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Abstract

Towards the synthesis of anthecularin and anthecotigdes
Eric P. A Talbot D. Phil.
St Peter’s College, Oxford 2011

The work presented in this thesis mainly descrities discovery and development of
methodology for the synthesis of anthecularin anthecotulides, a family of unusual

sesquiterpene lactones.
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Firstly, two 1,3-dipolar cycloaddition approachesvard anthecularin have been evaluated,
using either oxidopyrylium ylide chemistry?@th A or carbonyl ylides, generated by
rhodium-catalysed decomposition of diazo ketoriesl{ B. Synthesis of the key precursor

for the diazo strategy was achieved but unfortupate desired cycloadduct was isolated.
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Secondly, an experimentally straightforward method stereoselectively synthesige
hydroxymethyle-methyleney-butyrolactones was developed using chromium oc.Zithe

synthetic utility of this methodology was demonttdh in syntheses of (¥)-




methylenolactocin, (x)-hydroxymatairesinol and,raltely, (x)-hydroxyanthecotulide using

a gold-catalysed Meyer-Schuster rearrangement.
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Finally, the first asymmetric synthesis of (+)-agttbtulide has been achieved, in 6 steps from
commercially available materials. During this sydis the absolute configuration was
established. Furthermore, a novel rhodium-catalyseshantioselective ene-yne

cycloisomerisation was used to form thenethyleney-butyrolactone core.
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Stereochemistry

Throughout this thesis relative stereochemistry kel represented by uniform lines, whereas

absolute stereochemistry will be represented bgreplines.
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Chapter 1. Introduction

This thesis describes the discovery and developraEmethodology for the synthesis of
anthecularin and anthecotulideba family of unusual sesquiterpene lactones (Fidutethe
relative and absolute stereochemistry of theseraagroducts are drawn as originally
proposed in the Iit>9. This introduction gives brief background on sésgpene lactones
(SLs), followed by a more detailed introduction anthecularin and anthecotulides; their

bioactivity and their proposed biosynthesis.
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anthecularin hydroxyanthecotulide acetoxyanthecotulide anthecotulide
(originally proposed (originally proposed
structure (3S, 4R)) structure (3S, 4R))

Figure 1.1 Anthecularin and anthecotulides.
1.1 Sesquiterpene lactones
SLs constitute a large and varied group of biolalijcactive compoundghat are found in a
number of plant families such #scanthaceagAnacardiaceagApiaceae Euphorbiaceag
Lauraceage Magnoliaceag Menispermaceage Rutaceae, Winteracea@and Hepatideae
Sesquiterpene lactones are a class of naturallyrioeg plant terpenoids that represent a
diverse and unique class of natural products aednaportant constituents of essential oils.
They are typically biosynthesised by head-to-tahaensation of 3 isoprene units followed
by cyclisation and oxidative transformations todueecis- or transfused lactones (Scheme

1.1).
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Scheme 1.Formation of sesquiterpene lactones from isopusniis.
These compounds tend to be classified by theirocgddic skeletons into pseudoguainolides,
guaianolides, germanocranolides, eudesmanolideBanpelides and hyptocretenolides
(Figure 1.2). However, SLs are found to have aetgrof other skeletal arrangements.
Different plant species generally produce SLs & skeletal type concentrated in leaves and

flower heads.

T S
R R K

Figure 1.2 Skeletal composition of some sesquiterpene lastoAe Germacranolide$:
Heliangolides C+D: Guaianolides E: PseudoguaianolidesF: Hypocretenolides G:
Eudesmanolides.

A common feature found in a number of SLs iglactone ring containing, in several cases,
an a-methylene group (Figure 1.3). Other commonly emtexed modifications are the

incorporation of hydroxyl or esterified hydroxylagips and epoxide rings. A small number of

SLs occur in glycoside form, some containing hatogesulfur atoms.
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Figure 1.3 Biodiversity ofsesquiterpenes lactones.

1.2. Biological activity of sesquiterpene lactones

The wide selection of SL chemical structures isrongd in the diversity of their biological
activities® Compounds that have cytotoxic, anti-tumourgeniti-Bacterial and anti-fungal
properties have all been identified. A number of Site known to be toxic to human and
animal parasites, insects and vertebrates. Manthefe compounds, or plants containing
them, cause allergic contact dermatitis in humagspie the fact that some of them have
been used for their pharmacological activity. Sls® act as plant growth regulators and are
responsible for the allelopathic properties of makants. The variety of activities displayed
by SLs suggests their significance in the evolutbmplants as deterrents against herbivores
and anti-fungal or anti-bacterial allelopathic aigehe majority of SLs have been shown to
exhibit cytotoxic activity, with studies showingathsome cytotoxic SLs react with thiols,
such as cystiene residues in proteins, by a rapahdél-type addition. These additions are
chemically controlled by the,p-unsaturated carbonyl system present in the SLes@&h
studies are in accordance with the theory that Bibsbit tumour growth by selective
alkylation of growth regulatory biological macromolles such as key enzymes, which

control cell division and therefore inhibit a numlazé cell functions, which forces the cell




into apoptosis. It is reasonable to believe thatdiffering activity of specific SLs could be
rationalised by differing numbers of alkylating ugttural features. However, other factors
such as lipophilicity, molecular geometry and cheahenvironment, or the target sulfhydryl

could also play a role in the activity of SLs.

1.3. Introduction of anthecotulides and antheculam

00 ° 0 61[,'/ ¢

OH

(1) 2 (&) )

anthecularin hydroxyanthecotulide acetoxyanthecotulide anthecotulide

Figure 1.4 Anthecularin {) and anthecotulides (top) and picture of Gre&hkthemis
auriculata (bottom).

« Anthecularin ), reported in 2007 js an optically active minor sesquiterpene lactone
with a novel ring system, isolated from the Gréekhemis auriculatgAsteraceae, Figure
1.4). Its structure was deduced by NMR, HRMS anch)¢rystallography. However, due to
the small amounts isolated (1.5 mg), the absoloiéiguration could not be determined
» Hydroxyanthecotulide2) and acetoxyanthecotulid®)( reported in 2006, are optically
active irregular lineasesquiterpene lactones isolated from the Gresthemis auriculatd
The structure ofq) and @) were determined by high field NMR analysis. NO&d&s show
interactions between H-3/H-15b and H-4/H-15b, iatitg that these protons have the same
orientation (Figure 1.5). The absolute configunatat the secondary hydroxyl centre was

assigned using Mosher's methb@espite the fact that both diastereoisomers aemir(in




error) in the isolation papé@figure 1.5), we believe that the configuratiortted stereocentre
on the ring can be reasonably deduced from an >&tragture of the biosynthetically related
product anthecularinlj (see Section 1.4, below). In an attempt to gfattiis situation, both

diastereoisomers were targeted.

o)
H,, o)
= z
o OR
(4R, 35) 4s, 35)
Structure in the Mosher Ester study Structure in Chemical Abstracts

(proposed structure)

Figure 1.5 Structures shown in the isolation paper of hydramgl acetoxyanthecotulide.

» Optically active anthecotulidet), also present in Greeknthemis auriculatawas
first isolated in 1969 fromAnthemis cotulal. (stinking chamomile$® The structure of
anthecotulide4) was assigned from NMR spectroscépirhe absolute stereochemistry was
unknown at the beginning of the projéct.
1.4. Biosynthesis of anthecotulides and antheculari
The biosynthetic origin of anthecularib) @nd anthecotulides (Scheme 1.2) has been of great
interest in the scientific community due to themque structures. A biosynthetic origin of

anthecotulide 4) has been proposed by van Klimk al®®

Feeding studies with various
isotopically labeled glucose precursors itocotulaand a deuterium-labeling experiment
indicated that the isoprene building blocks 4f &re formed exclusively via head-to-middle
coupling of geranyl diphosphate (GPP) and dimetlylaliphosphate (DMMAP). The
existence of anthecularinl)( with anthecotulide 4) and its oxygenated derivatives
hydroxyanthecotulide2j and acetoxyanthecotulid8)(in Anthemisauriculata™® suggest the

likelihood of a biosynthetic relationship. A biogkrtic relationship between anthecotulides

and anthecularin 1f has been proposed by Tadsémi@nd co-workers in which




hydroxyanthecotulide?) is derived from anthecotulidd)(via oxidation. 2) can interconvert
to 15via double bond migration. Intermedidi®& could then tautomerise via a [1,5]-hydrogen
shift to 16, which yields the complex polycyclic core framewaf 17 through a keyende
Diels-Alder cycloaddition. Anthecularifl) could be considered as arising by formation of
the cyclic ether bridge by \& substitution of the stabilisedbis-allylic carbocation
intermediatel8, itself formed through loss of water from interrnsed17.

oPP | — PP
Y\/OPP + Y\/OPP — \m/\/ + IOPP Y\/Y\i/o
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(absolute stereochemistry proposed)

15 16

l [4+2]
. OH
SegP
H W P E— H o
fo) o] o (o]
0 (o] (0]
17

anthecularin (1) -

(absolute stereochemistry proposed)

Scheme 1.2Proposed biosynthetic pathways to and betweereeothlides and anthecularin
(1).
1.5. Biological activity of anthecularin and antheotulides
« Anthecularin {) showed antitrypanosomal @€=10.1 pg/mL; Table 1.2Y and

antiplasmodial activity (16 = 23.3ug/mL; Table 1.2 and inhibition of two key enzymes




in the plasmodial type Il fatty acid biosynthesethway, PfFabl (I6 = 14 pg/mL; Table
1.2) and PfFabG (1§ = 28.3ug/mL; Table 1.2)? The inhibition of this biosynthesis is one
of the most promising targets that has emerged fthm recently available genome
sequencing oplasmodium falciparumthe parasite responsible for malaria. Fatty aeids
essential to parasite survival because of the& imimembrane structure, energy production,
and their successful invasion of the host cellse Shructure of theplasmodiumfatty acid
synthase (PfFAS) differs radically from human fa#tgid synthase FAS, which is a large
multifunctional polypeptide, composed of distinchzgme domains. These structural
differences underpin the strategy for the develagnoé new antimalarial agents, which are
selectively toxic to the parasite.

« Anthecotulide 4) showed moderate antibacterial (Table *1ntimalarial (Table
1.2)}? trypanocidal and leishmanicidal activity (Tabl&8)f! and has been shown to inhibit
the activation pathway of the transcription fadif-kB which regulates pro-inflammatory
mediators (cytokines, nitric oxide, prostaglandifis)

« Hydroxyanthecotulide2) demonstrated the best antibacterial actifity the family,
but also antimalarial (Table 1.1 trypanocidal (Table 1.2} and leishmanicidal activity
(Table 1.3)*

« Acetoxyanthecotulide3j showed low antibacterial (Table 1F)antimalarial (Table
1.2)}? trypanocidal and leishmanicidal activity (Tabl&)I! For this sesquiterpene family,

the presence of the acetate group appears to datadhiological activity.




Antibacterial activities minimum inhibitory conceations (MICs) of Compound (2) (4) (uM)

Escherichia| Proteug  Agrobacterium Pseudomgnas ©&smuds| Salmonella Staphylococcus Micrococgus — Safcin
Coli mirabilis tumefaciens aeruginosg tolaasii atiths Aureus luteus lutea
4 101 202 101 202 202 202 101 101 5]
2 189 189 94.7 189 189 189 47 94.7 47
3 81.7 163.4 81.7 163.4 163.4 163.4 81.7 81.7 40.8
Streptomycin 68.6 137.2 68.6 137.2 137.2 34.3 34.3] 343
Bifonazole

Table 1.1Antibacterial activities. Igg and MIC values are in mg/ml.

- Enzyme inhibitory, antimalarial, antimycobactedald antibacterial activities of (1) — (4)
Compound PfFab PfFabG PfFabz MtFabl EcFab]| P. falciparum ubkrcolis E Coli
ICs¢ 1Cs¢ 1Cs¢ 1Cs¢ 1Cs¢ 1Cs¢ MIC MIC
4 100 101 202 202 202 4 20.2 25
3 20 75 >50 >50 >50 2 128 51.8
2 25 50 >50 >75 >50 5.1 119.3 25.8
1 14 28.3 > 50 n. t n. t 23.3 n.t n.t
Triclosan 0.014
Artemisinin 0.0022
Rifampicin 0.06
Streptomycin 68.6

Table 1.2Enzyme inhibitory, antimalarial, antimycobacteraald antibacterial activities. All
ICs0 and MIC values are in mg/ml. (n.t : not tested tlukdw quantities available).

Trypanocidal, leismanicidal and cytotoxic activatief (1) — (4).

Compound T. b.rhodesiense T. cruzi L. donovani L6 cells
standard 0.004 (melarsopro])  0.22 (benznidazgle)11 (niltefosine)| 0.005 (podophyllotoxin
4 4.11 (1.3) 18.05 (0.3) 8.18 (0.6) 5.14
3 0.56 (6.5) 5.72 (0.6) 5.27 (1.1) 3.63
2 12.11 (3.2) > 30 12.5 (3.1) 38.3
1 10.1 n. t n. t > 90

Table 1.3 Trypanocidal, leismanicidal and cytotoxic actiegti Selectivity indices (SI) are
shown in brackets (SI: g L6 cells/IG, parasite). All 1G, values are in mg/ml and

selectivity indices of the compounds are shownareptheses; (n.t : not tested).
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Chapter 2. Toward the synthesis of anthecularin

This chapter details the two different synthetiprajaches for the synthesis of anthecularin

(1), using a diazo and an oxidopyrylium strategy.

2.1 Introduction and key step

o
(0]

anthecularin (1)

|

O ome O ome 0 o
74 OMe OMe
nco” O & @. or . —
c . . .
z o oxidopyrylium o o diazo
o o (o]
22 via 19 20 via
0 21
OMe O o
/_\@_l-Ome )
@ ®
=5 9
o
(0] = f0)
o o
23 24

Scheme 2.1Intramolecular carbonyl-ylide cycloaddition stigyeo anthecularin.

The key step of our projected synthesis of antlaituluses a carbonyl-ylide formation-
intramolecular cycloaddition to create the entmanfework, including all 4 stereocentres of
anthecularin), in a single step (Scheme 2.1). The resultindoagtduct19 or 20 could then
be simultaneously manipulated (e.g. at both ketoriasmethylation of bis enolates or
enamines for cycloaddu@0) to generate the methylcycloalkene functionalipwever, it
was recognised that separate manipulation of thenke should also be possible and
potentially desirable in projected structure-atyivielationship studies. To synthesise the

substrate for the key step, 2 principal strategiese envisaged. These are based on




oxidopyrylium ylide chemistry (see below), or camlgb ylides generated by rhodium-
catalysed decomposition of diazo ketones (Sectidnd219).

2.2 First strategy

2.2.1 Introduction of the oxidopyrylium strategy

Among the various types of cycloadditions, dipaigcloadditions of oxidopyrylium species
and related carbonyl ylides have proved to be aepfmlvmethodology for the synthesis of
diverse molecular architectures which are not etteer readily availablé? Oxidopyryliums
can be generated from epoxyindano@Bsacetoxypyranone®6 or f-hydroxy+y-pyrones27

(Scheme 2.2).

acetoxypyranones 26
(o]
Rz
I (o}
epoxyindanones 25 AcO R4 B-hydroxy-y-pyrones 27

fo) (o]
base OR
R, or heating |
o R NO” R,

R1 \
h

v or

heating heating

oxidopyrylium 28

Scheme 2.ZRoutes to oxidopyryliums.
In my case, | decided to investigate the synthedisthe oxidopyrylium from the
acetoxypyranon&€6. Many intramolecular and intermolecular exampléscarbonyl-ylide
cycloadditions using acetoxypyranones are knbtvs reported by Williamet al. (Scheme
2.3)® the dimethoxy acetal of acetoxypyranone appearde tan excellent precursor for the
synthesis of bridged ethers of bicyclo[5.4.0]Jundesaalso present in antheculart). (I

hoped to use the same strategy for my synthesis.
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AcCl / pyridine

Me o O OMe
9 =Y ome 0°C,1h OMe
:
| o then DBU
o rt, 16 h
H
83 -93%
29 30

Scheme 2.3 ormation of bicyclo[5.4.0]undecanes by Williams.
In my synthetic plan (Scheme 2.4), furylcarbin®lstreated with an oxidising agent such as
m-CPBA or t-BuO,H™ followed by acetylation would form acetoxypyrano®2 Basic
treatment or heating could hopefully generate @rdanyl ylide23 (Scheme 2.1). Ylid@3

can then be trapped with suitable dipolarophilehsas the butenolide to fori®.

0 MeO

| MeQ ome _ ed O MeO yllde formation
2) acetylation

31
Scheme 2.0xydopyrylium synthetlc scheme.

Butenolide functionality has already been employesda dipolarophile in this type of

intramolecular cycloaddition, in the synthesis-Eintricarene 83) (Scheme 2.5%°

wlly X

—»
N DMSO
140°C,16 h
(o)
5 26%
32 (33)

Scheme 2.XKey step for the synthesis of (+)-intracare®@) py Trauner®
Despite its widespread use in organic synthesigmaeetric examples have to date been
limited to diastereoselective variafitswith only one very recent (late 2011) catalytic
enantioselective method having been developed ¢tnb3an using a urea-type organocatalyst

(Scheme 2.6)’
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Ph
cat.1and 2 1 JSL
o A~°  (15mol % each) 0 cat. NH O NHY
AcOH 3 Ph NH,
o” © Toluene
Mes[ T arotuene S cFs o5,
cat. 2 S
72%, 92% ee /@ I @
34 35 CF; NH “NH CF;
Scheme 2.6An enantioselective oxidopyrylium-based [5 + 2¢loaddition’’
2.2.2 Retrosynthesis

The synthesis ofi-hydroxyl-methylfuran31 can be envisaged as shown in the following

synthetic (Scheme 2.7):

cross-metathesis /

MeO OMe isomerisation MeO OMe ’
M . 0 —» 0
OH (o]

OH (o)
36 37 381
oxidation
¢
j \MeO OMe S 07 Nmy MeO_ OMe %o
(o}
OH o (I) o

31 39
Scheme 2. Proposed synthetic pathway3ik
Cross-metathesis and isomerisatmn?2,2-dimethoxy-hex-5-en-1-a6 with 3-methylene-
dihydrofuran-2-one37 would generate butenolid88. Oxidation of primary alcohoB8

followed by reaction with metalated furan would geatea-hydroxyl-methylfurar31.
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2.2.3 Synthesis oé-hydroxyl-acetal

To synthesisea-hydroxyl-acetal 31, diol 40 was used as starting material. Selective
monoprotection using TBSEY, followed by oxidation with TPAP gave-silyloxymethyl-
ketone42in 83% yield (Scheme 2.8).

OH TBSCI cat.TPAP (10 mol %)

imidazole OH NMO 0
DMF
HO ,15n TBSO ?tH12 2 Iﬁ TBSO
40 a1 83% 42

(over 2 steps)

Scheme 2.8ynthesis ofi-silyloxylmetyl-ketone42.
Protection of the ketone as a ketal was found tleée straightfoward. On first attemptath
A, Scheme 2.9), the TBS protecting group did not senand the primary alcoh@6 was
isolated in 30% vyield. Using less acid catalyst aadition of trimethyl orthoformate in

excess Path B Scheme 2.9) gave 26% of the desired acéBalstill in the presence of
deprotected acet86in 59%.

(MeO);CH (1.5 equiv.) MeO OMe
cat. p-TSA (10 mol %)

= Path A
MeOH
Q rt,7h HO
HW 36, 30%
TBSO (MeO);CH (4 equiv.)  MeQ_OMe MeQ_OMe
cat. p-TSA (5 mol %) M . M Path B
42 MeOH HO TBSO
rt,7h
36, 59% 43, 26%

Scheme 2.Bynthesis ofi-silyloxylmetyl-acetad 3.
Having in mind that protecting the primary alcolaauld possibly be useful during the cross-
metathesis step (Scheme 2.7, p. 12), | decidenviestigate a more robust protecting group
such as TBDP&’ Pleasingly, using the same conditiopsith B Scheme 2.9), the desired

acetald6 was obtained over 3 steps in good overall yielch€gne 2.10).
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TBDPSCI cat. TPAP .
(10 mol %) (MeO);CH (4 equiv.)

Et;N
OH 3 OH o cat. p-TSA (5 mol %) MeO  OMe
NMO g °.
CH,CI, CH,CI, MeOH TBDPSO
HO it 3n. TBDPSO rt igf TBDPSO t, 24 h
40 44 73% 45 76% 46
(over 2 steps)

Scheme 2.1(®ynthesis of acetd6.
2.2.4 Cross-Metathesis
In 2007, Howefi®® and Coss¥® simultaneously published methodology for crossathessis
of 3-methylene-dihydrofuran-2-one4®) with simple alkenes (Scheme 2.1Different
catalysts were studied for this cross-metathesistien, such as Grubbs B® and Grubbs-
Hoveyda 49). Under classic metathesis conditions (cross-psstrcross-metathesis catalyst
and solvent), isomerisation of methylene lactdiaevas the sole reaction pathway observed
(Path A Scheme 2.11). There are a variety of possibléaeggions for this undesirable olefin
isomerisation in the presence of ruthenium-basexfinolmetathesis catalysts but it is
generally accepted that during metathesis a byymtagiight be responsible for the formation
of a ruthenium hydride compléx;the latter could be responsible for the isomensat
Electron-deficient benzoquinones such5&shave been identified as efficient additives for

preventing isomerisation in this ca<@.
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cross-metathesis |
o) catalyst o}
—_—
Patna Ry~ + /l/i\«

o) 100% [o}
47 48
o cross-metathesis o
catalyst E
Path B Rs\/ + —_ .x. > Ry Y
o) additive [o}
47
cross-metathesis catalysts: additive
Mes’N N. Mes/N/\\ Mes’N
cl \]/ Mes YN\M \]/
CIoRu= Cl\J es Cl~py,
cl- | Ua C|/ —
Ph
\r PCys \(
Grubbs-Hoveyda (49) Grubbs 11 (50) Grela (51) 52

Scheme 2.1LCross-metathesis of methylene lactdiieand isomerisation problem.

| decided to investigate the cross-metathesis ad#tal36 made previously (Scheme 2.9, p.
13). Using acetal36 under standard conditions (Grubbs 1I: 5 mol % aBdb-
dichlorobenzoquinone: 0.1 equiv.) gave the isoméos product48 as the only product
(Scheme 2.12, Equation 1). The free hydroxyl mayeh@acted with the electron-deficient
benzoquinon&2in a 1,4-addition fashion. Themhydroxylsilylaceta6 was used under the
same conditions (Scheme 2.12, Equation 2). A largeunt of starting material and dints
(ratio: 3/1) was found, but no trace of the despaatluct54. On switching to Grela’s catalyst
(5 mol %)?*65% of desired lacton®4 was isolated after 16 h under refldd(§ 6.67,J =
6.9, 2.9 Hz, CH=, assumed to Beby analogy with previous wofR. After 32 h, 72% of the
desired producb4 was isolated. The yield under the same conditibos,using microwave
heating (300 W, 106C, 3 h) was not improved (40%). The cross-metashesis also
examined on keton45 (Scheme 2.12, Equation 3). This cross-metathesssaxpected to be
difficult, as the cross partnerhydroxylsilyl-ketone45 could form a complex such &3 with
the rutheniunf® The same conditions (Grela’s catalyst: 5 mol %Y)eganly recovery of

starting material5. Using 30 mol % of Ti(OiPg) as proposed by Firstner for related
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systems? gave exclusivelyl8. The acetal functionality appears to play an irtautrrole in

the success of the present cross-metathesis.

cross-metathesis
MeO, OMe catalyst MeO_ OMe o] | o
1) =

addmve 52 HO H o o

CH.Cl, s

TBDPSO CH.CI TBDPSO H o TBDPSO MeO OMe 65%, 72% brsm
PP
54 55

cross-metathesis .
MeO °'V'e _catayst  MeO, OMe MeQ OMe TBDPSO Grela's catalyst (5 mol %)
2) g o] + M benzoquinone 52 (0.1 equiv.)
addmve 52 reflux, 32 h

o cross-metathesis o Ru
o) catalyst o
@ ’)J\/\/ + % Z 0 I
additive 52
TBDPSO o CHCI TBDPSO o TBDPSO 57
45 47 2 56

Scheme 2.1Zross-metathesis between alk@6e46 and45 with 3-methylene-
dihydrofuran-2-one4?).
2.2.5 Isomerisation
Having successfully achieved cross-metathesis,igbmerisation of methylene lactohd
was investigated (Scheme 2.13).

MeO, OMe isomerisation> MeO_ OMe | o

TBDPSO (o] TBDPSO (o]
54 58

Scheme 2.1RAttempted isomerisation of lactobd.
Typically, RhCk has been used to isomerise this type of lactbiusing 5 mol % of this
catalyst in EtOH at 50 °C (5 min) gave an inseplaratixture of deprotected isomerisgél
(*H & 7.1) and non-isomerised deprotected starting ia®®® (Scheme 2.14). Leaving the
reaction mixture for a longer period of time didtnimprove this ratio (40% o069 by

'H-NMR data analysis of unpurified reaction mixture).
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cat. RhCl.3H,0

MeQ, [OMe 0 (5 et M (U\/\/Q
Z
EtOH

TBDPSO o, 0 5min,60°c TBDPSO 5o TBDPSO

Scheme 2.14Attempted isomerisation with RhClI
With the aim of finding a mild way to isomeri&d, the possibility of forming a ruthenium
hydride species such as that seen in the previmss-tnetathesis step (see Scheme 2.12,
Equation 1) was investigated. At the time (200@r¢hwere few literature exampfésf this
type of reaction. Generally, after the metathesépss an additive such as,#* NaH?'°
NaBH,;,*° MeOH or ethyl vinyl ethe?' is introduced. However, application of either
MeOH (3 drops), ethyl vinyl ether (5 equiv.) or yioxytrimethylsilané*® (5 equiv.), each in
CHCl, at 40 °C, returned only starting material. Pleglsin the use of
vinyloxytrimethylsilane (5 equiv.) in toluene at@2C for 16 h gave 40% of the desired
product58 by 'H-NMR data analysis of unpurified reaction mixtutel ¢ 7.03, CH='H &
4.73, CH-0). Heating at 110 °C for 7 d slightly improvedethatio (2:1) in favour of
butyrolactone58. At the same time, 10 mol % of Pd(OAC)and 10 mol % of
PdChL(MeCN),? were used in refluxing Ci€l,, but only starting materid4 and a trace of
deprotected starting materié® was recovered. An attempt to use a palladium Hedri
species by addition of TMSH (3 equiv.) angNE{1 equiv.) with Pd(OAQ*® gave only
starting material and a trace amount of desiredlygs8. Moreover, during this reaction,
possible hydrogenation of the starting material/@nthe desired product seems to have
occurred (ratio aliphatic proton/methylene protoighkr by 'H-NMR data analysis of
unpurified reaction mixture). Use of the rhodiumdtigle catalyst RhH(CO)(PRR*’ was
examined but, again, mainly starting material weaovered. Despite all efforts, only a small
amount of desired produbB was obtained using catalytic amounts of transitisetals. To
solve the problem, the use of inexpensive metablysts which could be used in

stoichiometric amounts was considered. Fe@C@as been previously used for the
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isomerisation of alkene§.Using 10 mol % of this catalyst and heating ifuxihg toluene
for 14 h generated a small amount of the desiredymt58. A sun lamp was used with the
aim of generating the active species, Fe(C®pth with and without heating. The best
conditions were found to be 2 equiv. of Fe(g®) toluene at 110 °C in the presence of a
sun-lamp for 8 h. This gave 65-75% (isolated yialfl}he desired produ&8 and 20% (by

'H-NMR analysis) of the deprotected (acetal) prodi®iScheme 2.15).

MeO. OM Fe(CO;) (2 equiv.) fo)
e e Lo (COs q ) MeO, OMe I o . o
Toluene
TBDPSO o Sun-lamp (300 W) TBDPSO o} TBDPSO 0

54 110°C, 8 h 58 59
71%

Scheme 2.19somerisation 064 using Fe(CQ)
2.3 First synthesis of anthecularin
While the above isomerisation studies were beirdgtiaken, Pattendest al. published the
first total synthesis of anthecularin, in 15 stépsheme 2.163? Pattenden’s route involves a
related oxidopyrylium strategy, and achieved a 0% 2yield for the key-step. Surprisingly,
the use of aZ-alkene precursor to assist the cycloaddition vian&opic effect was not

beneficial in this case.

(0]
\___O__SnMe;
j\J
64

cat. Pd(OAc),
1 I I cat.Cul
PhS, o) [ AsPh3
K,/\/l — X\ —_— e X\
o) DMF
rt,2h
61 62 63 85%

OAc
N
DBU | o
‘ Toluene
110°C, 1 h o

15-20% yield

18

——
| —



Scheme 2.1@attenden’s total synthesis of (+)-antheculatjf}
Considering the similarity of our route and Pattamd route as well as the poor yield of his
key step, | decided to abandon the oxidopyryliuntecand focused my attention on a diazo
strategy (below), in the hope of synthesising arilain (1) in an asymmetric fashion and
better overall yield.
2.4 Second strategy
2.4.1 Introduction and retrosynthesis
The basis of this strategy is to use a transitietahrcomplex (ultimately a chiral complex) to
catalyse (enantioselective) tandem carbonyl ylidembtior-intramolecular cycloaddition
from diazodiketon@1 (Scheme 2.17° This diazodiketone is anticipitated to form thedgli

24 which could be trapped with a tethered butendidgenerat0.

