catalysed carbonylation was carried out on alcohols 53 as described
above to produce furopyrans 73. The removal of the benzyl protecting group was carried out
with titanium tetrachloride in dichloromethane to afford sidechain analogues 50, 51, 52 and 54
(see Scheme 12).

1.5 Bioactivity of TAN-2483A

Initial bioassays of TAN-2483A revealed two primary activities: (1) inhibition of the c-Src
tyrosine kinase (a known anticancer target) and (2) inhibition of parathyroid hormone-induced
bone resorption of a mouse femur.'® Therefore, analogues of TAN-2483A and TAN-2483B
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have potential relevance in human therapeutics, including in cancer therapy and osteoporosis

treatment.

Kinases are enzymes which catalyse the transfer of phosphate groups from adenoside
triphosphate (ATP) to specific molecular substrates.®* This process, known as phosphorylation,
usually results in a functional change in the substrate. Protein kinases, comprising some 500
enzymes, phosphorylate specific amino acid residues, often on other kinase enzymes, which
results in signalling cascades modulating cell metabolism, transcription, and other processes.®®
Mutations and disregulation of protein kinases are often associated with disease, and as such,
protein kinases have become important drug targets® — highlighted by the success of imatinib
in treating chronic myeloid leukaemia through inhibition of the BCR-ABL protein resulting
from gene mutation and fusion.?®® The c-Src tyrosine kinase plays an important role in cell
division, motility, and survival, and is often overexpressed in certain cancers.t”% Elevated
levels of the c-Src enzyme, which is inhibited by TAN-2483A, are associated with cancer
progression by its activation of other signalling proteins.®® The development of selective kinase
inhibitors is often difficult,”® though recent work has shown that rational design of selective c-
Src inhibitors may be expedited by adding functionality proposed to interact with the

phosphate-binding loop of c-Src.”

TAN-2483A also inhibits parathyroid hormone (PTH)-induced bone resorption, which
involves the breaking down of bone and resorption into the blood stream. Bone is in
equilibrium with bone formation, such that, in a healthy individual, about 10% of a human’s
bone is replaced each year.”? This equilibrium is mediated by osteoblasts (controlling bone
formation) and osteoclasts (controlling bone resorption).”® If the balance between bone
formation and resorption is disrupted — which may be caused by heightened levels of
osteoclasts — pathogenic bone loss, like osteoporosis, can occur. Osteoclast-mediated bone
resorption results in the release of Ca?* ions into the blood. Low levels of Ca?* stimulate the
release of PTH, which acts to increase the formation and activity of osteoclasts indirectly via
the modulation of osteoblasts.”* TAN-2483A was reported to inhibit the PTH-induced bone
resorption of a mouse femur.%® It is unclear whether TAN-2483A directly affects PTH; the
inhibition of bone resorption may instead be the result of a downstream effect of the inhibition
of c-Src tyrosine kinase, as c-Src will alter cell growth, which may in turn affect the release of

PTH and thus alter bone resorption activity.
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1.6 Bioactivity of TAN-2483B analogues
The bioactivities of the TAN-2483B analogues 10-hydroxy 50, (E)-ethyl ester 51 and (Z)-ethyl

ester 52 were tested in a cell growth inhibition assay and a kinase inhibition assay.”® Due to the
promising inhibitory activity of the (Z)-ethyl ester analogue 52 against a range of related
tyrosine kinases, 52 has emerged as the primary lead compound for future development and
SAR studies.

1.6.1 Cell growth inhibition

Inhibition of cell growth by analogues 50, 51 and 52 was tested using MTT cell proliferation
assays with the HL-60 (human promyelocytic leukemia) and 1A9 (human ovarian cancer) cell
lines. The HL-60 genome contains an amplified c-Myc proto-oncogene, and thus HL-60 cell
lines are commonly used to model human myeloid cell differentiation.”® The 1A9 cell line is a
copy of the A2780 human ovarian carcinoma cell line. The ICso values of both the (Z)-ethyl
ester and the (E)-ethyl ester analogues were in the low micromolar range against both cells
lines, while the 10-hydroxy analogue displayed an 1Cso of 42 uM against HL-60 and was not
tested against 1A9 (Table 2).

Analogue 1Cso (UM)

HL-60 1A9
(2)-ethyl ester 52 3.6 9.0
(E)-ethyl ester 51 2.4 3.4
10-hydroxy 50 42 n.t.

Table 2: Cell growth inhibition by TAN-2483B analogues

1.6.2 Kinase inhibition

Selected analogues were tested in a kinase inhibition assay by Life Technologies. The
inhibitory activity of TAN-2483A on the c-Src kinase was not observed in the TAN-2483B
sidechain analogues to any significant extent (Table 3). Inhibition of Bruton’s tyrosine kinase
(BTK), bone marrow kinase on chromosome X (BMX) and resting lymphocyte kinase (TXK1),

25



however, was observed among all of the analogues tested, most notably the (Z)-ethyl ester 52.
These three enzymes are members of the related family of Tec non-receptor tyrosine kinases,
which also include tyrosine kinase expressed in hepatocellular carcinoma (TEC) and
interleukin-2-inducible T-cell kinase (ITK).”” BTK plays an important role in B-cell receptor
signalling and regulates cell proliferation and survival in several B-cell malignancies.’® Small-
molecule BTK inhibitors have shown promising anti-tumour activity in pre-clinical and,
recently, clinical trials.” lbrutinib, a potent selective inhibitor of BTK, was approved by the
US Food and Drug Administration in 2013 for the treatment of relapsed mantle cell lymphoma.
At a 10 uM concentration of 52, activity of the BTK kinase was inhibited by 83%. BMX has
approximately 70% sequence homology to BTK, and has roles in inflammation and signalling
pathways.®® Considering the strong inhibition of BTK, it was therefore unsurprising that BMX
activity was inhibited by 67 — 80% at a 10 uM concentration of analogues 50 — 52.

Serine/threonine kinases 5> AMP-activated protein kinase (AMPK), polo-like kinase 1 (PLK1),
NUAK2 and mitogen-activated protein kinase (MAPK14) were also inhibited to various

extents. The (Z2)-ethyl ester 52 again displayed the highest inhibition at a 10 M concentration.

Analogue Percent inhibition at 10 uM
SRC BTK AMPK PLK1 BMX NUAK2 MAPK TXK1
A2/B1/G1 14
(2)-ethyl ester 52 -38 83 81 81 80 76 74 71
(E)-ethyl ester 51 13 73 48 18 75 12 40 25
10-hydroxy 50 10 55 25 12 67 3 24 16

Table 3: Kinase inhibition by TAN-2483B analogues

1.6.3 Computational modelling

Understanding the potential binding mode of TAN-2483B-related furopyrans for specific
protein kinases may be facilitated by computational modelling studies. Work is currently
underway in the Harvey group by PhD candidate Jordan McCone to devise a kinase model to
investigate the binding of TAN-2483B analogues to the BTK enzyme. The results obtained
from this study are intended to direct the focus of future medicinal chemistry to optimise the

structure of analogues for potency and selectivity.
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1.7 Lactam analogues of natural products

Lactam analogues of therapeutically-relevant natural products are well-established targets in
medicinal chemistry.8° These elaborations are usually intended to add to an understanding of
SARs, and in some cases increase stability. Sterner and co-workers synthesised® lactam
analogues of the lactone-containing natural product galiellalactone, an inhibitor of the
transcription factor STAT3 in prostate cancer cells.® It was anticipated that the analogues
would show enhanced metabolic stability, and better selectivity because unsaturated lactams
are less reactive as Michael acceptors than unsaturated lactones. However, bioassay results
were not disclosed. More recently, the Zhang group synthesised a desmethyl lactam analogue
of the lactone-containing cytotoxic natural product parthenolide (74), in addition to a further
variant (75) (Figure 9).82 Unfortunately, the lactam analogue (76) exhibited greatly reduced

cytotoxicity (ICso > 50uM) against the six cancer lines tested.

O
parthenolide (74) 75 76

Figure 9: Parthenolide and analogues

Another notable synthesis of lactam analogues was conducted by Borzilleri and co-workers,
where several macrolactam analogues of the epothilone macrolides were prepared (Figure
10).2% The epothilones (e.g. 77) are cytotoxic natural products that operate via a similar mode
of action to the chemotherapeutic agent paclitaxel (Taxol), by inducing tubulin polymerisation
and stabilisation of microtubules.®” In contrast to paclitaxel, however, the epothilones retain
high potency against P-glycoprotein-expressing multiple drug resistant cells.®® While most of
the synthesised lactam analogues (e.g. 78) had significantly decreased tubulin-polymerising
and cytotoxic properties, the lactam BMS-247550 (Ixabepilone, 79) was comparable to
paclitaxel in both assays. Furthermore, Ixabepilone was found to be superior to epothilones A—
F in preclinical anti-tumour models. The enhanced stability of the lactam moiety toward
metabolic cleavage was proposed to partly account for these results. Ixabepilone was approved
by the US Food and Drug Administration in 2007 for the treatment of certain cancers that have

not responded to conventional chemotherapeutic agents.
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R = 0O, epothilone A (77)
R = NH, example macrolactam analogue (78) Ixabepilone (79)

Figure 10: Epothilone natural product and lactam analogue

1.8 Project aims

The main research aim of the project presented in this thesis was to investigate synthetic routes
toward the formation of lactam analogues of TAN-2483B (80, Figure 11). Attempts to install
the amine via a reductive amination were proposed to be carried out on advanced ketone
intermediates containing the (E)- and (Z)-ethyl ester sidechain, because their installation via
Wittig conditions was more facile than the Julia-Kocienski conditions used to install the 1E-
propenyl sidechain found in the natural product. Furthermore, the (Z)-ethyl ester analogue 52

is currently the main lead compound for future development, based on kinase inhibition results.

The analogues of TAN-2483B synthesised in the Harvey group appeared to degrade in
nucleophilic media. Hydrolysis of the lactone moiety in TAN-2483B sidechain analogues
could be compared to that observed in waol A, the vinylogue of TAN-2483B. Base-mediated
methanolysis of waol A produces its ring-opened methyl ester variant, waol B.2° We proposed
that lactam analogues will be more stable in nucleophilic media than the corresponding
lactones. Enhanced stability of the lactam moiety is expected because of its reduced
electrophilicity (and steric hindrance created by substituents on the nitrogen may further
impede nucleophilic attack). Reductive amination of an advanced intermediate ketone to install
the amine prior to lactam formation was envisaged to provide such a site for further
functionalisation at the nitrogen centre. These elaborations of TAN-2483B are expected to

produce new compounds for enhancing the understanding of the SARs (81, Figure 11).

Functionalisation of the lactam nitrogen was envisaged to proceed via a reductive amination
using benzylamine, N-propylamine or ammonium acetate, which would generate the benzyl-
substituted amine, the N-propyl-substituted amine or the primary amine, respectively. Lactam

analogues obtained during the course of this thesis were intended to direct the choice of future
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amine substituents through SAR results. Furthermore, to expedite the synthesis of further
analogues in future projects, optimisation of the synthetic route toward such analogues — and
the natural product itself — is desirable. This thesis therefore outlines efforts toward the

synthesis of lactam analogues of TAN-2483B.

R =H, Bn, "Pr

Figure 11: TAN-2483B (left); lactam analogues of TAN-2483B (centre); the proposed targets, the
(E/Z)-ethyl ester lactam analogues of TAN-2483B (right)

1.9 Proposed synthetic route to TAN-2483B lactam analogues

The proposed synthetic route toward TAN-2483B lactam analogues 81 diverges from that
previously used for sidechain analogues only toward the end of the synthesis. As a result of
previous work in the Harvey group, many of the early steps in the reaction sequence have been
optimised to some extent.*142535460 The synthetic route diverges at the advanced ketone
intermediate (72, Scheme 25).

reductive amination

NHR ———————>
BnO Z

Br
diverges from
previous syntheses (2) and (E)-72

R =H, Bn, "Pr 82 U

O

o 0
H H H ™S
=10 >< H | 1 o =
/
BnO Bno” 7 g BnO Br
45 56

55

Scheme 25: Proposed retrosynthesis of lactam analogues of TAN-2483B
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For the formation of lactam analogues, stereoselective reductive amination of (Z)- and (E)-72
is required to produce amines 82. Reductive amination is a powerful reaction widely used in
chemical synthesis,®® and stereoselective transformations have become commonly
accessible.®®%t A common problem found in the synthesis of primary amines via reductive
amination is the formation of secondary and tertiary amine by-products. Careful optimisation
of reaction conditions, however, can mitigate this side reactivity. For example, Timmer and co-
workers recently reported on the protecting group-free synthesis of primary amines from
aldehydes with no or minimal formation of the secondary and tertiary by-products.®?

The reaction usually proceeds via sequential imine formation and reduction in one pot, where
the formation of the imine is an equilibrium step that can be pushed toward imine formation

with the extraction of water from the reaction (Scheme 26).

NR"

O NH,R" - H,O
)J\ 2 HOX ‘—;‘ R|)J\

R' proton transfer R' NHR" + H,0

Scheme 26: Imine formation equilibrium

The choice of amine reagent determines the substitution of the amine product. Primary amines
may be accessed from ammonia (commonly added in the form of ammonium acetate or
ammonium chloride), whereas secondary amines may be accessed from a primary amine
reagent. Initial investigations into the reductive amination were intended to be carried out using

benzylamine, N-propylamine and ammonium acetate.

The reducing agents are often required to be more reactive toward protonated imines than their
ketone or aldehyde precursors, otherwise reduction to the alcohol can dominate. Furthermore,
such reductants must tolerate the mildly acidic conditions that are usually required, as hydride
reduction is expected to be more facile on a protonated iminium species than the corresponding
neutral imine. Sodium cyanoborohydride or sodium triacetoxyborohydride are typically used
as selective reducing agents for reductive aminations.®® Sodium cyanoborohydride is attractive
because at pH 6-8 it preferentially reduces imines over carbonyl species and is stable in aqueous
solutions.®® On the other hand, it is both highly toxic and flammable, and in strongly acidic
conditions can release hydrogen cyanide gas.®® Furthermore, a large excess of amine may be
required, particularly for less basic amines or those with more steric hindrance.®** A common

alternative to sodium cyanoborohydride is sodium triacetoxyborohydride, which is a milder
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reductant as the steric and electron-withdrawing effects of (OAc)s stabilise the B-H bond.%’
This reductant is less stable in aqueous media and often performs poorly in methanol, but is
highly compatible with dimethylformamide, tetrahydrofuran, 1,2-dichloroethane and
acetonitrile.%3*>% Tetramethylammonium triacetoxyborohydride is less commonly used in
reductive aminations, but is used in the Evans-Saksena stereoselective reduction of B-hydroxy
ketones.®® It has, however, been demonstrated to promote the stereoselective reductive
amination of several ketoepoxides with the nucleophile benzylamine in 1,2-dichloroethane.®
The immediate availability of tetramethylammonium triacetoxyborohydride, and its relative

non-toxicity, motivated its use in the initial reductive amination attempts.