(o] (o}
: OMO

@ :>:>

1 20 24 21

Scheme 2.1TCarbonyl ylide formationintramolecularcycloaddition.
Carbonyl ylide formationintramolecular or intermolecular cycloadditions vidiazo
substrates have been well documerited’hen we started the project (2008-2009), most
examples were using diazo ketoesters or diazo ketles in the presence of a ketone or, in a
few cases, an ester as the interacting carbonylpgto form the intermediate ylide. To the
best of our knowledge, the use of diazodiketoneglide cycloadditions is rare, only a few

examples have been found in the literature (Schza®)*
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Padwa cat. ha(OAc,,) o
(1988)32a
Benzene

110°C,18 h
68 81% 69

MeO,C———CO,Me
@Y\/U\”)l\/\/ cat. Rhy(OAc),
b bt S
Benzene
110°C, 18 h
70 91% by crude "H-

NMR analysis

cat. Rhy(OAc),

(3 mol %)
Padwa @
(2005)320 Benzene
100°C,1-18h

72a,R=H 73a,R=H, 75%
72b,R = Me 73b, R = Me, 95 %

cat. Rhy(OAc),

o O
o o Q (2 mol %)
Suga + MS42« @ [}
4
(20073 (4) N, 07 CH,Cl,
. o I 40°C,1h MeO
e
74

96%
75

(with (R)-BINIM-4Me-2QN-Ni (10 mol %))
82%, 88% ee

Scheme 2.1&xamples of carbonyl-ylide formation / cycloadalits with diazodiketones.

Previously in the Hodgson group, a catalytic erwmetiective version of the intramolecular
cycloaddition of carbonyl ylides has been develog8dheme 2.19® The asymmetric
process is not completely understood but it seekedylthat the metal stays close to the

ylide, generating the asymmetry.

(1 mol %)
hexanes
O COitBu -15°C,1h O CO,t-Bu

66%, 90% ee
76 77

™ cat. Rh,[(R)-DDBNP], @.

Scheme 2.1Example of enantioselective carbonyl-ylide forraatintramolecular
cycloaddition.
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| aimed to use this earlier work in the field otramolecular cycloadditions of carbonyl

ylides as a basis for the synthesis of anthecularin

2.4.2 Synthesis of 1,3-diketone 78 via an acetylerketone

With the aim of synthesising the key precur@ar(Scheme 2.20), | decided to look for an
efficient way to synthesise a 1,3-diketone such78s Considerable research has been
conducted on methods for the synthesis of 1,3-ditet®™ A classic procedure involves
acylation of a ketone by an ester in the presericancalkoxide bas&. This method has
limited substrate scope, gives only modest to goeldls and requires elevated temperatures.
A current procedure of choice for 1,3-diketone bgsts uses a strong, non-nucleophilic base
such as LDA to preform the required enolate, foddwby addition of the acylating agent,
typically an acid chloridé® Yields generally improve under these conditionsf the
presence of acidic functionality (such as buterlabre) is an issue. The principal idea
behind our synthetic route shown in Scheme 2.20tvagenerate the 1,3-diketone vig-

acetylenic ketones such &g

0 o 9 0 ] TBSO \ I
OWO ﬁ TBSO. (o} 2 ES o)
N, b} o o
21 78 79

Scheme 2.2Miazo retrosynthetic scheme.
A few examples of hydrolysis of simple alkynes present in the literature using transition
metals such as Pd, Pt and ¥un addition to metals, organic compounds such>ases
have also been employed with some degree of su¥tds®e synthesis starts with the
preparation of alkyn85 from commercially available chloropentyr&l) or pentyn-ol 80) in
three steps. Addition of the known iodoalkyB@* with the known lithiated lacton&4™ in
the presence of HMPA gave alkyBB in 86% yield** Oxidation withm-CPBA and thermal

elimination of the sulfoxide intermediate gave thenolide86 in 95% yield (Scheme 2.21).
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PPh;
imidazole I,

//‘\/\
= OH ™ch,c1,
80 rt,5h
91% ="\
_ Nal 82
//\/\Cl
acetone
81 65°C,15h m-CPBA
0 N i
86% | LDA A S o M’ [ | o
THF/HMPA 4 Then Toluene
78°Ctort, 9 h o 0
DA o . 110°C,5h
Y (PhS), A' 92% %
—_— p—
THF S o
o) -78°Ctort,16 h fo)
33 84

65-75%

Scheme 2.28ynthesis of butenolidgs.
Synthesis of alkynon87 was first attempted via a classical approach wingl alkylation of
an alkyne with a lactorf&. Unfortunately, after examining a range of condiiqparameters
varied: temperature-{8 °C, —40°C and (°C), base (LDA or BuLi); protection of the lactone
via TMSether) only starting material and 2,3-diditbted furan 88 (40% and 20%

respectively) were isolated.

\ | o "}?,u,:u HO I N | o 0
S AP —— N ~ _ I3
86 O then |:/§ 87 o
o] 88 22%
Scheme 2.2Attempted synthesise of alkyno@é.

2.4.3 New strategy to alkyne 87
Due to problems with the above strategy, a ranganid alternative conditions were
investigated. Fukuyama and co-workers efficentiytisgsised a range af,p-acetylenic
ketones by Sonogashira cross-coupling of unsatlithieesterd>Therefore, it was decided
to synthesise the novel thioes®@® to test this cross-coupling. DCC esterificationtioé

known acid89** with thiophenol gave the desired thioegt@in 70 % yield (Scheme 2.23).
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PhSH

cat. DMAP
i pee \/\)?\
TBSO — = TBSO
89 rt, 60 h 90

70%
Scheme 2.2%ynthesis of thioest&O0.

Using the modified conditions described by Shetiral (methodology used on a more
complex substrate than Fukuyanfiagross-coupling of alkyn86 with thioester90 gave the

desireda,p-acetylenic keton&8in 85-93% yield with good reproducibility (Schea24).

PdCl,(dppf) (10 mol %)
TFP (25 mol %)

o .
TBSO\/\)LSPh * \\\/\/Qo cul@eqlv) , TESO X | o
DMF / i-PrEt;N

90 86 50°C,6 h 79
92%

Scheme 2.240nogashira cross-coupling.

Following the successful synthesis of alkyt8 hydration was carried out using 4 mol % of
gold/silver catalyst in dioxane/water (5/1 v/v) (Bme 2.25). After stirring for 40 min at rt,
the desired produdt8 was isolated in 50% vyield. After reducing the amsuof water (2-3
equiv.), catalyst (2 mol %) and changing the waopk{gquenching with BN and passing
through Celite®), the desired 1,3-diketon® was obtained in 90% vyield. Diazo transfer of
1,3-diketone 78 using p-acetamidobenzenesulfonyl azide (ABSA) in MeCN gdbe
diazodione91 in excellent yield (95%]° Desilylation in THF/water/AcOH at rt followed by
oxidation with PCC in CkCl, gave the desired aldehy@d in good yield (80% over 2

steps)’

23

——
| —



OH O
NHCAuCI

0 AGSDF, TBSO. X
TBSO T | o (2 mol % each) ﬂ 78 0
Dioxane O OH
o} rt, 40 min | o
TBSO =
91%

79

ABSA| CHCI
EtN | 4P

95%

PCC 0O O
o o o o
NaOA | o
N [ 0 NOAC 6 [ 0 AcOH TBSO\/\)M

CH,CI o
N o 2Ll N o THF/Water N,
2 r,14h 2 r, 15 h
21 80% (over 2 steps) 92 91

Scheme 2.2%5ynthesis of the cycloaddition substraie
2.4.4 Attempted cycloaddition steps
Due to the small amount of diazodiketoB# synthesised, all of the following reactions
discussed were carried out on a 10 mg scale. llgjtiadecided to use cat. RIOAc), (2 mol
%) in CHCI, at rt as a starting point for examining the cyditiion. If the cycloaddition
occurred, it was rationalised that—-NMR signals between-% ppm present in anthecularin
(1) (which could be assigned to protons &8 of the lactone ring) would also be present in

cycloadduc®0 (Scheme 2.24).

o o0
O O Q
o S — — =D
N, H (0] (0]
H © (0]
21 24 20 anthecularin (1)

Scheme 2.24ormation of cycloaddu@o.
After addition of the catalyst, gas (nitrogen) wdsserved evolving over the first 2-3 min.
However after 5 h!H-NMR analysis of the unpurified reaction mixture ealed the
presence of the butenolide functionalitd @ 7.1 and'H & 4.8) with an aldehyde protofH{ 5
10.0), but the absence of starting matefldl. Changing the solvent for toluene, 1,2-
dichloroethane orp-trifluorotoluene at rt or reflux failed to give éhdesired product

(analogous to previouSH-NMR data analysis of unpurified reaction mixturésing a
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different catalyst, such as RBOCOCE)4 (5 mol %) was also unrewarding. Due to problems
with purification (decomposition using silica, baseutral alumina and Fluorisil®) and
scale-up, no product has been isolated. LC-MS sluxvdifferent products, none of which
matched the mass of the desired prod@c{the major peak contains [M+H]515). Due to
these results, | decided to alter the aldehydetimnality for ester such &3 (Scheme 2.27),

in the hope that modifying the cycloaddu@$ would afford anthecularinlj. Previous
unpublished work in the group shows the possilaftgenerating an ylide using an aliphatic

ester’

OMe N,

93

94

95

Scheme 2.2Formation of cycloaddu&5.

2.4.5 Synthesis of precursor 93: oxidopyrylium streegy using aliphatic ester
The synthesis of the desired ester (Scheme 2.28)caugied out using a similar sequence to

our previous strategy.

PhSH

MeOH o socl, 0 Et;N o
[o] —_—
65°C. 15 MeO:C OH —» MeOzC/\)LCI oo > M602C/\)L3Ph
. o 2Cl,
° 100% 78°C,2h 0°Ctort,3h
96 97 98 64% 99

DMF / i-PrEt,N |PdCl(dppf) (10 mol %)

o TFP (25 mol %)
50 C,n4 h Cul (2 eq.)
58% alkyne 86

0 OH ’
o o}
o o ABSA MeOZCM cat. AgSbFe
Et;N 5 mol %
| o 3 1; 101 o ( o) MeO,C N I o
MeO,C MeCN Dioxane/Water
N, o rt,5h OH O S rt, 90 min o
99%  MeO,C X 86% 100

93 le)

Scheme 2.2®iazoester route.
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Ring-opening of succinic anhydrid@q) in refluxing methanol gave acl@l7 in quantitative
yield*® Formation of the acid chlorid@8 followed by thioesterification using thiophenol
gave thioesteQ9 in 64% yield. Subsequent Fukuyama-Sonogashirasarogpling gave
alkyne 100 in 58% vyield. During the hydration step, it wasativered that 5 mol % of
AgSbF; alone was sufficient to generate the 1,3-diketbd® (86%). Finally, diazo transfer
with ABSA gave the diazodion@3 in 99% vyield. Unfortunately, under cycloaddition
conditions previously used (5 mol % RAAc),;, or RB(OCOCR), in CHCI, or toluene),
'H-NMR data analysis of unpurified reaction mixturedigated the presence of the
butenolide and, for the same reasons (difficulifmation and small scale), no cycloadduct

was isolated.

2.4.6 Cycloaddition of simple diazoaldehyde with égrnal dipolarophiles
With the aim of understanding the origin for thesafice of the desired product in the
cycloaddition, simple diazo aldehyd@4 was synthesised and tested for cycloaddition with

external dipolarophiles (Scheme 2.29).

NaH ABSA pPcC P o
EtOH (2 drops) o o ELN o o0 NaOAc O O cycloaddition
O, Acetone 3 o
[;)x:o ____E—?;————” HO\V/»\\/JL\/JL\ ——» HO —— O A A e »
t; MeCN CH,CI, DMAD CO,Me
t, 15 h r,5h Nz t, 14 h Ne MeO,C

23% 72% 61%

83 102 103 104 105

Scheme 2.2%Lycloaddition of diazoaldehyde with external dgrolphiles.
Diketone102 was synthesised in one step from the commercaalfilablea-butyrolactone
(83) and acetone using Detty’s conditidhin 23% vyield (lit. 65%). Diazo transfer with
ABSA gave diazodiond03in 72% yield and subsequent PCC oxidation gavehside104
in 61% yield. 3 mol % of RIEOAC), in toluene at 80C was used as a starting point for
examining the cycloaddition. With DMAD (4 equiv3 the dipolarophile, after 4’H-NMR

data analysis of unpurified reaction mixture showettace amount of the desired product
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105 (*H § 5.3, CH-O). Using CbCl, at reflux or at rt gave the same results. Belig\timat

2ait was decided to ush-

the desired product was not stable during purificabn silica®
phenyl maleimide as the reactive dipolarophile.ngsthe same conditions of refluxing
CH.Cl, gave the cycloadduct in poor yield (5%l & 5.05, CH-OH & 3.5 and 3.9, CH-CO

from N-phenyl maleimide).
cat. Rh,0Ac, 9
6 o (3 mol %) o o isomerisation o9 ~6 ppm
)l\n/ll\/\%o —_—> o | > 0N, eeeeee- » H
N, CH,CI, .tl4 ppm  Hor [e) |

Ox H
40°C,2h @ ~6 ppm ~7 ppm

Scheme 2.3®ossible hydride abstraction following ylide format

Assuming the ylide forms, it is possible that proguresulting from hydrogen-shift are
generated (Scheme 2.38)In an effort to confirm this and isolate the byguct, the
diazodionel04 was slowly added over 1 h to a solution of cata{iR&v,OACc,) in refluxing
CH.Cl, and stirred for 2 h. UnfortunatelyH-NMR data analysis of unpurified reaction
mixture showed no signal between 4 and 6 ppm (predlivalue forl07 and108 Scheme
2.30). Only one signal between 2-3 ppm appeareter Afurification (silica, alumina and
Florisil®), no product could be isolated. It isen¢sting to note that some TLC spots during
this experiment were the same as our previous agldition attempts with the diazodione
and DMAD orN-phenyl maleimide. This suggests that the diazadecomposes or reacts
with itself before reacting with the dipolarophil@ecently (2010), the first intramolecular
ylide formation using an aliphatic aldehyde was lishied®” (Scheme 2.31). This suggests
that the aliphatic aldehyde was not the problemdgemierating a stable ylide from diazo-1,3-

diketones is certainly an issue.
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\\\©:0Me
OH
o o cat. Rhy((S)-TCPTTL),) P

(1 mol %)
OV\)I\I])L otBu CO,tBu
N, CF4CeHs O ole
rt

109 73%, 95% ee 110 OH

Scheme 2.3Example of intramolecular ylide formation usingphhbtic aldehydé?
2.4.7 Synthesis of precursor 117: aromatic oxidopytium strategy.
We considered that an aromatic oxidopyrylium may e stablise the ylide, giving it a long
enough lifetime to form the cycloadduct. Followitlge work of Padwa® | attempted to
form the cycloadduct18 (Scheme 2.32) with the aim of understanding tlaetreity of the
ylide with the butenolide functionality. The synsiee of 118 would also provide a good
opportunity to probe the structure-activity relasbips of anthecularinl). The following
strategy (Scheme 2.32) used a similar sequencédgiabeen used previously. Ring-opening
of phthalic anhydride 1(11) in refluxing MeOH gave 2-(methoxycarbonyl)benzacid
(1122 in quantitative yield. Thioesterification with dcthloride and thiophenol gave the
thioester114 in 70% vyield. Subsequent Fukuyama-Sonogashiras@ogpling gave the
alkyne115in 70% yield. During the hydratation step, AuCIfRPwith AgSbk was used in
MeOH/water at 60C and gave the desired diketdtiEs after acidic work-up in 52% vield.

Finally, diazo transfer with ABSA generated thezdidionell7in 83% yield.
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PhSH

o MeOH CO,Me socl, CO,Me Et;N CO,Me
0 OH CH,CI SPh
reflux, 2 h Cl 2Cl2
65°C,15 h s 2 h
o 100% 0 ) 0% o
11 112 13 14

TFP (25 mol %)

DMF / i-PrEt;N | PdCly(dppf) (10 mol %)
O
50 7(;;/5 h Cul (2 equiv.)
° alkyne 86
W <—Et3N @;/Y\/\d (5 mol % each)
z
o MeOHI ater
5 o | MeCN OH O | o chsh
rt,5h
"7 83% 116 ﬂ 52%
! 115

: CO,Me
v [o]
A \ o)
O OH

Scheme 2.3Diazo route for substratel 7.
Following the procedure of Padw®,diazodionel17 was heated for 1 h or 18 h at &in
benzene with 3 mol % of R{OAC),, but unfortunately no desired product was detebted
'H-NMR data analysis of unpurified reaction mixturenfr either experiment and the same
problem of purification, as previously seen (Seati#4.6, p. 29), occurred. Using 10 mol %
of EuTf; with 5 mol % of RR(OAc), in refluxing CHCl, as used by Suga and co-workéts
(Scheme 2.18, p. 20), gave similarly unrewardinguts as those without a Lewis acid.
Careful reading of Padwa’s publications indicatest there appear to be numerous errors in
the quoted vyields of related cycloadditions, notahlthe yields for cycloadducts (Scheme
2.33). The quoted yield of 75% in fact calculates26%, and the quoted yield of 95%

calculates to 33% (see below).

O O cat. Rhy(OAc),
(3 mol %)
S ™ O‘
N, R R Benzene
[o}

100 °C,1-18 h MeO
MeO
72a,R=H 73a,R=H, 75%
72b, R = Me 73b, R= Me, 95 %

Scheme 2.3ZLycloaddtion of Padwa’s intermediat2a/b.
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With the aim of understanding the reaction andaiaficm the yield, the synthesis @2awas
planned. The cycloaddition precurstiafrom Padwa’s work® was made by a similar route
(Scheme 2.34) used for the precurdd7 (Scheme 2.32). Unfortunately, despite several
attempts, | never managed to obtain the cycloaddBatin the reported yield. My yields
were between 15-24% for cycloaddd@a consistent with what | calculated from Padwa’s
experimental dat¥° Correspondance by enfaiwith Prof. Padwa has been unsuccessful to

solve this problem.

PdCl,(dppf) (10 mol %) 0
PhSH P TFP (25 mol %) AN
j\/\/\ Et,N 0 Z Cul (2 equiv.) Z
ci N —>CH > PhS Xt OMe ——m>» OMe
212 DMF / i-PrEt;N
rt,2h (o) o}
77% 50°C,3h
119 120 121 75% 122
AuCI(PPh;) MeOH/Water
AgSbFg o
(5 mol % 60°C,3h
each) 79%

cat. Rhy(OAc), o Q ABSA o o
Padwa's cycloaddition A Et;N
€ N, - A
Benzene Qﬁn‘:/\/\ rlrl%lcsrt ©flj/\c;::/\/\
0 ]
72a 99% (1it. 2> 98%) 0 23
Scheme 2.346ynthesis of Padwa’s intermediate for cycloadditio
2.5 Summary
During the study of the oxidopyrylium strategy, dve established the viability of using a
cross-metathesis with a more complex alkene cragsigr using Grela’s catalyst and | have
also shown the possibility of using FegCfor the isomerisation ofi-methylene lactones to
butenolides. Using the diazo strategy, | have amed an original, mild approach for the
synthesis of 1,3-diketones using Fukuyama-Sonogashmoss-coupling followed by gold-

catalysed hydration of alkynones in good overalldi | have also shown the difficulty of

& First correspondance September 2009 then Octdlf¥ &t chemap@emory.edu, Prof. Padwa was not able
to reach his previous student to clarify the situat
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forming cyclic carbonyl ylides from diazo-1,3-dikeies. Having arrived at a dead-end for
this ylide cycloaddition approach to anthecularl), ( decided to investigate a new but
related natural product: (+)-hydroxyanthecotulid® (vith the hope of subsequently
achieving a biosynthesis (see Section 1.4, p. 5) afthecularin 1) using

hydroxyanthecotulid€2).
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Chapter 3. Towards the synthesis of hydroxyanthecatide

This chapter details the development of a new nugtlogy for the stereoselective synthesis
of B-hydroxymethyle-methyleney-butyrolactones and its application toward the tfirs

synthesis of (+)-hydroxyanthecotulid®) (

3.1 Introduction and key step
The key step in our projected synthesis of hydrakyecotulide was a novel transition metal
complex-catalysed (enantioselective) C-C bond-fagrstep to directly generate the natural

product in a single operation from achiral ketohige 124 and knowr® bromolactonel 25

o]
Br
(o]
M] 0
YY1 Tp — VYT
(o} o (o] OH
124 125 2

Scheme 3.1C-C bond-forming towards hydroxyanthecotulide

(Scheme 3.1).

The first goal was to develop methodology towardshsmotifs, initially in a racemic
fashion, which require that the key allylic orgaredailic (exchange B+ Met) intermediate

reacts regioselectivity at the more substitutedtjpos(Path A, Scheme 3.2)
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M0 o
I/
| o Path A o)
. —> R
R_M
Y &
Br o o
R__H |
T + [ o—> o
0 o o
N Path B
125 RN o
1 OH
O—m]

Scheme 3.2Possible products during allylation using bromadaetl 25 and aldehydes.
Taking all of the above requirements into consitiena it was considered that an allylic
chromium species would be most suited to addressethchallenge®. Unlike many
organometallics, there are examples of organochnmiwhere potential elimination @f
oxy leaving groups does not occur (i.e. does nanmomise successful C-C bond
formation)>’ Moreover, due to potential co-ordination betweee thetal and the lactone
carbonyl (see previous work,Scheme 3.3), it was anticipated that the interatedallylic
chromium would show high levels of regioselectivéilyd diastereoselectivityia an acyclic
transition state such as P§Scheme 3.3) in couplings with aldehydes, leadintpé relative
anti-stereochemistry required for the natural pobdivloreover, nonbasic organochromiums
typically undergo 1,2- (rather than conjugate) iddiand display exquisite chemoselectivity

for aldehyde over ketone functionalry.
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Br Q cr(l -0 i
. OBt . o OEt | —» OEt
Previous work58 | Rs_H | R
5" R

Br 0 1
H ) 0
Our proposed work M + | o —» — A Z"
0 0 . 0 OH

Y1y
124 125 [0} [0} 2

Scheme 3.3\cyclic transition states based on proposals byakio?
Surprisingly, the general type of allylation ouddhin Scheme 3.3 to give systems containing
diversep-hydroxymethyl-substitution (Path A, Scheme 3h2d not been examined, aside
from the work of Liu and co-workers opsubstituted adducts involving alkyne-derived

molybdenum- or tungstemallyl intermediates (Scheme 3.4; M = Mplor WL,, R =

alkyl).>®

[o]

2 1) NOBF,
2) Nal 6

CP(OC)z[M]/\féO — R
R Ry H OH Rg
6 then
[M] =W or Mo

THF

Scheme 3.4llylation of Liu.*®
3.2 New methodology for synthesis ¢f-(hydroxy)-a-methyleney-butyrolactones
3.2.1 Synthesis of bromolactone 125
At the beginning of our investigation (2010), brdamtone125 had only been previously
made by Marchet al., (Scheme 3.5) in 4 steps, starting with commercialtailabley-

butyrolactone &3).%°° Unfortunately, the last step occurred in poordjiel
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LDA OH

(0] (o] LDA (o] OH O 0
(PhS), _ phs H,CO Nalo, Br, Br
[o) o] > PhS (0] > (o] 0
THF THF MeOH \ CCly \

83 -78°C 84 —78°C to-50°C 126 0°C, 90 min 127 rt, 48 h 125
36% 88% 62% 12%
[My results] [75%] [44%, 63% brsm] [64% using m-CPBA]

Scheme 3.3Vlarch’s work®>®

To begin with, we decided to use exactly the saimeegy as March, with the hope of
finding a way to improve the last step. Having ¢ea&t84 already in hand (See Scheme 2.21,
p. 22), a second alkylation with paraformaldehydeegthe alcohol26 in 44% yield (63%
brsm). Oxidation withm-CPBA and thermal elimination of the sulfoxide gdkie butenolide
127 in 64 % vyield. At this stage, it was decided toytate the alcohol with the aim of
subsequently displacing Via a Finkelstein reactiotdowever, after attempted tosylation no
product was recovered and the mass balance of ifiedysroduct was poor. Elimination of

the tosylate, with BN, via the mechanism shown in Scheme 3.6, couleigea the likely

volatile lactonel29as a possible product.

OH o) TsCl OTs [o)

o]
EtN Et;N
| o —» | o= ]_0

rt,5h
127 128 129

Scheme 3.@2o0ssible elimination during tosylation.
With the aim of producing the bromolacto®25 in large quantities, we envisaged a new
route. Bromination of commercially available (albexpensive; 5 mL for £136 : Aldrich®;
October 2011) unsaturated lacto#@® followed by selective elimination with LiBr and
Li,CO; in DMF®* gave the more thermodynamically stable alk&é®®&in 55% overall yield
involving only one chromatographic purification.i$elimination has been proposed to pass

through a transition state where the base (LiBn)iogeract with thex-carbon as well as the

B-hydrogen (E2C eliminatior’f. Changing the base for an organic one such as DBU,
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changing the solvent to THF increased the formatérby-products observed by TLC

analysis.

LiBr B o

O PhN*Me; Brs Br Li,CO,
i —  »
\l\:4/0 dioxane Br/—sdo DMF %0
rt, 15h 55%

(over 2 steps)
47 130 125

Scheme 3.Alternative synthesis df25

3.2.2 Allylation using bromolactone 125

With bromolactonel25in hand, Barbier-type coupling with benzaldehydeswnvestigated.
As discussed on p. 32-33, allylic chromitinfor zin¢?) intermediates were considered to
have the potential to provide high regio- and steeéectivity in the C—C bond forming step,
together with lactone functional group toleraneeptactise, using the chromium(ll) sources
CrCl,% CrCL/LiAIH 4,°* a catalytic chromium process (Cs®In/TMSCI) ?° zinc with sat. aq
NH,CI in DMF®® and indium in the presence of a Lewis icighve, in all cases, one major

diastereoisomer of methylene lactat®? by *H-NMR data analysis of unpurified reaction

" o]
o M
Ph_H — o)
0
OH
131

mixture (Table 3.1).

125 132
(1.5 equiv.)
. yield of
Entry Conditions 132 dr
1 CrCk in DMF (rt, 15 h) 83% 97:3
2 CrCh/LIAIH 4 in THF (rt, 15 h) 68% 98:2
3 Cat. CrC/Mn/TMSCIA-PrEIN in THF (rt, 15 h) 85% 98:2
4 Zn/trace sat. aq Ni&I in DMF (rt, 15 h) 83% 95:5
5 In/Eu(OTf) in sat. ag NECI (rt, 15 h) 67% 97:3

Table 3.1Metal screening for allylation using bromolactdrih.
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During our preliminary investigation, a Chineseguéf® appeared where the same strategy
had been used for a different natural product =sith (Scheme 3.8).syn
Diastereoselectivity was obtained with zinc in DMirthe same patent, the lactati2zbwas

synthesised via the butyrolactoh27 using PBg in ELO in 77% vyield.

MOMO
MOMO |]\ Br o ”—
R Zn (o]
+ o]
M | DMF H o
o rt, 15 h HO
133 125 134

Scheme 3.&hinese Patent.
We were initially surprised by thgyndiastereoselectivity claimed. Based on our origina
prediction (p 34), thenti- diasterecisomer was expected to be the majoruptodhis
observation can be rationalised if, in the traositstate, the metal does not chelate to the
carbonyl and therefore change the diastereoselkyctna a classic chair transition state

(Scheme 3.9).

Br o ™ WO [o]
K[lfo R._H (‘)\“\ X — R\P\:‘(/o
T ]
125 135 136

Scheme 3.9 ransition state hypothesis.
3.2.3 Scope of zinc allylation using aromatic aldgfdes
Due to the comparative experimental simplicitytod zinc protocol (Table 3.1, entry #),
was decided to evaluate the scope of the allylgirogess with different aromatic aldehydes

under the zinc conditions (Table 3.2).
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Br [o]
9 Zn
Ar. H » o
\g/ + | o trace sat. aq NH,CI, DMF  Ar.

rt, 15 h OH
125
(1.5 equiv.)

Entry aldehyde lactone yield dr
1 ‘O . OO > 79% 991
2 T ° 91%  94:6
3 Qw M 78% 955
Br OH 139
(o]
O/\o
o/‘o o}
4 @w % 73% 90110
OFO OFO o
5 . @Qﬁ“ 74%  90:10
¢ o cl OH 1410
6 ol ]@QVJ 71%  90:10
© OH 142
[e]
7 T > 82%  90:10

[e]

Boc N\ ¢
@J\I« 67%  90:10

OH 144

Table 3.2Scope of allylation using bromolactoh25 with zinc and aromatic aldehydes.

(o)
z
o
I

BnO

The chemistry was found to tolerate electron-rithble 3.2, entries 4 and 6) and -deficient
(Table 3.2, entry 7) aromatic aldehydes, the presai aryl halide (Table 3.2, entries 2, 3
and 5), hydroxyl (Table 3.2, entry 6), cyano (TaBl2 entry 7) and carbamate (Table 3.2,
entry 8) functionality. The stereochemistry of thajor diastereoisomel37 arising from 1-
naphthaldehyde (table 3.2, entry 1) was establilyed-ray crystallographic analysisThis

work supports the provisional diastereoselectigltgerved in the Chinese patent.
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Figure 3.1X-ray structure of lacton&37.°

3.2.4 Application of zinc allylation

To show the potential of this chemistry, we decidecapply the methodology to a small
natural product synthesis. MOM protection of aldot40 (Table 3.2, entryl) gave a MOM
ether of established configuration, which has mresty been converted into the insecticide
phrymarolin 11°% 1,4-additiof® of commercially available boronic ester on the ilian
derived alcoholl42 (Table 3.2, entry 6) resulted in a concise, ptaigogroup-free, synthesis
of the lignan hydroxymatairesinoll46Y° (Scheme 3.10). The excellent control in the
introduction of the new stereocenter is likely daechelation of the alcohol to the rhodium

1455%

® The_crystal structure has been deposited at thebGege Crystalloqzaphic Data Centre and allocated t
deposition number CCDC 817384, availablétgb://www.ccdc.cam.ac.u
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MeO.