Because the formation of the imine from the ketone is reversible, dehydrating agents are often
employed to push the equilibrium toward the imine. Anhydrous magnesium sulfate or 3A

molecular sieves are commonly used, though not necessary.%

Considering that reduction of ketones 72 with sodium borohydride was stereoselective via
substrate control,*! it was envisaged that the reductive amination of the same substrate could
be similarly stereoselective. Asymmetric reductive aminations, however, are also possible. The
(R)- or (S)-phenylethylamine (PEA) auxiliary has been used with a number of catalysts in the
stereoselective reductive amination of prochiral ketones followed by hydrogenolysis of the
auxiliary.?%! At this late stage of the synthesis, however, finding reaction conditions orthogonal
to the existing functionality present in substrate 72 (and related compounds) may be
challenging. For example, hydrogenolysis conditions that are typically used with PEA will
probably reduce the alkenes present. Gudmundsson and co-workers investigated alternative
hydrogenolysis conditions when earlier attempts using conventional catalysts led to loss of the
chlorine and decomposition of the tetrahydrocarbazole moiety (Scheme 27).1% During scale-
up, debenzylation of 83 catalysed by 2-3 equivalents of boron trichloride in dichloromethane
produced amine 84 in good to excellent yields. However, such a strategy involving extra steps
should be avoided if possible; hence, the achiral variant was initially pursued to investigate its

facility and the degree of substrate-controlled selectivity.
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Scheme 27: Orthogonal hydrogenolysis conditions?%?

The palladium-catalysed carbonylation/lactam formation of amines 82 was expected to proceed
without additional complication to produce lactams 85 (Scheme 28). Indeed, the increased
nucleophilicity of the nitrogen compared to the analogous oxygen nucleophile may result in a
more facile reaction. It should be noted, however, that increasing the size of substituents on the
nitrogen may impede the final nucleophilic attack/reductive elimination step of the
carbonylation ring-closure. Debenzylation of 85 to yield TAN-2483B ethyl ester lactam
analogues 81 was envisaged to be carried out using titanium tetrachloride in dichloromethane,

consistent with the previous syntheses of sidechain analogues.*!

selective reductant
mol. sieves, THF

selective reductant = NaBH3;CN
or NH,BH(OAc);
or NaBH(OAc);

- Pd(OAc), | Na,COs, TBAI
R=H, Bn, "Pr XantPhos, CO | Et;N, 1,4-dioxane

Scheme 28: Final synthetic steps to TAN-2483B ethyl ester lactam analogues

32



2. Results and discussion

2.1 Formation of the benzyl-protected glycal 45

The formation of benzyl-protected glycal 45 follows a four-step literature procedure from D-
mannose.*® Catalytic I, was used to form the bisacetonide 57 from D-mannose dissolved in
acetone. Following a series of seven recrystallisations, the purified product was isolated as

colourless crystals in an 82% yield (Scheme 29).

B TsCl, Et;N
e —— B
acetone DMAP
OH (82%) >< (60%)

D-mannose 57

Scheme 29: Synthesis of chlorofuran 58

The chlorofuran 58 was accessed by sequentially treating furanol 57 in dichloromethane with
DMAP, tosyl chloride and trimethylamine. In this reaction, the furanol is converted into the
tosylated intermediate, which is then substituted in situ by chloride. While previous members
of the Harvey group reported yields between 60 to 70%,>*>* early attempts at the
chlorodehydroxylation produced disappointing yields between 16 to 38%. Furthermore,
multiple column chromatographic purification steps were required to isolate the pure product,
and significant quantities of starting material and tosyl chloride were recovered. Loading the
crude product onto a column for silica gel purification is problematic if significant quantities
of tosyl chloride are present, because it tends to crystallise along the walls of the column. A
TLC plate spotted with the crude reaction mixture also revealed a UV-active spot significantly
less polar than the product (Rf~ 0.89 v.s. R~ 0.40 in 1:1 petroleum ether:ethyl acetate). It was
postulated that this may be the tosylated intermediate, which would indicate that the reaction

had not gone to completion.

In an attempt to increase the reaction yield, attention was turned to purifying the reagents.
Triethylamine was freshly distilled over calcium hydride. Subsequently, increased reaction
yields of 54% and 58% were obtained. Tosyl chloride, which is known to degrade into p-

toluenesulfonic acid and hydrogen chloride, was then purified via a reported procedure.%®
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Thus, the reagent, an off-white solid, was dissolved in chloroform, diluted with petroleum ether
to precipitate impurities, and filtered; the filtrate was then clarified with charcoal and
concentrated. Purified tosyl chloride was isolated as white crystals. The most notable difference
in the 'H-NMR spectra of the crude and purified samples was a significant concentration of
water in the crude tosyl chloride. Dry conditions are desirable for the reaction because
displacement of the tosyl group by water would reduce the amount of product able to be formed
via the tosylated intermediate. When the reaction was repeated using both distilled
trimethylamine and purified, dry tosyl chloride, chlorofuran 58 was obtained in an increased
yield of 60%.

The glycal 45 was obtained following a two-step procedure in which elimination leads to an
intermediate alcohol that is immediately protected with a benzyl group. Naphthalene was
dissolved in tetrahydrofuran and treated with sodium to produce the naphthalene radical anion,
which was apparent by the deep green colour of the solution. Chlorofuran 58 in tetrahydrofuran
was added to the reaction mixture via cannula. Two single-electron transfer steps®° result in the
elimination of acetone and chloride to produce the intermediate alcohol 86. Alcohol 86 is
known to be unstable — it has been proposed that this is due to self-oligomerisation*® — so the
hydroxyl group was immediately protected by treating the crude material with benzyl bromide,
sodium hydride and TBAI, to yield the benzylated glycal 45 (Scheme 30).

Cl Na, naphthalene BnBr, NaH
THF i TBAI, THF
(69% over two steps)
58 86 45

Scheme 30: Synthesis of benzylated glycal 45

Purification of the crude material was problematic because of the large excess of naphthalene
required (8 equivalents). A reaction with 10 grams of chloride 58 used approximately 40 grams
of naphthalene, and the large amount of solvent required to solubilise the crude material for
loading onto the column lowered the chromatographic resolution. Attempts to remove the

naphthalene using reverse-phase column chromatography were unsuccessful.
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Previous purification methods employed a gradient elution system starting from pure hexanes
to remove the naphthalene, followed by 20:1 to 9:1 petroleum ether:ethyl acetate. Here, the
glycal was purified using a simplified gradient elution system (9:1 to 5:1 petroleum ether:ethyl
acetate) as it was found to be unnecessary to first remove the naphthalene with pure petroleum
ether. Dry-loading the crude product onto silica gel was explored as a way to avoid using excess
solvent to load the column. On a 10-gram scale, the crude material was required to be split into
three separate dry-loaded columns due to practical limitations in column size. This protocol
yielded 69% of the pure glycal over two steps, higher than previous attempts without dry-

loading which yielded between 50 to 60%.

It is also notable that glycal 45 appears to be unstable in acidic media (Scheme 31). The
aromatic degradation product 87 was previously isolated in the Harvey group,* and was indeed
observed in this study. In order to obtain NMR spectra of 45, the deuterated chloroform solvent
must first be neutralised by passing it through a potassium carbonate plug. The acid sensitivity
of 45 also requires purification by column chromatography to be conducted quickly to avoid
degradation due to the slight acidity of silica gel. It is recommended that neutralisation of silica
gel with 1% triethylamine prior to chromatographic separation be conducted in the future.

Ultimately, the glycal 45 was obtained in a 34% yield over four steps from D-mannose.

45 87

Scheme 31: Proposed mechanism of acid-promoted degradation of glycal 45

2.2 Gem-Dibromocyclopropanation and ring expansion

The acetate 56 was obtained from glycal 45 following the procedure initially described by
Galin®? and modified in the Harvey group*->®54 (Scheme 32). Distillation of bromoform prior
to use was necessary to remove the 1-3% (v/v) ethanol stabiliser present in commercial
bromoform, otherwise nucleophilic attack of ethanol on glycal 45 leads to the known by-
product 88 (Figure 12).4
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Figure 12: Acetal by-product 88 observed by Somarathne*

Glycal 45 in a large excess of freshly distilled bromoform was treated with potassium
carbonate, sodium acetate, 18-crown-6 and tetra-N-butylammonium bromide (TBAB) and
stirred under nitrogen at room temperature to create a uniform dispersion. 18-crown-6 was used
to chelate potassium in order to enhance the solubility and hence basicity of potassium
carbonate. Potassium carbonate was required to generate the dibromocarbene species from
bromoform, and TBAB was used as a phase-transfer catalyst. The reaction mixture was heated

to 82°C and reacted for 3 days, while further portions of bromoform were added after each day

of heating. The acetate 56 was obtained as a mixture of a- and f—anomers in a 61% yield
(Scheme 32).

0]

82°C, 3 days >< .

2 o

61%

CHBI’3, K2CO3,
TBAB

18-crown-6, NaOAc,
rt. 16 h

Scheme 32: Gem-Dibromocyclopropanation and ring expansion

Two successive iterations of purification via column chromatography allowed a portion of a-
56 to be obtained in a pure form. It was therefore possible to characterise the resonances of the
!H- and B*C-NMR spectra of a-56, and in doing so distinguish the resonances of a- and p-56

in the remaining mixture to enable full characterisation of B-56 (see section 4.2).

2.3 C-Glycosidation via installation of the TMS-protected acetylene

A stereoselective alkynylation reaction was used to install a two-carbon fragment at the

anomeric centre. In initial attempts, acetate 56 was treated with bis(trimethylsilyl)acetylene,
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cooled to -78°C, treated with tin tetrachloride, and then the mixture was warmed to room
temperature and left to react for 1-2 hours. These conditions, which were employed by
previous members of the Harvey group, yielded a mixture of the expected acetonide-protected
acetylene 64 and the acetonide-deprotected diol 63 in varying ratios (see Scheme 17). Because
diol 63 is desired for the next step, any acetonide 64 isolated following purification by column
chromatography was then treated with trifluoroacetic acid in acetonitrile to produce the diol.
Somarathne found that treating the acetonide with 60 equivalents of trifluoroacetic acid at 0°C,
and then warming to room temperature and reacting for 1 hour, yielded the diol in near
quantitative yield.** To determine whether such a large excess of trifluoroacetic acid was
necessary, this project investigated whether the reaction would proceed with fewer equivalents.
While the reaction was initially sluggish, a 74% yield of diol 63 was obtained upon treating the
acetonide with 20 equivalents of trifluoroacetic acid at 0°C, warming to room temperature and
reacting for a prolonged period of 16 hours (Scheme 33). This result indicated that there may
be a trade-off between using a large excess of trifluoroacetic acid, and reacting for a prolonged

period of time.

TFA, CHyCN

0°Ctort., 16 h
74%

Scheme 33: Deprotection of acetonide 64 using 20 equivalents of TFA

Instead of following the proposed synthetic route, it would be more efficient to produce the
desired diol product 63 without the need to isolate, purify and react any remaining acetonide.
This project therefore investigated whether adding trifluoroacetic acid to the crude reaction
mixture after the alkynylation was completed could yield solely the diol product. For the initial
attempt, the acetate was dissolved in  dichloromethane, treated with
bis(trimethylsilyl)acetylene, cooled to -78°C and treated with tin tetrachloride (using the
standard equivalents used in previous work). Following the reaction progress by TLC, after
one hour most of the starting material was consumed, and the acetonide and diol products were

present in approximately a 2:1 ratio. Trifluoroacetic acid (11 equivalents)® was added, and the

b11 equivalents of trifluoroacetic acid is in relation to the amount of acetate starting material 56.
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mixture was left to react for one hour, whereupon a further 11 equivalents of trifluoroacetic
acid were added. The reaction mixture was warmed to room temperature and reacted for one
more hour. Following workup and purification steps, the diol was obtained in a poor yield of
29%.

The one-pot, two-step procedure was attempted a second time. The acetate was again dissolved
in dichloromethane, treated with bis(trimethylsilyl)acetylene, cooled to -84°C and treated with
tin tetrachloride. Instead of remaining at a low temperature, the reaction mixture was allowed
to warm to approximately 0°C and reacted for two hours. Trifluoroacetic acid (10 equivalents)
was added, and the mixture was left to react for a further two hours. Following workup and
purification steps, the diol was obtained in a 45% yield over two steps.

Deprotection of the acetonide produces acetone, and under dry conditions the source of oxygen
and hydrogen is not apparent. The one-pot procedure was carried out a third time using
dichloromethane that was not sourced from the solvent purifier (and thus was expected to
contain trace amounts of water), and glassware that was not flame-dried. Again, the acetate
was dissolved in dichloromethane, treated with bis(trimethylsilyl)acetylene, cooled to -78°C
and treated with tin tetrachloride. The reaction mixture was then allowed to slowly warm to
room temperature. After reacting for two and a half hours, the reaction mixture was cooled to
0°C and treated with trifluoroacetic acid (10 equivalents), warmed to room temperature and
reacted for a further two hours. Following workup and purification steps, the diol was obtained
in a 31% vyield over two steps. This result was not competitive with either the two-reaction
sequence or the one-pot procedure conducted with dry equipment and solvent. It therefore
remains unclear whether dry solvents and flame-dried glassware affects the ratio of diol to
acetonide produced, although the higher yields obtained using dry conditions are consistent
with previous experience in the Harvey group. It is likely that adventitious moisture or water
present in trifluoroacetic acid or tin tetrachloride is required for the deprotection of the
acetonide. The required oxygen and hydrogen may also be derived from the glassware; this
could be investigated in the future by running comparable reactions in silanised vs. unsilanised

glassware.

The one-pot, two-step procedure was attempted a fourth time under similar (dry) conditions to
that used in the second attempt. The reaction mixture was kept at 0°C and was sluggish, so was

left to react overnight. The diol was eventually obtained in a 42% yield.
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A significant amount of by-product was isolated from reaction attempts three and four.
Purification of the crude reaction mixture by column chromatography yielded a slightly less
polar compound in about 15% of the mass of the isolated diol. An initial analysis of the *H
NMR spectrum of the by-product suggested that the pyran ring protons H-1, H-3, H-4 and H-
5 were all present, in addition to H-6 and the CH: group at C-7. However, the absence of the
characteristic trimethylsilyl CHz and acetate CH3 proton singlets at approximately 0.18 ppm
and 2.16 ppm respectively indicated that the anomeric acetate group in the starting material
had been removed, but not substituted with the desired trimethylsilyl-protected acetylene. The
13C NMR spectrum showed only twelve resonances, and was consistent with the conservation
of the pyran ring system, the benzyl-protected alcohol at C-4 and the two-carbon diol sidechain.
It was initially postulated that the anomeric acetate had been substituted with a chlorine atom
sourced from tin tetrachloride. However, the pseudo-anomeric carbon C-1 (which was assigned
by HSQC analysis) was observed at 93.7 ppm. This chemical shift was reasonably close to that
observed for the acetate 56 (90.6 ppm), but was unexpectedly downfield for a chloride-
substituted species. The analogous carbon in the diol 63 appears at 69.9 ppm. Furthermore,
HRMS of the compound showed peaks of near-equal abundance at a mass to charge ratio (m/z)
of 344.0480 and 346.0460. The mass separation and abundance of the observed peaks were

therefore indicative of a bromine-containing, but not chlorine-containing compound.

It was then realised that a bicyclic product had formed, presumably via nucleophilic attack of
the primary alcohol on the oxonium ion. This bicyclic by-product is consistent with the
conservation of all of the proton resonances in the *H NMR spectrum (albeit with small
chemical shift changes), and with the 3C NMR spectrum containing only twelve resonances.
The chemical shift of C-1 was consistent with an acetal, and close to that observed for the
acetal C-1 in acetate 56. The peaks in the mass spectrum were proposed to correspond to the
ammonium adducts of compound 89 (C14H1sBrO4NHs™ [M+NH4*] calc. 344.0492, found
344.0480, A 3.49 ppm). The *H NMR spectrum of the by-product is shown in Figure 13.
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Figure 13: *H NMR spectrum of by-product 89

The one-pot, two-step sequence to the diol 63 investigated in this study produced relatively
low yields (29-45%). Although this procedure was able to save both time and expense by
removing the steps required to isolate, purify and react the acetonide, the obtained yields were
disappointing. It was reasoned that higher yields may be obtainable if the first reaction step
(installation of the trimethylsilyl-protected acetylene) was quenched, worked up, and then
subjected to the acetonide-deprotection conditions without prior column purification. This
approach may be seen as a compromise between the one-pot, two-step method investigated

here, and the two-step sequence taken previously.

To this end, the acetate 56 was dissolved in dry dichloromethane, treated with
bis(trimethylsilyl)acetylene, cooled to -78°C and treated with tin tetrachloride. After reacting
at -78°C for two hours, the reaction mixture was then warmed to room temperature and left to
react for a further two hours. The reaction mixture was then quenched and worked up to yield
a crude mixture of the acetonide 64 and the diol 63. The crude material was then dissolved in

acetonitrile, cooled to 0°C, treated with trifluoroacetic acid, allowed to warm to room
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temperature and left to react overnight. Following workup and column chromatography, the
diol 63 was obtained in a pleasing 62% yield over two steps, in addition to 8% of the acetonide
64 (Scheme 34).

TFA, MeCN, 0°C to r.t.

SnCI4
56 -78°C tor.t.

62% over two steps

Scheme 34: Two-step transformation to the TMS-protected acetylene diol 63

2.4 Desilylation of the TMS-protected acetylene diol 63

Desilylation of the TMS-protected acetylene can be conducted on the diol 63, or subsequent to
installation of the (Z)- and (E)-ethyl ester sidechains via diol cleavage and Wittig olefination.
Steric hindrance created by the TMS group could enhance (E)-selectivity of the Wittig

olefination — and the (Z)-ethyl ester is desired here — so desilylation was carried out on diol 63.

The TMS-protected acetylene diol 63 was treated with potassium carbonate and methanol (20%

v/v) in dichloromethane to obtain the acetylene 90 in a 91% crude yield (Scheme 35).

K,COj3, DCM

MeOH (20% v/v)
91% crude

Scheme 35: Desilylation of TMS-protected acetylene diol 63

As discussed in section 1.4.2, the deprotection of trimethylsilyl acetylenes is routinely achieved
using potassium carbonate in a protic solvent such as methanol. Theoretically, only a catalytic
amount of base is required. For example, it was reported that 0.2 equivalents of potassium
carbonate in a 1:1 mixture of wet tetrahydrofuran and methanol are sufficient to deprotect

several trimethylsilyl-protected acetylenes within 2 hours.!® Caddick and co-workers also
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reported the selective deprotection of a TMS-protected acetylene over a TBDPS-protected
acetylene with 0.12 equivalents of potassium carbonate.*® However, 5 equivalents of potassium
carbonate were previously used in the Harvey group for the deprotection of silyl
acetylenes.*>3%* To test the necessity of such a large excess of base, the desilylation was
carried out using 3 equivalents of potassium carbonate. Reaction progress was monitored by
TLC, analysis of which suggested complete conversion of starting material after 2 hours with
little by-product formation on a 91 mg scale. However, only 44% yield was obtained following
purification by column chromatography.

It is notable in this case that the product of the reaction, acetylene 90, is usually not purified
because of concerns with possible degradation on a silica column.*! In this instance, however,
purification by column chromatography was attempted in order to obtain a pure product for
spectral characterisation. Furthermore, a highly pure acetylene is desirable at this stage,
because the next step in the reaction sequence — the sodium periodate-mediated diol cleavage
— yields the aldehyde, which is unable to be purified by column chromatography. A second
desilylation attempt was conducted with 3.5 equivalents of potassium carbonate; however, the
reaction was sluggish, and took 9 hours before most of the starting material was consumed (as
monitored by TLC). Following purification by column chromatography, a low yield of 25% of

the product was obtained.

On the other hand, when the reaction was carried out without purification by column
chromatography — using 3 equivalents of potassium carbonate — a 67% crude yield was
obtained. In total, the desilylation of 63 was attempted seven times. Crude yields varied
considerably from 27% to 91%. The most successful conditions in this study were those used
by Somarathne, i.e. with 5 equivalents of potassium carbonate. While the necessity of such an
excess of catalytic base is unclear, future syntheses would do well to conserve these reaction

conditions.

2.5 Wittig reaction to install the sidechain (E)- and (Z)-ethyl esters

Wittig olefination to form (Z)- and (E)-71 was conducted on aldehyde 70, which in turn was
formed by the sodium periodate-mediated cleavage of diol 90. Diol 90 was dissolved in
tetrahydrofuran and a pH 7 sodium phosphate buffer, and treated with sodium periodate. After
reacting for 1.5 hours, the aldehyde was reliably obtained with near full mass recovery (Scheme

36). Purification via column chromatography was not attempted.
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Scheme 36: Formation of aldehyde 70

Installation of the (Z)- and (E)-ethyl ester sidechains using the Wittig reagent ethyl
(triphenylphosphoranylidene)acetate proved to be a reliable and facile transformation.
Unsurprisingly, the best yield of 80% was obtained from the aldehyde substrate 70 that had
been formed from a purified diol 90 (Scheme 37).

o)
H H H
Z oy = PPh;CHCO,Et  EtO
80%
BnO Z Br
70 1.4:1
(Z)-T1:(E)-T1

Scheme 37: Wittig olefination of aldehyde 70

The transformation from purified 90 yielded a 1.4:1 ratio of (Z2)- and (E)-71 in a 66% vyield
over two steps, the highest reported to date. When the two-step sequence was carried out from
unpurified acetylene 90, however, the total yield over two steps varied from 35 to 46%. It is
possible that the discrepancy of the observed yields is simply due to the fact that the actual
amount of pure acetylene 90 in the crude sample before the reaction is lower than 100%.
However, these results do not necessarily imply that the best method is to purify intermediate
acetylene 90, because as discussed in section 2.4, significant loss of product appears to occur
during column chromatography. Indeed, the combined yield of (Z)- and (E)-71 over three steps
from TMS-protected acetylene diol 63 was 29% when the intermediate acetylene 90 underwent
purification by column chromatography; on the other hand, Somarathne reported a highest
yield of 48% over three steps without purification of the intermediate 90.%! In this study, the
combined yields of (Z)- and (E)-71 over three steps without purification of intermediate 90
ranged from 26% to 46%.
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The approximate (Z):(E) ratios ranged from 1:1 to 2.3:1. (E)-Selectivity was therefore higher
in this study than that observed by Somarathne, who reported a 4:1 (Z):(E) ratio. Stabilised
Wittig reagents such as ethyl (triphenylphosphoranylidene)acetate are generally expected to
show greater (E)-selectivity than unstabilised Wittig reagents. However, the greatest (E)-
selectivity obtained during Somarathne’s initial olefination attempts of model aldehyde 67 was
only a 3:1 (E):(2) ratio (in dimethylformamide). Conducting the reaction in tetrahydrofuran,
on the other hand, gave a 1:1 ratio. Tetrahydrofuran was chosen by Somarathne as the solvent
for the olefination of aldehyde 70 because it produced the highest yields. The enhanced (2)-
selectivity of the olefination of aldehyde 70 over aldehyde 67 in tetrahydrofuran may be partly
due to the removal of steric hindrance created by the TMS group, although the trans-orientation

of the aldehyde and the alkyne detracts from this hypothesis (Scheme 38).

0
[Holl —=—™S  pph.cHco,Et
THF
Bn0” 7 ¢
67
T H
W PPh;CHCO,Et
THF
BnO = Br
70 4:1 (2)-T1:(E)-T1

Scheme 38: Variation in (E)-selectivity observed by Somarathne

It is unclear why variable ratios and higher (E)-selectivity were observed here compared to
Somarathne’s work. This increased (E)-selectivity is undesired because the current main lead
compound is the (Z)-ethyl ester analogue 52; it is assumed that the lactam analogue of 52 would
possess higher inhibitory potency than the lactam analogue of the (E)-ethyl ester analogue 51
by analogy with the equivalent lactones. Nevertheless, sufficient quantities of both (Z)- and
(E)-71 were obtained for the purposes of this project, and were easily separated via silica gel
column chromatography. Work is currently underway in the Harvey group to investigate (Z)-
selective olefination conditions such as the Still-Gennari® reaction.
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2.6 Oxymercuration of acetylenes 71

Installation of the ketone was achieved by treating a mixture of acetylenes (Z)- and (E)-71 with
mercury (I1) sulfate and aqueous sulfuric acid in tetrahydrofuran (Scheme 39). The reaction

was also conducted on separate quantities of the pure (Z)- and (E)-isomers.

Scheme 39: Oxymercuration of acetylenes 71

(2)-71 was found to be a better substrate for the oxymercuration than (E)-71. While (Z)-72 was
reliably formed in yields around 70%, the formation of (E)-72 was less consistent, with yields
of 16%, 31% and 69%. The relative lower reactivity of (E)-71 was observed to a lesser extent
by Somarathne, who obtained yields of 70% for (Z)-72 and 61% for (E)-72.** These results
may partially be a consequence of typically carrying out the reaction on smaller quantities of
(E)-71 than (2)-71.

In addition to conducting the reaction on pure samples of (Z)- and (E)-71, the oxymercuration
was also carried out on a mixture of the above isomers. The product ketones (2)- and (E)-72
were still easily separated and purified by column chromatography, and good yields were
obtained using this method. Therefore, there appears to be no adverse effect on the outcome of
the reaction by using a mixture of (Z)- and (E)-71; in fact, doing so allows for the more
expedient synthesis of (Z)- and (E)-72 requiring only the one reaction and purification

sequence.

2.7 Reductive amination of the advanced ketone intermediate

In total, six reductive aminations were attempted on (Z)- and (E)-72 (Scheme 40). The
experiments were generally carried out on a small scale, ca. 5-10 mg of starting material. Three
amine nucleophiles were tested: N-propylamine, benzylamine and ammonium acetate. Two

available reductants were tested: tetramethylammonium triacetoxyborohydride and sodium
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cyanoborohydride. Tetrahydrofuran was used as the solvent. Magnesium sulfate was used as a
dehydrating agent to push the imine—ketone equilibrium toward the imine, and acetic acid (0.1

M in tetrahydrofuran) was used as a buffer (Table 4).

Scheme 40: Proposed reductive amination

Entry Substrate Nucleophile Reductant Additive Duration Product
1 (2)-72 "Pr NMe;BH(OAC)3 - 2.5h n.d.
2 (2)-72 "Pr NMesBH(OAC)s MgSOs, AcOH 16 h (E)/(2)-91
3 (E)-72 "Pr NMe,BH(OACc)s MgSOs, ACOH 48 h (E)-91, 92
4 (2)-72 NH.Bn NaCNBH; ~ MgSOs, AcOH  55h (E)-91
5 (2)-72 NH,Bn NaCNBH; ~ MgSOs, AcOH 20 h (E)-91
6 (2)-72 NH4OAC NaCNBH3 MgSO., 48 h n.d.

Table 4: Reductive amination conditions

The proposed structures of three by-products isolated from the reductive amination
experiments are presented in Figure 14. The first experiment was conducted on (Z)-72 with N-
propylamine as the nucleophile, and tetramethylammonium triacetoxyborohydride as the
reductant (Entry 1, Table 4). Reaction progress was monitored by TLC (9:1 petroleum
ether:ethyl acetate). After 2.5 hours, the development of a less polar spot (Rf = 0.47) compared
to the starting material (Rr = 0.31) was observed. Notwithstanding, it was expected that the
amine product would be more polar than the starting material. As the majority of the starting
material had been consumed, the reaction mixture was quenched, extracted, dried and
concentrated. A 'H-NMR spectrum was obtained of the crude reaction mixture which showed
no evidence of resonances in the regions expected for the N-propyl protons. Furthermore, the
HRMS spectrum of the crude material lacked the isotope pattern typical of bromine in the main

peaks. Further characterisation of the crude reaction mixture was therefore not attempted.

46



Figure 14: Proposed by-products isolated from reductive amination experiments on (Z)- and (E)-72

(2)-72 was again employed as the substrate for the second reductive amination (Entry 2, Table
4). N-propylamine and tetramethylammonium triacetoxyborohydride were used as the
nucleophile and reductant, respectively. Magnesium sulfate was added as a dehydrating agent
and acetic acid was used to create a pH environment of approximately neutral. After reacting
overnight, a TLC of the crude reaction mixture showed the development of a more polar
product (Rf =~ 0.14 in 9:1 petroleum ether:ethyl acetate) in addition to a product slightly less
polar than the starting material (Rf~ 0.33).