MeO.

o [RhC(cod)]; (3 mol %)

HO. Et;N HO i,
0 o
MeO' H,0 / dioxane (1:6) Et
OH pwave, 100 °C, 1 h

Y

. OH
142 85% 146
_ on -
MeO.
H
Rhl’o
HO A\
O
MeO 3
o]
145
Comparison of >C NMR data of (+)-hydroxymatairesinol with previous syntheSis
previous new previous new previous new previous new
179.2 179.3 133.4 133.4 114 114 55.9 55.9
146.8 146.8 129.4 129.5 111.9 111.8 55.8 55.8
146.5 146.5 122.5 122.5 108.2 108.1 45.1 45.1
145.6 145.6 118.8 118.7 75.4 75.3 43.7 43.7
144.4 144.4 114.4 114.4 68.5 68.6 35.1 35.1

Scheme 3.1@®pplication of allylation to (x)-hydroxymatairesih{iL46).

3.2.5 Scope of chromium allylation using unsaturatéand aldehydes

Reduction of diastereoselectivity was observed with-aromatic aldehydes under the zinc
allylation conditions: 83:1dr for 147 (79% yield) with the aliphatic aldehyde docecanal]
55:45 dr for 149 (75% yield) with thea,B-unsaturated aldehyde 3-methylbut-2-éng&bor
such substrates we found that the cat. Cr(Il) doorh (Table 3.3, entry 1 and 3) were more
effective. Moreover excellentrs (98:2 — 99:1) were uniformly observed with diffete
aliphatic aldehydes (Table 3.3), aside fromagltunsaturated aldehyde (Table 3.3, entry 3).

The mild allylation conditions are indicated by thenctional group tolerance of cyano,

¢ After the publication of this work, we decided &investigate the choice of solvent for the zinglation
and found that using THF with trace of sat a _.4I—§)rocedure A’, see experimentale section) wasfestive
asI\AI'DZI)\/IF(Procedure A) for unsaturated and aliphdtietsydes (same diastereoselectivity and yield as séth
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alkenyl iodide and ketone functionality (Table 3eBtries 5-7), and the viability of [&y-
unsaturated aldehydes (Table 3.3, entry 6).

CrCl; (0.1 equiv.)
Mn (3 equiv.)

Br o TMSCI (3 equiv.) 2
. i-Pr,EtN (0.3 equiv.)
RIH %0 BT —— Rﬁj\i°
r,15h OH
125
(1.5 equiv.)
entry aldehyde lactone yield dr
1 7Y e 94% 99:1
OH 147
2 Y > 93% 99:1
OoH 148
[e]
3 Y %jf 550 88:12
OH 149
[o]
4 QVY w 75%  99:1
OH 150
[0}
5 O . b 65% 99:1
OoH 151
1 1 ?
6 o w 56%  98:2
7YY L 0% 991

Table 3.3Scope of the allylation of aliphatic aldehydes gsiat. Cr(Il) conditions.

To confirm the diastereoselectivity with aliphateddehydes, we decided to compare
methylene lacton&47 (Table 3.3, entry 1) with the Ift However, théH and the'*C NMR
data of the lacton&47 were not in accordance with the literature datsin zinc in DMF
afforded the compound as a mixture of diasterecgssn(83:17dr) and surprisingly the
minor diastereoisomer was in concordance with tapound previously described in the
literature™* (see experimentale section p. 133). Looking marefally at the publication, we

found that during the lactonisation step they dtbe/ wrong product (Scheme 3.11). These
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results confirm our diastereoselectivity which e tsame as found with the aromatic

examples earlier.

o 0 correct ?
MeO f‘:/( AcCl, MeOH Meof‘:?\ lactonisation R\%o
AcO g , /OTBS rt, 30 min AcO . w, OH 42% z

E ﬁ OH

154 156

proposed
lactonisation
[o]
R o]

OH

Scheme 3.1Torrection of stereochemistry during the lactoiiseproposed by Cheft.

3.2.6 Translactonisation and synthesis of (£)-metignolactocin (160)

We also examined acid-catalysed translactonisasisna process to isomerise tfie
hydroxymethylene products generated in the aboeenddiry totrans f3,y-disubstitutedo-
methylenebutyrolactones (eXb9 Scheme 3.13). The latter substitution pattefousd in
many natural products (see Figure 1.3, g2#lthough the generation of primary alcohols
from secondary alcohols by this approach has nen Ipeeviously reported, it is known in a
related trans [f,y]-disubstituted a-methylenebutyrolactone that a less-hindered (Me-
substituted) free secondary alcohol is favored286: 75:25) over a more hinderaeP(-

substituted) free secondary alcohol at equilibri@oheme 3.1 5%

o p-TSA o)
(20 mol %)
o = P
CH,Cl, HOH 3
r,4d “
157 158

ratio 158/157: 75/25
Scheme 3.1ZEquilibrium oftransB,y-disubstituedr-methylenebutyrolactone in acidic
conditions.
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Secondary alcohadl48 (Table 3.3, entry 2) was recovered unchanged u$iegeported
conditions(p-TSA, CHCl,, rt, 15 h) for the secondary alcohol equilibratiéqtowever,
reaction with 5%p-TSA in MeOH (60 °C, 15 h) led smoothly to a 4:9&ture in favour

of the knowr® primary alcohol159 (Scheme 3.13), which was cleanly isolated in 84%
yield. The origin of the thermodynamic preference primary alcohol159 may lie in
reduction of destabilisingaucheinteractions present in conformations of the seaond
alcohol 148" Jones oxidatioff of primary alcoholl59 completed a short synthesis of the
naturally occurring antibacterial and antitumoueriy(+)-methylenolactocirl60).”

o]
Pp-TSA (5 mol %)
0
MeOH
60°C,15h

OH
84%

[0} [0}
Jones reagent
—_—

MeOH HO,C*
rt, 5 min

72%
160

148

Comparison of >C NMR data of (+)-methylenolactocini60) with previous synthesis

previous new previous new previous new previous new
174.4 173.5 126.1 125.8 35.8 35.7 22.6, 22.4
168.4 168.1 79.1 78.8 31.5 31.3 14 13.9
132.6 132.4 49.7 49.4 24.6 24.4

Scheme 3.13+)-methylenolactocini60) by translactonisation.

3.3 Synthesis of (£)-hydroxyanthecotulide (2): Firtsstrategy
3.3.1 Synthesis of the ketoaldehyde by allylic oxation

Despite thesyndiastereoselectivity obtained from our methodologg still hoped to use this
methodology to access hydroxyanthecotulide andfygléine relative stereochemistry (see
Section 1.3, p. 4) of this natural product. Accessequired ketoaldehydE26 (Scheme 3.1,
p. 32) was initially planneglia chromate-mediated allylic oxidation of geranyl tate (61)

to give ketonel62 (Scheme 3.14% Although the latter is reported to be very lowlgieg
(~5%), it is direct and the starting material ismeoercially available and inexpensive.

Unfortunately, after attempting the reaction, mangducts were observed by TLC analysis.
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After chromatography'H-NMR analysis of different fractions showed no tradeketone

162 The use of dirhodium(ll) caprolactamate, recentiyorted to catalyse allylic oxidation
of cycloalkeneg® also proved unsuccessful. TLC aftd-NMR data analysis of unpurified
reaction mixture, again indicated many by-produatisich could not be identified (Scheme

3.14).

CH,Cl,
r,18 h
/_Aﬂ
H
OAc  ----» z z
WOAC W S - Y\([)I/Y\([)l/
o
161 H_/ 162

cat. Rhy(cap), (2 mol %)
t-BuOOH
CH,CI,
0° orrt,15h

Scheme 3.14Attempted allylic oxidation of geranyl acetafié).
Another strategy subsequently envisaged was byaivayinylogous self aldol reaction of 3-

methylbut-2-enal163) (Scheme 3.15Y’

Ph’ ; Ph Ph

Pho‘l}l'o
O%n
pr, 164
o (o] THF/Toluene OH (o] (o} (o]
163 163 - 78°C, 15 min 165 124

3%
Scheme 3.1%/inylogous aldol reaction.

3.3.2 Synthesis of the ketoaldehyde by vinylogoutdal reaction

The vinylogous aldol reaction developed by YamarfiBtwas used to access ketoaldehyde

124. Treatment of aldehyd&63 (2.0 equiv.) with a solution of bulky aluminumsif2,6-

diphenylphenoxide) (ATPH64) (2.2 equiv.) in toluene at78 °C under argon was followed

by deprotonation using a THF solution of LDA (1duev.). The reaction mixture was stirred

44

——
| —



for 15 min, then quenched with aqueous 8Hto give, after chromatography on silica gel,
homoallylic alcoholl65in ~30 % yield. Changing the temperature<89 °C and 0 °C), the
reaction time (5 min and 60 min) and solvent rg@4l or 1/2 of THF/Toluene) did not
improve the chemical yield. Unfortunately, attengptexidation of alcoholl65 (using PCC,
PDC, Dess-Martin, TPAP/NMO, MnQ Pfitzner—Moffatt or Swern) gave a mixture BZ
isomers 0f124 (determined byH-NMR data analysis of unpurified reaction mixturatio
E/Z = 4/1; aldehyde proton fdE-isomer: 9.91 ppm and aldehyde proton Zeisomer: 9.76
ppm) and other by-products. Purification of the wnifged product from these attempted
oxidations on silica, Fluorosil® or alumina led decomposition and using the unpurified
mixture for the next step in our proposed synthésagalytic chromium allylation) gave no
product (by'H-NMR data analysis of unpurified reaction mixturB)e to the instability of
aldehydel 24, | decided to protect the alcoH®5and carry this forward in the synthesis (See
Scheme 3.16, below).

3.3.3 Synthesis of acetoxyanthecotulide

Br o)
%o 125
o]
TBSCI cat. CrCl; (5 mol %)
y  Imidazole H Mn, TMSCI 0
M — YY\(\H/ - e a a
OH o DMF OTBS o) THF OTBS OH
rt,5h rt, 16 h
165 70% 166 51% 167
AcCl
Et;N
CHCl, | 52%
rt,5h
o (o]
Dess-Martin
o) reagent TBAF 0
=z = =z
o OAc CHZCIZ THF otBs!  OAc
0°C,2h . 15h
168
75% 60%

Scheme 3.16New strategy via protection and deprotection steps

The sequence shown in Scheme 3.16 was carried itlutonly 100 mg of165 without

optimisation. Protection of alcohdl65 with TBSCI, followed by catalytic chromium
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allylation (5 mol %) gave the desired lactdi& as one diastereocisomer (assumed teyoe
see Section 3.2.5 p. %0t has been observed by Kihihat catalytic Cr-mediated coupling
in the presence of TMSCI does not proceed to camopléor enolisable aldehydes because of
silyl enol ether formation. Therefore, in an attérgpimprove the yield 0167, we decided to
use Zr(CpyCl, which has been found to be a more effective diaiag agent than TMSCI.
Unfortunately, in our case, only 20% of the desiiaxtone was obtained along with several
unknown by-products. Acylation of lactone67 followed by deprotection with TBAF
afforded the acetatd69 Mild oxidation with Dess-Martin reagent gave dyetic syn
acetoxyanthecutolidel70) in 75% yield. There appeared to be some diffegsrin the**C
and'H NMR chemical shifts between synthetic acetoxyaatitolide and the data reported in
the isolation papér(Figure 3.2). To confirm the structure, we attemapto compare our
synthetic material (see Appendix, p. 204-205) wifth original'H and **C NMR spectra.
Unfortunately, after contacting Dr Skaltsa in Geeeonly a copy of théH-NMR spectrum
was received (she was not able to locate the @iigic NMR spectrum); however it proved
difficult to draw conclusive results from this dadae to the clarity of the spectrum (see

Appendix,p. 210).
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and synthetic

Difference of 1H chemical Shift
(ppm) between natural product

Atom no

Difference of 13C chemical Shift (ppm)
between natural product and synthetic

Atom ne

Figure 3.2Comparison betwee'H and**C-NMR spectraof syntheticsyn
acetoxyanthecotulic (170 and natural product.

Dr. Skaltsa also sent us th'®*C and 'H NMR spectra for anthecclide and
hydroxyanthecotulide. We therefi decided to attempt hydrolytic removal of the acgt
group from synthetic acetoxyanthecuto (170). However, acetoxyanthecutolide is v
base sensitive due to the presence of the lactotiéhe two acidica-protons o the3,y-

unsaturated ketonaVe decided tcattempt deacylation using,&0s” in dioxane/water

47

——
| —



(Scheme 3.17). After 6 h, no product was obserwyedlf analysis; only starting material
remained intact. MeOH was added and the reactiotunei was checked after further 3 h
(no sign of decomposition), then left overnight.cDmposition was observed by TLC
analysis and only a trace of starting material whserved with unknown by-products by

'H-NMR data analysis of unpurified reaction mixture.

0 K,CO, 0
0 —X—> o
“ “ Dioxane/H,0/MeOH Y~ “
170 171

Scheme 3.1Attempted deacylation aynacetoxyanthecotulidel70).

The main drawback in this retrosynthetic approchthe number of protection and
deprotection steps. Moreover, the first step of #yinthesis is low yielding and difficult to
scale up (ratio ATPH/aldehyde high). In light ofisthwe decided to investigate other
strategies.

3.4 Synthesis of (£)-hydroxyanthecotulide (2): Send strategy
3.4.1 Retrosynthesis using Meyer-Schuster rearrangeent

The major problem we encountered during the symheshydroxyanthecotulide?) is the
deconjugated labile ketone. Looking at mild waygenferating this ketone, we postulated
that using a Meyer-Schuster rearrangement of agnalk(Scheme 3.18) would be a

suitable replacement of our deconjugated ketone.

(Lewis) +
OH // acid R

— \/ - Y\[rR
H,0 (o)
Meyer-Schuster Rearrangement
Scheme 3.18/eyer-Schuster Rearrangement.

The classic conditions for Meyer-Schuster rearravaggs are strongly acidit® but

recently mild methods for the conversion of progarglcohols into a,3-unsaturated
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ketones (Meyer-Schuster rearrangements) have beseloped® We decided to
investigate the following synthesis (Scheme 3.19)

o Meyer-Schuster 0
o rearrangement Allylation ~ H
= _ ———— PN O T—> o F i
fo} OH HO 7

OH

171 172 173

Scheme 3.1MNew synthesis via a Meyer-Schuster rearrangement.
3.4.2 Atempted synthesis of aldehyde 173
The sequence started with the synthesis of thebsigued alkend75 easily achieved via
bromination of isoprenel{4) in 33% yield for the free alcohdl78,and in 38% vyield for
the acetatd 753" Coupling using BN and cat. Cul (5 mol %) with commercially availabl
and inexpensive alkyn&76 gave 32% of the diadl79% Using Martin’s condition (Cul (5
mol %) and KCO; (1.2 equiv.$®) for the acetatd 75, in the hope of improving the yield,

gave alkynel77in 67% yield (Scheme 3.20).

HQ

/\I—: 176
NBS cat. Cul (5 mol %)
AcOH K,CO3 OAc
N —_— B,./\(\/OAc SF » HO_ _F# =
0°C,2h rtto 40°C,8 h
174 38% 175 67% 177
(after column
chromatography) p-TsOH
(one-pot)
80 °C°, 1h HO
33% 4—: 176
OH c o A~OH
Br/Y\/ cat. Cul (5 mol AL HO. //
Et;N
178 60°C,16 h 179

32%
Scheme 3.2@ynthesis of precurs@77and179.

1% had reported an effective catalytic

For the Meyer-Schuster rearrangement, Ad@ia
combination of MoQacac) with AuCI(PPh)-AgOTf, where rearrangement is considered
to proceed by [3,3]-sigmatropic rearrangement ofirtermediate molybdate which is

facilitated by alkyne coordination to &m situ generated cationic gold catalj8tAs a test
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for the synthesis of hydroxyanthecotulid®), (the Meyer-Schutser rearrangement was
performed on the substrat@9 (Scheme 3.21). Using 5 mol % each of triphenylphose
gold chloride (AuCI(PP¥)), silver triflate (AgOTf) and Mogacac) at 0°C for 6 h gave
the desired enon&80 in excellent yield (94%). Some impurities were riduby TLC

analysis, when running the reaction at rt.

AuCI(PPh;)
AgOTf
MoO,(acac),

(5 mol % each)

NN ——— W\/OH
HO. zZ Toluene o

179 0°C.6h 180
94 %

Scheme 3.2Meyer-Schutser Rearrangementlat®.
Returning to the original synthesis, we tried ttestively oxidise the dioll79, but all the
conditions attempted (Dess-Martin reagent, PCC, AIRMO or MnQ) led to
considerable decomposition. The presence of thieedegroductl 73 (aldehyde proton by
'H-NMR: 9.92 ppm) was observed BYH\-NMR data analysis of unpurified reaction
mixture but purification on silica, alumina or Fhsl® proved unfeasible due to the

instability of aldehydd. 73

Dess Martin or
PCC or
TPAP/NMO or

Mn02
OH Oxjdant H
Z % =z
Ho F Ho F I
179 173

Scheme 3.22Attempted oxidation 0179

3.4.3 Synthesis and stereochemical assignment ofdhgxyanthecotulide

We decided to protect the tertiary alcohol (to dvamny problems during the oxidation step)
using triethylsilyl triflate (85%), followed by degtection of the acetate using®O; in

MeOH (93%) which gave alcohdB3 (Path A, Scheme 3.23). Alternatively, displacement
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of the allylic bromidel75 with known alkynel81%° gave allylic182 (67%), followed by

the same deprotection, also gave allylic alcdi@d (Path B, Scheme 3.23).

TESOTf

OAc pyridine

z
Ho.

177 CH,Cl,

, 30 min co

K2CO3 OH
85% NOAc T — =
TESO7/Y\/ MeOH TESO/Y\/
182 rt,1h 183

cat. Cul (5 mol %) 93%
TESO, __ TBAB
)ﬁ/ K,CO5

181
path B
OAc rt,15h -

Br

§+

67%
175

Scheme 3.2Fynthesis of allylic alcohdl83

This time, clean oxidation df83with Dess-Martin reagent led to the desired aldetiB4
(Scheme 3.24) without isomerisation of the doubdecb (determined byH-NMR data
analysis of unpurified reaction mixture), but algééd 184 was still unstable to
chromatography. The next reaction was performedowit further purification of the
aldehyde. For this allylation, we decided to idiyiause the zinc procedure (see Section
3.2.2, p. 36) which is less sensitive to moisturd enpurities than the catalytic chromium
chemistry. We were pleased to generate the codpltdne 185 in 65% vyield (4:1dr,
Scheme 3.24). With this result in hand, we decittedarry out the rest of the synthesis
with a mixture of diastereoisomers, in the hopeaifirming the relative stereochemistry
of the natural product (see Section 1.3, p. 4thatsame time, we attempted to improve the
diastereoselectivity by using catalytic chromiurag(sSSection 3.2.5, p. 40). Achieving the
coupling with catalytic chromium was more probleimats the reaction proved to be very
sensitive to the quality of the TMSCI. Successéduits (yield > 40%) were obtained only
when the TMSCI was freshly distilled (stored ovelypinylpyridine) and passed through
basic alumina before use. Optimised results weraimmdd by following the reaction
carefully. After 4 h, usual work-up gave the deasiralcohol 185 together with the

corresponding TMS ether (ratio 4/1). Using one dobd M HCI in THF at O °C and
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stirring for 30 min afforded the desired lactat®5in 62% yield @r : 93/7) after column
chromatography. In both cases (lactd®&5 from zinc or chromium chemistry), using 1
equiv. of TBAF, followed by the Meyer-Schuster mrasgement conditions, gave synthetic
synthydroxyanthecotulidel7l in 78% vyield (over 2 steps). During the procesg w
discovered that the Meyer-Schuster conditions vaerdic enough to facilitate desilylation
and gave, directly, synthetic hydroxyanthecotulidd from 185 in one step, in 90-91%

yield.

TESO // =z OH Dess-Martin reagent= TESO // =z A0
CH.Cl,
184

183 0°C,1-2h

(o] allylation
With [Zn] yield = 65 % d.r. : 411

With [Cr] yield = 62% d.r. : 93/7

AuCI(PPh;)
AgOTf
MoO,(acac),
(5 mol % each)
-
Toluene TESO. Z
(reagent grade) 185, Major

0°Ctort,6h
o} 90 -91% l

TBAF
o) THF
rt,2h
= =z AuCI(PPhj3) 73%
o OH AgOTf °
) MoO,(acac),
Major (5 mol % each)
<
m Toluene HO.
(reagent grade)

0°Ctort,3h 172, Major

93%
Scheme 3.2Zinc and chromium induced allylation of aldehyidzt.
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Differentiation of diastereosiomers "H-NMR analysis was difficultywhich is why only
13C NMR data of the major and minor diastereoisorfrom the zinc chemistry wer

compared to the natural prod (Figure 3.3).

Major (syn) Minor (anti)
171 2

0.8 -

0.6 -

LLLL |

-0.2 -"‘I ———— °

major (syn)

.‘:

] — | B minor (anti)
1 4 15

=
=
=
N
=
w
kY

0.4 -

and Minor diastereoisomer.

-0.6 -

Difference of 13C chemical Shift (ppm)
between natural product and Major

-0.8

Atom no

Figure 3.3 Comparison of Natur® and Syntheti¢>*C-NMR data of hydroxyanthecotulic
(2) and @72) derived from mc chemistr.

Comparison of *C-NMR spectral data (Figure 3.3) indicates that the minor
diastereoisomer (black backser to baselinepossessethe same relative configuration
the natural product. Wihereforedecided to invert theecondary alcoh via a Mitsunobu

reaction.
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[o]

o]
PPh,
o) DEAD o
-nitrobenzoic acid
TESO = YV p TESO 2 )
=z _— 74 H NO,
OH THF o

—78°Ctort,17h
185 g 186 o)
Na,CO,
(1 equiv.)
MeOH 70%
0°C,1-2h
o AuCI(PPh,) o
AgOTf
o] MoO,(acac), o
z z Y (5 mol % each) TESQ = 2"
o] OH - &
Toluene
hydroxyanthecotulide (2) (reagent grade)
0°Ctort,6h 187

91%

Scheme 3.255ynthesis of hydroxyanthecotulid®.(
We were not able to apply the Mitsunobu reactiangip-nitrobenzoic acid and DEAD on
our final substratel71 due to the sensitivity of the molecule, only degton was
observed byH-NMR data analysis of unpurified reaction mixturdéea®ingly, usingp-
nitrobenzoic acid and DEAD witth85 gave the lactone est&B6 in 62% yield. Different
bases and solvents were examined for the esteolygdy of 186 such as LiOH, KCO; or
NaCO; in MeOH, THF or water. We finally found that usirigequiv. of NaCQO; in
MeOH, and carefully following the reaction at 0 f@ 1-2 h gave, after work-up, the
inverted alcoholl87 which was converted to hydroxyanthecotuli@® ynder the standard
Meyer-Schuster conditions. Small differences apgxbam the chemical shifts between the
mixture of diastereocisomers (from zinc chemistiy)l ¢he diastereomerically pure synthetic
hydroxyanthecotulide (from chromium chemistry), midsely due to chemical interaction
between the diastereoisomers. ComparifdC-NMR chemical shifts of both
diastereoisomers with the natural product was iokemive (Figure 3.4 (b); only C2 and
C14 seem to support that natural product is @hg-diastereocisomer2j). On the other
hand, comparison of tH#I-NMR chemical shifts obyrnhydroxyanthecotulide1(71) and

anti-hydroxyanthecotulide 2j, strongly indicate the concordance ofanti-
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hydroxyanthecotulide2) with the natural producFigure 3.4 (a), + 0.0pprr difference for
every '"H-NMR signal except for protor7a which seems to be gpographicalerror by
looking the original spctrum see Appendix p.209Moreover, comparison 'our synthetic
(2) with original *‘H-NMR spectrur of the natual product received from Dr. Sltsa

showed them to superposaldee Appendix p. 203 and 209).

hydroxyanthecotulide

e B 0.15 -
£ 3
%9 0.1 -
o
L [
O — Iy
éé-ﬁ 0.05 - - J
cg2 _I?‘I—I?l — _L —]—L Hsyn
Fcx 0 | v
"58; " N M S N O T O 00 0O N M © O anti
o ss -0.05 - NS HHHHH L‘_'nl.‘_'n
Q + C *
c ¥ @
o 2
qq_a'g -0.1 A
=
58
-0.15
Atom n°
£ B L
£ 3 0.8 -
Z 9
.39_3 0.6 -
T = i
55_3 0.4
%§E 0.2 4 M syn
8]
g e 0 e
qaga anti
8%'2 -02 42314 6 7 9 11127131415
[ = ©
o2 0.4 -
g €
"n:& -0.6 -
- 0.8
Atom n°

Figure 3.4 Comparison of atura® and gnthetic NMR data of hydroxyanthecotulid2)
and (71) derived from chromium chemis.
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3.5 Biosynthesis of anthecularin

Having a small quantity of the material in hand, wieed to achieve the proposed
biosynthesis of antheculariri)(discussed earlier (see Section 1.4, p. 5). Heaimig
hydroxyanthecotulid¢2) in the presence of a UV lamp in benzene at 65ff@ded no
trace of the desired product. Only small impurties observed b{H-NMR data analysis
of unpurified reaction mixture. Heating at 110 f{bienzene in a microwave reactor was no
more successful.

3.6 New application of bromolactone 125
3.6.1 Introduction

We showed previously that bromomethylfurant2(fone (25 could be used as a
nucleophile, following conversion to an intermediallylic chromium or ziné.With the
aim of furnishing new applications of bromomethyén-2(54)-one (25, we decided to
see if it was possible to turn the reactivity amuand use the bromolactod®5 as an
electrophile. We considered that if viable and @sglective, this would be a quick entry to
B-(methylvinyl) a-methylene y-butyrolactones and, ultimately, for the synthesi
anthecotulide 4). Woodward and co-workers demonstrated the addigb mono and
dialkylorganozinc to bromo/chloro methylacrylate momo/chloro phenyl methylacrylate

in high yield (high enantiomeric excess for chlanysate) (Scheme 3.26§.

X

0 (o}
Cu] L*
R'ZnBr o~ L» o~
or + I THF

R',Zn H R R R

R=H orPh
X=ClorBr

Scheme 3.26.,4-addition of organozincs.
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3.6.2 Scope of the reaction

Starting with Woodward’s conditions (CuCN and TBAB THF)2%® we subjected our
lactone to different organozincs. Pleasingly, ugiigthylzinc, alkyl, benzyl and allyliczinc
bromide®’ the desired products (see below) were obtaineddderate to good yields. Only
S\2 addition was observed (Scheme 3.27).

organozinc

0 cat. TBAB (10 mol %) o)
cat. CuCN (20 mol %)
| o > o

THF R
125 78°C 0 0°C, 3 h
\E( \(\)\:I/( Q\:l(/o Eto\”/\)\j ﬁ/\/l\:f
188 (63%) 189 (74%) 190 (72%) 191 (83%) 192 (71%)
193 (66%) 194 (65%) 195 (72%)

Scheme 3.27,4-addition of organozincs to lactoh25.

3.6.3 Toward the synthesis of anthecotulide

Following this success, the methodology was appteéedinthecotulide 4) following the

synthetic scheme below (Scheme 3.28).
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CBI'4
PPh;,

et Br
TESO é = OH 2,6-lutidine TESO // z
CH,CI,

rt,1h
183 84% 196

Br Zn*

o THF
| o
O CuCN, TBAB
ZnBr
0 <——>X—— | TESQ =z~
TESO 4 =
THF

198 -78°Ctort,15h 197

Scheme 3.2&ttempted synthesis of anthecotulidg. (
We decided to use one of our precurst88 from the previous synthesis (Scheme 3.23, p.
51) to synthesis the allylic bromid&96 Bromination using the classic Appel reaction
(CBr4/PPHh) failed to afford the desired compound. Howevsing a sterically hindered base
such as 2,6-lutidine to quench the HBr formed dytine brominatioff gave the desired
allylic bromide196in 76% yield. Activated zinc (1,2-dibromoethane aMdSCI)®*° was used
to form the organozin&97, which was used directly in the next step. Unfoatiely, after a
few attempts (changing the temperature to formottganozinc from — 78C, — 40°C, 0°C
and rt), no desired product was obtained. Complisteomposition of the substrate was
observed byH-NMR data analysis of unpurified reaction mixtureirr@ubstratd 96is more
sensitive than the previous dimethylallylorganoziosed to synthesis&92), due to the
presence of the acidic proton between the alkydetlaa alkene.

3.6.4 Arylzincs

We decided to look in more detail at the use ofraatic arylzincs. Interestingly, the use of
aromatic organozincs has never been report by Wamtft Using commercially available
phenylzinc or pyridylzinc bromide under the stawmdeonditions (CuCN and TBAB) gave
only recovery of starting material. Raising the pemature to 0 °C then 25 °C was no more

successful. Using phenyllithium, transmetallatethveopper iodide, was also unsuccessful
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and gave only recovery of starting material. Ugahgnylmagnesium bromide alone or in
the presence of copper iodide also led to parteovery of starting material and
decomposition. No trace of the characteristic methy protons (around-8 ppm) were
observed byH-NMR data analysis of unpurified reaction mixturéeTpoor reactivity of
arylzincs is possibly due to steric hindrance.

3.6.5 Application: peperomin C (199)

We decided to apply this methodology to the synsheknatural products. Peperomins are
a family of natural product8with anti-inflammatory activity* We decided to look at the

synthesis of peperomin C (Figure 3°8).