Following workup and purification, the more polar compound was assigned as (E)-91, based
on the obtained HRMS, 'H-NMR and COSY data. A double isomerisation had therefore
occurred, wherein the pyran alkene shifted to the C-3-C-4 position, and the (Z)-alkene
isomerised to the presumably more stable (E)-alkene. A comparison of the *H-NMR spectra of
(E)-72 and by-product (E)-91 are presented in Figure 15.

Prominent in the mass spectrum of (E)-91 were abundant peaks at m/z = 409.0641 and
411.0631; 426.0921 and 428.0898; and 431.0467 and 433.0451. The mass separation of these
peaks is indicative of a) a bromine-containing compound, and b) detection of the proton,
ammonium and sodium adducts respectively of the specific compound. The m/z of the proton
adduct of the starting material (C19H2:BrOsH") was calculated as 409.0645, which was within
0.98 ppm of the observed peak. The significant differences in the *H-NMR spectra, however,
indicated that the compound was not the starting material (Z)-72. This data suggested that the

starting material had isomerised.
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Figure 15: 'H NMR spectra of ketone (E)-72 (top), and by-product (E)-91 (bottom).

The *H-NMR spectrum of (E)-91 was highly congruent with that of the (E)-isomer of the
starting material, viz. (E)-72. The chemical shifts, shapes and coupling constants of H-1, H-6,
H-7, H-8, H-9, H-11, H-12, and the benzylic and aromatic protons, were all comparable. The
most notable difference was the absence of two key resonances: the bromoalkene proton H-5
(which in (E)-72 appears as a doublet at 6.49 ppm) and the pseudo-anomeric H-3 (which in
(E)-72 appears as a singlet at 4.81 ppm). Furthermore, two tenting double doublets had
appeared at 2.84 and 2.72 ppm.

Isomerisation of the pyran alkene to the C-3—C-4 position has previously been observed in the
Harvey group on several similar compounds,**®° and is identifiable by the characteristic H-5A
and H-5B proton resonances. These tend to occur as two double doublets at a similar chemical
shift to the resonances observed in (E)-91. The primary coupling constant of 18.5 Hz was
consistent with that expected for geminal coupling between H-5A and H-5B. The COSY
spectrum also indicated coupling of these resonances with the multiplet at 3.86 ppm, here
assigned as H-6. It was therefore highly likely that the starting material ketone (Z)-72 had
undergone isomerisation to the C-3—-C-4 unsaturated compound.
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Additional isomerisation of the sidechain to the (E)-alkene was also apparent by analysis of the
alkenyl H-8 and H-9 resonances. The *H-NMR spectra of (Z)-72 and (E)-72 are easily
distinguished by the chemical shift of these peaks. In (E)-72, H-8 and H-9 appear at 6.98 and
6.19 ppm, respectively, whereas in (Z)-72 their resonances are shifted upfield to 6.36 and 5.94
ppm, respectively. Furthermore, the vicinal coupling between H-8 and H-9 is of a larger
magnitude in (E)-72 (15.8 Hz) compared to (Z2)-72 (11.8 Hz). The H-8-H-9 coupling constant
observed in the isolated by-product was 15.8 Hz, consistent with trans-alkene coupling. On the
basis of these observations, the first by-product isolated from the attempted reductive amination

was assigned as (E)-91.

The less polar compound isolated from the same reaction (Rf ~ 0.33) was assigned as (Z)-91.
The mass spectrum of (Z)-91 was highly congruent with that of the starting material ketone
(2)-72 and the isolated by-product (E)-91. Highly abundant peaks corresponding to the proton,
ammonium and sodium adducts of a compound with the same mass as the starting material
were observed (C19H21BrOsH* [M+H*] calc. 409.0645, found 409.0647, A 0.49 ppm).

The *H-NMR spectra of the starting material (Z)-72 and the proposed by-product (Z)-91 are
presented in Figure 16. While the H-1, H-6, H-11, H-12, and the benzylic and aromatic proton
resonances were all comparable to those observed in the starting material, the distinguishing
features observed in the spectrum of (E)-91 were also evident here. These key differences
included the absence of the bromoalkene H-5 and pseudo-anomeric H-3 signals, and the
appearance of the two tenting doublets indicative of H-5A and H-5B. The bromoalkene H-5
doublet was observed at 6.49 ppm in the *H-NMR spectrum of starting material (Z)-72. In the
spectrum of (2)-91, a multiplet was observed at 6.48 ppm. COSY indicated that this signal
coupled to the doublet at 5.90 ppm, where H-9 is expected to resonate. The coupling constant
of 10.7 Hz was of a similar magnitude to that observed between H-8 and H-9 in the starting
material, and is common for cis-alkene proton coupling. Furthermore, the multiplet at 6.48 ppm
was observed to couple to the doublet at 5.44 ppm, which was assigned as H-7. The resonance
at 6.48 ppm was therefore assigned as H-8, and the bromoalkene H-5 resonance was not

observed.
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Figure 16: 'H NMR spectra of ketone (Z)-72 (top), and by-product (Z)-91 (bottom)

The appearance of two tenting doublets at 2.91 and 2.75 ppm was analogous to the resonances
observed in the *H-NMR spectra of (E)-91. As discussed above, these resonances correspond
to protons H-5A and H-5B. This assignment is supported by the upfield chemical shift of the

signals, and their coupling constant of 18.7 Hz (indicative of geminal coupling).

The third reductive amination was carried out on (E)-72, again with N-propylamine as the
nucleophile and tetramethylammonium triacetoxyborohydride as the reductant (Entry 3, Table
4). Magnesium sulfate and acetic acid were added. Reaction progress was monitored by TLC
(5:1 petroleum ether:ethyl acetate). As little change was apparent in the TLC after reacting for
72 hours, further quantities of amine, magnesium sulfate, and reductant were added. Shortly
thereafter, a TLC of the crude reaction mixture revealed the presence of a significantly polar
compound (Rf~ 0.05), in addition to two compounds of apparently very similar polarity to the
starting material (R~ 0.25). The reaction mixture was filtered and concentrated without further
workup. Following purification by column chromatography, the by-product (E)-91 was again
obtained. The more polar compound was unable to be isolated. The third compound 92, which

had a polarity similar to that of the starting material, was tentatively characterised by HRMS,
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'H-NMR and COSY spectroscopy. The proposed structure of 92 is presented in Figure 14, and
is suggested to be the product of a double alkene isomerisation of the starting material (E)-72.
Significant conversion of (E)-72 to (E)-91 and 92 was observed, accounting for approximately
70% of the molar quantity of starting material.

The obtained mass spectrum of 92 was again comparable to that of the starting material (E)-72
and the previously isolated by-products (Z)- and (E)-91. The most abundant peaks occurred at
m/z = 409.0655 and 411.0640; 426.0925 and 428.0905; and 431.0480 and 433.0460. The mass
spectrum was therefore consistent with the detection of the proton, ammonium and sodium
adducts of a rearranged compound possessing the same molecular formula as the
aforementioned compounds (C19H21BrOsH* [M+H]" calc. 409.0645, found 409.0647, A 0.49

ppm).

The *H-NMR spectrum of 92 is displayed in Figure 17 with comparison to the starting material
(E)-72. H-1, H-6, H-11, H-12, and the benzylic and aromatic protons all exhibited similar

chemical shifts and coupling constants.
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Figure 17: *H-NMR spectra of by-product 92 (top), and ketone (E)-72 (bottom)
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Conspicuously absent, however, were the three resonances between 6.98 and 6.19 ppm arising
from the alkenyl protons H-5, H-8 and H-9. Instead, a triplet at 5.06 ppm, two heavily tenting
overlapping double doublets at 3.28 and 3.24 ppm, and a further two tenting double doublets
at 2.96 and 2.87 ppm were observed. The absence of apparent resonances for H-3 and H-7 was

additionally noted.

The two double doublets between 2.96 and 2.87 ppm were indicative of isomerisation to the
C-3-C-4 unsaturated pyran evident in (Z)- and (E)-91. Indeed, the observed primary coupling
constants of 18.5 Hz suggested geminal coupling between H-5A and H-5B. Coupling between
both H-5A and H-5B with H-6, the double doublet at 4.03 ppm, was also apparent from the
COSY spectrum. The magnitude of this observed coupling — 4.5 and 3.0 Hz — was consistent
with vicinal coupling, and the different magnitudes reflect the different dihedral angles that
would arise between H-6 and H-5A/B in the rigid pyran system. Finally, the loss of an H-3

signal was also suggestive of this alkene isomerisation.

It was then realised that the other differences in the *H-NMR spectra of 92 could be explained
if the C-8-C-9 alkene had shifted to the C-7-C-8 position. Such an isomerisation would
account for a) the loss of the H-7 resonance as C-7 becomes sp?-hybridised; b) the loss of the
alkenyl H-9 resonance (and the corresponding appearance of the tenting double doublets at
3.28 and 3.24 ppm, arising from a CH. group at C-9); and the conversion of the H-8 resonance

from a doublet of doublets to a triplet.

The presence of the H-6 resonance as a double doublet also supports the loss of H-7. The H-6
signal that appears in the intermediates of TAN-2483B analogues is typically a multiplet, often
showing complex coupling patterns that cannot be readily elucidated. This complication is due
to coupling of H-6 to H-5, H-7 and in some cases H-8. The signal may be further obscured by
overlapping of the H-6 and H-7 resonances. In the proposed by-product 92, however, the
double doublet of H-6 arises from the coupling of H-6 to H-5A and H-5B, as discussed above;
but not, ostensibly, to H-7.

More evidence for the isomerisation of the sidechain double bond to the C-7—C-8 position can
be found by observing the H-8 and H-9 resonances. The COSY spectrum shows coupling
between the triplet at 5.06 ppm and the two tenting overlapping double doublets at 3.28 and
3.24 ppm — at a chemical shift consistent with that of an allylic a-centre. These signals were

assigned H-8, H-9A and H-9B, respectively. The chemical shift of the triplet at 5.06 ppm is
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indeed indicative of an alkenyl proton. Furthermore, the coupling constants of each of the

resonances are consistent with the proposed structure.

The coupling constant of the H-8 triplet was observed as 7.0 Hz. The secondary coupling
constants of the H-9A and H-9B double doublets were observed as 7.2 and 7.0 Hz, respectively.
The magnitude of these values suggests vicinal coupling between H-8 and H-9A/9B. The
primary coupling constants of the H-9A and H-9B resonances were both observed as 17.9 Hz,

consistent with geminal coupling.

Unfortunately, (Z)-91, (E)-91 and 92 were not isolated in sufficient quantities for the collection
of ¥C-NMR spectra, including HSQC and HMBC, which would have enabled more definitive
characterisation. Nevertheless, the spectral characterisation obtained from *H-NMR, COSY

and HRMS data strongly support the assignment of the proposed structures.

Due to the disappointing results of the initial reductive amination experiments, alternative
conditions were pursued. Benzylamine was tested as the amine nucleophile, and the reducing
agent was changed to the more commonly used sodium cyanoborohydride. This nucleophile-
reductant combination has been shown to reductively aminate several chiral N,N-
dibenzylamino ketones in good to excellent yields.!® The fourth reductive amination was
conducted on (Z)-72 (Entry 4, Table 4). Unfortunately, as in Entry 2, (E)-91 was obtained
following double isomerisation, with no trace of the desired amine. This result was replicated

during the fifth reductive amination attempt (Entry 5, Table 4).

It was becoming apparent that the substrates (Z)- and (E)-72 were incompatible with the
reductive amination conditions here-to-forth employed in this study. The substrates had a high
propensity to undergo isomerisation at two positions: the pyran alkene to the C-3—C-4 position,
and the sidechain (Z)-alkene to the (E)-alkene. These transformations are likely to be base-
catalysed. Deprotonation of the acidic pseudo-anomeric proton appears to be more facile than

nucleophilic attack of the amine at the ketone carbonyl (Scheme 41).
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Scheme 41: Proposed mechanism for pyran alkene isomerisation

Similarly, isomerisation from the (Z)- to the (E)-alkene may be rationalised by deprotonation
at the conjugated C-7 position, leading to an intermediate enolate; rotation around the C-8-C-
9 bond may then afford the (E)-isomer after protonation at the y-position (typically considered
to be the thermodynamic product) (Scheme 42). Another plausible isomerisation mechanism
could proceed via N-Michael addition whereby nucleophilic attack of the amine at the B-
position is followed by similar rotation of the C-8-C-9 bond in the enolate intermediate.
Subsequent elimination of the protonated amine would afford the (E)-isomer. The formation
of 92 could be rationalised in a similar manner, whereby the enolate is quenched by protonation
at the a-position (Scheme 43).

Scheme 42: Proposed mechanism for (Z)-72 to (E)-72 isomerisation

54



BnO Br
92

Scheme 43: Proposed mechanism for the formation of by-product 92

It was therefore reasoned that alkene isomerisation could be minimised by avoiding strongly
basic conditions. Ammonium acetate was thus tested as the nucleophile (Entry 6, Table 4).
Unfortunately, following workup and purification steps, a complex mixture was obtained with

no isolable compounds.