Figure 3.5peperomin C199.

As a model substrate, we decided to use dibenzatazjncs. To begin with, we needed to
prepare the organozir201 A solution of200 was added to a solution of activated 2inc
and after 3 h complete consumption of the stammagerial was observed by TLC analysis.
The organozinc was used as previously describedagath no product was found, only
starting material 25 Raising the temperature or using Knochel’s coow# was also found
to be unsuccessftiTrying to transmetallate the lithium s@®3with copper iodide was no

more rewarding (Scheme 3.29).
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200 r
201 ?\I:‘? o
| O 125 O o

cat. CuCN (10 mol %)
cat. TBAB (20 mol %)

t-BuLi

=o'

-78°C t0 0 °C
202 3h 203

Scheme 3.2Wodel study for peperomin A.99).

3.6.6 Application: Enterolactone (205) and YateinZ06)

Still with the aim of demonstrating the potentidltiois methodology, we decided to apply
the strategy to other targets. Enterolactd2@5) and yatein Z06) are two natural lignans
(Scheme 3.30). Enterolacton20f) acts as a phytoestrogérwhile yatein 206 shows
some antiherpes activif},and is a formal precursor of a range of otherdignsuch as

dihydroclusin 207), burseranZ08) and isostegan®(9).®’

OMe OMe

MeO, MeO

Qom OMe
LiAIH,Y o “ty MeOH, HCI®? <o s,
OMe e R
HO, MeO. OH o o]
o]
OMe
[o]

OH

Dihydroclusin (207) Burseran (208)

T1,03, BF3.OEt,

TFAY?
E—

Enterolactone (205) , Yatein (206)

Isostegane (209)

Scheme 3.3Enterolactone05 and yateinZ06).
Both syntheses are fairly similar. 1,4 - additidrboronic este210and acid212with the
corresponding methylene lacton294 and 195, catalysed by [Rh(cod)Gff?* gave the

desired product211 and 206 (Scheme 3.31). These conjugate additions occumed
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moderate yield compared to the previous exampla wihydroxyl group (where possible
chelation of thex hydroxyl group with rhodium could be invoked; ssection 3.2.4 p. 39).
In the present case, thrans-diastereocisome211 was the major but not exclusive product
(by comparison o211 with the literaturef® Surprisingly, Hallet al., recently published a
combinatorial study of methylene lactones, where tis-diastereocisomer formed
preferentially during 1,4-addition of boronic aadtalysed by rhodium to the methylene
lactone B,y-disubstitution)’”> Compared to our work, Hall and coworkers used iacid
conditions: B(OHj is the proton source whereas in our case watgs plee role of proton
source. Believing that during basic condititfishe cis-diastereoisomer isomerises to the
thermodynamically more favordrhns-diastereoisomer, we decided to add 1 equiv. gf Et
to 211 after the rhodium-catalysed reaction in an atterngptachieve isomerisation.
However, no change ar was observed after heating for 2 h in a microwatvE00'C. Due

to resources and time, Hall's conditions were na@ing@ined for the conjugate addition.
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B MeO, HO,

. ; [0}
w B @\jd o [IIt]wo @\:d
o Lt O | I A S L | o)
MeO L MeO HO

194 H,0 / dioxane (1:6) 211 Enterolactone (205)
pwave, 100 °C, 1 h

55%
dr 87/13

(]
le}
(e}
N
o
(e}

[o]

OMe

Me0\©/0Me
MeO
_B. MeO,
HO™ “OH 212 OMe
[RhCl(cod)], (3 mol %)
O Et;N 0

o] P —. o] “,
<0 0 H,0 / dioxane (1:6) <° o)

pwave, 100°C, 1 h
195 62%
dr 77/123

Scheme 3.3Byntheses of enterolactor9f) and yateinZ06).

Yatein (206)

At the end of this work, we questioned the use BAB in the Zn additions. Woodwaret

al. used TBAB in the presence of allylic chlorides. \\épeated the reaction using 2-
methoxybenzylzinc chloride both in the presencamd in the absence of TBAB, and a
similar yield of 70% 0fl94 (Scheme 3.27, p 57) was obtained in both cases.

3.7 Summary

During this chapter, we discovered a new methodofogthe stereoselective synthesis of
B-hydroxymethyle-methyleney-butyrolactones and applied this chemistry for ftivet
synthesis of (%)-hydroxyanthecotulide 2)( via gold-catalysed Meyer-Schuster
rearrangement. During the synthesis we also coerfirand assigned the stereochemistry of
2. We have also shown the possibility of revershmgrieactivity of bromolactonE25 using

organozinc chemistry to synthesenethyl-a-methyleney-butyrolactones.
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Chapter 4. Towards asymmetric synthesis of anthecolides

This chapter details different approaches for aymasetric synthesis of-(hydroxy)-o-
methyleney-butyrolactones using asymmetric chromium chemistny Rh(l)-catalysed
asymmetric enyne rearrangement followedobgxygenation of the aldehyde. This chapter

culminates in the first asymmetric synthesis otdmjhecotulide).

4.1 Enantioselective allylation with organochromiumchemistry

Several ligands (Scheme 4.1) have been used farmastric allylation with chromium salts,
but only simple allylic bromides, such as crotydimide or allyl bromide, have been test&d.
We decided to start with two ligands that appe@asier to access, those reported by Sigman

(213'%2and by Kishi p14).1%

\=/ Q H °\\s,,o
: N7
Q/N Boc Q"N 0""N Q" N
: \—k \ [Bz \_%
213 (Sigman) 214 (Kishi) 215 (Guiry)

N Ny t-Bu
OH HO N
O 70
N N
}/é% +Bu ‘\/& -
—

216 (Berkessel) 217 (Yamamoto) 218 (Nakada)

Figure 4.1 Chiral ligands for asymmetric allylation with clnaum.

4.1.1 Sigman'’s ligand

The first ligand synthesised was Sigman’s lig&i® reported in 2005 as exhibiting good

asymmetric induction with aryl aldehydes and unsaéad aldehydeS? A recent publication
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proposed the synthesis of this ligand in threesstefthout column chromatography (Scheme

4.1)1

MeO. 0 OH
Y \' (j O <—NH
Z Meo\‘(\ + N 2
N H S
Meo\n/\NHCI + HO Boc CHZCIZ Boc Q_
rt,15h
0,
219 220 86% 221 222
n-BuLi
THF/Toluene
0°Ctort,6h
74%

[o}
e ® L
(o] = e,

H N PPh,/DIAD N N O
GV e
H THF oc

o w
64%

213 223

Scheme 4.1Synthesis of Sigman’s ligart@*
The synthesis starts with the coupling(8jvaline methyl este219 (commercially available
or easily accessible from the inexpensive acid S®&Ch in MeOH)'*>° and Boc-proline220
usingN-methylmorpholine (NMM) and methyl chloroformate86% yield. Unfortunately, it
was not possible to crystalli#21 and column chromatography was necessary to achieve
good purity for the next step. Acyl transfer wittBoLi in THF and toluene gave alcoh223
in 74% vyield. The oxazoline core was generated adenate yield (64%) using Mitsunobu
reaction conditions (PBMDIAD). Again, no crystallisation was achieved, awodlumn
chromatography was required to purify the ligandrigble temperature NMR data matched
with the experimental data but our ligad3 was not crystalline, as claimed in the
publication!®* Allylation using bromolacton&25 with benzaldehyde gave the lactd®2in
good vyield (83%) but as a racemate (Scheme 4.2)JRBHPAK IB, 1.25 mL/min, 2%

IPA/Hexane)g: 11.42 min and 14.12 min.
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CrCl; (10 mol %)
Mn (3 equiv.)
Et;N (0.2 equiv.)
Br TMSCI (3 equiv.)

0 ligand 213 (0.11 equiv.) 9
H (o}
o) THF

rt, 15 h OH
1 equiv. 1.5 equiv 83% (rac) 132
Scheme 4.Allylation with Sigman’s ligand.

4.1.2 Kishi's ligand

The synthesis of the ligandl4 was achieved in two steps starting from commdicial

available anilin€24in good yield (Scheme 4.15%

o

: W\ //0
ZnCIz Et3N Nl\—@

H
NH, Toluene CHZCIZ o N
CN 110°C, 48 h 0°Ctort,2h

89% 78%

224 225 214

Scheme 4.38ynthesis of Kishi’s ligand.

The ligand was tested under the following experitalectonditions (Scheme 4.4):

o]
Condltlons
o]

rt,15h OH
1 equiv. 1.5 equiv.
a 4 132
Conditions A Conditions B Conditions C
CrBr; (10 mol %) Condtion A but Condtions A but
Mn (3 equiv.) using CrCl; rather using CrCl, rather
CoPc (2 mol %) than, CrBry than CrBr; and only
2,6-lutidine (2.2 equiv.) 0.2 equiv. of 2,6-
Et;N (0.2 equiv.) lutidine
TMSCI (3 equiv.)
ligand 214 (0.11 equiv.)
5-15% (rac) 37% (65% ee) 85% (25%ee)

Scheme 4.Results with Kishi’'s ligand.
Kishi’s conditions (Scheme 4.4, Conditions A) galve desired lacton&32in low yield as a
racemate. We believe this result reflects the guah the anhydrous CrBi(old bottle found

in the laboratory, salts activated by flame-dryumgler vaccum). Unfortunately, dry CeHs
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not commercially available. Using the previous abads with CrC} instead (Scheme 4.4,
Conditions B) resulted in 65%e and 37% vyield. The benefiting effect of 2,6-lutidion
enantioselectivity was discovered by Kifibut no explanation has been given on its
mechanism of action. Believing that a possible tiegaeffect of 2,6-lutidine on
bromolactone125 we decided to decrease the amounts of 2,6-latidiaicheme 4.4,

Conditions C). Interestingly, the yield was increéiso 85% bueedecreased to 25%.
4.1.3 Guiry’s and Berkessel's ligands

During our investigation we also contacted Guiryowkindly offered us a small amount of
his ligand215°" Using Guiry’s ligand, | managed to form the desitactonel32in 65%

yield and 33% ee (Scheme 4.5).

CrCl; (10 mol %)

Mn (3 equiv.)
Et3N (0.2 equiv.)
TMSCI (3 equiv.) 0
ligand 215 (0.11 equiv.)
H o}
¥ THF
(o}
_ rt, 15 h OH
1 equiv. 1.5 equiv. 65% (33% ce) 132

Scheme 4.RAllylation with Guiry’s ligand.
At this stage of the screening, we decided to usegdhthaldehyde to evaluate ligand
efficiency due to an easy separation of each emaweti by chiral HPLC (CHIRALPAK IB),
1.3 mL/min, 5% IPA/hexandk: 26.86 min and 37.86 min.). Commercially availapl€l)
Berkessel's ligantf® 216 gave the desired lactone which was isolated in 983 and 21%

ee (Scheme 4.6).
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CrCl; (10 mol %)

Mn (3 equiv.)
Et3N (0.2 equiv.)
Br TMSCI (3 equiv.) 0
O o0 ligand 216 (0.11 equiv.)
' - I
o THF O
rt,15h OH
1 equiv. 1.5 equiv. 23% (21% ee) 137

Scheme 4.6 llylation with Berkessel’s ligand.

4.1.4 New ligands

Kishi has proposed a model for his ligand wherd @ coordination sites of the hexadentate
chromium were used by the ligand and the othentere used for the aldehyde and the allyl

fragment (Scheme 4.75?

Q\ -0
NH [Cr] J <0
O\;NS< - Py

Hy” HO H
|

214 226
Scheme 4.Proposed active species for the allylation witeH{s ligand.

With bromolactoneé 25 an extra coordination site is possible with thgbonyl group. Based
on this hypothesis, we decided to screen some taitieligands where an extra-coordination
site is possible. Moreover, in an early report bighk™'° a bidentate bisoxazoline ligand was
used and showed moderate levels of enantioselgc{®% ee). The major problem of a
bidentate ligand is the reversibility of the ligabishding to the chromium and the possibility
that two ligands can be attached to the chromium.eXtend our studies with different
ligands (Scheme 4.8), we also decided to use plosphcid 231 (kindly offered by the
Dixon group) which has been used in both organbgasaand, more recently, with Mn in

asymmetric epoxidatioh* During the screening, yields were poor'b{+NMR data analysis
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of unpurified reaction mixture (< 40% conversiolegving us unable to purify properl37.

At this stage, only er's were obtained (Scheme. 4.8)

CrCl; (10 mol %)
Mn (3 equiv.)
Et;N (0.2 equiv.)
TMSCI (3 equiv.)

[o) ligand (0.11 equiv.) 0
O ; ﬁﬂ —— I
I THF O
rt,15h OH

1 equiv. 1.5 equiv. 137

SiPh,

(W L R ) 00
g0 g ©§ Oy

227 228 231

0.1 eq; 69:31 er . QG- . B4 . BQ. ; 64:
0.2 o0 69:31 or 0.1 eq; 66:34 er 0.1 eq; 51:49 er 0.1 eq; 58:42 er 0.2 eq; 64:36 er

Scheme 4.&Results with new ligand&27, 228 229, 230and231

Most ligands showed only moderate levels of enantextivity. Interestingly, the presence
of cyano or dimethyl functionality does not seemirttuence asymmetric induction. We
also varied the stoichiometry of the ligand to gttlte coordination on the chromium. With
ligand 227, no change of enantioselectivity was observed ®@idquiv., which may imply
that the active catalyst has one ligand. We weeag@ld to see moderate asymmetric
induction with 2 equiv. of phosphoric ack81 which has never been used before for this
kind of transformation. Unfortunately we were ndileato generate high ee using this
different ligand. Kishi's ligan®14 gave us the best results but, due to resourcesiraad
we decided to focus on another strategy to achmveasymmetric synthesis of the

anthecotulides.
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4.2 Enantioselective synthesis of methylene lactowie enyne chemistry

4.2.1 Introduction

Still aiming to find a way to synthesis the anthetides in an asymmetric fashion, | went
back to the literature and was interested by mettdlysed formation of 5-membered rings
generated from 1,6-enynes. Although metal catalyslelér-ene reactions of 1,6-enynes
have been well-studied? to the best of our knowledge only a single is@lat@ample to
form an a-methyleney-butyrolacton&" has been reported using an achiral ruthenium(l)

catalyst (CpRu(NCCHJ3PF;) (Scheme 4.9).

(o)

:—{ cat. (CPRu(NCCH,);PFy)
o] (10 mol %)
;—/ -------- > o}
4
Acetone 7

TBSO lo)
rt, 20 min
TBSO 55%

232 233 234

Scheme 4.9-methyleney-butyrolactone synthesis by Trdst.
Deprotection of silyl enol eth&33 would furnish aldehyd@34, which hopefully could be
a common precursor for synthesising all three amttudides, via the following synthesis

strategy (Scheme 4.16).

R=H, OH or Ac

(o] reducmg agent

o)j/"""-*
oL oxygenatlon 236
oax( """ S g Val /\(\g\://( """ /\‘/\;\j
R
. 238

234| + 237
H | CBry/PPh,
o PPh; 1 ]
236
(o] o) (o]
TESO
Meyer-Schuster 4
o] rearrangement o] (o]
= =z B R e TESO // =z B R Br z
[e] R R R
anthecotulides
240 239

Scheme 4.1@roposed synthesis of anthecotulides.
Considering the prospects for asymmetric catalysis, decided at the beginning to

investigate the synthesis of themethyleney-butyrolactone core under asymmetric




rhodium(l) catalysis, which was originally develdpby Zhand"* (2002) and co-workers
with internal alkynes and later-on (200@Visited by Nicolaot!® for the synthesis ofi-

methyleney-butyrolactams (Scheme 4.11).

(IRh(cod)CI],

o (R)-BINAP R’
L AgSbF, o
R—= 20 (5:11:20 mol %) \ R = Ac, TBS, H...
> X_, O Zhan R' = Me, Ph...
/ CICH,CH,CI RO s 9
rt, 10 min 242
RO ee up 99%
241
(0 [Rh((R)-BINAP)]SbF 0
J— - 6
H—= NBEn (2.5 mol %) i
> 0% A /NBn Nicolaou
<‘/ CICH,CH,CI
1,15 h
HO 89%, ee 93%
243 244

Scheme 4.1b-methyleney-butyrolactone/lactam cores from Zhalgnd Nicolaodt™
4.2.2 Synthesis and cycloaddition of enyne 248
Following Trost’s procedure (Scheme 4.12), en82 was synthesised in two steps using
DIAD and PPh in 16% vyield (lit*** 22%). Propiolic acid 247) is sensitive and easily
polymerises which may explain the low yield. Eny# was prepared by DCC coupling
of commercially availableZ)-but-2-ene-1,4-diol 245 with propiolic acid 247) in 83%
116

yield (Scheme 4.12) using the procedure developeddllas.™ We found that slow

addition of propiolic acid with DCC at — 3Q is absolutely crucial to achieve high yield.
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TBSCI -
DIAD / PPh _0
f\/OH cat. DMAP _~_OH \\\?o 3 \(
> + CH,CI o
HO CH,CI, TBSO OH 2Ll g
rt,15h n,3h
245 78% 246 247 16% TBSO 232
=
OH [ DCC \\(0
f\/ \\ﬁo cat. DMAP )
+ —_—
HO OH Et,0 f\/
- [
245 247 o HO” 548

83%
Scheme 4.15ynthesis of the precursor for the enyne chemistry.
Using Zhang's conditions ([Rh(cod)@iac-BINAP/AgSbF, (0.025:0.05:0.05),
CICH,CH.CI, rt, 15 h), enyn®48 gave the desired aldehy@84, albeit in low yields (20-
30%) which were difficult to reproduce. During ommvestigation, we found that an inert
atmosphere was crucial for the reactivity (solvantl flask degassed with argon). On the
basis that polymerisation might be a competitivde sieaction, we lowered the reaction
concentration from 0.2 M to 0.1 M and 0.05 M, butge experiments also gave low yields
(23% and 15%, respectively). However, modifying toaditions to those used by Nicolaou
and co-workers, where pre-forming the catalyst fRt)BINAP)]SbF was found optimal
for the synthesis ofi-methyleney-butyrolactams?® gave aldehyd@34 in much improved
yield (72%). Finally, using [RhR)-BINAP)]SbF; gave (+)-aldehyde234 in 73% yield

(Scheme 4.13) and 96:4 er by chiral HPLC (see Agpep. 211).

X0 [Rh((R)-BINAP)ISbF 0
(2.5 mol %)
o o}
% CICH,CH,CI )
rt, 15 h o
HO 48 73%, 96:4 er 234

Scheme 4.13Fynthesis of the enyne precursor chemistry.
We also tried to use these conditions (cat. [&t)}BINAP)]SbFs; 5 mol %) on the
substituted known alcohd@32*® and 249"*" but we were not able to isolate the desired
lactone (Scheme 4.14). Only decomposition and tww&starting material were observed by

'H-NMR data analysis of unpurified reaction mixturesity Zhang's conditions
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(([Rh(cod)Clp/rac-BINAP/AgSbFs, (0.025:0.05:0.05), CICKH.CI, rt, 15 h) gave the
same results as RAE)-BINAP)]SbFs. It is possible that extra coordination from the
alcohol plays an important role in the chemistry.

o [RN(RIBINAP)ISbF o

(2.5 mol %)
i S
CICH,CH,CI A °
TBSO "

rt,15h

TBSO™ 535 233
X O [Rh((R)-BINAP)]SbFg o
(2.5 mol %)
o HT’ o)
7 CICH;CH,CI PN
rt, 15 h
AcO™ 949 250

Scheme 4.14ynthesis of the precursor for the enyne chemistry

Using other metal catalysts such as AuCl, RtEYSBFR/AuCI(PPh) and AuC} in CDCh

(5 mol % each) which have been extensively usedniyne isomerisation chemistr{?
were unsuccessful with substrat282 and 248 In each case, starting material was
recovered with some minor impurities.

4.2.3 Sense of induction of cycloaddition

To confirm the sense of asymmetric induction in ¢lgeloisomerisation usingRj-BINAP,

we decided to convert (+)-aldehyd284 to the translactone 252'*° of previously
established absolute configuration and comparesleeific rotation values (Scheme 4.15).

Chemoselective reduction of aldehy2®4 using BH;,**

(attempt to reduce with 1.1 eq. of
NaBH, gave a mixture of undesired products) followed tbydrogenation of theo-
methylene group in hydroxylactor#1 and silylation of the resulting saturated primary
alcohol gave ais-transmixture of lactone52/253from whichtranslactone252 could be

obtained by careful chromatography. This correfatestablished that thB-configured

aldehyde234 was obtained from enyriz48 when using R)-BINAP, and this corresponds
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to the same sense of asymmetric induction obseime@hang’s* and Nicolaou’s

studiest!®

[o]

1) Hy, 10% PdIC \do
0 MeOH TBDPSO™ "

o]
BH,-THF rt, 4 h 252
—» —»
/¥ w,/°  2) TBDPSCI
0% THF HO i/ ) +
imidazole . P
234 rt,1h 251 DMF E//{
85% rt, 15 h WL°
) TBDPSO™ "
44%
over 2 steps 253

Scheme 4.1%Configuration of aldehyde (34 by conversion taranslactone (+)252
4.2.3a-Hydroxylation of aldehyde: organocatalysis
Having one of the two stereocenters controllechfaroxyanthecotulide, we started to look
at how to install the second stereocenter (Scherh@, $ 69). Trying to minimise the
number of operations on aldehy@34, we decided to look at the-oxygenation of
aldehydes. The enantioselective introduction ofoaggen moiety at thex-position of
carbonyl groups continues to be an intensely inyatd field*?! In this context, enamine
catalysis recently became a powerful approachherdirect asymmetria -oxygenation of
aldehydes, in particular, tleeoxygenation of aldehydes with nitrosobenZéher benzoyl
peroxidé® (BPO), the latter being readily available and pensive. Most of this
chemistry has been carried out on simple aldehydesyr case a potentially very reactive
unsaturated ester is present. Both methodologies wested on our substrate (Scheme
4.16). In the case of nitrosobenzene, after 5 mimore starting material was observed by
TLC analysis. 'H-NMR data analysis of unpurified reaction mixtureowied the
disappearance of the methylene proton. It is ptesshmt the hydroxylamine generated
attacked our unsaturated ester, as seen previoutilly unsaturated nitro/ester groups

(Scheme 4.16*
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nitrosobenzene ; ; EWG

cat. L-proline NH N
- (5 mol %) [o} —\‘ o’
previous H — —_— H \ —»H
work24 \[]/\/\/\EWG DMSO EWG
o .
254 rt, 30 min o 255 O 256

(o]
O nitrosobenzene — $O
L-proline o o 0
O —>x—» o7 Yy ¥ - > o,
o~ o. N
DMSO NH
234 257 i 258

Scheme 4.1& - oxygenation using nitrosobenzene.

In the case of BPO (1.3 equiv.) and usi&ylactone234 (Scheme 4.17), the desired
benzoyloxyaldehyd®59 (*H § 9.73, CHO, major diastereoisomer afttl 5 9.67, CHO,
minor diastereoisomer) was observed with excetlagtereoselectivity (95:8r) using §-
Macmillan’s catalystZ60) (20 mol %) or §-prolinol-type catalysts (10 mol %; ligarabl

= 89:11dr and ligand262 = 87:13dr) by *H-NMR data analysis of unpurified reaction
mixture. In this present Scheme 4.17, we assunie#talyst260, 261 and262 gave then-
(9-benzoyloxyaldehyde functionality as seen withvjpes simple aldehyd&s' ***and
therefore thesyndiastereoisomeR59. Isolation of aldehyd®59 was difficult, due to its
instability by chromatographyt Major & 9.73 CHO; 6.47 and 5.88 G#| 5.61 CH-OBz,

4.58 — 4.39 CHO, 3.90 CH).
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BPO
cat. p-nitrobenzoic acid

o] fo) N/
2 MacMillan's Catalyst >L
o (20 mol %) o] N
> 4
4

O =

o Bl 6._o (S)-MacMillan’s catalyst (260)

234 J
22%, 95:5 dr 259
BPO 0
cat. benzoquinone o O
O Proline-type Catalyst
/\)\:/‘( (10 mol %) o}
p > :
0" 3 OR
z THF H N or
o 1t,15h 0P 259
934 21.29 % (S)ligand 261 (R=TIPS)  (S)-ligand 262 (R = TMS)
87/89:13/11 dr

Scheme 4.1 0xybenzylation of aldehyd234.
The use of BPO seemed to be a good starting poinihfs chemistry. Unfortunately we
know from previous work (see Section 3.3.2, p.t#8} having a benzoate or acetate at this
position will be problematic. We therefore decidedmodify the peroxide used. Three

peroxides were synthesised following previous expental work in this field (Scheme

4.18)%

o)
NaOH, H,o2 \'(@
cl
H20
O,N

2 0°C, 30 min

263 57%, lit.1250 919

o) o) cl
al J]\ NaOH, H,0, al Jj\ 0 o\)<°'
ol —  » 0”7 o cl
CI>(|§I/\ H,0 CI>(|§I/\ \([)I/
265 0°C, 30 min 266

2 NaOH, H,O J]\ \/@
©/\o/u\c| H2’0 2V2 ©/\o o O\Iro

267 0°C, 30 min
65%, lit.'2%2 53%

Scheme 4.1&ynthesis of peroxid264, 266 and268
To begin with, we synthesised the kndfh peroxide 264 We knew from previous
research with hydroxyanthecotulide (see Section33.8cheme 3.25, p. 56), that tpe
nitrobenzoate group can be removed. Having thexppi®64 in hand, 20 mol % ofS)-

MacMillan catalyst260 with (S)-lactone 234 was used with it, and after 15 h at rt,
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'H-NMR data analysis of unpurified reaction mixtur@wied the presence of the starting
material (20%) with the desirea-benzoyloxyaldehyde (~ 20%H & 9.72, CHO, major
diastereoisomer arftH § 9.68, CHO, minor diastereoisomer; chemical sHithe aldehyde
similar toa -benzoyloxyaldehyd259) and a new aldehyde product with a lower chemical
shift ( ~ 50%,'H & 9.61, CHO). Changing the temperature®@) and catalyst loading (5
mol %) did not improve the ratio in favor of oursited product (large excess of starting
material). Trying to isolate this aldehyde was wasssful (Scheme 4.19); it may be the
elimination product269 which can undergo a variety of side reactions sast270
Interestingly, using the proline-type catalyst s@ad?261 and 262, starting material was

recovered. The reactive peroxig@é4 may react with the cataly260.

/©)J\O,O\ /(j
O.N (o} 264

2

MacMillan's catalyst 260

o} ] (20 mol "_A;) ) o T ?

/\i//(o p-nitrobenzoic acid /U\/)\:fo . {jdo

o% THF H N
234 ,15h 269 270

Scheme 4.1%Attempted oxybenzylation of aldehy@84 with peroxide264.

Looking more carefully in the literature, we becaaveare of the use of peroxycarbonate in
stoichiometric enamine chemistry, which seemed it getter results than BPE
Following this precedent and having in mind thataabonate protecting group can be
removed under neutral conditiotis] synthesised the peroxidicarbona&s and268 To
begin with, we investigated Trocperoxi@&6. This new peroxide would allow us to
generate the Troc protecting group which can béyeasmoved with Zn in NHCI/THF
(conditions used in our allylation chemistry in tiirst synthesis of hydroxyanthecotulide
(2), see Section 3.24, p. 54). Unfortunately, noréesproduct was obtained with catalyst
260 261 and 262 only starting material was recovered. Switchingperoxidicarbonate

26812 we isolated 34% of the desired lact@¥d (100% conversion after 15 tH & 9.66,
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CHO, major diastereoisomer afd 5 9.65, CHO, minor diastereoisomer) starting Wit (
lactone234, with excellent diastereoselectivity (97d8) using R)-MacMillan’s catalyst
273 As seen previously, no product was isolated ug®eprolinol-type catalysts. We
believe that favourable interactions exist betwean peroxidicarbonate and MacMillan-
catalyst such as-stacking. We also observed a match and mismatettefusing §-
catalyst260 gave the desired compouB@2in 78:22dr (60 % conversion after 15 tH §
9.65, CHO, major diastereoisomer aittld 9.66, CHO, minor diastereoisomer) (Scheme

4.20).

MacMillan's catalyst

o] (20 mol %)
BPO
”Ih/o p -nitrobenzoic acid e / i,

o” THF o
i, 15 h

O
234 } %
271 272

MacMillan's catalysts

@\(5\[% @\j:%

97:3dr 78:22 dr
34 %

Scheme 4.2@ - oxygenation of aldehyd34).
After several attempts, | was never able to isolaere than 30% ofu-oxygenated
aldehyde271 after column chromatography. Aldehy@&1 is not very stable and the
reactions are not high yielding due to the semsithature of the unsaturated lactone.
Previous work®?® showed the possibility of carrying out a Wittig filation in one-pot
synthesis after oxybenzylation step using prolypetcatalysts. In the hope of improving

our overall yield, we used 1.5 equiv. of ylig86‘*’

after the organocatalysis step (Scheme
4.21). Unfortunately, after 3 days, no desired pobdvas recovered. Degradation seems to

occur; a large quantity of benzylic alcohol wasorered after column chromatography (70
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% based on starting peroxide). By an unknown mashandecarbonylation of our CBz

protecting group seems to occur. In this caseptigablea-hydroxyaldehyd&® certainly

decomposed.
Y
Q\ N 273
(20 mol %)
0o BPO
p-nitrobenzoic acid
0O — »
o7 e/ THF

rt,15 h
97:3 dr

~PPh; o
236
o
—— oﬁ%\‘}:ﬁ(
CH,CI, 0_0
r,3d Y

Scheme 4.2Attempteda - oxygenation of aldehyd234 followed by Wittig reaction.