2.8 Alternative route to amines 82

The sensitivity of the ketone substrates 72 toward basic conditions, presumed to be due to the
presence of an acidic a-proton, necessitated the exploration of an alternative route toward
amines 82. It was reasoned that 82 could be accessed via nucleophilic substitution of a leaving
group at C-2 (Scheme 44). One possibility is direct substitution with an amine nucleophile such
as benzylamine. However, under the resulting basic conditions the elimination product may
instead dominate, especially given the secondary substrate. Alternatively, a two-step sequence
to the amine via azide 93 that is subsequently reduced under Staudinger conditions'®” may be
more compatible with the substrate. Possible leaving groups on intermediate 94 include
mesylate, tosylate, or triflate. These derivatives could in turn be prepared by reaction of the

known alcohols 53 with the appropriate activating agent.
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Scheme 44: Retrosynthetic analysis of alternative route toward lactam analogues 81

As discussed in section 1.4.2, the sodium borohydride-mediated reduction of ketones 72
employed previously in the Harvey group produces alcohols 53 with high stereoselectivity due
to substrate control. The Sn2-like nucleophilic substitution of the corresponding mesylate by
azide would then invert the chiral centre at C-2. If the amine resulting from reduction was
subjected to the palladium-catalysed carbonylation and deprotection of the benzyl group, the
resulting lactam analogue of TAN-2483B would be diastereomeric to the natural product at the
C-2 position. This could be avoided by the asymmetric reduction of ketones 72 to the
diastereomeric alcohol 95, perhaps with the appropriate enantiomer of the CBS catalyst.
However, due to time constraints, in this study the ketone would be reduced as usual with
sodium borohydride. This would enable mesylation of alcohol 53 and the subsequent
nucleophilic substitution with sodium azide to be explored as a proof-of-principle to assess
substrate compatibility with the mesylation and substitution conditions (Scheme 45). If the
mesylation, nucleophilic substitution and azide reduction reactions were facile, then a
stereoselective ketone reduction to afford the correct configuration at C-2 could be explored in

the future.
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Scheme 45: Retrosynthetic analysis of the proposed proof-of-principle sequence

2.8.1 Reduction of ketone (2)-72

Ketone (Z)-72 was reduced following the procedure utilised by Somarathne.** The ketone was
dissolved in dry methanol, cooled to -78°C and treated with 1.6 equivalents of sodium
borohydride. The resulting suspension was slowly warmed to -10°C over the course of 90
minutes, whereupon the homogeneous mixture was quenched by the addition of acetone. The
crude material was concentrated under reduced pressure, and purified via silica gel column
chromatography to afford alcohol 53 in a 92% yield (Scheme 46). The correct configuration at
C-2 was confirmed by J values, which matched those observed by Somarathne (who confirmed

the stereochemistry by hydrogenation and nOe correlations of a later compound).

NaBH,

MeOH, -78°C
92%

@)-12

Scheme 46: Reduction of ketone (Z)-72

2.8.2 Mesylation of alcohol 53

Several protocols for the facile mesylation of primary and secondary alcohols can be found in
the literature. Secondary mesylates can be prepared by dissolving secondary alcohols in neat
pyridine, treating with 1.2 equivalents of mesyl chloride, and reacting for two hours at room
temperature to afford the corresponding mesylates in excellent yields. % Alternatively, primary
mesylates were prepared by treating primary alcohols in dichloromethane with 5 equivalents
of triethylamine and 1.2 equivalents of mesyl chloride at 0°C, and reacting for one hour.'® The

corresponding mesylates were also obtained in excellent yields following purification via
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column chromatography. Another method involves the formation primary and secondary
mesylates in quantitative yields by treating the corresponding alcohols in dichloromethane at
0°C with 2.3 equivalents of triethylamine followed by 1.2 equivalents of mesyl chloride.%®
Some secondary alcohols may be converted more easily with a greater excess of mesyl
chloride; 2.5 equivalents were required for the conversion of a hindered secondary alcohol to

the corresponding mesylate as disclosed in a Pfizer patent.'1

Here, the protocol of treating a solution of the alcohol in dichloromethane at 0°C with
triethylamine and mesyl chloride was pursued. After cooling to 0°C, alcohol 53 was treated
with 2.3 equivalents of triethylamine dropwise followed by 2.5 equivalents of mesyl chloride.
Monitoring the reaction progress by TLC proved difficult, as the mesylate and the alcohol had
almost identical observed R values (Rf = 0.24 in 5:1 petroleum ether:ethyl acetate). After
stirring at 0°C for one hour, the reaction mixture was allowed to warm to room temperature
and left to react overnight. As the progress of reaction was not readily apparent from the TLC,
a further 2.3 equivalents of triethylamine and 2.5 equivalents of mesyl chloride were then
added, and the mixture was left to react for a further four hours before being quenched and
worked up. Following purification by column chromatography, the mesylate 94 was obtained

as a colourless oil in a 72% vyield (Scheme 47).

MsCl, Et;N

DCM, 0°C tor.t.
72%

Scheme 47: Mesylation of alcohol 53

The mesylated product was identified by several significant changes in the tH-NMR spectrum
(Figure 18). The H-2 resonance had shifted downfield from 4.36 to 5.31 ppm, and was able to
be resolved as a quartet of doublets. The appearance of a singlet peak integrating for three
protons at 3.04 ppm suggested the incorporation of the SO.CHz group. (In mesyl chloride, the
methyl signal appears as a singlet at 3.65 ppm in D20.)!!! The H-1 CHs doublet had also shifted
downfield from 1.34 to 1.57 ppm. Finally, H-3 had shifted downfield from 4.05 to 4.22 ppm.
Apart from these distinguishing characteristics, the 'H-NMR spectra of alcohol 53 and
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mesylate 94 were similar. HRMS data obtained for the isolated compound supported the
proposed structure (C20H2sBrO7SH* [M+H*] calc. 489.0577, found 489.0589, A 2.25 ppm).

o

SO2CH3
2 0S0,CH; 1

Br
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Figure 18: 'H-NMR spectra of alcohol 53 (top), and mesylate 94 (bottom)

Unfortunately, the nucleophilic substitution of mesylate 94 with sodium azide was unable to
be investigated due to time constraints. There remain quantities of ketones (Z)- and (E)-72
which were synthesised in this project, and it is hoped that the proposed alternative synthetic

route will be tested in the Harvey group in the near future.
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3. Conclusion and future work

Although the synthesis of lactam analogues of TAN-2483B was not achieved in this study,
progress has been made toward their formation. Synthesis of advanced amine intermediates via
a reductive amination was found to be incompatible with the ketone substrates, presumably
due to base sensitivity. Ketones 72 displayed a high propensity to undergo isomerisation of the

pyran alkene to the C-3—C-4 position, and from the sidechain (Z)- to (E)-alkene.

However, there exist a number of alternative approaches toward the synthesis of advanced
amine intermediates that could be explored in the future. A more thorough investigation of the
reductive amination conditions, including the use of different solvents, reductants, and amine
nucleophiles may be warranted. Generating a buffered solution at pH 6 to avoid base-catalysed
isomerisation is also recommended for future work. Non-conventional reductive amination
protocols could also be investigated, including microwave-assisted reductive amination, or use
of the mild reducing agent polymethylhydrosiloxane. Catalytic hydroamination of terminal
acetylenes 90 and subsequent reduction is another potential route to amines 82 which avoids
the highly toxic oxymercuration conditions used to generate ketones 72. Furthermore, the
alternative route to amines via stereoselective reduction, mesylation, nucleophilic substitution
and azide reduction that was briefly explored here could also prove viable. These alternatives
are discussed in sections 3.2-3.4.

In addition to investigating amine-formation reactions, advances were made in the optimisation
of the synthetic route toward sidechain analogues of TAN-2483B. Purification of benzyl-
protected glycal 45 was more easily carried out with dry-loading of the silica column and
avoiding the initial use of pure petroleum ether to remove naphthalene. A more expedient
transformation from the acetate 56 to the diol 63 was made by removing the intermediate
purification step. The necessity of a large equivalent of potassium carbonate in the desilylation

of 63 was also investigated.

3.1 Alternative desilylation conditions

Although previous work in the Harvey group found the desilylation of TMS-protected
acetylene 63 proceeded with excellent yields,*3°4in this project these high yields were unable
to be reliably replicated. Additionally, the desilylation of the analogous alkene 69 (containing

the (1E)-propenyl sidechain found in the natural product) was previously shown to proceed
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only in moderate yields, with degradation to by-products a major concern.®® It may therefore

be desirable to investigate milder means of desilylation in the future.

While the desilylation of TMS-protected acetylenes is commonly carried out using a weak base
in a protic solvent, fluoride- and silver-promoted desilylations have also been widely reported.
TBAF is commonly used to remove silyl groups,'? but is not usually used on silyl acetylenes
or when the selective deprotection of TMS in the presence of other silyl groups is required.*
Ag(l)-promoted desilylation, however, may be orthogonal to base-sensitive substrates and
suitable when selective deprotection of TMS groups over other silyl groups is required.*4
Schmidt and Arens first developed a two-step sequence using Ag(l) when their planned
deprotection of a silyl acetylene with alcoholic KOH led to the formation of undesired allenic
by-products.*® The silyl acetylene was first treated with alcoholic silver nitrate to generate the
silver acetylide, and then agueous potassium cyanide was added to uncover the terminal
acetylene in good yields. Since then, the silver nitrate—potassium cyanide desilylation protocol
has been used on a wide range of substrates including carbohydrates and polyenynes,!* and
can, for example, selectively remove TMS in the presence of TIPS or other silyl groups.!®
More recently, Kotora and co-workers reported the desilylation of a TMS-protected acetylene
in the presence of acetate and pivaloyl protecting groups by alcoholic silver nitrate and sodium
iodide, prior to Sonogashira coupling in the synthesis of the unsaturated fragment of the natural
product callyspongiolide.'’ It may be useful to explore some of these alternative deprotection
conditions in future work, particularly on the advanced intermediate alkene 69 which

undergoes significant degradation when treated with alcoholic potassium carbonate.°

3.2 Alternative reductive amination conditions

Although the reductive amination of advanced ketone intermediates (Z)- and —(E)-72 explored
in this study was unsuccessful, a more thorough investigation may be warranted. While the
ketone substrates appear to be unstable in basic conditions (and hence may be incompatible
with nucleophiles such as benzylamine), the non-basic (but less nucleophilic) salt ammonium
acetate may be more suitable. Conducting the reaction in a buffered solution with a pH 6 may
be explored. Furthermore, the reducing agent sodium triacetoxyborohydride, which was not
tested here, could prove to be a milder alternative. Investigating other solvents for the reductive
amination — such as the more commonly used 1,2-dichloroethane or acetonitrile — may also be

appropriate.
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There also exist several protocols that differ to the traditional reductive amination conditions.
The tin (I1) chloride-catalysed reductive amination of a variety of aliphatic and aromatic
ketones and aldehydes was recently demonstrated to proceed in excellent yields using the
inexpensive reducing agent polymethylhydrosiloxane (PMHS).1® PMHS offers many
advantages over the conventional reducing agents: it is non-toxic, easy to handle and stable to

moisture and air.1°

Microwave-assisted reductive aminations have also been reported.?® For example, Dong and
co-workers described the synthesis of primary amines from aromatic ketones using ammonium
acetate and sodium cyanoborohydride. Good to excellent yields were obtained in two minutes
at 130°C in a microwave reactor (11 examples).*?!

3.3 Direct catalytic hydroamination-reduction of alkynes

In this study, the oxymercuration reaction to afford ketones 72 — promoted by the highly toxic
mercury (Il) sulfate — proceeded with variable yields between 16 to 70%. However,
hydroamination of the terminal acetylenes (Z)- and -(E)-71 followed by reduction of the
intermediate imine would afford substituted amines directly, and avoid the use of mercury (1)
sulfate.

The direct addition of primary or secondary amines to alkenes and alkynes represents a
transformation of 100% atom economy, avoiding the production of by-products such as salts
or water. While this approach was initially limited to alkenes and carried out in the presence of
mercury or thallium salts, recent developments have expanded the applicability of this reaction
to include alkynes and incorporate less toxic catalysts.?? Furthermore, the initially formed
imine can be reduced with sodium cyanoborohydride to afford the corresponding amine
without prior isolation (as in the direct reductive amination). For example, Beller and co-
workers reported the facile formation of several secondary amines via the direct
hydroamination-reduction of both terminal and internal alkynes in excellent yields (Scheme
48).123 The transformations were catalysed by the novel, stable aryloxotitanium complex 97
(Figure 19), with high regioselectivity for the Markovnikov product. (The synthesis of TAN-
2483B lactam analogues via terminal acetylenes 71 would require the preferential formation of

the Markovnikov product.)
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1) cat. 97, toluene,

CeHiz—==—H + R-NH, - R14< +
2) NaCNBH3, ZnCly, R, H
MeOH, r.t., 20 h Markovnikov anti-Markovnikov
R = alkyl (5 examples), aryl (10 examples) (major) (minor)

Scheme 48: Direct hydroamination-reduction of alkynes
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Figure 19: Aryloxotitanium catalyst 97

This approach would avoid the use of the highly toxic mercury (I1) sulfate, and in doing so,
produce secondary amines in fewer steps than the proposed route via the reductive amination
of ketones 72. Furthermore, avoiding the base-sensitive ketone substrates is expected to reduce

the amount of degradation occurring in the presence of basic amine nucleophiles.

3.3 Amine formation via nucleophilic substitution

The alternative route toward amines 82 briefly explored in this study may be more suitable than
the conventional reductive amination, given the sensitivity of the ketones 72 in basic media. It
could be worth investigating the direct nucleophilic substitution of mesylate 94 with an amine
nucleophile such as benzylamine, despite the strong possibility of competing elimination. This
direct substitution would avoid the required reduction of azide 93, and allow for the
incorporation of further functionality at the nitrogen centre. Another alternative could be the
substitution of alcohol 94 with a halogen under Appel'?* conditions, followed by substitution

and reduction to the primary amine as per the Gabriel*?® synthesis.
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4. Experimental

4.1 General experimental details

Unless otherwise stated, the following conditions apply. All reactions were performed under
argon in vacuum-dried glassware using dry solvents and standard syringe techniques.
Tetrahydrofuran, dichloromethane and diethyl ether were taken from a solvent purification
system (Innovative Technology’s PureSolv apparatus). Methanol was distilled over calcium
hydride. Bromoform was distilled immediately before use to remove small amounts of ethanol
stabiliser. Anhydrous N,N-dimethylformamide was used as received. Sodium hydride was
obtained as a 60% (w/w) dispersion in paraffin oil and was used without purification. Water
was distilled prior to use. All other reagents were of commercial quality and distilled prior to
use if required.

Reaction progress was monitored using aluminium-backed thin layer chromatography plates
pre-coated with silica UV254 and visualised by phosphomolybdic acid, p-anisaldehyde or
potassium permanganate dips, and by UV fluorescence quenching (254 nm). Purification of
products via flash chromatography was conducted using a column filled with Silica Zeoprep
60 (40-63 microns) as the matrix, obtained from Pure Science Ltd, with solvent system as

indicated in the experimental details.

'H- and 3C-NMR spectra were recorded on a Varian Unity Inova 500 spectrometer operating
at 500 MHz for *H and 125 MHz for *C. All chemical shifts (5) were referenced to solvent
peaks CDCls: tH-7.26 ppm, $3C-77.16 ppm. High-resolution mass spectrometry was recorded
on a 6530 Accurate Mass Q-TOF LC/MS instrument (Agilent Technologies).