The real difficulty at this stage of the projectsata find a protecting group which would be

able to survive the Wittig olefination (see Schef#0, p. 69) but also easily deprotect

under mild conditions. Looking carefully in theeliaiture, we found that deprotection of

picolinic esters can be achieved under mild cood#iusing zinc acetate or copper acetate

in MeOH/CHCE.*® To test the viability of this protecting group, \wecided to protect one

of our previous lactones and test the deprotecsiap (Scheme 4.22). Pleasingly, the

desired lacton@75 was isolated after DCC coupling in 64% yield. Rertore, using 10

mol % of CuSQ in a mixture of methanol and chloroform returnelganly, the original

lactonel48

——
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X

N/ OH DCce
o cat. DMAP

CH,Cl,
rt, 15 h

64%

148 cat. CuSO, N
(10 mol %)

MeOH:CHCI; (1:9)
rt, 30 min

99%

Scheme 4.2ZEsterification of lacton@&48 and hydrolysis.
We decided also to perform the Wittig olefinatidbcieme 4.23) on a similar substrate
such asx - benzoate aldehyds9. (prepared using Tomkinson’s reagent, see Sedtidd,

p. 80) to check the stability of a benzoate graufhe Wittig reaction.

277
° o _PPh, 0
o/
o 236 o
0/ o/ —_— ~2 = Y4
CH,CI
THF 0_0 < Zar: 0__0
234 rt, 15h 4
27%
259 276

Scheme 4.23% - oxybenzylati(;n of aldeﬁycﬁm followed by Wittig reaction.
Pleasingly, using ylid236 (1.5 equiv.), the desired prodi6 was isolated in 27% after
48 h (E alkene only observed). Having establisiedviability of such protecting group,
we attempted to synthesise perox@¥®. Unfortunately, despite all the conditions wedrie
(changing the equiv. of NaOH and different work-upg¢roxide279 was never isolated

(Scheme 4.24).
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HCI o

NaOH, H,0 1 N/l
a y T12VY2 _0 A
o —x— [0
| _N 0

P Water

278 279
Scheme 4.24ttempted synthesis of peroxi@&9.

4.2.40-Hydroxylation of aldehyde: Tomkinson’s methdology

Due to the problems of generating this new stemecaising organocatalysis, we started
to investigate other strategies. Tomkinson receptlplished a series of studies an-
oxygenation of aldehydes and ketones u$ikracyloxyamine:*® This chemistry proceeds
via a pericyclic rearrangement (Scheme 4.25). Tgrbeith, we used the simph-methw
O-benzoylhydroxylamine hydrochlorid277 to establish the chemistry (Scheme 4.25).
Having one stereocenter already in place, we hdpex would be enough to induce
diastereoselectivity. Using 1.2 equiv.facyloxyamine277 with (S)-lactone234 afforded
cleanly, after 15 h, the desired lactd®2&9/282as mixture of diasteroisomers (53:di7in
favour of 259) by 'H-NMR data analysis of unpurified reaction mixturen $tudy the
influence of theN-acyloxyamine on the diasteroselectivity, | switdliee methyl amine for
the tert-butyl amine and modified the benzoate group. Chmanépr thetert-butyl amine
did not influence the diastereoselectivity sigrafidy (55:45dr in favour of 259. In
contrast to the benzoate functionality, where aBedays, formation of the desired
benzoyloxyaldehyde259/282 was observed byH-NMR data analysis of unpurified
reaction mixture with 80:2@r (75% conversion, @DMSO *H § 9.75, CHO, major

diastereoisomer arfti § 9.79, CHO, minor diastereoisomer) withacyloxyamine281
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N-acyloxyamines:

HCI
HCI o HCI o
N
Me” \O)J\© / ~0 )‘\@
281

217 280
53:47 dr 55:45 dr 80:20 dr
0 o]
O N-acyloxyamine _ o) o)
—_— /
/\)\:/1( (o] = and O
dg-DMSO o o. o
259 F 282 %
/ X X
R1\
01%0

R

Scheme 4.2% - oxygenation of aldehydes usihgacyloxyamines.
With this information in hand, we decided to syrsiseghe simple picolinyloxyamin285to
establish the chemistry (Scheme 4.26). The syrdhvess more problematic than previously
observed with the simple benzodl&Esterification using picolinic chlorid&” picolinic
anhydridé®? or CDI**?all failed. A small amount (~ 10 %) of desired guot was isolated
after DCC coupling®* (*H CDCk 5 8.85- 8.73 (m, 1 H), 8.17 — 8.13 (m, 1 H), 7.93 —
7.81(m, 1 H), 7.58 — 7.49 (m, 1 H), 1.49 (s, 9 H}4 (s, 9 H)), but did not survive during

the deprotection with HCI, possibly due to the pres of the pyridine ring.

terificati Z ] Hel ]
t-Bu, oH esterification o B -
N ——> \l:l’o NS T » u\';l,o N
Boc Boc O HClI H (o]
283 284 285

Scheme 4.2@ttempted synthesis @85.
Believing that steric hindrance of the Boc protegtgroup and theert-butyl group during
the esterification process may be causing problemsjecided to change our strategy and
used a CBz protecting group in the chemistry, whichild offer the advantage of a milder

deprotection (scheme 4.2%7).
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DCC

Et;N cat. DMAP P Hy
CBzCI picolinic acid | Pd/C (5 mol %) z |
MesgyOH ——— My OH . Me 0 N7 ——— Me 0 N
Hel CH,Cl, e THF \ MeOH N N
r, 15 h rt, 15 h CBz O rt,5h H
94% 54% 82%
286 287 288 289

Scheme 4.2Bynthesis of acyloxyamirz89,

The desired compourzB9was synthesised in 3 steps starting from comnigrasailable
acyloxyamine286. Pleasingly, DCC coupling gave acyloxyami2@3 in 54% yield and
hydrogenation afforded, cleanly, the chromatogregdly unstable (by TLC)
acetyloxyamine289. As a test substrate, we used 3-phenylprop&#d)) (Scheme 4.28).
Using acetyloxyamin€89 (1.1 equiv.) in DMSO gave back the starting aldiEh90
untouched. A co-acid appeared to be necessaryrfiorpethe enamine chemistt§® Acids,
including HCI, p-TSA, sulfonic acid ang-nitrobenzoic acid (1 equiv.), were tested in
different solvents such as DMSO, CRCCH,Cl,, THF and toluene. In each case, no
desired product was observed #y-NMR data analysis of unpurified reaction mixture.
Unfortunately, cleavage of the acyloxyamine seemrnsetthe main pathway (only picolinic
acid and starting aldehyd290 were observed byH-NMR data analysis of unpurified

reaction mixture).

=

Me\N,O \N I

[}
H H O 289 H
acids (see text)
(o] N\ - o
N 0._0
solvent
rt,15h
290 290 [N
X

Scheme 4.2&ttempted synthesis of aldehyd81

Unfortunately, we never managed to install the bygr group in an asymmetric fashion,
but having one stereocenter in place we deciddiahish the synthesis of anthecotulid®.(
| aimed to establish the absolute stereochemidttirie natural product and then propose

the absolute configurations for the rest of theilam

82

——
| —



4.3 Asymmetric synthesis of (+)-anthecotulide (4)

With a catalytic and highly enantioselective systheof aldehyde234 established (see

Section 4.2.2, p. 70), we examined its conversmrhe propargylic alcoho292 for the

projected Meyer-Schuster rearrangement (Schem¢. 4.29

Meyer-Schuster
reawangement
% /Im/
O

enyne
rearrangement

4
A
fj:

Scheme 4.2Retrosynthetic strategy to anthecotulide (

Structurally related (internal alkynes) have bee@tently shown to undergo one-pot

cycloisomerisation—Wittig reactiofi> In the present case, addition of yli@86"" (1.3

equiv.) following the Alder-ene reaction gave the,p-unsaturated aldehy®93 (67% from

enyne248, Scheme 4.30).
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[Rh((R)-BINAP)]SbF6
(2.5 mol %)

X__0  CICH,CH,CI
it 15 h H o NaBH,, CeCl,
AP > PN ———> Ho
MeOH

HO PPh; o
248 thenOJ\f/ 36 203 0°C,2h
87%
rt,3d CBry, PPh;
67% CH,CI, 91%
rt,2h

0

176 , Cul, Et;N Brﬁ/\j:fo

DMF-Et,0

295

0°C,2h
63%

181, cCul, Et;N

DMF-Et,0
0°C,2h
63%

Scheme 4.3@®ynthesis of Propargylic Alcoh@B2and296.

1,2 - Reduction of aldehyd23with Luche’s conditions$>® followed by an Appel reactid®’
on the resulting allylic alcoh@94 using PPhand CBj gave allylic bromide95 (79% vyield
from 293). At the beginning of our investigation, we dedd® use the alkynol81 to
displace the allylic bromid295. Of the various procedures examined for the degpteent of
the allylic bromide295 by terminal alkyne$®® conditions developed by White and co-
workers were found to work bedt’. The lacton€96 was obtained by addition of the allylic
bromide295 at 0°C to the alkynylcopper species from alkyid8ll, prepared by mixing with
stoichiometric Cul and Bt in a 2:1 mixture of ED and DMF in 72% yield. Looking for a
protecting group free synthesis, and thereforeguie propargylic alcohdl76 instead, gave
the desired lacton292in 63% yield. Using previous Meyer-Schuster caodi (see Section
3.4.1, p. 50) on propargylic alcoh®®2 gave (+)-anthecotulidet) in excellent yield (87%)
(Scheme 4.31). No isomerisation of thg-trisubstituted alkene into conjugation with the
ketone was observed. The spectroscopic data weffelliragreement with those in the

literature®® and the specific rotation of synthetic anthecdei[ix]?*, +81.1 € 0.15, CHC})

( 1
| 84 )



is of comparable magnitude to that reported forrtheural producf{a]®?, +76.9 € 0.032,

CHCl3).1*°

MoO,(acac),
AuCI(PPhjg)
AgOTf
(1:1:1, 5 mol %)
—_—
Toluene = =
rt,3h (o}
87% 4

Scheme 4.3Anthecotulide 4) by Meyer-Schuster rearrangement
To confirm our synthesis, we contacted Prof. Imnfmagn Martin-Luther-Universitat Halle-
Wittenberg, who kindly sent us specta and an atitheample of4). HPLC (ZORBAX RX-
SIL, 5% IPA/Hexane) was run using Imming’s sampd@iast our synthetic material and,

pleasingly, our synthectic sample matched withnidweiral product (see Appendix, p. 212).

4.4 Conclusion

During this last part | have demonstrated asymmetrduction using classic, bidentate
bisoxazolines (or even phosphoric ligands) in tlaalgtic chromium allylation using
bromolactone125 | also showed the use of a chiral rhodium catalys a novel
enantioselective enyne cycloisomerization taxamethyleney-butyrolactone. The latter was
used for the first asymmetric synthesis of (+)-anttulide §) in six steps. | also investigated
the use of peroxodicarbonate foioxygenation of aldehydes.

During the synthesis of anthecotulid),(l established the absolute configuration of the
natural product as R3. This result conflicts with the absolute configtion of the
biosynthetically related hydroxanthecotulid@),( which was originally assigned using
Mosher's method (see Section 1.3, p. 4). The us¢hisf Mosher's method for acyclic
structures if found in a few exampfés although it is principally used for rigid structs®

To determine absolute configuration, this methoblased on positive or negative differences

( 1
{ 8 )



in chemical shifts between thdR)(Mosher ester andS[-Mosher ester. In the case of
hydroxyanthecotulide, these absolute differences aery small (0.0070.035 ppm).
Moreover, during the preparation of the Mosher restenfigurational assignment switches
when Mosher’'s acid chloride is usedR{MTPA chloride gives $-Mosher ester), and
therefore confusion is possibf&. We are currently in contact with Dr. Skaltsa tp and
resolve this issue. Strongly believing in the biabetic relationship between antheculadij (
and anthecotulides and our assignment of antheédetl) (see Section 4.3, p. 83), we

propose the following absolute configurations foe family.

o] o] o]
o] o) o)
A o o) o
~,
o O OH 071/
(o]

(1) () ®) 4)
anthecularin hydroxyanthecotulide acetoxyanthecotulide anthecotulide
(3R, 4S) (3R, 4S)

Future work:

With the aim of expanding the methodology, futurerkvis needed on the synthesis of new
asymmetric ligands such as cage-ligand 217 develdpe Yamamoto. The synthesis of
additional stereocenters on the lactone and itiagiion to new target synthesises is
currently being evaluated in our laboratory. Due the small amounts of
hydroxyanthecotulide synthesised, the biosynthlas not been completely evaluated. A
scale-up will be needed in order to understand, lopkefully complete, the biosynthesis of

anthecularin.
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Chapter 5. Experimental

5.1 General Detalls

All reactions requiring anhydrous conditions weagried out under an atmosphere of argon

in flame-dried glassware. Syringes, needles andudarwere oven-dried.

Materials Et,O, CHCI,, Toluene, MeOH, and THF were degassed and dried @umina
under argon.a Acetone was degassed and dried dvenddecular sieves under argon. (i-
PrpNEt was distilled from Cald Zinc dust <1Qm was purchased from Aldrich; Dry 1,2-
dichloroethane (99.8%) and dry DMF were obtaineanfrAldrich Chemical Con-Buli was
titrated using a solution of 2-Propanol (1.0 Mtatuene with 0.2% of 1,10-phenanthroline.
Other starting materials were obtained commercialig used without further purification,

unless stated otherwise.

Chromatography:Thin layer chromatography (TLC) was preformed @umanium-backed
plates pre-coated with silica (Merck 68s§. The plates were visualised by irradiation with
UV light (254 nm) and by immersion in phosphomolgbécid or KMnQ solutions,
followed by heating. Purification of reaction pratts was carried out by flash
chromatography using silica gel (35-70 uM) or naluitumina. HPLC was carried out on an
Agilent 1200 series running in normal phase undérddtection using a ZORBAX RX-SIL
(150 mm x 4.6 mm ID) as the analytical column. @hanalysis was carried out using a

DAICEL CHIRALPAK-IA or IB (250 mm x 4.6 mm ID).

1. ? Pangborn, A. B.; Giardello, M. A.; Grubbs, R. RRosen, R. K.; Timmers, F. Drganometallics
1996 15, 1518-1520.
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Optical rotations were recorded on a Perkin-Eln¥ Rolarimeter, with a path length of 10
cm in CHCS. [o]p values are given in Tdeg cnig™. Concentrationsc] are given in grams

per 100 crii

IR spectra were recorded as thin films on NaClgdatsing a Perkin-Elmer Paragon Fourier
Transform spectrometer; abbrations br, s, m, and w refer to broad, strong, medand

weak, respectively.

NMR 'H NMR and**C NMR spectra were recorded in CRQising a Briicker AVC500
spectrometer. Chemical shifts are reported in ppchraferenced to residual CHGIts 7.27
for 'H NMR spectra (apart from anthecotulidel),( acetoxyanthecotulide 3) and
hydroxyanthecotulidel(71) and @) referred to MgSi), and to the central line of CDQliplet
at 77.0 for™>C NMR spectra. Coupling constanty @re given in Hz. Thé’C NMR peaks
were assigned by standard methods using HSQC or TDERperiments. The

diastereoselectvity was determined by crtideNMR analysis of the methylene protons.

Mass SpectraHigh resolution mass spectra were obtained by fahisation (FI; Micromass
GCT) or by electrospray ionization (ESI; LCT Premieeflectron TOF and Bruker
MicroTOF) using tetraoctylammonium bromide or sodidwlodecyl sulfate as lock mass;
values are quoted as ratio of mass to charge itolsland relative intensities of assignable

peaks observed are quoted as a percentage value.
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5.2 Data for Chapter 2

1-(tert-Butyldimethylsilanyloxy)-hex-5-en-2-ond2):

OTBS

A solution of TPAP (183 mg, 0.35 mmol) in @El; (5 mL) was added to a solution of crude
alcohol41'® (1.0 g) with finely crushed NMO (1.42 g, 12.15 mijrend dry molecular sieves
powder A (1.6 g) in CHCI, (90 mL) The reaction mixture was stirred at rt Idrh and then
concentrated under reduced pressure and purifiezbloynn chromatography (5% EtOAc in
petrol) to give ketond2'*?(1.59 g, 83% over 2 steps) as a clear oil.
* R 0.4 (5% EtOACc in petrol).
* IR (neat): 2930m, 2858m, 1721s, 1642m, 1256m, 1110br.
« H NMR (400 MHz, CDC}): 5.82 — 5.76 (m, 1 H, l8=CH,), 5.05 (dd,J = 1.5, 17
Hz, 1H, =GH,), 4.98 (ddJ = 1.5, 11 Hz, 1 H, =B,), 4.12 (s, 2 H, 6,0), 2.64 — 5.56
(m, 2H, CHCH,CO), 2.32 (t,J = 7 Hz, 2H, CHCH,CH=CH,), 0.90 (s, 9 H,
C(CHa)3), 0.08 (s, 6 H, Si-85).
« BC NMR (100 MHz, CDC}): 210.2 C=0), 137.0 CH=CH,), 114.2 (CH€H,), 69.3
(CH»-0Si), 37.4 CH,C=0), 27.2 CH,CH=CH,), 25.8 CHa), 18.3 C(CHa)s), 5.5
(CHsSI).

e HRMS (FI): (M + H") ="Bu found 171.0779; §,50,Si requires 171.0841.
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tert-Butyl-(2,2-dimethoxyhex-5-enyloxy)dimethyl silafé3):

MeO. OMe MeO. OMe
= =
+
OTBS OH
43 36

Trimethyl orthoformate (0.76 mL, 7.0 mmol), thertoluenesulfonic acid (16.1 mg, 0.085
mmol) were added to a solution of ketof2 (0.4 g, 1.75 mmol) in MeOH (30 mL). The
reaction mixture was stirred at rt for 7 h, thermghed with sat. aqg. NaHG@0 mL). The
ag. layer was extracted with EtOAc (3 x 100 mL)eTombined organic extracts were dried
(MgSQy), concentrated under reduced pressure and purfiedolumn chromatography
(10% — 50% EtOAC in petrol) to give:
* First eluted: keta#t3 (134 mg, 26%) as a yellow oil.
* Ry 0.45 (10% EtOACc in petrol).
* IR (neat): 2930m, 2858br, 1642m, 1463m, 1256m, 1125s.
« H NMR (400 MHz, CDC}): 5.84 — 5.74 (m, 1 H, I8=CH,), 5.03 (ddJ
=1.5,17 Hz, 1 H, =B,), 4.93 (ddJ = 1.5, 11 Hz, 1 H, =B,), 3.52 (s, 2
H, CH,0), 3.18 (s, 6 H, OB3), 2.05- 1.99 (m, 2 H, CKCH,CH=CH,),
1.78 —1.73 (m, 2 H, C}¥€H,C(OCHg),), 0.88 (s, 9 H, C(B3)3), 0.08 (s, 6
H, Si-CHa).
« C NMR (100 MHz, CDC}): 138.3 CH=CH,), 114.2 (CH€H,), 102.3
(C(OCHy),), 60.5 CH»-0OSi), 47.8 (@Hs), 30.4 CH,C(OCH),), 27.8
(CH,CH=CH,), 25.8 (CH), 18.1 C(CHzs)s), -5.5 (CH3Si).
« LRMS (ESI): 149 (40), 281 (55), 367 (106JRMS (EI): (M + H") —*Bu
found 217.1267, (H2:05Si requires 217.1260.
» Second eluted: alcoh86 (165 mg, 59%) as a yellow oil.

. Rs: 0.52 (30% EtOAc in petrol).
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. IR (neat): 3345m, 2957s, 1453m, 1642w, 1273m, 114D84s.

. 'H NMR (400 MHz, CDC}): 5.84 — 5.76 (m, 1 H, l@=CH,), 5.01
(dd,J = 1.5, 17 Hz, 1 H, =8,), 4.95 — 4.91 (dd) = 1.5, 11 Hz, 1 H,
=CH,), 3.52 (s, 2 H, €,0H), 3.18 (s, 6 H, OCH, 2.18 (br, 1 H,
OH), 2.05 — 1.98 (m, 2 H, G8H,CH=CH,), 1.75 — 1.71 (m, 2 H,
CH,CH,C(OCH)y).

. 13C NMR (100 MHz, CDC#): 138.0 CH=CH,), 114.5 (CHEH,),
101.9 (C(OCHs);) 60.9 (CH-OH), 48.1 (OCH), 30.7
(CH,C(OCH)y), 27.8 CH,CH=CH,).

. LRMS (ESI): 312 (100), 425 (100¥4RMS (El): M + H* found

161.1192, GH1¢03 requires 160.1099.

1-(tert-Butyldiphenylsilanyloxy)-hex-5-en-2-o44):

OH

OTBDPS

TBDPSCI (1.23 mL, 4.73 mmol) was added to a sotuté diol 40'° (0.50 g, .4.30 mmol),
EtsN (0.77 mL, 5.59 mmol) and DMAP (52.0 mg, 0.43 mmiol CH,Cl, (5 mL). The
reaction mixture was stirred at rt for 4 h, theremeched with sat. ag. NBI (20 mL) and the
ag. layer was extracted with @El, (3 x 50 mL). The combined organic extracts were
washed with brine (50 mL), dried (MggQconcentrated under reduced pressure and purified
by column chromatography (5% EtOAc in petrol) teegthe alcoho#t4**3(1.58 g (crude)x
100%) as a light yellow oil.

* R 0.26 (5% EtOAC in petrol).

* IR (neat): 2931m, 2139s, 1720m, 1428m, 1112s.
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'H NMR (400 MHz, CDCY): 7.72-1.65 (m, 4 H, C-i4), 7.42-7.35 (m, 6 H, C-
Har), 5.84-5.79 (M, 1 H, Gi=CHy), 4.98 (ddJ = 1.5, 17 Hz, 1 H, =B,), 4.92 (dd,]
= 1.5, 11 Hz, 1 H, =8,), 3.75-3.69 (m, 2 H, E,0Si), 3.53 — 3.49 (m, 1 H,
CHOH), 2.16 — 2.13 (m, 2 H, GEH,CH=CH,), 1.54 — 1.49 (m, 2 H,
CH,CH,CHOH), 1.08 (s, 9 H, CH).

3C NMR (100 MHz, CDCY): 138.3 CH=CH,), 135.5 (G/), 134.8 (G/), 129.7
(Ca), 127.7 (G, 114.7 (CH€H,), 71.3 (CHOH), 67.9 (CHOSI), 31.9
(CH,CHOH), 29.7 CH,CH=CH,), 26.8 (CH), 19.2 C(CHs)3).

LRMS (ESI-): 353 (100, M - A).

1-(tert-Butyldiphenylsilanyloxy)-hex-5-en-2-ond%):

0]

OTBDPS

A solution of TPAP (217 mg, 0.62 mmol) in @&, (5 mL) was added to a solution of crude

alcohol 44 (5.55 g), finely crushed NMO (2.56 g, 21.9 mmot)dadry molecular sieves

powder A (2.85 g) in CHCI, (150 mL). The reaction mixture was stirred at rtI6 h, then

concentrated under reduced pressure and purifi@bloynn chromatography (10% EtOAc in

petrol) to give ketond5'**(3.51 g, 73% over 2 steps) as a light yellow oil.

Rs: 0.5 (10% EtOAc in petrol).

IR (neat): 2931m, 1720s, 1428s, 1112m.

'H NMR (400 MHz, CDCJ): 7.69-7.65 (m, 4 H, C-H,), 7.43-7.38 (m, 6 H, C-
Har), 5.83-5.78 (M, 1 H, G1=CH,), 5.02 (ddJ = 1.5, 17 Hz, 1 H, =B,), 4.98 (dd,
J =15 11 Hz, 1 H, =8B,), 4.18 (s, 2 H, 6,0Si), 2.66-263 (m, 2 H,

CH,CH,CO), 2.34- 2.29 (m, 2 H, CHCH,CH=CHy), 1.10 (s, 9 H, C}).
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« 13C NMR (100 MHz, CDCJ): 209.6 (CO), 137.0GH=CH,), 135.5 (G,), 132.6
(Car), 129.9 (G,), 127.8 (G/), 115.2 (CHEH,), 69.7 CH,-0OSi), 37.7 CH.CO),
27.1 CH,CH=CH,), 26.7 (CH), 19.2 C(CHs)3).

« LRMS (ESI): 351 (45, M + H), 367 (100).

tert-Butyl-(2,2-dimethoxyhex-5-enyloxy)-diphenyl-sila#6):

MeO_ OMe
=

OTBDPS
Trimethyl orthoformate (1.24 mL, 11.4 mmol) was aeddo a solution of ketord5 (1.00 g,
2.80 mmol), andp-toluenesulfonic acid (27.0 mg, 0.14 mmol) in Me@sD mL). The
reaction mixture was stirred at rt for 24 h, thereiched with sat. ag. NaHG@(®0 mL). The
ag. layer was extracted with EtOAc (3 x 100 mLgrilthe combined organic extracts were
dried (NaSQ,), concentrated under reduced pressure and purifigd column

chromatography (5% EtOAc in petrol) to give ket@l(850 mg, 76%) as a yellow gum.

Rt 0.46 (5% EtOAc in petrol).

* IR (neat): 2930m, 1724s, 1427w, 1112s.

« H NMR (400 MHz, CDC}): 7.68-7.66 (m, 4 H, C-H,), 7.43-7.39 (m, 6 H, C-
Has), 5.83-5.78 (M, 1 H, GH=CH,), 5.02 (dd,J = 1.5, 17 Hz, 1 H, =H,), 4.98 (dd,J
=1.5,11 Hz, 1 H, =8,), 3.57 (s, 2 H, €,0), 3.11 (s, 6 H, O-C¥), 1.93-1.78 (m,
4 H, CHCH,Cy and CHCH,CH=CH,), 1.11 (s, 9 H, Ck).

« C NMR (100 MHz, CDC}): 138.3 CH=CH,), 135.6 (G,), 133.3 (G,), 129.9

(Car), 127.8 (G;), 114.2 (CH€H,), 102.45 C(OCHs),), 61.1 (OCHC,), 47.9

(OCHs), 30.5 CH,C(OCHy),), 27.8 CH,CH=CHy), 26.9 (CH), 19.2 C(CHa)3).

——

93

'



LRMS (ESI: 391 (45), 803 (100), 811 (95); HRMS (ESIM —Bu found

341.1595, GH2503Si requires 315.1573.

3-[5-(tert-Butyldiphenylsilanyloxy)-4,4-dimethoxypentylideig{-dihydrofuran-2-one34):

MeO. OMe A MeO. OMe OTBDPS
= + =
OTBDPS o) OTBDPS MeO OMe
54 55

Grela’s cataly$t (16.1 mg, 0.025 mmol) was added to a solutionesflld6 (199 mg, 0.5
mmol), 3-methylene-dihydro-furan-2-one  (0.065 mL,.79 mmol) and 2,6-
dichloro[1,4]benzoquinone (8.8 mg, 0.05 mmol) inCH (3 mL). The reaction mixture was
heated under reflux for 32 h. After cooling to rodemperature, the reaction mixture was
concentrated under reduced pressure and purifiezbloynn chromatography (10% 40%
EtOAc in cyclohexanes) to give:
» First eluted: Starting materidb (10 mg, 5%).
» Second eluted: Dimés5 (70 mg, E/Z: 9/1, 18%) as a clear oil.
. Rt = 0.85 (40% EtOAc in cyclohexanes).
* IR (neat): 2932m, 1758m, 1135m.
«  'HNMR (400 MHz, CDC}): 7.69- 7.65 (m, 8 H, C-Hy), 7.42— 7.37
(m, 12 H, C-H,), 5.45-5.40 (m, 2 H, G4=C), 3.57 (s, 4 H, B8,-0),
3.11 (s, 12 H, O-Cp), 1.95-186 (m, 8 H, CHCH,C,; and
CH,CH,CH=CH,), 1.11 (s, 18 H, C}).
« 1C NMR (100 MHz, CDC)): 135.7 (G,), 133.3 (G,), 130 (G.),
127.8 (Gy), 102.5 C(OCHs),), 61.1 (OCHC,), 48.0 (O-CH), 30.5

(CH2C(OCH)2), 26.9 (CH), 26.3 (CH), 19.3 C(CHy)3).
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« HRMS (ESI: M+Nd found 791.4145 gHeNaQOsSi, requires
791.4134.

* Third eluted: lacton&4 (153 mg, 65%) as a clear oil.

* R 0.60 (40% EtOAc in cyclohexanes).

* IR (neat): 2932m, 1758s, 1113m.

«  H NMR (400 MHz, CDC}): 7.69-7.65 (m, 4 H, C-H,), 7.42- 7.38
(m, 6 H, C-H,), 6.69 — 6.65 (M, J = 7, 3 Hz, 1 HHEC,), 4.32 (t,J =
7, 2 H, H,0-CO), 3.57 (s, 2 H, B,0Si), 3.14 (s, 6 H, O-C}), 2.79
- 275 (m, 2 H, CHC,), 2.10- 2.07 (m, 2 H, CHCH,CH=CH), 1.97
-1.94 (m, 2 H,CH,C(OCH;),) 1.08 (s, 9 H, Ch).

« C NMR (100 MHz, CDC)): 171.2 (CO), 140.1QH=Cq), 135.5
(Ca), 133.1 (@), 129.9 (G,), 127.7 (G, 1253 (G,), 102.0
(C(OCHg),), 65.3 CH,0-CO), 61.1 (SiGEH,), 47.9 (O-CH), 30.5
(CH,CH,C(OCH);), 29.8 (OCHCH,CH=C}), 26.9 (CH), 24.9
(CqQCH,CH,CH=C,), 19.3 C(CHs)a).