The structure of each compound is presented with the corresponding method of preparation
and spectroscopic data. Spectral data was consistent with that reported for all previously

reported compounds.
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4.2 Description of the experiments and analytical characterisation data

(3aS,6R,6aS)-6-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-
1,3-dioxol-4-ol (57)

A solution of D-mannose (9.10 g, 51 mmol) in acetone (300 mL) was treated with iodine (2.58
g, 10 mmol, 0.2 eq.) and stirred under nitrogen at r.t. for 3 h. The resulting dark brown solution
was diluted with sat. ag. sodium thiosulfate solution (150 mL) and sat. ag. sodium bicarbonate
solution (150 mL), and extracted with dichloromethane (3 x 150 mL). The combined organic
layers were dried over anhydrous magnesium sulfate, filtered and concentrated to afford the
crude product as a pale-yellow solid. The crude material was recrystallized from boiling

acetone to obtain the purified product (10.75 g, 41 mmol, 82%) as white crystals.

'H-NMR (500 MHz, CDCls): 8 = 5.38 (d, *J1,01 = 2.4 Hz, 1H, H-1), 4.81 (dd, *Js2 = 5.8 Hz,
8)34 = 3.8 Hz, 1H, H-3), 4.62 (d, J23 = 5.8 Hz, 1H, H-2), 4.41 (m, 1H, H-5), 4.19 (dd, 3J45 =
7.1 Hz, 3343 = 3.7 Hz, 1H, H-4), 4.09 (dd, 2Jsasp = 8.7 Hz, 3Jeas = 6.3 Hz, 1H, H-6a), 4.05 (dd,
2Jeb.6a = 8.7 Hz, 3Jens = 4.8 Hz, 1H, H-6b), 2.77 (broad s, 1H, OH), 1.47 (s, 3H, CH3), 1.46 (s,
3H, CHs), 1.38 (s, 3H, CHs), 1.33 (s, 3H, CH3); 3*C-NMR (125 MHz, CDCls): §c = 112.7 (C,
(CH3)2C), 109.1 (C, (CH3)2C), 101.3 (CH, C-1), 85.4 (CH, C-2), 80.4 (CH, C-4), 79.6 (CH, C-
3), 73.2 (CH, C-5), 66.6 (CHz, C-6), 26.9 (CHs, (CHs)2C), 25.8 (CHs, (CHs)2C), 25.2 (CHs,
(CHs)2C), 24.5 (CHa, (CH3)2C).
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(3aS,6R,6aS)-4-Chloro-6-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxole (58)

A solution of furanol 57 (9.99 g, 38 mmol) in dichloromethane (200 mL) was treated
sequentially with 4-dimethylaminopyridine (3.60 g, 29 mmol, 0.8 eq.), tosyl chloride (8.09 g,
42 mmol, 1.1 eq.), and triethylamine (5.3 mL, 38 mmol, 1 eq.) and stirred under nitrogen at r.t.
for 4 h. The resulting solution was washed with sat. aq. copper sulfate solution (200 mL), sat.
ag. sodium bicarbonate solution (200 mL), and brine (100 mL). The organic layer was dried
over anhydrous magnesium sulfate, filtered and concentrated to afford the crude product as a
pale-yellow oil. The crude material was purified via flash column chromatography (9:1
petroleum ether:ethyl acetate) to afford the chlorofuran 58 (6.38 g, 23 mmol, 60%) as a

colourless oil.

H-NMR (500 MHz, CDCls): &u = 6.07 (s, 1H, H-1), 4.96 (d, 3J253 = 5.6 Hz, 1H, H-2), 4.89
(dd, 3Js2 = 5.7 Hz, 3J34 = 3.7 Hz, 1H, H-3), 4.44 (m, 1H, H-5), 4.21 (dd, 3J45 = 7.8 Hz, 343 =
3.4 Hz, 1H, H-4), 4.10 (dd, 2Jea6b = 8.9 Hz, 3Jeas = 6.2 Hz, 1H, H-6a), 4.03 (dd, 2Jeb6a = 8.8
Hz, 3Jev5 = 4.2 Hz, 1H, H-6b), 1.47 (s, 6H, CH3), 1.39 (s, 3H, CHs), 1.34 (s, 3H. CHa).

(R)-4-((2S,3R)-3-(Benzyloxy)-2,3-dihydrofuran-2-yl)-2,2-dimethyl-1,3-dioxolane (45)

><O 65 Ho
o" i
BnO

A solution of naphthalene (38.16 g, 297 mmol, 8.0 eq.) in tetrahydrofuran (150 mL) was treated
with sodium (4.28 g, 186 mmol, 5.0 eq.) and stirred under nitrogen at r.t. for 2.5 h. The dark
green solution was then cooled to 0°C, treated with a solution of chlorofuran 58 (10.32 g, 37.0
mmol) in tetrahydrofuran (40 mL) via cannula and stirred at 0°C for 15 min. The reaction was
allowed to warm to r.t. and stirred for a further 20 min, then quenched with sat. ag. ammonium
chloride solution (150 mL) and water (100 mL). The layers were separated and the aqueous

layer was extracted with diethyl ether (2 x 125 mL), the combined organic fractions were
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washed with brine (50 mL), dried over anhydrous magnesium sulfate, filtered and concentrated
to afford the crude intermediate as a yellow oil. Used without further purification, the crude
intermediate was dissolved in tetrahydrofuran (150 mL), cooled to 0°C and treated with
tetrabutylammonium iodide (0.70 g, 1.89 mmol, 0.05 eq.), sodium hydride (60% in mineral oil,
1.94 g, 48.5 mmol, 1.3 eqg.) and benzyl bromide (5.8 mL, 48.8 mmol, 1.3 eq.). The reaction was
allowed to warm to r.t. and stirred under nitrogen for 24 h whereupon the yellow solution was
quenched with brine (150 mL) and diluted with water (100 mL). The layers were separated and
the aqueous layer was extracted with diethyl ether (2 x 150 mL). The combined organic
fractions were washed with brine (150 mL), dried over anhydrous magnesium sulfate, filtered
and concentrated to afford a mixture of the crude product and naphthalene as a yellow solid.
The crude product was separated into three batches and purified by dry-loaded column
chromatography (9:1 petroleum ether:ethyl acetate) to afford the glycal 45 (7.11 g, 25.7 mmol,

69%) as a yellow oil.

1H-NMR (500 MHz, CDCl3): 8 = 7.36—7.26 (complex m, 5H, Ar-H), 6.63 (d, 3J12 = 2.7 Hz,
1H, H-1), 5.29 (apparent t, J = 2.6 Hz, 1H, H-2), 4.66 (dd, 3J34 = 7.1 Hz, 3J3, = 2.1 Hz, 1H, H-
3), 4.59 (m, 1H, H-5), 4.57 (d, 2Jag = 11.9 Hz, 1H, Bn-A), 4.52 (d, 2Jsa = 11.9 Hz, 1H, Bn-
B), 4.44 (apparent t, 3J45 = 3J43 = 6.1 Hz, 1H, H-4), 4.11 (dd, 2Jsaeb = 8.1 Hz, 3Jea5 = 7.1 Hz,
1H, H-6a), 4.00 (dd, 2Jenea = 8.0 Hz, 3Jen5 = 7.0 Hz, 1H, H-6b), 1.48 (s, 3H, CH3), 1.40 (s, 3H,
CHs).

(2R,5R,6S)-5-(benzyloxy)-3-bromo-6-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-5,6-

dihydro-2H-pyran-2-yl acetate a-(56) and (2S,5R,6S)-5-(benzyloxy)-3-bromo-6-((R)-2,2-
dimethyl-1,3-dioxolan-4-yl)-5,6-dihydro-2H-pyran-2-yl acetate p-(56)

A solution of glycal 45 (2.37g, 8.58 mmol) in bromoform (30 mL, 0.34 mol 40 eq.) was treated
with potassium carbonate (7.76 g, 56 mmol, 6.5 eq.), sodium acetate (2.70 g, 32.9 mmol, 3.8
eq.), 18-crown-6 (106 mg, 0.40 mmol, 0.05 eq.) and tetra-n-butylammonium bromide (0.592
g, 1.83 mmol, 0.21 eq.) and stirred under nitrogen at r.t. for 16 h. The reaction vessel was then

fitted with a water-cooled reflux condenser, heated to 82°C and left to react for 48 h. At this
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point, the dark brown suspension was treated with a further amount of bromoform (4 mL, 45.7
mmol, 5.3 eq.) and left to react for a further 24 h. The reaction mixture was then diluted with
dichloromethane (30 mL), filtered and concentrated. The crude material was purified by
column chromatography (gradient elution 9:1 to 5:1 petroleum ether:ethyl acetate) to afford a

mixture of a- and B-anomers of acetate 56 (2.23 g, 5.22 mmol, 61%) as a white solid.

0-56: 'H-NMR (500 MHz, CDCl3): 84 = 7.41-7.26 (complex m, 5H, Ar-H), 6.48 (d, 3J34 =
5.8 Hz, 1H, H-3), 6.25 (apparent s, 1H, H-1), 4.71 (s, 2H, PhCH,), 4.41 — 4.38 (m, 1H, H-6),
4.11 (dd, 2J7a7b = 8.9 Hz, 33746 = 6.2 Hz, 1H, H-7a), 4.03 (dd, 237,72 = 8.9 Hz, 3J76 = 4.5 Hz,
1H, H-7b), 3.95 (dt, 3Js3 = 5.9 Hz, 3J45 = 1.9 Hz, 1H, H-4), 3.69 (dd, 3Js5 = 8.5 Hz, 3J54 = 2.2
Hz, 1H, H-5), 2.16 (s, 3H, Ac), 1.40 (s, 3H, (CH3)2C), 1.37 (s, 3H, (CH3)2C); 13*C-NMR (125
MHz, CDCls): 8¢ = 169.1 (C, CH3CO), 138.0 (C, Ar), 131.6 (CH, C-3), 128.4 (CH, Ar), 128.0
(CH, Ar), 127.9 (CH, Ar), 124.5 (C, C-2), 109.4 (C, (CH3)2C), 90.6 (CH, C-1), 76.8 (CH, C-
5), 73.0 (CH, C-6), 71.9 (CH2, PhCHy), 69.5 (CH, C-4), 67.0 (CH2, C-7), 27.0 (CHs, (CH3)C),
25.3 (CHs, (CH3)2C), 20.9 (CH3, Ac).

B-56: 'H-NMR (500 MHz, CDCls): 8n = 7.41-7.26 (complex m, 5H, Ar-H), 6.49 (d, 3Js4 =
5.9 Hz, 1H, H-3), 6.34 (s, 1H, H-1), 4.69 (s, 2H, PhCH,), 4.41 — 4.36 (m, 1H, H-6), 4.12 (dd,
237870 = 8.9 Hz, 3J7a6 = 6.4 Hz, 1H, H-7a), 3.92 (dd, 3Js3 = 6.0 Hz, 3J45 = 2.5 Hz, 1H, H-4),
3.88 (dd, 276,72 = 8.9 Hz, 3J76 = 4.5 Hz, 1H, H-7b), 3.85 (dd, 3Js6 = 8.2 Hz, 3Js4 = 2.4 Hz, 1H,
H-5), 2.14 (s, 3H, Ac), 1.41 (s, 3H, (CHs)2C), 1.38 (s, 3H, (CH3)2C); *C-NMR (125 MHz,
CDCls): 8¢ = 169.5 (C, CH3CO), 137.8 (C, Ar), 130.2 (CH, C-3), 128.4 (CH, Ar), 127.99 (CH,
Ar), 127.96 (CH, Ar), 122.6 (C, C-2), 109.4 (C, (CHs)2C), 90.0 (CH, C-1), 76.8 (CH, C-5),
72.9 (CH, C-6), 72.1 (CHz, PhCHy), 69.1 (CH, C-4), 67.1 (CHz, C-7), 26.9 (CHs, (CHs)2C),
25.2 (CHs, (CH3)2C), 20.9 (CHs, Ac).
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(((2R,5R,6S)-5-(Benzyloxy)-3-bromo-6-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-5,6-

dihydro-2H-pyran-2-yl)ethynyl)trimethylsilane (64)

The acetate 56 (380 mg, 0.89 mmol) was dissolved in dichloromethane (3 mL) and added to
bis(trimethylsilyl)acetylene (0.68 g, 3.7 mmol, 4 eq.). The reaction mixture was cooled to -78
°C and treated with tin tetrachloride (1 mL, 1 mmol, 1.1 eq.), and left to react for 1.5 h. After
further stirring at r.t. for 1 h, the reaction was quenched with sat. ag. sodium bicarbonate
solution (20 mL), extracted with dichloromethane (3 x 30 mL), dried over anhydrous
magnesium sulfate, filtered and concentrated. The crude material was purified by column
chromatography (gradient elution 20:1 to 2:1 petroleum ether:ethyl acetate) to afford the
acetonide 64 (85 mg, 0.18 mmol, 21%) as a pale yellow oil and the diol 63 (160 mg, 0.38 mmol,
41%) as a colourless oil.

64: 'H-NMR (500 MHz, CDCls): 8 = 7.38-7.29 (complex m, 5H, Ar-H), 6.27 (dd, 3Js = 5.5
Hz, “Js3 = 1.3 Hz, 1H, H-5), 4.92 (d, “J35 = 1.2 Hz, 1H, H-3), 4.69 (apparent s, 2H, PhCHy>),
4.39 (m, 1H, H-8), 4.16 (dd, 2Joagb = 8.5 Hz, 3Jeas = 6.3 Hz, 1H, H-9a), 3.97 (dd, 2Jop0a = 8.6
Hz, 3Jabs = 5.3 Hz, 1H, H-9b), 3.91 (complex m, 2H, H-6 & H-7), 1.42 (s, 3H, CH3), 1.40 (s,
3H, CHa), 0.19 (s, 9H, (CH3)3Si); *C-NMR (125 MHz, CDCls): 8¢ = 138.0 (C, Ar), 128.4
(CH, Ar), 128.1 (CH, Ar), 127.8 (CH, Ar), 126.9 (CH, C-5), 124.9 (CH, C-4), 109.4 (C,
(CHs)2C), 99.4 (C, C-2),92.3 (C, C-1), 74.2 (CH, C-6), 72.9 (CH, C-8), 72.1 (CH2, PhCH>),
66.90 (CH, C-3), 69.89 (CH, C-7), 67.6 (CH2, C-9), 26.9 (CHjs, (CHz3)2C), 25.5 (CH3)2C), -0.33
(CHs, (CH3)sSi).