« LRMS (ESI): 491 (30, M+N4), 959 (100, 2 M+N8; HRMS (ESI):

M + Na’ found 491.2200, £H3sNaQ;Si requires 491.2224.

3-[5-(tert-Butyldiphenylsilanyloxy)-4,4-dimethoxypentyl]Fbfuran-2-one %8):

MeQ_ OMe
MO
TBDPSO

0
FeCQ (0.091 mL, 0.68 mmol) was added to a solutioractdnes4 (155 mg, 0.34 mmol) in
toluene (6 mL). The reaction mixture was allowedstio at 110 °C under sun lamp for 8 h,

during which time a black precipitate formed. Thétore was then concentrated under
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reduced pressure and purified by column chromapbyrg30% EtOAc in cyclohexanes) to
give butenolidé&8 (110 mg, 71%) as a clear oil.
* R 0.22 (30% EtOAc in cyclohexanes).
* IR (neat): 2933w, 1757s, 1428w, 1113s.
« 'H NMR (400 MHz, CDC}): 7.73-7.62 (m, 4 H, C-,), 7.47-7.34 (m, 6 H, C-
Har), 7.06—7.00 (m, 1 H, CH=g), 4.78- 4.67 (m, 2 H, CHO-CO), 3.65- 3.54 (m,
2 H, CH-0Si), 3.16 (s, 6 H, O-C¥)l, 2.32-2.20 (m, 2 H, CHCq), 1.88-1.75 (m, 2
H, CHy-CH,-CH=CH,), 1.48-1.36 (m, 2 H, C-C(OCH;),) 1.14-1.02 (s, 9 H,
CHy).
« C NMR (100 MHz, CDC}): 174.2 (CO), 144.3 (CH=f, 135.7 (Gy), 133.9 (G),
133.2 (), 129.7 (Gy), 127.7 (G), 102.3 (C(OCH),), 70.1 (CH-O-CO), 61.2 (SiO-
CH,), 47.9 (O-CH), 31.1 (CH-CH,-C(OCHp),), 26.8 (CH), 25.4 (CH-C4=), 21.2
(CH2-CH,-C(OCHp),), 19.3 C(CHg)a).

« HRMS (ESI+): M + N4 found 491.2233, £H3sNaG:Si requires 491.2224.

3-Phenylsulfanyldihydrofuran-2-on84):
QSQ
0]

n-BuLi (8.0 mL, 1.6 M in hexanes, 12.8 mmol) was edldo a solution ofi{Pr,NH (0.9 mL,
12.8 mmol) in THF (50 mL) at -78 °C. The reactioixiure was stirred 30 min at -78 °C,
then the lacton83 (500 mg, 5.8 mmol) was added. The reaction mixtuas stirred at -78
°C for 30 min, then a solution of (Phg).26 g, 5.8 mmol) in THF (5 mL) was added and the
reaction mixture was stirred at -78 °C for 3 h,nttieh at 0 °C and finally 11 h at rt. The

reaction was quenched with sat. aq.48H(20 mL) at -78 °C. The aq. layer was extracted
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with ELO (3 x 100 mL). The combined organic extracts wated (MgSQ), concentrated
under reduced pressure and purified by column catognaphy (30% EtOAc in

cyclohexanes) to give lactoBd™ (844 mg, 75%) as a clear oil.

Rt 0.31 (30% EtOAc in cyclohexanes).

* IR (neat): 2913w, 1772s, 1479w, 1439s, 1373s, 1115¥/%]}s.

« H NMR (400 MHz, CDC}): 7.62-7.47 (m, 2 H, C-H,), 7.43-7-30 (m, 3 H, C-
Ha), 4.32-4.19 (m, 2 H, ®,-CH,-O), 3.87 (ddJ = 6, 9 Hz, 1 H, &-CO), 2.75
-2.63 (M, 1 H, E»-0), 2.36-2.24 (m, 1 H, E,-0).

« BC NMR (100 MHz, CDCY): 174.9 (CO), 133.6 (§), 131.9 (G,), 129.3 (G,),

128.7 (Gv), 66.5 CH2-0), 44.4 CH-S), 30.0 (&,-CH,-0).

« LRMS (ESI):193.1 (100, M-H).

3-(Pentynyl)-3-(phenylthio)dihydrofuran-A{3-one 85):

\\\/\S>§'
0]

O

n-BuLi (14.2 mL, 1.6 M in hexanes, 22.7 mmol) was edldo a solution ofi{PrNH (3.2
mL, 22.7 mmol) in THF (35 mL) at -78 °C. The reactimixture was stirred at this
temperature for 45 min, then a solution of 3-(phémy)dihydrofuran-2(8i1)-one84 (4.40 g,
22.7 mmol) in THF (5 mL) was added and the reacstimed 1 h at -78 °C. After a further 1
h, a solution of dry HMPA (11 mL) and 1-iodopenyde 82*° (4.00 g, 20.7 mmol) is added,
and the reaction mixture is stirred for 3 h at @8then 1 h at 0 °C and finally 4 h at rt. The
mixture was then quenched with sat. aq..8H75 mL) and extracted with £ (3 x 150

mL). The combined organic extracts were dried ,@@@), concentrated under reduced
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pressure and purified by column chromatography 4@0% of EtOAc in petrol) to give
lactone85 (4.6 g, 86%) as a yellow oil.

* R 0.7 (30% EtOAC in petrol).

* IR (neat): 3442br, 1762s, 1266s, 1176m, 1025s.

« H NMR (400 MHz, CDCJ): 7.52- 7.63 (m, 2 H, C-#&), 7.40- 7.50 (m, 1 H, C-
Hao), 7.34-7.37 (m, 2 H, C-K)), 4.24- 4.34 (m, 2 H, €,-0), 2.40- 2.52 (m, 1 H,
C=CH), 2.22- 2.34 (m, 3 H, @), 1.95- 2.06 (m, 3 H, ©,), 1.69- 1.81 (m, 1 H,
CHy), 1.48- 1.61 (m, 1 H, El,).

« 13C NMR (100 MHz, CDCJ): 175.7 (C=0), 137.2 (), 130.1 (G,), 129.0 (G,),
83.5 (HC=C-CH,), 69.1 (GCH), 65.1 CH»-0), 53.7 (OCE,-S), 34.5 CH»-Cq-S),
33.7 CHx-CH,-0), 23.5 (CH-CH,-CHy), 18.4 CH»-C=).

« LRMS (ESI) 299.0 (100), 255.3 (50YRMS (EI): M found 262.1025, GH140,S

requires 262.1028.

3-(Pent-4-ynyl)furan-2(8)-one @6):

é
oo

m-CPBA (2.89 g, 16.7 mmol) was added to a solutibtactone85 (4.60 g, 17.7 mmol) in
CH.Cl, (140 mL) at 0 °C after 30 min, the mixture was reheed with sat. ag. NaHG®75
mL) and the ag. layer was extracted with CH (3 x 150 mL). The combined organic
extracts were dried (MgS{) concentrated under reduced pressure and thaedlin toluene
(140 mL). This solution was allowed to stir at 130 for 5 h, then concentrated under
reduced pressure and purified by column chromaptyr820— 30% EtOAc in hexanes) to

give unsaturated lactor®6 (2.46 g, 92%) as a light yellow oil.
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* Ry 0.6 (30% EtOAcC in hexanes).

« IR (neat): 3334m, 2967m, 1749 s, 1472 m, 1345m, 107658 m.

« 'H NMR (400 MHz, CDC}): 7.17 (s, 1 H, €=), 4.79 (dJ = 2 Hz, 2 H, E>-0),
2.45 (tJ =7 Hz, 2 H, ®1,-C=), 2.25 (tdJ = 2, 7 Hz, 2 H, CRC=), 1.99 (t,J = 2 Hz,
1 H, C=H), 1.77- 1.89 (m, 2 H, CRHCH,-CHy).

« C NMR (100 MHz, CDC}): 174.2 (CO), 144.8GH=), 133.4 (G=), 83.3 EC-CH)),
70.2 (C=CH), 69.2 CH,-0), 26.0 CH,-C4=), 24.3 (CH-CH,-Cy=), 17.9 (GC-CHy).

« LRMS (ESI): 141.0 (100), 151.1 (M-H70), 157 (45)HRMS (ESI): M+H" found

151.0746 GH1,0, requires 151.0760.

2-Butyl-3-(pent-4-ynyl)furan§8):

O
Y

A\ /

n-BuLi (1.25 mL, 1.6 M in hexanes, 2.00 mmol) wasled to a solution of alkyn&6 (300
mg, 2.00 mmol) in THF (20 mL) at -78 °C and thectem mixture was stirred at -78 °C for
2 h, then a solution of lactone (0.19 mL, 2.00 mmol THF (2 mL) was added and the
reaction mixture was stirred 3 h at -78 °C. Thectiea mixture was then quenched with sat.
ag NH,Cl (25mL) and extracted with £ (3 x 50 mL). The combined organic extracts were
dried (NaS(Qy), concentrated under reduced pressure and purifisd column
chromatography (30% of EtOAc in petrol) to giveanB8 (84 mg, 22%) as a clear oil.

* R 0.9 (30% EtOAc in hexanes).

* IR (neat): 3310m, 2930m, 1142w, 935w.

« H NMR (500 MHz, CDCY): 7.24 (d,J = 2 Hz, 1 H, =GIO), 6.18- 6.26 (m, 1 H,

CH=), 2.58 (tJ = 7 Hz, 2 H, ©1,-Cy), 2.47 (tJ = 7 Hz, 2 H, ®i,-Cy), 2.20 (td,J = 3;

7 Hz, 2 H, H,-C5), 1.92- 2.03 (m, 1 H, ECH), 1.74 (t,J =7 Hz, 2 H, G-CH..

——

99

'



CH,-CH,.Cq), 1.54- 1.66 (M, 2 H, GCHy.CH,-CH,.CHs), 1.36-1.32 (m, 2 H, G-
CH,.CH,-CH,.CHj), 0.93 (t,J = 7 Hz, 3 H, CH).

« C NMR (125 MHz, CDCY): 151.8 C,-0), 139.9 CHO), 117.5 C;), 111.2 CH=),
84.2 C=CH), 68.6 (&CH), 30.8 CH,), 29.2 CH.) 25.6 CH,), 23.4 CH,), 22.3
(CHy), 17.7 CH,), 13.9 CHs).

« LRMS (ESI): 191.2 (100, M+B), 147.1 (60);HRMS (FI): M* found 190.1359,

C13Hg0 requires 190.1358.

Phenyl 4-{ert-butyldimethylsilyloxy)butanethioat®():

0]

Bso_~ I,

DCC (473 mg, 2.3 mmol) was added to a solutionaid 89* (436 mg, 2.0 mmol), DMAP
(28.0 mg, 0.23 mmol) and thiophenol (0.225 mL, @&u@ol) in THF(10 mL). The reaction
mixture was stirred at room temperature for 6(hentquenched with sat. aq. MH (75 mL)
and extracted with BED (3 x 150 mL). The combined organic extracts whied (NaSQy),
concentrated under reduced pressure and purifiezcbloynn chromatography (pentane then

5% of EtOAc in pentane) to give the thioe€81(434 mg, 70%) as a clear oil.

Rt 0.80 (5% EtOACc in pentane).

* IR (neat): 2955m, 1710s, 1255m, 1106m, 836m.

« H NMR (400 MHz, CDCJ): 7.40- 7.49 (m, 5 H, C-i4), 3.68 (t,J = 6 Hz, 2 H,
CH2-0), 2.78 (tJ = 7 Hz, 2 H, E1,-C), 1.88- 1.99 (m, 2 H, @), 0.95 (s, 9 H-
Bu), 0.06 (s, 6 H, Si-C#).

« 13C NMR (100 MHz, CDCY): 197.4 C=0), 134.5 Ca/), 129.3 Ca), 129.2 Ca),

127.9 Ca), 61.7 (OC€H,), 40.4 CH,-CO), 28.4 CH,), 25.9 (CH), 18.3 C(CHs)s),

5.3 (Si-CH).
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« LRMS (El): 311.1 (100, M+H), 201.0 (90);HRMS (EI): M-"Bu found 253.0645

C12H170,SSi requires 253.0719.

3-(9-(tert-Butyldimethylsilyloxy)-6-oxonon-4-ynyl)furan-2{%)-one {9):

0]

TBSO ,
AN o)

O

Alkyne 86 (150 mg, 1.0 mmol) was added to a solution of (&1 mg, 2.0 mmol), TFP
(58.0 mg, 0.25 mmol), Pd&lppf (73.2 mg, 0.01 mmol)i-PrpNEt (0.17 mL, 1.0 mmol) and
thioester90 (340 mg, 1.1 mmol) in DMF (1.5 mL) and the reactimixture was then
degassed with argon and then stirred at 50 °C forBhe reaction mixture was then diluted
with Et,O (1 mL) and brine (1 mL), passed through celitd amashed with RO (10 mL).
The combined organic extracts were evaporated urethrced pressure and purified by
column chromatography (30% EtOAc in petrol) to gthe alkyne79 (318 mg, 92%) as a

light yellow oll

R: 0.38 (35% EtOAc in petrol).

* IR (neat): 2930m, 1756s, 1672s, 1254s, 836m.

« 'HNMR (400 MHz, CDC}): 7.19 (s, 1 H, €=), 4.80 (dJ = 2 Hz, 2 H, &1,-O-CO),
3.63 (t,J = 6 Hz, 2 H, ®-0Si), 2.63 (tJ = 7 Hz, 2 H, &,-CO), 2.46 — 2.39 (m, 4
H, CHx-Cg), 1.82— 1.95 (m, 4 H, E-CH,-OSi and &,-CH,-C=), 0.89 (s, 9 H:-
Bu), 0.05 (s, 6 H, Si-Ch).

« 13C NMR (100 MHz, CDC}): 187.9 (GC-CO), 174.1 (O€0), 145.2 CH=), 133.0

(Cq=), 92.3 (GC-CO), 81.5 (&C-CHy), 70.3 CH»-0O), 61.9 CH,-0Si), 42.1 (OC-

CH,), 27.0 (=G-CHy), 25.9 (CH), 25.3 (G=C-CHy-CHy), 24.5 (O=C-CH-CH,),

18.52 (G=C-CHj), 18.3 C(CHa)s), -5.3 (SiCHa).
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« LRMS (ESI): 349.1 (100, M-f), 659.3 (80)HRMS (ESI): M+Nd found 373.1800

C19H30NaGsSi requires 373.1806.

(2)-3-(9-(tert-butyldimethylsilyloxy)-6-hydroxy-4-oxonon-5-eny)fan-2(31)-one {8)

o o
TBSO [ O +enol

O

A solution of chloro[1,3-bis(2,6-diisopropylphenytidazol-2-ylidene]gold(l)/AgSb§ (11
mg/a spatula tip (8 mg), 0.0125 mmol) in dioxananll), was stirred at rt for 5 min, then
was added to a solution of alky@® (350 mg, 1.0 mmol) in dioxane/water (4.00 mL/0.03
mL). After 40 min at rt, the reaction was quenchath EtN (2 drops) and diluted with
water (20 mL) and extracted with EtOAc (3 x 40 mhe combined organic extracts were
dried (NaS(Qy), concentrated under reduced pressure and purifisd column
chromatography (40% of EtOAc in petrol) to give etitne 78 (35% enol form; 336 mg,

91%) as a clear oil.

R: 0.46 (40% EtOAc in petrol).

* IR (neat): 2929m, 1756s, 1662br, 1101m, 836s.

« H NMR (400 MHz, CDC}): 15.41- 15-46 (brs, 1 H, @), 7.17 (d,J = 2 Hz, 1 H,
CH=), 5.48- 5.56 (m, 1 H, CH=C-OH), 4.79 (d,= 2 Hz, 2 H, G,-0-CO), 3.60-
3.69 (M, 2 H, €1,-0Si), 2.62- 2.58 (m, 1 H), 2.30- 2.40 (m, 5 H, El,), 1.87—- 1.96
(m, 2 H, G4,), 1.75- 1.85 (m, 2 H, El,), 0.89 (s, 9 H-Bu), 0.06 (s, 6 H, Si-C#).

« C NMR (100 MHz, CDCY): 194.4, 192.9, 188.0, 174.2, 144.7, 133.6, 99042,

62.1, 37.5, 34.8, 28.6, 25.9, 24.5, 23.2, 18.355.

« LRMS (ESI): 367.1 (100, M-H), 401.1 (55), 323.2 (2BRMS (ESI): M+N4& found

391.1911 GyH3,NaGsSi requires 391.1911.
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1-(tert-Butyldimethylsilyloxy)-5-diazo-9-(2-oxo-2,5-dihydfuran-3-yl)nonane-4,6-dione
(9D):

O O
| ©

TBSO
N, O
ABSA (240 mg, 1.0 mmol) was added to a solutionigEtone78 (368 mg, 1.0 mmol) and
EtN (0.1 mL, 1.0 mmol) in dry MeCN (5 mL) and the ecgan mixture was stirred 4 h at rt.
The reaction was then quenched with sat. ag,QMKRO mL), and the ag. layer was extracted
with Et,O (3 x 100 mL). The combined organic extracts wlred (NaSQy,), concentrated
under reduced pressure and purified by column catognaphy (30— 50% EtOAc in
Petrol) to give the diazodior®d (377 mg, 95%) as a yellow light oil.
* R 0.64 (40% EtOAc in petrol).
* IR (neat): 2930s, 2857s, 2117s, 1755, 1664, 836s.
« H NMR (400 MHz, CDC}): 7.19 (s, 1 H, CH=), 4.80 (d, = 2 Hz, 2 H, CH-O),
3.67 (t,J = 6 Hz, 2 H, CH-OSi), 2.86 (tJ = 7 Hz, 2 H, CRCO), 2.76 (tJ = 7 Hz, 2
H, CH-CO), 2.37 (tJ = 7 Hz, 2 H, CH0), 1.91- 2.00 (m, 2 H, ChCH,-CO),
1.91-1.86 (m, 2 H, CH-CH»-CO), 0.89 (s, 9 H:Bu), 0.05 (s, 6 H, Si-C).
« 13C NMR (100 MHz, CDC}): 191.10 CO), 190.26 CO), 174.1 (OCO), 144.6
(CH=), 133.6 C4=), 83.7 C=Ny), 70.2 CH,>-Cq), 61.8 CH,-OSi), 40.0 CH,-CO),
36.7 CH2-CO), 29.6 CH,-C=), 25.0 (CH), 24.6 CH,-CH,-CO), 21.7 CH,-CH,-
CO), 18.4 (G-CHj3), -5.3 (Si-CH).
« LRMS (ESI): 393.1 (100, M+H), 349.2 (70)HRMS (ESI): M+Nd found 417.1812

C19H30N2NaGsSi requires 417.1816.
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5-Diazo-1-hydroxy-9-(2-oxo-2,5-dihydrofuran-3-ymane-4,6-dionedQ):

O O I
HOMO

N, o

A solution of diazodion®1 (396 mg, 0.75 mmol) in TH®.75 mL), water (0.75 mL) and

AcOH (2.25 mL) was stirred at rt for 15 h. The rg@t mixture was then diluted with

EtOAc\water (1:1; 60 mL) and the ag. layer was aoted with EtOAc (3 x 30 mL). The

combined organic extracts were dried £§81@;), concentrated under reduced pressure and

purified by column chromatography (5% MeOH in £Hp) to give the diazoalcoh®?2 (216

mg cruder 100%) as a clear oil.

Rr: 0.40 (5% MeOH in ChLCl).

IR (neat): 3480br, 2933s, 2123s, 1749, 1659s.

'H NMR (400 MHz, CDC}): 7.20 (s, 1 H, €=), 4.73- 4.84 (m, 2 H, E»-0), 3.68
(t, J= 6 Hz, 2 H, E&1,-OH), 2.77- 2.89 (m, 5 H, ® and G4,-CO), 2.35 (tJ = 7 Hz,

2 H, CH,-C4=),1.88- 2.00 (M, 4 H, E,-CH,-CO).

13C NMR (100 MHz, CDCJ): 191.1 CO), 190.3 CO), 174.4 (OCO), 144.6 CH=),

133.6 C4=), 84.1 C=N,), 70.3 CH,-O-C), 61.8 CH,-OH), 39.8 CH»-CO), 37.2
(CH,-CO), 26.7 CH,-C=), 24.6 CH,-CH,-CO), 21.8 CH2-CH,-CO).

LRMS (ESI): 279.7 (100, M+H), 235.1 (50)HRMS (ESI): M+Na found 303.0949

C13H16N2NaG; requires 303.0951.
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5-Diazo-4,6-diox0-9-(2-o0x0-2,5-dihydrofuran-3-ylymanal 1):

Ow. O

N, o
PCC (46.2 mg, 0.214 mmol) was added to a soluticabove crude diazodior#? (40 mg,
0.143 mmol) and dry NaOAc (3.5 mg, 0.043 mmol) in,Cl, (1.4 mL). The reaction
mixture was stirred 14 h at rt. A slurry of silicaEt,O was then added and the mixture was
concentrated under reduced pressure and purifiezbloynn chromatography (5% MeOH in
CH.CI,) to give diazoaldehyd2l (31 mg, 80% fron®1) as a clear oil.

* R 0.5 (5% MeOH in CKCIy).

* IR (neat): 2929m, 2127s, 1747s, 1660s, 1201w.

« H NMR (400 MHz, CDC}): 9.82 (s, 1 H, €0), 7.19 (s, 1 H, 8=), 4.79 (s, 2 H,
CH,-0), 2.96- 3.09 (m, 2 H, €l,-CO), 2.87 (dJ = 6 Hz, 2 H, ®&,-CO), 2.79 (tJ =
7 Hz, 2 H, G4,-CHO), 2.39-2.32 (m, 2 H, GHx-C4=), 1.90- 2.02 (m, 2 H, G-
CH,-CHO).

« BC NMR (100 MHz, CDC}): 200.0 CHO) 191.10 CO), 190.26 CO), 174.2 (O-
CO), 144.9 CH=), 133.5 C4=), 83.9 C=N,), 70.3 CH»-0), 39.7 CH,-CO), 37.4
(CH,-CO), 32.9 CH,-CHO), 26.7 CH,-C=), 24.6 CH,-CH,-CO).

« LRMS (ESI): 293.5 (100), 277.0 (95), 249.1 (53)RMS (ESI): M-H' found

277.0834 G3H13N20s5 requires 277.0830.
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Methyl 4-oxo0-4-(phenylthio)butanoat@9):

@)

O
A solution of acidd7*?(3.00 g, 22.7 mmol) in SOE(3 mL) was heated under reflux for 2 h,
then concentrated under reduced pressure and shieck crude acid chlorid@8 was used
directly without further purification.
A solution of the above acid chlori@®8 in CH,CI, (10 mL) was added slowly to a solution
EtN (2.32 mL, 22.7 mmol) and thiophenol (3. 16 mL,2&xmol) in CHCI, (10 mL) at O
°C. The reaction mixture was stirred at rt for 3ten quenched with sat. aq. NaHCO
(75mL) and extracted with gD (3 x 150 mL). The combined organic extracts waned
(N&S(Oy), concentrated under reduced pressure and pubffedolumn chromatography (0
— 20% of EtOAc in pentane) to give the thioe€8(3.24 g, 64%) as a yellow light oil.
* R 0.78 (5% EtOAC in petrol).
* IR (neat): 2952m, 1739s, 1708s, 1439s, 1207br, 1104G7s.
« H NMR (400 MHz, CDC}): 7.45-7.41 (m, 5 H, C-H,), 3.70 (s, 3 H, CH), 3.03 (t,
J=7Hz, 2 H, G&,-COS), 2.71 (tJ = 7 Hz, 2 H, &1,-CO).
« 13C NMR (100 MHz, CDCJ): 196.2 CO-SPh), 172.3QO.Et), 134.6 (G,), 129.5
(Car), 129.2 (Gy), 127.3(Gy), 52.0 CH3), 38.1 CH»-COS), 28.9 CH,-CO,EY).

« LRMS (ESI): 247.03 (100, M+N2.
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Methyl 4-0x0-9-(2-0x0-2,5-dihydrofuran-3-yl)non-Swgate (00):
@)

MeO ’

AN O
@)

O

Alkyne 86 (450 mg, 3 mmol) was added to a solution of (Ig14.0 mmol), TFP (174 mg,
0.75 mmol), PdGHppf (219 mg, 0.30 mmol)j-PrLNEt (0.524 mL, 3 mmol) and thioester
99 (740 mg, 3.3 mmol) in DMF (7.5 mL) and the reactimixture was then degassed with
argon and then stirred at 50 °C for 4 h. The reactnixture was then diluted with £ (5
mL) and brine (5 mL), passed through celite andhedswith EtO (10 mL). The combined
organic extracts were evaporated under reducedsymesand purified by column
chromatography (36» 50% EtOAc in petrol) to give alkyne00 (460 mg, 58%) as a light

yellow oil

R; = 0.28 (35% EtOAc in petrol).

« IR (neat): 2952m, 2211s 1749s, 1674s, 1438m, 134869s] 1156s.

« 'H NMR (400 MHz, CDC}): 7.20 (s, 1 H, €=), 4.80 (dJ = 2 Hz, 2 H, E&1,-O-CO),
3.69 (s, 3 H, Ch), 2.89 (t,J = 7 Hz, 2 H, ®l,-CO ), 2.64 (tJ = 7 Hz, 2 H, G-
CO,CH3), 2.49- 2.41 (M, 4 H, CRHCg), 1.84— 1.94 (m, 2 H, €l,-CH,-C=).

« 13C NMR (100 MHz, CDC}): 185.4 CO), 173.9 CO,-C=), 172.5 CO,-C=), 145.2
(CH=), 132.9 C4=), 93.3 (GC-CO), 81.1 C=C-CO), 70.2, CH,-0), 51.9 CH>),
39.9 CHy-CO-C=), 27.7 CHx-CO:Me), 25.2 CH,-C=), 24.5 (CH-CH,-CHy), 18.5
(CH,-C=2).

« LRMS (ESI): 263.11 (100, M-F), 231. 09 (50), 187.09 (80WRMS (EI): M* found

264.1028 GH1605 requires 264.0998.
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Methyl 4,6-dioxo-9-(2-ox0-2,5-dihydrofuran-3-yl)nanoate 101):

o)
0O O Q

MeO =~ + enol

O
AgSbFs (a spatula tip, ~ 10 mg) was added to a solutfadkyne 100 (400 mg, 1.5 mmol) in
dioxane/water (5:1, 6.0 mL). The reaction mixtur@svstirred at rt for 90 min. then quenched
with EtN (2 drops), diluted with water (20 mL) and extetivith EtOAc (3 x 40 mL). The
combined organic extracts were dried £8@;), concentrated under reduced pressure and
purified through a plug of silica (10% of J&x in CH,CI,) to give diketonel01 (40% enol
form; 363 mg, 86%) as a clear oil.

« R 0.33 (10% of BO in CH,CL,).

* IR (neat): 2954m, 1748s, 1624s, 1438m, 1357m, 1205s.

« 'H NMR (400 MHz, CDC4): 15.09 (br. s., 1 H, B), 7.15 (d,J = 2 Hz, 1 H, CH=),
5.50 (s, 0.5 H, CH=C-OH), 4.76 — 4.71 (m, 2 H),43.8.62, 3.59 ( 3 s, 3 H, GHind
CO-CH-CO), 2.74- 2.80 (m, 1 H, Ch), 2.53- 2.65 (m, 4 H, Ch), 2.18-2.29 (m,

3 H, CHy), 1.83 (dg,) = 7, 14 Hz, 2 H, E,-CH,-C=).

« 1%C NMR (100 MHz, CDC}): 203.3, 202.5, 195.1, 189.4, 174.2, 172.9, 14538,4,
99.3, 70.2, 57.0, 51.8, 42.6, 38.0, 36.5, 33.65,28(.6, 24.7, 24.4, 23.4, 21.0.

« LRMS (ESI): 283.1 (90, M+H), 300.1 (100), 305.1 (80. M+Kjga HRMS (El): M

found 282.1102 GH»¢0s requires 282.1104.
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Methyl 5-diazo-4,6-dioxo-9-(2-ox0-2,5-dihydrofur@ayl)nonanoate9qJ):
o
0O O 0
MeO S

O N,
ABSA (281 mg, 1.17 mmol) was added to a solutiomi&Etonel01 (282 mg, 1.17 mmol)
and EtN (0.12 mL, 1.127 mmol) in MeCN (5 mL) and the reactmixture was stirred at rt
for 5 h. The reaction was then quenched with satN&l,Cl (20 mL) and extracted with 2
(3 x 100 mL). The combined organic extracts wenedd(NaSQO,), concentrated under
reduced pressure and purified by column chromapdyrg10% of E1O in CHCI,) to give
diazodione93 (360 mg, 99%) as a yellow light oil.
* Ry 0.28 (50% EtOAC in petrol).
* IR (neat): 2943s, 2129s, 1747, 1662, 1165s.
« 'H NMR (400 MHz, CDC}): 7.17 (t,J = 2 Hz, 1 H, CH=), 4.75 (dl = 2.0 Hz, 2 H,
CH,-0), 3.65 (s, 3 H, CH), 2.99 (t,J =7 Hz, 2 H, CH-CO-N, ), 2.77 (tJ = 7 Hz, 2
H, CH-CO,CHs), 2.59- 2.69 (m, 2 H, CCO-N,), 2.26- 2.37 (m, 2 H, ChC=),
1.82-1.93 (m, 2 H, CRCH,-C=).
« C NMR (100 MHz, CDC}): 190.3 CO-CN,), 189.0 CO-CN,), 174.2 CO, CHy),
172.9 COx-CHy), 145.0 CH=), 133.4 C=), 83.9 C-Ny), 70.2 CH,-0), 51.9 CHs),
39.7 CH»-CO), 35.2 CH,-CO), 27.8 CH,-COMe), 24.6 CH»-C=), 21.6 (CH-CH.-
CHy,).
« LRMS (ESI): 331.1 (30, M+N3, 410.2 (100), 639.2 (9014RMS (EI): M found

308.1071 GyH16N20s requires 308.1008.
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3-Diazo-7-hydroxyheptane-2,4-diont0Q):

ABSA (500 mg, 2.08 mmol) was added to a solutiodikéton&® 102 (300 mg, 2.08 mmol)
and EtN (0.43 mL, 4.37 mmol) in MeCN (15 mL). The reaatimixture was stirred 5 h at rt,
then quenched with sat. aqg. MH (20 mL). The ag. layer was extracted with@{(3 x 100
mL). The combined organic extracts were dried ,@@), concentrated under reduced
pressure and purified by column chromatography (56B60ELO in CHCI,) to give
diazodionel03 (254 mg, 72%) as a light yellow oil.

Ry 0.4 (50% EO in CHCly).

IR (neat): 3501br, 2953s, 1720s, 1496s.

« 'H NMR (400 MHz, CDC}): 3.65 (t,J = 6 Hz, 2 H, CH-OH), 2.83 (tJ = 7 Hz, 2 H,
CH,-CO ), 2.42 (s, 3 H, CH, 1.91- 1.87 (m, 2 H, El,-CH»-OH).

« 13C NMR (100 MHz, CDC}): 191.3 (CO), 188.6 (CHCO), 84.4 C-N,), 61.7 (CH-
CH,-OH), 37.2 CH,-CO), 28.5CH,-CH,-OH), 26.7 (CH).

« LRMS (ESI): 193.07 (40, M+N3, 225.09 (100), 166.04 (204RMS (FI): M found

170.0688 GH10N,O3 requires 170.0691.

5-Diazo-4,6-dioxoheptanal 04):

PCC (1.90 g, 5.8 mmol) was added to a solutioniadatiionel03 (1.00 g, 5.8 mmol) and
dry NaOAc (142 mg, 1.74 mmol) in GBI, (60 mL). The reaction mixture was stirred 14 h

at rt, then a slurry of silica in E was added and the mixture was concentrated under
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reduced pressure and purified by column chromapbyrd50— 100% E$O in CHCl,) to
give diazoaldehyd&03 (600 mg, 61%) as a clear oil.
¢ R 0.4 (2% MeOH in ChCL).
* IR (neat): 2134s, 1715s, 1663s, 1374s, 1298s, 1210m.
« H NMR (400 MHz, CDCJ): 9.84 (s, 1 H, CHO), 3.11 3.03 (m, 2 H, CRCHO),
2.84-2.93 (m, 2 H, CRCO), 2.44 (s, 3 H, C#).
« C NMR (100 MHz, CDC}): 199.96 CHO) 191.20 CO), 189.5 CO), 96.7 C-Ny),
37.4 CH,-CHO), 33.0 CH,-CO), 28.4 (CH-CO).

« HRMS (FI): M* found 168.0534, &1gN,O3 requires 168.0535.

Methyl 2-(phenylthiocarbonyl)benzoat&ld):

CO,Me

©1H/8Ph

O
A solution of acidl12*(1.00 g, 5.5 mmol) in SO&(2 mL) was heated under reflux for 2 h,
then concentrated under reduced pressure andghkec crude acid chloridel3 was used
directly without further purification.
A solution of the above acid chloridel3in CH,Cl, (5 mL) was added to a solutionzBt
(2.52 mL, 11.0 mmol) and thiophenol (0.56 mL, 5.5at) in CHCl, (5 mL) at 0 °C. The
reaction mixture was stirred at rt for 2 h, thereigched with sat. ag. NaHG@75mL) and
extracted with BO (3 x 150 mL). The combined organic extracts weried (NaSQ,),
concentrated under reduced pressure and purifiedobymn chromatography (6> 5%
EtOAc in pentane) to give thioestEt4(1.04 g, 70%) as a yellow light oil.
* Ry 0.88 (5% EtOACc in petrol).

* IR (neat): 2951m, 1728s, 1691s, 1440s, 1281br, 1201, 11888s.
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« 'H NMR (400 MHz, CDC}): 7.93- 7.87 (m, 1 H, C-i4}), 7.71-7.68 (m, 1 H, C-
Har), 7.53- 7.64 (m, 4 H, C-k4}), 7.51- 7.42 (m, 3 H, C-i4), 3.92 (s, 3 H, Me);

« 3C NMR (100 MHz, CDC}): 192.4 (CO-S), 166.8 (GOHs), 139.7(G),
134.6(G,), 131.8 (G,), 131.0 (G,), 130.1 (G/), 129.6 (G/), 129.4 (G,), 127.7
(Car), 127.4 (G,), 52.7 (CH).

« LRMS (ESI): 273.1 (50, M+F), 290.0 (50), 425.2 (100HRMS (ESI): M+Na found

295.0402 @H1,NaGsS requires 295.0399.

Methyl 2-(6-(2-ox0-2,5-dihydrofuran-3-yl)hex-2-yndlyenzoate 115):

(0]
OMe

= =
0 o °

Alkyne 86 (300.0 mg, 2.0 mmol) was added to a solution of (Z61.2 mg, 4 mmol), TFP
(116.1 mg, 0.75 mmol), Pddippf) (146.3 mg, 0.2 mmol)j-PrpNEt (0.349 mL, 2 mmol)
and thioested 14 (600 mg, 2.2 mmol) in DMF (5 mL) and the reactimixture was then
degassed with argon and then stirred at 50 °C forBhe reaction mixture was then diluted
with Et,O (2 mL) and brine (2 mL), passed through celitd amashed with RO (10 mL).
The combined organic extracts were evaporated urethrced pressure and purified by
column chromatography (48 50% EtOAc in petrol) to give alkynel5 (440 mg, 70%) as a
light yellow oll

* Ry 0.35 (40% EtOAC in petrol).

* IR (neat): 2952m, 1751s, 1598s, 1435m, 1290s.

« H NMR (400 MHz, CDC}): 7.93-7.90 (m, 1 H, C-H,), 7.62- 7.69 (m, 1 H, C-

Har), 7.55- 7.62 (M, 2 H, C-i4), 7.21 (s, 1 H, CH=), 4.80 (s, 2 H, 6©), 3.91 (s, 3
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H, CHy), 2.51- 2.57 (m, 2 H, CR#C=), 2.44— 2.51 (m, 2 H, Ci#C=), 1.88- 1.98
(M, 2 H, CH-CH»-CH).

« C NMR (100 MHz, CDCY): 178.4 (G,-CO), 174.0 (C=C£0), 168.7 CO.CHy),
145.4 (CH=), 137.7 §), 132.9 (G,), 132.3 (G,), 130.9 (G,), 130.1 (G=), 128.8
(Car), 95.9 CH2-C=), 80.9 (COE=), 70.2 (CH-O), 52.7 CHs), 25.8 CH,-C=), 24.6
(CH,-CH,-CHj), 18.8 CH-C=).

« LRMS (ESI): 335.1 (100, M+N2; HRMS (ESI: M+N& found 335.0891

C1gH16NaGs requires 335.0890

Methyl 2-(3-0x0-6-(2-0x0-2,5-dihydrofuran-3-yl)hexayl)benzoate1(16):
O

OMe + enol

=

0O O
OO

A solution of AuCI(PPB (24 mg, 0.05 mmol) and AgSkka spatula tip, ~ 10 mg) in MeOH
(2 mL) was stirred at rt for 5 min, then added wohution of alkynel15 (420 mg, 1.3 mmol)
in MeOH/water (2:1; 6.0 mL). The reaction mixturasistirred at 60C for 3 h. The reaction
was quenched with Bl (2 drops) and diluted with water (20 mL) and exted with EtOAc
(3 x 40 mL). The combined organic extracts wereedir(NaSQ,), concentrated under
reduced pressure. The reaction mixture was disgotvdHF (5 mL) then 1 M HCI (3 mL)
was added and stirred at room temperature forfhé.reaction was dissolved with water (20
mL) and extracted with EtOAc (3 x 40 mL). The condd organic extracts were dried
(N&S(Oy), concentrated under reduced pressure and purified¢olumn chromatography
(Et,0) to give diketond 16 (70% enol; 230 mg, 52%) as a yellow oil.

« Ry 0.43 (E$0).

* IR (neat): 3436br, 2952m, 1750s, 1615s, 1435m, 129Q01s.
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« 'H NMR (400 MHz, CDC}): 15.50 (br. s., 1 H, =CH-@), 7.76- 7.75 (m, 0.6 H, C-
Ha), 7.46— 7.58 (m, 3 H, C-i4), 7.12- 7.24 (m, 1 H, C-i), 5.86 (s, 1 H , =8-
OH), 4.78 (s, 2 H), 3.94 3.79 (s, 4 H, Ckland CO-CH-CO), 2.46- 2.28 (m, 4 H,
CH,), 1.97-1.76 (m, 2 H, Ch).

« 1%C NMR (100 MHz, CDC}): 192.3, 189.0, 174.2, 168.3, 145.1, 135.4, 13833,4,
133.2, 132.7, 131.3, 131.0, 130.6, 130.3, 129.9,5,2128.0, 99.3, 66.1, 57.0, 52.6,
42.3,37.4,25.8, 24.8, 24.4, 23.4;

« LRMS (ESI): 329.1 (100, M-H, 297.1 (20)HRMS (ESI): M+Na found 353.0995

Ci1gH1gNaGs requires 353.0996.

Methyl 2-(2-diazo-3-0x0-6-(2-0x0-2,5-dihydrofuranyBhexanoyl)benzoatel (L 7):

M @)

N

N2

ABSA (137 mg, 0.57 mmol) was added to a solutiomi&Etonell6 (200 mg, 0.60 mmol)
and EtN (0.066 mL, 0.66 mmol) in MeCN (10 mL). The reaatimixture was stirred 5 h at
rt, then quenched with sat. aq. M (20 mL). The ag. layer was extracted with@(3 x 30
mL). The combined organic extracts were dried ,@@), concentrated under reduced
pressure and purified by column chromatography(JEto give diazodiond 17 (360 mg,
83%) as a yellow light oil.

« Ry 0.40 (E$O).

* IR (neat): 2123s, 1751s, 1655s, 1283s.

« H NMR (400 MHz, CDC}): 8.06-8.03 (m, 1 H, C-k,), 7.68-7.65 (m, 1 H, C-

Har), 7.59-7.56 (m, 1 H, C-H), 7.40-7.37 (m, 1 H, C-k), 7.21 (s, 1 H, CH=),
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4.79 (s, 2 H, CR0), 3.90 (s, 3 H, CH), 2.94 (tJ = 6 Hz, 2 H, CHCO), 2.37 (tJ =
7 Hz, 2 H, CH-CH=), 1.92- 2.02 (m, 2 H; C+CH,-CHy).

« C NMR (100 MHz, CDC4): 191.5 (CO-CN), 186.3 (CO-CH), 174.2 (CQ CHy),
165.9 (CQ-CHy), 145.0 (CH=), 140.4 (§) , 133.6 (G), 133.1 (G,), 130.7 (Cg=),
130.3 (Gy), 127.7 (Gv), 126.4 (Gy), 86.0 C-Np), 70.2 CH,-0), 52.7 CHa), 29.7
(CH,-CO), 25.8 CH,-C=), 21.7 (CH-CH,-CHy).

« LRMS (ESI): 355.1 (100, M-8, 246.9 (90)HRMS (ESI): M+Na& found 379.0900

C1gH18N2NaGs; requires 379.0901.

Phenyl hex-5-enethioat&Z0):

0

PhSJ\/\/\

COCk (3.30 g, 26.3 mmol) was added to a solution ofhesnoic acid (2.00 g, 17.5 mmol),
followed by 2 drops of DMF. After 2 h at rt, theadion mixture was concentrated under
reduced pressure and the resulting crude acididel@i9 was used directly without further
purification.
A solution of the above acid chloridd9 in CH,CI, (15 mL) was added to a solutiongkt
(4.85 mL, 35 mmol) and thiophenol (1.62 mL, 15.7 oimn CH,CI, (30 mL) at O °C. The
reaction mixture was allowed to warm at room terapge over 2 h, then quenched with sat.
ag. NaHCQ (75 mL) and extracted with £2 (3 x 150 mL). The combined organic extracts
were dried (NgS0O,), concentrated under reduced pressure and purifiedcolumn
chromatography (5% EtOAc in pentane) to give thees20 (2.8 g, 77%) as a lightyellow
oil.

* Rf:0.84 (5% EtOAc in pentane).

* IR (neat): 2952m, 1708s, 1640s, 1478s, 1440br, 9185.74
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« 'H NMR (400 MHz, CDC4): 7.45-7.39 (m, 5 H, C-H,), 5.72- 5.87 (m, 1 H,
=CH), 4.96- 5.13 (m, 2 H, =Ck), 2.68 (tJ = 7 Hz, 2 H, CHCO), 2.10- 2.21 (m, 2
H, CH,-CH=), 1.77- 1.88 (m, 2 H, CiCH»-CHy);

« C NMR (100 MHz, CDC}): 197.4 (CO), 129.3 (CH=), 129.2 {G; 118.5 (G),
116, 2 (Cq=), 115.7 (), 42.9 (CH-CO), 32.9 (CH=), 24.6 (CH-CH,-CHy).

* HRMS (EI): M found 206.0761 GH140S requires 206.0765.

Methyl 2-(3-oxohept-6-en-1-ynyl)benzoate (122):

0]
OMe

N _
@)

Alkyne 121 (320 mg, 2.0 mmol) was added to a solution of J&l1.8 g, 4.0 mmol), TFP
(116 mg, 0.5 mmol), Pdefdppf) (146 mg, 0.2 mmol)jPriLNEt (0.349 mL, 2.0 mmol) and
thioesterl20 (454 mg, 2.2 mmol) in DMF (5 mL) and the reactioixture was then degassed
with argon and then stirred at 50 °C for 3 h. Tésction mixture was then diluted with,@t
(5 mL) and brine (5 mL), passed through celite avashed with BEO (10 mL). The
combined organic extracts were evaporated undercegtipressure and purified by column
chromatography (26-» 30% EtOAc in petrol) to give alkynE22 (385 mg, 75%) as a light
yellow oil

* R 0.62 (20% EtOAC in petrol).

* IR (neat): 1730s, 1670s, 1260s.

« H NMR (400 MHz, CDCJ): 7.97- 8.12 (m, 1 H, C-t4), 7.63- 7.73 (m, 1 H, C-

Ha), 7.41- 7.60 (M, 2 H, C-k4), 5.62— 5.91 (m, 1 H, CH=), 4.96 5.14 (m, 2 H,
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=CH,), 3.98 (s, 3 H, Ch), 2.73 (t,J = 7.5 Hz, 2 H, CO- Cb), 2.17-2.13 (m, 2 H,
=CH-CHy), 1.92- 1.86 (m, 2 H, (CH-CH,-CHy).

« 13C NMR (100 MHz, CDCJ): 188.0 (CO-€), 165.8 (CQCHs), 137.7 (CH=),
135.1(C-Hy), 132.0 (C-H,), 130.8 (G,), 130.1 (C-H,), 120.7 (G,), 115.5 (=CH)),
91.7 (Gy-C=), 89.1 (COE=), 52.4 CH3), 44.8 CH»-CO), 32.9 CHx-CH=), 23.1
(CHo-CH,-CHy).

« HRMS (EIl): M found 256.1067 ¢H1603 requires 256.1099.

methyl 2-(3-oxooct-7-enoyl)benzoate2Q):

(@)
OMe

o O

A solution of AuCI(PPF) (4.1 mg, 0.016 mmol) and AgSkf spatula tip, ~ 3 mg) in MeOH
(0.5 mL) stirred at rt for 5 min, was added to lugon of alkynel22 (100 mg, 0.39 mmol) in
MeOH/water (1:1; 4 mL). The reaction mixture waisretl at 60°C for 3 h, then quenched
with EtN (2 drops), diluted with water (20 mL) and extetivith EtOAc (3 x 40 mL). The
combined organic extracts were dried £§81@,;) and concentrated under reduced pressure.
The residue was dissolved in THF (5 mL), then 1 ®I KB mL) was added and the reaction
mixture stirred at rt for 4 h. The reaction mixtwas then dissolved with water (20 mL),
extracted with EtOAc (3 x 40 mL), The combined arigaextracts were evaporated under
reduced pressure and purified by column chromaptyr§20% of EfO in pentane) to give
diketonel23(89 mg, 79%) as a clear oil.

* R 0.3 (20% EtOACc in petrol).

« H NMR (400 MHz, CDC}): 15.56 (br. s., 1 H, =CH4@), 7.72- 7.80 (m, 1 H, C-

Har), 7.46— 7.65 (M, 3 H, C-l4), 5.72— 5.89 (m, 2 H, Ch=CH and GH,-CO), 4.87
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- 5.14 (m, 2 H, €&,=CH), 3.87 (s, 3 H, B3), 2.33—- 2.48 (m, 2 H, €,), 2.10- 2.21

(m, 2 H, H,), 1.64- 1.88 (m, 2 H, E,). All other data as reported in the literattfre.

5.3 General Procedures and Data for Chapter 3

Procedure A and A’: Allylation using zinc

Zinc dust <1@m (77 mg, 1.18 mmol) was added to a solution ofalgehyde (0.77 mmol)
and bromolacton&25 (178 mg, 1 mmol) in DMF (or THF for procedure AD) mL) and sat.
agq NH,Cl (2 drops). After stirring overnight, the reactimixture was quenched with sat. aq
NH4CI (1 mL), passed through celite® and washed thmough E£O (10 mL). Evaporation

under reduced pressure gave a residue which wdggduhough a small plug of silica.

Procedure B: Allylation with Catalytic chromium

A flame-dried Schlenk tube containing C§GLO mg, 0.07 mmol, 99% Aldrich) and Mn
powder (108 mg, 1.97 mmol, 150um) was charged dith THF (3 mL) and i¢PrpEtN
(0.034 mL, 0.198 mmol). The resulting suspensions wagorously stirred under an
atmosphere of argon for 1 h. This resulted in tisagpbearance of the characteristic purple
colour of the chromium(lll) salt and the formatioh a white/grey suspension with a pale
green supernatant. Bromolactoh25 (1 mmol) was added and the reaction mixture stirre
for 1 h at rt. The allylation was then initiated tng addition of the aldehyde (0.66 mmol) and
TMSCI (0.244 mL, 1.98 mmol) and the reaction migtwgtirred under an atmosphere of
argon at rt for 16 h. The resulting green/ browspamsion was quenched with sat. aq.

NaHCQ; (1 mL) and passed through a plug of celite. Thieafe was concentrated, then
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dissolved in THF (1 mL), a few drops of 1 M HCI weadded, and the resulting solution
stirred for 1 h. The reaction was then diluted widter (20 mL). The aq layer extracted with
EtOAc (3 x 20 mL), the combined organic extractgedir(Na&SQO,), concentrated under

reduced pressure, and purified by column chromapdgy.
Procedure C: Allylation using organozinc reagents

Commercial organozinc reagent (0.39 mmol) was adttegwise over 2 min to a stirred
solution of the lacton&25 (50 mg, 0.28 mmol), TBAB (9.0 mg, 0.028 mmol) &wCN (5.0
mg, 0.056 mmol) in THF (1 mL) at —78. The reaction mixture was stirred for 30 min and
slowly warmed to —20C and stirred for 15 min. The reaction mixture wasn quenched
with sat. ag NHCI (1 mL), extracted with EO (3 x 5 mL), concentrated under reduced

pressure and purified by flash chromatography

3-(Hydroxymethyl)-3-(phenylthio)dihydrofuran-2(3tdye (26):

OH
@)
S
v
n-BuLi (6.9 mL, 1.6 M in hexanes, 11.4 mmol) was edido a solution ofi{PrpNH (1.58
mL, 11.4 mmol) in THF (10 mL) at -78 °C and theatan mixture was stirred 30 min at -78
°C, then lacton®4™ (1.8 g, 9.2 mm1) in THF (10 mL) was added andrésetion mixture
was stirred at -78 °C for 60 min, then paraformhajdie (828 mg, 27.6 mmol) was added to
the reaction over a period of 30 min and the reaatnixture was then stirred at -78 °C for 3

h. The reaction was then quenched with sat. agaONE20 mL) at -78 °C. The aqg. layer was

extracted with BEO (3 x 100 mL). The combined organic extracts wared (MgSQ),
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concentrated under reduced pressure and purifietbloynn chromatography (20%Ex in
CH.Cl,) to give the lacton&26°°° (0.91 g, 44%, 63% brsm) as a clear oil.
* R 0.3 (40% EtOACc in petrol).
« H NMR (200 MHz, CDC}): 7.31- 7.64 (m, 5 H, C-l), 4.23- 4.50 (m, 2 H, Cht
OH), 3.91 (dJ = 11 Hz, 1 H, CRO), 3.74 (dJ = 11 Hz, 1 H, CRO), 2.81 (ddd, =
9, 10, 13 Hz, 1 H, C}), 2.07- 2.26 (m, 1 H, Ch), 1.95 (br. s., 1 H, OH); All other

data as reported in the literat(re.

3-(Hydroxymethyl)furan-2(H)-one (27):
OH o

| O

m-CPBA (715 mg, 4.1 mmol) was added to a solutiolacfonel26 (884 mg, 3.94 mmol) in
CH.Cl, (30 mL) at O °C. After 5 min, the mixture was qaked with sat. aq. NaHGd25
mL) and the ag. layer was extracted with,CH (3 x 50 mL). The combined organic extracts
were dried (MgS@), concentrated under reduced pressure and thetedliin toluene (30
mL). This solution was allowed to stir at 90 °C forh, then concentrated under reduced
pressure and purified by column chromatography (6B¥Ac in hexanes) to give
unsaturated lactori27°%° (330 mg, 73%) as a yellow light oil.

* R 0.3 (70 % EtOAc in petrol)

« H NMR (200 MHz, CDC}): 7.40 (quinJ = 2 Hz, 1 H, ®&i=), 4.88 (qJ = 2 Hz, 2 H,

CH»-OH), 4.48 (g,J = 2 Hz, 2 H, EGi,-0), 2.11 (br. s., 1 H, B); All other data as

reported in the literatur&®

——

120

'



3-(Bromomethyl)furan-2(8)-one(125})

Trimethyphenylammonium tribromide (4.5 g, 12 mmeBs added to a solution of tulipalin
(47) (1.0 g, 10 mmol) in dioxane (50 mL). The reactmixture was stirred for 15 h, then
Et,O was added (100 mL). The reaction mixture was fiitered and concentrated under
reduced pressure to give the crude dibromolaci@®e(2.9 g) which was used in the next
step without further purification.
A mixture of the above dibromolactone,CiO; (3.7 g, 50 mmol) and LiBr (4.3 g, 50 mmol)
in DMF (30 mL) was stirred at 6. After 10 h, the reaction mixture was cooled dom
temperature, poured into water (300 mL), and estchavith E;O (3 X 100 mL). The
combined organic extracts were dried (MggQ@oncentrated under reduced pressure, and
purified by column chromatography (30% EtOAc inrpbtto give the bromolacton&25>
(980 mg, 55% frond7) as a light yellow oil.

Rt 0.32 (30% EtOACc in petrol)

'H NMR (400 MHz, CDCY): 7.47 — 7.58 (mJ = 1.5 Hz, 1 H, CH=), 4.87 (&}, = 2

Hz, 2 H, CH-0), 4.12 (qJ = 1.5 Hz, 2 H, CHB).

13C NMR (100 MHz, CDC}): 171.7 (CO), 149.5 (CH=), 130.7 (Cg=), 70.3 (GB),

20.9 (CH-Br).

LRMS (ESI): 198.9 (100, M+N3; HRMS (ESI): M+N& found 198.9371;

CsHsO,"°BrNa requires 198.9372.
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4-(Hydroxy(phenyl)methyl)-3-methylenedihydrofura(8&)-one(132)
O
O
OH
Following procedure A, using benzaldehyde (81 mg7 ®nmol), the above alcohdB82 (130
mg, 83%, 95:5 dr) was obtained after column chrograiphy (30%— 50% EtOAc in

petrol) as a white solid.

Rt 0.32 (50% EtOACc in petrol)

e mp:120-125°C

* IR (neat): 3348br, 1759s, 1658s, 1274s, 1122br, 704s.

« HNMR (400 MHz, CDC}): 7.26 — 7.44 (m, 5 H, C), 6.29 (dJ =2 Hz, 1 H,
=CH,), 5.71 (dJ =2 Hz, 1 H, =CH), 4.68 (dJ=7 Hz, 1 H, O-Ch), 4.13 (tJ=7
Hz, 1 H, O-CH), 4.04 (dd,J = 4, 9 Hz, 1 H, &-OH), 3.30 — 3.45 (m, 1 H,K:Cy=),
2.89 (br's, 1 H, OH).

Discernable data for minor diastereoisomer: 6.19 &6d2 Hz, 1 H, =CH)), 4.99 (d,J
=2 Hz, 1 H, =CH).

« C NMR (100 MHz, CDC}): 171.1 (CO), 140.7 (€), 134.9 (G,), 128.8 (C-H.,),
128.5 (C-Hy), 126.6 (C-H,), 125.5 (=CH), 75.4 (CHOH), 67.8 (CH-0), 45.4 CH-
Cq).

« LRMS (ESI): 431.15 (100), 227.07(50, M+NaHRMS (ESI): M+N4d found

227.0678; @H1,03Na requires 227.0679.
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4-Hydroxy(naphthalen-2-yl)methyl)-3-methylenedihgfiran-2(3)-one (137}
O
998
J 3
Following procedure A, using 1-naphthaldehyde (@®f) 0.77 mmol), the above alcoti87
(154 mg, 79%, 99:1 dr) was obtained after colunmomatography (30 %> 50% EtOACc in
petrol) as colourless crystals.

* R 0.53 (50% EtOAC in petrol)

e mp: 154 - 158 °C.

* IR (neat): 3445s, 1755s, 1272s, 1123s.

« H NMR (500 MHz, CDC}): 8.11 (d,J = 8 Hz, 1 H, C-H), 7.87 — 8.01 (m, 1 H, C-
Har), 7.84 (dJ =8 Hz, 1 H, C-H,), 7.41 — 7.62 (m, 4 H, CA), 6.33 (dJ =2 Hz, 1
H, =CH,), 5.47 (m, 2 H, =Chland O-CH), 4.19 —4.27 (m, 1 H, O-G} 4.12 — 4.18
(m, 1 H, G4-OH ), 3.54 — 3.71 (m, 1 H,KGC,=), 2.57 (br s, 1 H, OH).

« BC NMR (125 MHz, CDC}): 170.8 (CO), 135.8 (&), 134.6, (G:), 133.9, (C-H),
130.3, (C-H,), 129.3, (C-H,), 129.2, (C-H,), 126.7, (C-H,), 126.0, (C-H,), 125.8,
(C-Ha,), 125.1, (C-H,), 124.7, (=CH), 122.6 (C-k), 72.8 (CH-OH), 68.4 (CH-O),
44.5 CH-C4).

« LRMS (ESI): 531 (100), 277 (40, M+NalRMS (ESI): M+N& found 277.0834;

C16H1403Na requires 277.0835.
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4-(4-Bromophenyl)(hydroxy)methyl)-3-methylenedihgtirran-2(3)-one (138}

0]
Br

@)
OH
Following procedure A, using 4-bromobenzaldehyd(ihg, 0.77 mmol), the above alcohol
138(198 mg, 91%, 94.6 dr) was obtained after colummorctatography (30%-~ 50% EtOAc
in petrol) as a colourless gum.
. Rs: 0.47 (50% EtOAc in petrol)
. IR (neat): 3454s, 1727s, 1543s, 1125s.
« HNMR (500 MHz, CDCY): 7.53 (t,J = 2 Hz, 1 H, C-H), 7.25 (dJ = 2 Hz, 2 H,
C-Ha)), 6.37 (dJ=2Hz, 1 H, =CH, ), 5.76 (dJ = 2 Hz, 1 H, =CH), 4.71 (dd,J =
7,3 Hz, 1 H, O-Chl), 4.22 (dd,J = 10, 8 Hz, 1 H, O-C}), 4.09 (ddJ = 10, 4 Hz, 1
H,), 3.33 — 3.42 (m, 1 H,KG-OH), 2.30 (dJ = 3.5 Hz, 1 H, OH).
Discernable data for minor diastereoisomer: 6.24 €2 Hz, 1 H, =CH), 5.10 (d,J
=2 Hz, 1 H, =CH), 4.54 (ddJ = 10, 4 Hz, 1 H, O-C}J, 4.35 (ddJ =10, 8 Hz, 1
H, O-CHy).
« 'C NMR (125 MHz, CDC}): 170.4 (CO), 139.5 (), 134.6 (C-H,), 132.0 (C-
Har), 128.2 (C-H,), 125.6 (C-H,), 122.6 (=CH), 75.0 (CHOH), 67.3 (CH-O),
45.4 CH-Cg=).
« LRMS (ESI): 306 (100, M+Na), 413 (60HRMS (ESI): M+N4& found 304.9781;

C12H11BrO3 requires 304.9784.
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4-(3,5-Dibromophenyl)(hydroxy)methyl)-3-methylenlegirofuran-2(81)-one (139}

Br o)

@]
Br
OH

Following procedure A, using 3,5-dibromobenzaldehyd03 mg, 0.77 mmol), the above

alcohol 139 (217 mg, 78%, 95:5 dr) was obtained after colurhromatography (30%-

50% EtOAc in petrol) as a white solid.