63: 1H-NMR (500 MHz, CDCl3): 8y = 7.37-7.32 (complex m, 5H, Ar-H), 6.38 (dd, 3Js5 = 5.6
Hz, 4Js53 = 1.4 Hz, 1H, H-5), 4.96 (d, *J35 = 1.5 Hz, 1H, H-3), 4.74 (d, 2Jag = 11.7 Hz, 1H,
PhCH,-A), 4.60 (d, 2Jg.a = 11.7 Hz, 1H, PhCH,-B), 4.04 — 3.95 (complex m, 3H, H-6, H-7 &
H-8), 3.84 (dd, 2Joags = 11.6 Hz, 3Jeas = 3.1 Hz, 1H, H-9a), 3.79 (dd, 2Jgb,0a = 11.6 Hz, 3Jong =
5 Hz, 1H, H-9b), 0.18 (s, 9H, (CH3)sSi); 3C-NMR (125 MHz, CDCl3): 8¢ = 137.7 (C, Ar),
128.7 (CH, Ar), 128.2 (CH, Ar), 128.1 (CH, Ar), 126.4 (CH, C-5), 125.5 (CH, C-4), 99.3 (C,
C-2),92.4 (C, C-1), 72,5 (CH, C-7), 71.2 (CH2, PhCH>), 69.9 (CH, C-3), 69.8 (CH, C-8), 69.4
(CH, C-6), 64.0 (CH2, C-9), -0.36 (CHs3, (CH3)3Si).
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(R)-1-((2R,3R,6R)-3-(Benzyloxy)-5-bromo-

6-((trimethylsilyl)ethynyl)-3,6-dihydro-2H-pyran-2-yl)ethane-1,2-diol (63)

A) The TMS-protected acetonide 64 (66 mg, 0.14 mmol) was dissolved in acetonitrile (5 mL),
cooled to 0°C and treated with trifluoroacetic acid (0.1 mL, 1.3 mmol, 9.3 eq.). After 90 min.,
a further 0.1 mL trifluoroacetic acid was added, the reaction mixture was allowed to warm to
r.t., and left to react for 16 h. The reaction was quenched with powdered sodium bicarbonate
(2.7 g) until pH 7 was reached, diluted with water (10 mL), extracted with dichloromethane (3
x 20 mL), dried over anhydrous sodium sulfate, filtered and concentrated. The crude material
was purified by column chromatography (gradient elution 20:1 to 3:1 petroleum ether:ethyl

acetate) to afford the diol 63 (45 mg, 0.11 mmol, 74%) as a colourless oil.

B) The acetate 56 (1.14 g, 2.67 mmol) dissolved in dichloromethane (27 mL) was treated with
bis(trimethylsilyl)acetylene (2.4 mL, 11 mmol, 4.0 eq.). The reaction mixture was cooled to -
78°C, treated dropwise with tin tetrachloride (2.9 mL, 1M solution in dichloromethane, 2.9
mmol, 1.1 eq.) and left to react for 2.25 h. The reaction mixture was then allowed to warm to
room temperature, and left to react for a further 2 h, whereupon it was quenched with sat. aq.
sodium bicarbonate (35 mL). The layers were separated, and the aqueous layer was extracted
with dichloromethane (3 x 30 mL), the combined organic fractions were washed with distilled
water (50 mL), dried over anhydrous magnesium sulfate, filtered and concentrated. The crude
residue, a yellow oil, was redissolved in acetonitrile (50 mL), cooled to 0°C, and treated
dropwise with trifluoroacetic acid (5.1 mL, 67 mmol, 25 eq.). The reaction mixture was allowed
to warm to room temperature and left to react for 16 h. The reaction mixture was then quenched
with powdered sodium bicarbonate until pH 7 was reached, diluted with distilled water (30
mL), and extracted with dichloromethane (3 x 30 mL). The combined organic fractions were
dried over anhydrous magnesium sulfate, filtered and concentrated. The crude material was
purified by column chromatography (gradient elution 3:1 to 2:1 petroleum ether:ethyl acetate)
to afford the diol 63 (712 mg, 1.67 mmol, 62%) as a colourless oil.
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(R)-1-((2R,3R,6R)-3-(Benzyloxy)-5-bromo-6-ethynyl-3,6-dihydro-2H-pyran-2-

yl)ethane-1,2-diol (90)

The TMS-protected acetylene diol 63 (197 mg, 0.46 mmol) was dissolved in dichloromethane
(5.8 mL) and methanol (1.2 mL, 21% v/v), treated with potassium carbonate (198 mg, 1.43
mmol, 3.1 eq.) and stirred at r.t. for 2.5 h. The resulting suspension was diluted with
dichloromethane (10 mL), filtered into brine (15 mL) and the aqueous layer was extracted with
dichloromethane (3 x 10 mL). The combined organic fractions were dried over anhydrous
sodium sulfate, filtered and concentrated at r.t. to afford the deprotected acetylene diol 90 (110

mg, 0.31 mmol, 67% crude yield) as a white solid which was used without further purification.

IH-NMR (500 MHz, CDCl3): 8 = 7.38-7.36 (complex m, 5H, Ar-H), 6.42 (dd, 3Js6 = 5.5 Hz,
4353 = 1.3 Hz, 1H, H-5), 5.00 (broad s, 1H, H-3), 4.75 (d, 2Jas = 11.7 Hz, 1H, PhCH2-A), 4.60
(d, 2Jg.A = 11.4 Hz, 1H, PhCH2-B), 4.03 (dd, 3Js5 = 5.6 Hz, 3Js7 = 2.0 Hz, 1H, H-6), 4.00 —
3.98 (complex m, 2H, H-7 & H-8), 3.86 (dd, 2Jeagp = 11.5 Hz, 3Jeag = 2.9 Hz, 1H, H-9a), 3.78
(dd, 2Jepoa = 11.5 Hz, 3Jong = 4.7 Hz, 1H, H-9b), 2.53 (d, *J13 = 2.2 Hz, 1H, H-1); 3C-NMR
(125 MHz, CDCls): 8¢ = 137.6 (C, Ar), 128.7 (CH, Ar), 128.2 (CH, Ar), 128.0 (CH, Ar), 126.7
CH, C-5), 125.1 (C, C-4), 78.2 (C, C-2), 75.0 (CH, C-1), 72.5 (CH, C-7), 71.3 (CH2, PhCH>),
69.8 (CH, C-8), 69.4 (CH, C-6), 69.2 (CH, C-3), 63.8 (CH3, C-9).

(2S,3R,6R)-3-(Benzyloxy)-5-bromo-6-ethynyl-3,6-dihydro-2H-pyran-2-carbaldehyde
(70)

0 H H
& 2//1
3

|II

8
7

Bn065/4Br

A solution of diol 90 (13 mg, 0.04 mmol) in tetrahydrofuran (0.64 mL) was treated with pH 7
sodium phosphate buffer (0.2 mL) followed by sodium periodate (47 mg, 0.22 mmol, 6.1 eq.)
and stirred at r.t. for 1.5 h. The reaction mixture was then diluted with brine (5 mL) and
extracted with diethyl ether (3 x 5 mL). The combined organic fractions were then washed with
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brine (2 x 10 mL), dried over anhydrous magnesium sulfate, filtered and concentrated to afford
aldehyde 70 (12 mg, 0.04 mmol, 100%) as a white solid which was used without further

purification.

IH-NMR (500 MHz, CDCls): 81 = 9.67 (s, 1H, H-8), 7.37-7.28 (complex m, 5H, Ar-H), 6.32
(dd, 3Js6 = 5.4 Hz, “Js3 = 1.4 Hz, 1H, H-5), 5.15 (apparent t, J = 1.9 Hz, 1H, H-3), 4.59 (d,
2Jag =11.7 Hz, 1H, PhCHy-A), 4.53 (d, 2Js o = 11.4 Hz, 1H, PhCH>-B), 4.48 (d, 3J76 = 3.0 Hz,
1H, H-7), 4.22 (dd, 3Js5 = 5.5 Hz, “Js7 = 3.0 Hz, 1H, H-6), 2.56 (d, *J13 = 2.3 Hz, 1H, H-1).
13C-NMR (125 MHz, CDCls): 8c = 199.1 (CH, C-8), 137.0 (C, Ar), 128.5 (CH, Ar), 128.2
(CH, Ar), 128.1 (CH, Ar), 125.7 (CH, C-5), 125.0 (C, C-4), 77.3 (C, C-2), 77.0 (CH, C-7), 75.9
(CH, C-1), 71.8 (CH_, PhCHy), 70.2 (CH, C-6), 68.9 (CH, C-3).

Ethyl (E/Z)-3-((2R,3R,6R)-3-(benzyloxy)-5-bromo-6-ethynyl-3,6-dihydro-2H-pyran-2-
yDacrylate (Z-71) and (E-71)

The aldehyde 70 (25 mg, 0.078 mmol) was dissolved in tetrahydrofuran (1.6 mL), treated with
ethyl (triphenylphosphoranylidene)acetate (58 mg, 0.17 mmol, 2.1 eq.) and stirred at r.t. for 17
h. The resulting pale yellow solution was concentrated under reduced pressure and purified by
column chromatography (14:1 petroleum ether:ethyl acetate) to afford (Z)-71 as a colourless
oil (14 mg, 0.037 mmol, 47%) and (E)-71 as a white solid (10 mg, 0.026 mmol, 33%).

(2)-71 *H-NMR (500 MHz, CDCls): 6 = 7.33-7.26 (complex m, 5H, Ar-H), 6.35 (dd, 3Js¢ =
11.8 Hz, 3Js7 = 6.7 Hz, 1H, H-8), 6.33 (dd, 3Js6 = 5.6 Hz, *J53 = 1.1 Hz, 1H, H-5), 5.94 (dd,
8J95 =11.8 Hz, “Jo.7 = 1.6 Hz, 1H, H-9), 5.56 (ddd, 3J75 = 6.7 Hz, 3J76 = 2.6 Hz, “J70 = 1.7 Hz,
1H, H-7), 5.03 (apparent t, 1.9 Hz, 1H, H-3), 4.59 (d, 2Jag = 11.8 Hz, 1H, PhCH2-A), 4.51 (d,
2Jsa=11.8 Hz, 1H, PhCH,-B), 4.21 (dd, 3Js5 = 5.6 Hz, 3Js7 = 2.7 Hz, 1H, H-6), 4.15 (q, *J11.12
=7.1 Hz, 2H, H-11), 2.51 (d, “J13 = 2.3 Hz, 1H, H-1), 1.29 (t, 3J1211 = 7.1 Hz, 3H, H-12); 13C-
NMR (125 MHz, CDCls): ¢ =165.6 (C, C-10), 145.8 (CH, C-8), 137.6 (C, Ar), 128.4 (CH,
Ar), 128.0 (CH, Ar), 127.9 (CH, Ar), 127.1 (CH, C-5), 124.4 (C, C-4), 120.5 (CH, C-9), 78.1
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(C, C-2), 75.1 (CH, C-1), 71.9 (CH,, PhCH), 71.3 (CH, C-6), 71.0, (CH, C-7), 68.8 (CH, C-
3), 60.4 (CHy, C-11), 14.2 (CHs, C-12).

(E)-71 'H-NMR (500 MHz, CDCl3): 8 = 7.35-7.28 (complex m, 5H, Ar-H), 7.02 (dd, 3Jsg
=15.8 Hz, 3Jg7 = 4.2 Hz, 1H, H-8), 6.35 (dd, 3J5,6 = 5.5 Hz, *J53 = 1.4 Hz, 1H, H-5), 6.22 (dd,
3395 = 15.8 Hz, 3Jg7 = 2.0 Hz, 1H, H-9), 5.09 (apparent t, 1.6 Hz, 1H, H-3), 4.73 (m, 1H, H-7),
4.61 (d, 2Jag =11.8 Hz, 1H, PhCH2-A), 4.53 (d, 2Jg,a = 11.8 Hz, 1H, PhCH-B), 4.24 (q, 3J11.12
=7.1 Hz, 2H, H-11), 3.92 (dd, 3Js5 = 5.4 Hz, 3Js7 = 2.8 Hz, 1H, H-6), 2.53 (d, “J1.3 = 2.3 Hz,
1H, H-1), 1.31 (t, 3J12.10 = 7.1 Hz, 3H, H-12); 3C-NMR (125 MHz, CDCls): &c = 166.0 (C,
C-10), 142.4 (CH, C-8), 137.4 (C, Ar), 128.5 (CH, Ar), 128.0 (CH, Ar), 127.98 (CH, Ar), 126.6
(CH, C-5), 124.9 (C, C-4), 122.7 (CH, C-9), 77.9 (C, C-2), 75.3 (CH, C-1), 72.2 (CH, C-7),
71.1 (CH2, PhCHy), 71.0 (CH, C-6), 69.0 (CH, C-3), 60.5 (CHz, C-11), 14.3 (CH3, C-12).

Ethyl (2)-3-((2R,3R,6R)-6-acetyl-3-(benzyloxy)-5-bromo-3,6-dihydro-2H-pyran-2-
yl)acrylate (Z-72)

A solution of the ethyl ester (Z2)-71 (19 mg, 0.05 mmol) in tetrahydrofuran (0.25 mL) was
treated with mercury sulfate (3.2 mg, 0.01 mmol, 0.2 eq.) and sulfuric acid (0.23 mL, 10% v/v
aqueous) and stirred at r.t. for 24 h. The reaction mixture was diluted with diethyl ether (3 mL),
treated with powdered sodium bicarbonate until pH 7 was reached, and the organic layer was
isolated, dried over anhydrous magnesium sulfate, filtered and concentrated. The crude
material was purified by column chromatography (9:1 petroleum ether:ethyl acetate) to afford
the ketone (2)-72 (14 mg, 0.03 mmol, 70%) as a colourless oil.
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(2)-72 *H-NMR (500 MHz, CDCls): 64 = 7.34-7.26 (complex m, 5H, Ar-H), 6.49 (broad d,
8356 =5.2 Hz, 1H, H-5), 6.36 (ddd, 3Js9 = 11.8 Hz, 3Js7 = 7.1 Hz, *Js6 = 1.3 Hz, 1H, H-8), 5.94
(broad d, 3Jgg = 11.8 Hz, 1H, H-9), 5.31 (broad d, 3J;5 = 7.1 Hz, 1H, H-7), 4.74 (s, 1H, H-3),
4.59 (d, 2Jag = 11.8 Hz, PhCH»-A), 4.52 (d, 2Jg,a = 11.8 Hz, PhCH,-B), 4.17 (dd, 3Js5 = 5.2
Hz, 3Js7 = 3.0 Hz, 1H, H-6), 4.13 (q, %Ji1.12 = 7.1 Hz, 2H, H-11), 2.31 (s, 3H, H-1), 1.27 (t,
831211 = 7.1 Hz, 3H, H-12); 3C-NMR (125 MHz, CDCls): 8¢ = 202.8 (C, C-2), 165.3 (C, C-
10), 144.6 (CH, C-8), 137.6 (C, Ar), 128.7 (CH, C-5), 128.4 (CH, Ar), 128.0 (CH, Ar), 127.9
(CH, Ar), 121.5 (CH, C-9), 121.3 (C, C-4), 81.2 (CH, C-3), 71.8 (CH2, PhCHy), 71.4 (CH, C-
6), 71.2 (CH, C-7), 60.5 (CH2, C-11), 28.1 (CHs, C-1), 14.1 (CHs, C-12).

Ethyl (E)-3-((2R,3R,6R)-6-acetyl-3-(benzyloxy)-5-bromo-3,6-dihydro-2H-pyran-2-
ylacrylate (E-72)

A solution of the ethyl ester 71 (24 mg, 0.06 mmol, 1.4:1 Z:E) in tetrahydrofuran (0.31 mL)
was treated with mercury sulfate (3.8 mg, 0.01 mmol, 0.17 eq.) and sulfuric acid (0.29 mL,
10% v/v aqueous) and stirred at r.t. for 20 h. The reaction mixture was diluted with diethyl
ether (3 mL), treated with powdered sodium bicarbonate until pH 7 was reached, and the
organic layer was isolated, dried over anhydrous magnesium sulfate, filtered and concentrated.
The crude material was purified by column chromatography (gradient elution 9:1 to 5:1
petroleum ether:ethyl acetate) to afford the Z-alkene (2)-72 (11 mg, 0.03 mmol, 71%) as a
colourless oil and the E-alkene (E)-72) (7.2 mg, 0.02 mmol, 69%) as a white solid.

(E)-72 'H-NMR (500 MHz, CDCls): 81 = 7.36-7.28 (complex m, 5H, Ar-H), 6.98 (ddd, 3Js¢
=15.8 Hz, 3Js7 = 4.3 Hz, “Js5 = 0.9 Hz, 1H, H-8), 6.49 (broad d, 3Js6 = 5.0 Hz, 1H, H-5), 6.19
(broad d, 3Jos = 15.8 Hz, 1H, H-9), 4.81 (s, 1H, H-3), 4.62 (d, 2Jap = 11.8 Hz, 1H, PhCH2-A),
4.54 (d, 2Jga = 11.8 Hz, 1H, PhCH,-B), 4.47 (m, 1H, H-7), 4.23 (q, 3J11.12 = 7.1 Hz, 2H, H-
11), 3.95 (apparent t, J = 4.0 Hz, 1H, H-6), 2.33 (d, *J13 = 1.0 Hz, 3H, H-1), 1.32 (t, 3J12.11 =
7.1 Hz, 3H, H-12); 3C-NMR (125 MHz, CDCls): 5c = 202.6 (C, C-2), 165.8 (C, C-10), 142.1
(CH, C-8), 137.3 (C, Ar), 128.5 (CH, Ar and CH, C-5), 128.1 (CH, Ar), 127.9 (CH, Ar), 123.1
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(CH, C-9), 121.2 (C, C-4), 80.8 (CH, C-3), 72.9 (CH, C-7), 71.3 (CH, C-6 and CHa, PhCHy),
60.6 (CHz, C-11), 28.1 (CHs, C-1), 14.2 (CH3, C-12).

Ethyl (2)-3-((2R,3R,6R)-3-(benzyloxy)-5-bromo-6-((S)-1-hydroxyethyl)-3,6-dihydro-2H-
pyran-2-yl)acrylate (53)

A solution of the ketone (Z)-72 (75 mg, 0.18 mmol) in methanol (1.9 mL) was cooled to -78°C
and treated with sodium borohydride (11 mg, 1.6 eq.). The reaction mixture was allowed to
warm to -10°C over the course of 90 minutes, whereupon it was quenched by the addition of
acetone (0.8 mL). The crude material was concentrated, then purified via column
chromatography (5:1 petroleum ether:ethyl acetate) to afford the alcohol 53 (69 mg, 0.17

mmol, 92%) as a colourless oil.

IH-NMR (500 MHz, CDCl3): 8 = 7.35-7.29 (complex m, 5H, Ar-H), 6.49 (dd, 3Js6 = 4.9 Hz,
4J57=1.7 Hz, 1H, H-5), 6.45 (dd, 3Js.9=11.7 Hz, 3Js 7 = 7.7 Hz, 1H, H-8), 5.99 (dd, 3Jog = 11.7
Hz, *Jo7 = 1.3 Hz, 1H, H-9), 5.80 (ddd, 3J7, = 7.7 Hz, 3376 = 3.2 Hz, J79 = 1.2 Hz, 1H, H-7),
4.62 (d, 2Jap = 11.9 Hz, 1H, PhCH2-A), 4.55 (d, 2Js.a = 11.9 Hz, 1H, PhCH,-B), 4.36 (m, 1H,
H-2), 4.16 (q, 3J11.12 = 7.1 Hz, 2H, H-11), 4.12 (m, 1H, H-6), 4.06 (apparent s, 1H, H-3), 1.34
(d,3312=6.5Hz, 3H, H-1), 1.28 (t, *Ji211 = 7.1 Hz, 3H, H-12); 13C-NMR (125 MHz, CDCls):
8¢ = 165.7 (C, C-10), 144.3 (CH, C-8), 137.8 (C, Ar), 129.2 (CH, C-5), 128.4 (CH, Ar), 127.9
(CH, Ar), 127.8 (CH, Ar), 125.2 (C, C-4), 122.6 (CH, C-9), 79.5 (CH, C-3), 71.8 (CH, C-6),
71.4 (CH2, PhCHy), 69.9 (CH, C-7), 68.0 (CH, C-2), 60.5 (CH3, C-11), 19.6 (CHs, C-1), 14.2
(CHs, C-12).
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Ethyl (2)-3-((2R,3R,6R)-3-(benzyloxy)-5-bromo-6-((S)-1-((methylsulfonyl)oxy)ethyl)-3,6-
dihydro-2H-pyran-2-yl)acrylate (94)

A solution of the alcohol 53 (69 mg, 0.17 mmol) in dichloromethane (0.20 mL) was cooled to
0°C and treated with triethylamine (0.05 mL, 0.36 mmol, 2.1 eq.) followed by mesyl chloride
(0.04 mL, 0.41 mmol, 2.4 eq.). The reaction mixture was stirred for 1 h at 0°C, then warmed
to r.t. and stirred for 22 h. The reaction mixture was then cooled to 0°C and treated with further
quantities of triethylamine (0.05 mL, 0.36 mmol, 2.1 eq.) and mesyl chloride (0.04 mL, 0.41
mmol, 2.4 eq.), warmed to r.t. and left to react for a further 4 h. The crude material was purified
by column chromatography (5:1 petroleum ether:ethyl acetate) to afford the mesylate 94 (62

mg, 12 mmol, 72%) as a colourless oil.

IH-NMR (500 MHz, CDCl3): 8 = 7.34-7.27 (complex m, 5H, Ar-H), 6.51 (dd, 3Js6 = 5.3 Hz,
8J53 = 1.8 Hz, 1H, H-5), 6.36 (dd, 3Js9 = 11.8 Hz, 3Js7 = 7.2 Hz, 1H, H-8), 5.94 (dd, 3Jog =
11.8 Hz, “Jg7 = 1.4 Hz, 1H, H-9), 5.72 (ddd, 3J7s = 7.2 Hz, 3J76 = 2.8 Hz, *J7,9 = 1.4 Hz, 1H,
H-7), 5.31 (qd, 3J2.1 = 6.6 Hz, )23 = 2.3 Hz, 1H, H-2), 4.59 (d, 2Jas = 11.8 Hz, 1H, PhCH;-
A), 453 (d, 2Js A = 11.9 Hz, 1H, PhCH,-B), 4.22 (m, 1H, H-3), 4.18 (dd, 3Js5 = 5.2 Hz, 3Js 7 =
3.0 Hz, 1H, H-6), 4.14 (q, 3J1112 = 7.1 Hz, 2H, H-11), 3.04 (s, 3H, SO,CH3), 1.57 (d, 3J12 = 6.5
Hz, 3H, H-1), 1.28 (t, 2J1211 = 7.1 Hz, 3H, H-12); 3C-NMR (125 MHz, CDCls): 8¢ = 165.5
(C, C-10), 145.3 (CH, C-8), 137.6 (C, Ar), 129.7 (CH, C-5), 128.4 (C, Ar), 128.0 (C, Ar), 127.9
(C, Ar), 123.5 (C, C-4), 121.3 (CH, C-9), 78.4 (CH, C-3), 78.2 (CH, C-2), 71.8 (CH2, PhCH>),
71.6 (CH, C-6), 71.3 (CH, C-7), 60.5 (CH2, C-11), 38.9 (CH3, SO,CHg), 18.3 (CH3, C-1), 14.1
(CHs, C-12); HRMS: m/z CaoH2sBrO7SH* [M+H"] calc. 489.0577, found 489.0589, A 2.25
ppm.
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4.3 Characterisation data for described by-products

(1R,4R,5R,6R)-6-(benzyloxy)-8-bromo-2,9-dioxabicyclo[3.3.1]non-7-en-4-ol (89)

HO/,'S .

BnO™ 4 =

IH-NMR (500 MHz, CDCls): 84 = 7.39 — 7.30 (complex m, 5H, Ar-H), 6.53 (d, 3J34 = 2.4 Hz,
1H, H-3), 5.21 (s, 1H, H-1), 4.65 (d, 2Jap = 11.7 Hz, 1H, PhCH,-A), 4.57 (d, 2Jsa = 11.7 Hz,
1H, PhCH2-B), 4.48 (dd, %Ja5 = 6.9 Hz, %J43 = 2.5 Hz, 1H, H-4), 4.23 (dd, 2J7a78 = 12.9 Hz,
8376 = 1.8 Hz, 1H, H-7A), 4.19 (m, 1H, H-5), 3.86 (d, 2J787a = 12.7 Hz, 1H, H-7B), 3.84 (m,
1H, H-6); 3C-NMR (125 MHz, CDCls): 8¢ = 136.9 (C, Ar), 131.4 (CH, C-3), 128.7 (CH, Ar),
128.3 (CH, Ar), 127.8 (CH, Ar), 117.4 (C, C-2), 93.7 (CH, C-1), 72.9 (CH, C-5), 72.6 (CH, C-
4), 71.8 (CH2, PhCHy), 63.7 (CH3, C-7), 63.1 (CH, C-6); HRMS: (C14H15BrO4NHs* [M+NH4"]
calc. 344.0492, found 344.0480, A 3.49 ppm).

Ethyl (E)-3-((2R,3R)-6-acetyl-3-(benzyloxy)-5-bromo-3,4-dihydro-2H-pyran-2-
ylacrylate (E-91)

IH-NMR (500 MHz, CDCl3): 8y = 7.36-7.30 (complex m, 5H, Ar-H), 6.95 (dd, 3Jso = 15.8
Hz, 3Js7 = 4.1 Hz, 1H, H-8), 6.11 (d, 3Jo s = 15.7 Hz, 1H, H-9), 4.68 (complex m, 2H, PhCH>-
A, H-7), 454 (d, 2Jg,a = 12.4 Hz, 1H, PhCH-B), 4.25 (q, 3J11,12 = 7.1 Hz, 2H, H-11), 3.86 (m,
1H, H-6), 2.84 (dd, 2Jsase = 18.5 Hz, 3Jsas = 5.1 Hz, 1H, H-5A), 2.72 (dd, 2Jsg5a = 18.6 Hz,
3356 = 4.8 Hz, 1H, H-5B), 2.38 (s, 3H, H-1), 1.33 (t, 3J12.11 = 7.1 Hz, 3H, H-12); HRMS: m/z
C19H21BrOsH* [M+H] calc. 409.0645, found 409.0641, A 0.98 ppm.
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Ethyl (2)-3-((2R,3R)-6-acetyl-3-(benzyloxy)-5-bromo-3,4-dihydro-2H-pyran-2-
yDacrylate (Z-91)

'H-NMR (500 MHz, CDClz): 64 = 7.34-7.28 (complex m, 5H, Ar-H), 6.48 (m, 1H, H-8), 5.90
(d, 3Jog = 10.7 Hz, 1H, H-9), 5.44 (d, 3J75 = 7.7 Hz, 1H, H-7), 4.65 (d, 2Jag = 14.2 Hz, 1H,
PhCHz-A), 4.47 (d, 2sa = 14.1 Hz, 1H, PhCH.-B), 4.13 (q, 3J11.12 = 7.1 Hz, 2H, H-11), 4.06
(apparent s, 1H, H-6), 2.91 (d, 2Jsass = 18.7 Hz, 1H, H-5A), 2.75 (d, 2Jsg 5 = 18.8 Hz, 1H, H-
5B), 1.27 (t, 31211 = 7.1 Hz, 3H, H-12); HRMS: m/z C19H21BrOsH* [M+H"] calc. 409.0645,
found 409.0647, A 0.49 ppm.

Ethyl (R,2)-3-(6-acetyl-3-(benzyloxy)-5-bromo-3,4-dihydro-2H-pyran-2-
ylidene)propanoate (92)

IH-NMR (500 MHz, CDCl3): &y = 7.37-7.30 (complex m, 5H, Ar-H), 5.06 (t, 3Js0 = 7.0 Hz,
1H, H-8), 4.67 (d, 2Jas = 12.4 Hz, 1H, PhCHz-A), 4.47 (d, 2Jg,a = 12.4 Hz, 1H, PhCH-B),
4.19 (g, 311,12 = 7.1 Hz, 2H, H-11), 4.03 (dd, 3Js 5 = 4.4 Hz, J58 = 3.1 Hz, 1H, H-6), 3.28
(dd, 2Joaes = 17.9 Hz, 3Joas = 7.0 Hz, 1H, H-9A), 3.24 (dd, 2Jos.a = 17.9 Hz, 3Jog s = 7.2 Hz,
1H, H-9B), 2.96 (dd, 2Jsass = 18.6 Hz, 3Jsa6 = 4.5 Hz, 1H, H-5A), 2.87 (dd, 2Jsg5a = 18.4 Hz,
3Jsg.6 = 3.0 Hz, 1H, H-5B), 2.39 (s, 3H, H-1), 1.29 (t, 3J1211 = 7.2 ppm, 3H, H-12); HRMS: m/z
C1gH21BrOsH* [M+H"] calc. 409.0645, found 409.0655, A 0.2.44 ppm.
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5. Appendix
5.1 'H-NMR and 3C-NMR spectra for described compounds
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5.2 HRMS of selected compounds
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