Rt 0.59 (50% EtOACc in petrol)

mp: 120 - 125 °C.

IR (neat): 3450s, 1747s, 1557s, 1271s, 1115s.

H NMR (500 MHz, CDCY): 7.65 (s, 1 H, C-i}), 7.45 (s, 2 H, C-i}), 6.37 (dJ =2
Hz, 1 H, =CH), 5.67 (d,J = 2 Hz, 1 H, =CH)), 4.71 (ddJ = 4, 7 Hz, 1 H, O-Cb),
428 —4.23 (m, 1 H, O-CH 4.13 (ddJ = 4, 9 Hz, 1 H, €&-OH), 3.20 - 3.41 (m, 1
H, CH-Cy=), 2.69 (s, 1 H, OH).

Discernable data for minor diastereoisomer: 6.31 &2 Hz, 1 H, =CH), 5.25 (d,J
=2 Hz, 1 H, =CH), 4.74 (ddJ = 4, 7 Hz, 1 H, O-Ch), 4.50 (ddJ = 4, 9 Hz, 1 H, O-
CHp), 4.34 — 4.30 (m, 1 H, I&-OH).

C NMR (125 MHz, CDC}): 170.4 (CO), 144.6 (C-K), 139.5 (G=), 134.2 (C-
Ha), 134.0 (C-H,), 128.5 (C-H,),, 126.0 (=CH), 123.4 (C-k), 74.3 (CH-OH),
67.6 (CH-0), 45.4 CH-Cy=).

LRMS (ESI): 595 (100), 301 (100)HRMS (ESI): M+Nd found 384.8875;

C12H10BroOsNa requires 384.8874.
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4-(Hydroxy(6-methoxybenzo[d][1,3]dioxol-5-yl)methyB-methylenedihydrofuran-2k8-

one (40}

OMe OH
Following procedure A, using 6-methoxybenzo[d][#lj8kole-5-carbaldehyd® (138 mg,
0.77 mmol), the above alcoh@k0 (156 mg, 73%, 90:10 dr) was obtained after column
chromatography (50% EtOAc in petrol) as a white gum

* Ry 0.35 (50% EtOAcC in petrol)

* IR (neat): 3453s, 1758s, 1484s, 1192s, 1037s.

« 'H NMR (500 MHz, CDC}): 6.81 (s, 1 H, C-i), 6.52 (s, 1 H, C-i), 6.30 (dJ =2
Hz, 1 H, =CH ), 5.92 (s, 2 H, O-CHO) , 5.71 (dJ = 2 Hz, 1 H, =CH), 4.91 (ddJ
=5,9Hz, 1H, O-CH), 4.14 - 4.22 (m, 1 H, O-Gl 4.06 (ddJ =4, 9 Hz, 1 H, ©-
OH ), 3.78 (s, 3 H, OCH), 3.43 (m, 1 H, B-C=), 2.75 (dJ = 5 Hz, 1 H, OH).
Discernable data for minor diastereoisomer: 6.83 (8, C-Hy), 6.53 (s, 1 H, C-ig),
6.19 (d,J = 2 Hz, 1H, =CH), 5.94 (s, 2 H, O-CHO), 5.17 (dJ = 2 Hz, 1 H, =CH),
4.88 (ddJ =5, 9 Hz, 1 H, O-Ch), 4.14 — 4.22 (m, 1 H, O-Gl 4.06 (ddJ =4, 9
Hz, 1 H, (H-OH ), 3.77 (s, 3 H, OC¥), 3.43 (m, 1 H, B-C4=), 2.66 (dJ =5 Hz, 1
H, OH).

«  C NMR (125 MHz, CDC}): 170.1 (CO), 150.5 (C-k), 147.0(C-H,), 140.3 (G=),
134.2 (C-Hy), 124.1 (=CH), 120.0 (C-K), 106.5 (C-H,), 100.4 (C-H,), 93.4 (O-
CH,-0), 70.0 (CH-OH), 67.0 (CH-O), 55.2 (CH), 43.5 CH-Cy=).

« LRMS (ESI): 579 (100), 301.10 (30, M+N&JRMS (ESI): M+N4 found 301.0684;

C14H1406Na requires 301.0683.
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MOM ether of (40}

/0O 0

MeO OMOM

MOMCI (0.065 mL, 0.86 mmol) was added to a solutidmmlcohol140 (200 mg, 0.71 mmol)

and (-PrpEtN (0.149 mL, 0.86 mmol) in Ci€l, (3 mL) at 0 °C. The reaction mixture was

stirred overnight at room temperature, then queshaligh sat. aq NECI (5 mL). The aqg

layer was extracted with GBI, (3 x 5 mL) and the combined organic extracts dried

(N&S(Oy), concentrated under reduced pressure and purified¢olumn chromatography

(40% EtOAc in petrol) to give the MOM etfir(171 mg, 75%, 95: 5 dr) as colourless

crystals.

R: 0.45 (50% EtOAc in petrol)

mp: 89-93°C.

IR (neat): 2921s, 1763s, 1484s, 1229s.

H NMR (500 MHz, CDCI3): 6.79 (s, 1 H, CAJ, 6.54 (s, 1 H, C-ig), 6.30 (dJ =2

Hz, 1 H, =CH), 5.94 (s, 2 H, O-CKHO), 5.44 (s, 1 H, =C}}, 5.08 (d,J = 5 Hz, 1 H,
O-CHp), 4.48 (s, 2 H, O-CHO), 4.02 - 4.29 (m, 2 H, O-G+and GH-C4=), 3.77 (s, 3
H, CHs), 3.37 (s, 3 H, CH).

Discernable data for minor diastereoisomer: 6.8a (8, C-Hy/), 6.51 (s, 1 H, C-ig),

6.23 (d,J = 2 Hz, 1 H, =CH)), 5.95 (s, 2 H, O-CHO), 5.11 (dJ =5 Hz, 1 H, =CHj),

4.50 (s, 2 H, O-CHO), 4.02 - 4.29 (M, 2 H, O-GHand GH-C4=), 3.73 (s, 3 H, Ch),

3.33 (s, 3 H, Ch).

3C NMR (125 MHz, CDCI3): = 171.2(CO), 152.2 (Csb 148.0 (C-H,), 141.3

(Cq=), 134.6 (C-H,), 125.0 1 (=CH), 118.6 (C+#, 107.5 (C-H,), 101.4 (C-H,),
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94.5 (O-CH-0), 94.3 (O-CH-0), 73.7 (CH-OH), 68.5 (CH-0O), 56.3 (CH), 43.6
« LRMS (ESI): 375 (100), 345 (M+NaHRMS (ESI): M+Na+ found 345.0942;

C16H1807Na requires 345.0945.

4-(6-Chlorobenzold][1,3]dioxol-5-yl)(hydroxy)methyB-methylenedihydrofuran-2(8-one

(141)

Cl OH
Following procedure A, using 6-chlorobenzo[d][1,8kble-5-carbaldehydél42 mg, 0.77
mmol), the above alcohol4l (161 mg, 74%, 87:13 dr) was obtained after column
chromatography (50% EtOAc in petrol) as a white gum
* R 0.38 (50% EtOACc in petrol).
* IR (neat): 3436s, 2911s, 1749s, 1477s, 1243s, 1103§6s.
« H NMR (500 MHz, CDC}): 6.95 (s, 1 H, C-), 6.81 (s, 1 H, C-K), 6.27 (dJ =2
Hz, 1 H, =CH), 6.00 (d,J = 2 Hz, 2 H, O-CRO0), 5.47 (dJ = 2 Hz, 1 H, O-CH),
5.14 (d,J = 6 Hz, 1 H, O-Ch), 4.26 — 4.40 (m, 1 H, IG-OH), 3.66 (s, 1 H, B-OH),
3.40 (m, 1 H, G&-C4=), 3.10 (br s, 1 H, OH).
Discernable data for minor diastereoisomer: 7.08 (8, C-Hy,), 6.79 (s, 1 H, C-K),
6.26 (d,J = 2 Hz, 1 H, =CH), 6.00 (d,J = 2 Hz, 2 H, O-Ci0), 5.43 (dJ =2 Hz, 1
H, =CH,), 5.18 (d,J = 6 Hz, 1 H, O-Ch)), 4.26 — 4.40 (m, 1 H, O-G 3.67 (s, 1 H,

CH-OH), 3.40 (m, 1 H, 8-C;=), 3.10 (br s, 1 H, OH).
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C NMR (125 MHz, CDCY): 171.2 (CO), 147.9 (C-K), 147.1 (G=), 134.1 (C-
Har), 131.7 (C-H,), 125.6 (=CH), 123.6 (C-K), 109.6 (O-CH-O), 107.9 (C-H,),
102.0 (C-Hy), 71.6 (CH-OH), 68.4 (CH-0), 44.1 CH-C=).

LRMS (ESI): 589.08 (100), 305.4 (70, M+NaHRMS (ESI): M+Nd found

305.0183; GaH1105>°CINa requires 305.0187.

4-Hydroxy(4-hydroxy-3-methoxyphenyl)methyl)-3-meliayedihydrofuran-2(d)-one(142)

)
HO

0
MeO
OH

Following procedure A, using vanillin (117 mg, 0.@imol), the above alcohd4?2 (136 mg,

71%, 88:12 dr) was obtained after column chromaolgy (50%— 75% EtOAc in petrol) as

a colourless crystal.

Rs: 0.23 (50% EtOAc in petrol).

mp: 127-135 °C

IR (neat): 3450s, 1763s, 1513s, 1241.57s, 1031s.

'H NMR (500 MHz, CDC}): 6.91 (dJ = 8.1 Hz, 1 H, C-&), 6.87 (dJ =2 Hz, 1 H,
C-Ha,), 6.80 — 6.85 (m, 1 H, C4), 6.39 (dJ = 2 Hz, 1 H, =CH), 5.89 (d,J = 2 Hz,
1 H, =CH), 5.67 (s, 1 H, OH), 4.67 — 4.59 (m, 1 H, O3HL.10 — 4.19 (m, 1 H, O-
CH,), 4.02 (ddJ = 4, 10 Hz, 1 H, 6-OH), 3.91 (s, 3 H, Cl), 3.31 — 3.45 (m, 1 H,
CH-C4=), 2.13 (s, 1 H, OH).

Discernable data for minor diastereoisomer: 6.9 &18.1 Hz, 1 H, C-i), 6.86 (d,
J=2Hz, 1H,C-H), 6.80 — 6.85 (m, 1 H, C-4), 6.21 (d,J = 2 Hz, 1 H, =CH),

5.02 (d,J = 2 Hz, 1 H, =CH)), 5.67 (s, 1 H, OH), 4.70 — 4.59 (m, 1 H, O-HL57 —

129

——
| —



4.54 (m, 1 H, O-Ch), 4.44 — 4.40 (m, 1 H, 1g&-OH), 3.90 (s, 3 H, CHl), 3.31 — 3.45
(m, 1 H, G4-C=), 2.13 (s, 1 H, OH).

« BC NMR (125 MHz, CDC}): 170.7 (CO), 146.9 (C-4), 146.0 (G=), 135.3 (C-
Ha), 132.7 (C-H,), 125.4 (=CH), 119.7(C-H), 114.5(C-H,), 108.7(C-H,), 75.7
(CH,-OH), 67.5 (CH-0), 56.0 (CH), 45.6 CH-C,=).

« LRMS (ESI): 273.1 (100, M+Na), 523 (90{RMS (ESI): M+Nd found 273.0736;

C13H140sNa requires 273.0733.

4-(Hydroxy(4-methylene-5-oxotetrahydrofuran-3-ylmd)benzonitrile(143Y

)
NC

@)
OH
Following procedure A, using 4-cyanobenzaldehydH (thg, 0.77 mmol), the above alcohol
143 (144 mg, 82%, 90:10 dr) was obtained after colwhromatography (50%- 70%
EtOAc in petrol) as a colourless gum.
* R 0.30 (50% EtOAc in petrol)
* IR (neat): 3562s, 1756s, 1481s, 1187s.
« H NMR (500 MHz, CDC}): 7.69 (d,J = 8.3 Hz, 2 H, C-i), 7.53 — 7.45 (m, 2 H,
C-Ha), 6.37 (dJ = 2.3 Hz, 1 H, =Ch), 5.61 (d,J = 1.8 Hz, 1 H, =Ch), 4.95 — 4.78
(m, 1 H, O-CH), 4.35 — 4.22 (m, 1 H, O-Gi 4.19 (ddJ = 3.7, 9.7 Hz, 1 H, B-
OH), 3.46 — 3.33 (m, 1 H,l&-Cy=), 2.44 (br s, 1 H, OH).
Discernable data for minor diastereoisomer: 7.69 @ 8.3 Hz, 2 H, C-i), 7.39 —
7.60 (m, 2 H, C-H,), 6.28 (d,J = 2.3 Hz, 1 H, =Ch), 5.19 (d,J = 1.8 Hz, 1 H,
=CH,), 4.78 — 4.95 (m, 1 H, O-GH 4.54 — 4.50 (dd] = 4, 10 Hz 1 H, O-C}h), 4.33

—4.27 (m, 1 H, 6-OH), 3.33 — 3.46 (M, 1 H,IG:C;=), 2.79 (br s, 1 H, OH).
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« BC NMR (125 MHz, CDC}): 170.1 (CO), 145.5 (C-H), 134.1 (G=), 131.0 (C-
Har), 132.5 (C-H,), 131.3 (C-H,), 127.6 (C-H,), 127.3 (C-H,), 125.7 (=CH), 118.2
(CN), 112.5 (C-H,), 74.8 (CH-OH), 67.3 (CH-0), 45.4 CH-C=).

« LRMS (ESI): 252.06 (60, M+Na);HRMS (ESI): M+Nd found 252.0638;

C.13H11NOsNa requires 252.0637.

tert-Butyl  6-(benzyloxy)-3-(-hydroxy-4-methylene-5-oxttahydrofuran-3-yl)methyl)H-

indole-1-carboxylat€144)
-
o\/(o
\ o)
BnO OH
Following procedure A, usingert-butyl 7-(benzyloxy)-3-formyl-H-indole-1-carboxylate
(270 mg, 0.77 mmol, Aldrich®), the above alcolel4 (232 mg, 67%, 90:10 dr) was
obtained after column chromatography (46%60% EtOAc in petrol) as a yellow gum.
* R 0.33 (50% EtOAc in petrol)
* IR (neat): 3468s, 1731s, 1735s, 1369s, 1152s.
« 'H NMR (500 MHz, CDC}): 7.86 (br s, 1 H, C-K), 7.32 (m, 7 H, C-l¢), 6.98 (d,J
= 2 Hz, 1 H, C-H,), 6.39 (d,J = 2 Hz, 1 H, =CH)), 5.91 (d,J = 2 Hz, 1 H, =CHj),
5.13 (S, 2 H, €l,- Ca,), 4.88 — 4.80 (m, 1 H, O-G#f 4.30 — 4.17 (m, 1 H, O-GH{
4.15 — 4.05 (m, 1 H, B-OH), 3.71 — 3.52 (m, 1 H,KEC=), 2.61 (br s, 1 H, OH),
1.63 (s, 9 H-Bu).
Discernable data for minor diastereoisomer: 6.26 &2 Hz, 1 H, =CH), 5.29 (d,J
= 2 Hz, 1 H, =CH), 4.96 — 4.93 (m, 1 H, O-GM 4.62 — 4.55 (m, 1 H, O-G#{f 4.42

—4.33 (m, 1 H, §-OH).
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13C NMR (125 MHz, CDC}): 170.8 (CO), 157.4 (§), 149.5(CON), 149.0 (C-K),

136.8 (C-Hy), 134.9 (G=), 128.6(C-H,), 128.0 (C-H,), 127.6 (C-H,), 125.7
(=CH), 122.5 (C-H), 120.4 (C-H,), 120.2 (C-H,), 113.0 (C-H,), 100.8 (C-H,),

84.2 (G--Bu, 70.4 (CH-OH), 69.6 (CH-Bz), 67.9 (CH-0), 44.1 CH-C,=), 28.1 [-

Bu).

LRMS (ESI): 472.20 (100, M+Na)HRMS (ESI): M+N& found 472.1721;

CoeH27NOsNa requires 472.1731.

Hydroxymatairesino{(146).

OH

MeO

HO

MeO

2-Methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboreRyyl)phenol (160 mg, 0.64 mmol) was

added to a solution of alcoht#i2 (100 mg, 0.4 mmol), [RhCI(cog)(5.9 mg, 0.012 mmol)

and EtN (0.056 mL, 0.40 mmol) in dioxane (1 mL) and wate.33 mL). The reaction

mixture was stirred at 100 °C in a microwave rea¢800 W) for 1 h. The residue was

concentrated under reduced pressure and purifmetha small plug of silica (50% EtOAc

in petrol) to give (+)-hydroxymatairesiri8(146) (127 mg, 85%) as a white gum.

Rs: 0.18 (50% EtOAc in petrol).

IR (neat): 3562s, 1765s, 1526s, 1265s.

H NMR (500 MHz, CDC}): 6.86 (d,J = 8 Hz, 1 H, C-H,), 6.78 (d,J = 8 Hz, 1 H,
C-Ha), 6.72 (ddJ = 2, 8 Hz, 1 H, C-i4), 6.67 (s, 1 H, C-i}), 6.51 — 6.64 (m, 2 H,

C-Har), 5.66 (s, 1 H, OH), 5.55 (s, 1 H, OH), 4.63 (dd; 2, 6 Hz, 1 H, E-OH),
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3.90 — 4.06 (m, 2 H, O-C#j 3.85 (s, 3 H, Ch), 3.80 (s, 3.80, 3 H, Gjji 2.96 — 3.05
(m, 1 H, H-OH), 2.83 — 2.96 (M, 2 H, GHCy/), 2.53 — 2.68 (m, 1 H, CH-CO), 2.09
(s, 1 H, Gi-C=).

« 13C NMR (125 MHz, CDCJ): 179.3 (CO), 146.8 (), 146.5 G,), 145.6 (G,), 144.4
(Car), 133.4 (G,), 129.5 (G,), 122.5 (C-H,), 118.7 (C-H,), 114.4 (C-H,), 114.0
(C-Hp), 111.8 (C-H,), 108.1 (C-H,), 75.3 (CH-OH) , 68.6 (CH-O), 55.9 (CH)),
55.8 (CH), 45.1 CH-CO), 43.7 CH-C4=), 35.1(CH-Bz).

« LRMS (ESI): 771.3 (100), 375.1 (80), 397.1 (80, M+NBIRMS (ESI): M+N&
found 397.1246; &H,,0O;Na requires 397.1258.

See'®C NMR data comparaison of (+)-hydroxymatairesinol®

4-(1-Hydroxydodecyl)-3-methylenedihydrofuran-B3one(147).
O

O
OH
Following procedure B, using dodecanal (121 mg6 Grénol), the above alcoh@47'* (175
mg, 94%) was obtained after column chromatograg®yd— 30% EtOAc in petrol) as a
colourless oil.
* Ry 0.45 (30% EtOAc in petrol)
* IR (neat): 2925s, 1769s, 1466s, 1113s.
« H NMR (500 MHz, CDC}): 6.32 (d,J = 2 Hz, 1 H, =CH), 5.64 (d,J = 2 Hz, 1 H,
=CHy), 4.25 — 4.38 (m, 2 H, O-Gi{| 3.64 — 3.84 (m, 1 H, CH-OH), 3.15 (dbj= 4, 6
Hz, 1 H,CH-C;=), 1.34 — 1.49 (m, 2 H, i&;-CHOH), 1.22 — 1.34 (m, 18 H,HB),

0.87 (t,J= 6 Hz, 3 H, Gis).
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C NMR (125 MHz, CDC}): 170.5 (CO), 135.1 (&), 123.3 (=CH), 74.0 (CH
OH), 67.4 (CH-0), 44.1 CH-Cy=), 32.2 (CH), 31.5 (CH), 29.2 (CH), 29.2 (CH),
29.0 (CH), 25.2 (CH), 22.3 (CH), 13.8 (CH).

LRMS (ESI): 305.2 (100, M+Na), 283.2 (70, M+H{RMS (ESI): M+Na& found

305.2090; GH30:03Na requires 305.2087.

4-(1-Hydroxyhexyl)-3-methylenedihydrofuran-2Bone (148}

o)

o)

OH

Following procedure B, using hexanal (66 mg, 0.66at), the above alcohdl48 (121 mg,

93%) was obtained after column chromatography (269630% EtOAc in petrol) as a

colourless ail.

Rt: 0.35 (30% EtOACc in petrol)

IR (neat): 3425s, 1767s, 1456s, 1121s.

'H NMR (500 MHz, CDC}): 6.35 (d,J = 2 Hz, 1 H, =CHj), 5.80 (d,J = 2 Hz, 1 H,
=CH,), 4.38 (ddJ = 10, 8Hz, 1 H, O-Ch}, 4.24 (ddJ = 10, 4 Hz, 1 H, O-C}), 3.55
—3.76 (m, 1 H, @-OH), 3.19 — 3.04 (m, 1 HGH-C4=), 2.20 (br s, 1 H, OH), 1.57 —
1.39 (m, 3 H, CH), 1.39 — 1.21 (m, 5 H, G} 0.88 (t,J = 7 Hz, 3 H, CH)).

C NMR (125 MHz, CDC}): 170.9 (CO), 135.1 (&), 124.6 (=CH), 73.2 (CH
OH), 68.1 (CH-0), 44.5 CH-C4=), 32.4 (CH), 31.6 (CH), 25.2 (CH), 22.5 (CH),
14.0 (CH).

LRMS (ESI): 221.13 (100, M+Na), 253.17 (70HRMS (ESI): M+Na found

221.1155; ¢H1503Na requires 221.1148.
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4-(1-Hydroxy-3-methylbut-2-en-1-yl)-3-methyleneddrgfuran-2(3)-one (149}
O

o)
OH
Following procedure B, using 3-methylbut-2-enal (6§, 0.66 mmol), the above alcolal9
(66 mg, 55%, 88:12 dr) was obtained after colummortiatography (30%- 50% EtOAc in
petrol) as a colourless oil.

* R 0.45 (50% EtOAc in petrol)

* IR (neat): 3448s, 1762s, 1273s, 1120s, 1027s.

« H NMR (500 MHz, CDCJ): 6.34 (d,J = 2 Hz, 1 H, =CH), 5.89 (d,J = 2 Hz, 1 H,
=CH,), 5.18 (tdJ = 2, 9 Hz, 1 H, =CH), 4.41 (dd,= 8, 9 Hz, 1 H, O-CH), 4.31 (dd,
J=8,9Hz, 1H, O-Ch), 4.14 (ddJ = 4, 10 Hz, 1 H, 6-OH), 3.15 - 3.21 (m, 1 H,
CH-Cg=), 1.76 (dJ = 2 Hz, 3 H, CH), 1.70 (dJ = 2 Hz, 3 H, CH).

Discernable data for minor diastereoisomer: 6.3d €2 Hz, 1 H, =CH), 5.71 (d,J

=2 Hz, 1 H, =CH), 5.18 (td,J = 2, 9 Hz, 1 H, =CH), 4.41 (dd,= 8, 9 Hz, 1 H, O-
CH,), 4.31 (ddJ =8, 9 Hz, 1 H, O-Ch), 4.14 (ddJ = 4, 10 Hz, 1 H, B-OH), 3.21
—3.15 (M, 1 HCH-C4=), 1.78 (dJ = 2 Hz, 3 H, CH), 1.69 (dJ = 2 Hz, 3 H, CH)

« C NMR (125 MHz, CDC}): 170.7 (CO), 139.2 (CO-£), 135.4 (G=), 124.6
(=CH,), 123.4 (=CH), 69.7 (CHOH), 67.3 (CH-O), 44.7 CH-C;=), 25.9 (CH),
18.6 (CH).

« LRMS (ESI): 205.1 (50, M+Na), 279.1 (1008RMS (ESI): M+N& found

205.0843; GH1403Na requires 205.0841.
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4-(1-Hydroxy-3-phenylpropyl)-3-methylenedihydrofar@(3H)-one(150)

OH

Following procedure B, using 3-phenylpropanal (88d 0.66 mmol), the above alcold0

(114 mg, 75%) was obtained after column chromapgrd30%— 50% EtOAc in petrol) as

a colourless oil.

Rt 0.53 (50% EtOACc in petrol)

IR (neat): 3458br, 1754s, 1659s, 1270s, 1087br, 701s.

'H NMR (500 MHz, CDCJ): 7.26 — 7.36 (m, 2 H, CJ), 7.14 — 7.26 (m, 3 H, C-
Har), 6.35 (dJ =2.3 Hz, 1 H, =Ch), 5.78 (d,J = 2.0 Hz, 1 H, =Ch), 4.29 — 4.44 (m,
1 H, O-CH), 4.23 (ddJ = 3.8, 9.3 Hz, 1 H, O-C}), 3.69 (dddJ = 3.3, 6.0, 9.2 Hz, 1

H, CH,OH), 3.04 — 3.22 (m, 1 HGH-C=), 2.89 (ddd,) = 5.6, 8.7, 14.0 Hz, 1 H,

CH,-Ar), 2.70 (dt,J = 8.1, 13.8 Hz, 1 H, C#HAr), 2.35 — 1.95 (m, 1 H, OH), 1.68
1.89 (m, 2 H, Ch).

13C NMR (125 MHz, CDCJ): 170.7 (CO), 141.0 (C-k), 134.9 (G=), 128.6 (C-
Ha), 128.4 (C-H,), 126.2 (C-H,), 124.8 (=CH), 72.3 (CH-OH), 68.0 (CHO), 44.7
(CH-C=), 35.2 (CH-Ar), 32.0 (CH).

LRMS (ESI): 487.18 (100), 255.09 (100, M+NaHRMS (ESI): M+N4 found

255.0990; @H1603Na requires 255.0992.
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5-Hydroxy-5-(4-methylene-5-oxotetrahydrofuran-3h@xanes nitril¢151).
0
NC\/\/\lilfo
OH
Following procedure B and using 6-oxohexanes aiffil(64 mg, 0.66 mmol), the above
alcohol151 (83 mg, 65%) was obtained after column chromaugyd40%— 60% EtOAcC
in petrol) as a colourless oil.

* R 0.35 (50% EtOAc in petrol).

* IR (neat): 3552s, 1757s, 1471s, 1185s, 982s.

« H NMR (500 MHz, CDC}): 6.36 (d,J = 2 Hz, 1H, =CH), 5.66 (d,J = 2 Hz, 1 H,
=CH,), 4.43 — 4.22 (m, 2 H, O-Gj 3.79 (dJ =5 Hz, 1 H, CHOH), 3.19 (dd,) = 2,
4 Hz, 1 H,CH-C=), 2.36 (tJ = 7 Hz, 2 H, CH-CN), 1.75 — 1.60 (m, 4 H, G} 1.43
(d,J =7 Hz, 2 H, CH).

« C NMR (125 MHz, CDC}): 170.6 (CO), 135.2 (€), 123.9, (=CH), 119.4 (CN),
74.1 (CH.OH), 67.2 (CH-0), 44.6 CH-C4=), 31.3 (CH-CN), 25.3 (CH), 24.9
(CHy), 17.2 (CH).

« LRMS (ESI): 232.09 (80, M+Na);HRMS (ESI): M+Nd found 232.0952;

C11H15sNOsNa requires 232.0950.

4-((2)-1-Hydroxy-4-iodo-3-methylbut-3-en-1-yl)-3-methyledihydrofuran-2(8)-one(152)
0

0

OH
Following procedure B, using (Z)-4-iodo-3-methyl8senat*’ (138.6 mg, 0.66 mmol), the
above alcohol52 (113 mg, 56%. 98:2 dr) was obtained after colummmmatography (30%

— 50% EtOACc in petrol) as a colourless oil.
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* R 0.42 (50% EtOAc in petrol).

* IR (neat): 3549s, 1756s, 1158s, 974s.

« H NMR (500 MHz, CDCJ): 6.42 (dJ = 2 Hz, 1 H, =CH), 6.09 (s, 1 H, =CH), 5.93
(d,J =2 Hz, 1 H, =CHj), 4.44 (dd,J = 10, 8 Hz, 1 H, O-C}), 4.38 (dd,J = 10, 4 Hz,
1 H, O-CH), 3.98 —3.90 (m, 1 H,EOH), 3.27 — 3.18 (m, 1 HGH-C,=), 2.51 (dd]
=14, 10 Hz, 1 H, OH), 2.31 (dd,= 14, 3 Hz, 2 H, Ch), 1.98 (d,J = 0.9 Hz, 3 H,
CHs).

Discernable data for minor diastereoisomer: 6.00(d 2 Hz, 1 H, =CH), 3.89 —
3.86 (m, 1 H, CHOH).

« C NMR (125 MHz, CDC}): 170.7 (CO), 144.0 (CHC4=), 134.6 (G=), 125.3
(=CH,), 77.9 (=CH), 71.5 (CHOH), 67.9 (CH-0), 44.6 CH-C,=), 42.3 (CH), 24.8
(CH).

« LRMS (ESI); 331.02 (30, M+Na), 413.2 (100HRMS (ESI): M+Na& found

330.9809; GuH13103Na requires 330.9802.

(1-Hydroxy-10-oxoundecyl)-3-methylenedihydrofuraf3t2)-one (153}

@)

@)

OH
Following procedure B using 10-oxoundecaff§121.6 mg, 0.66 mmol), the above alcohol
153 (130 mg, 70%) was obtained after column chromatoigy (20%— 50% EtOAcC in
petrol) as a colourless oil.
* Ry 0.44 (30% EtOACc in petrol).

* IR (neat): 3563s, 1758s, 1732s, 1456s, 1183s.
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'H NMR (500 MHz, CDC4): 6.39 (dJ =2 Hz, 1 H, =CH)), 5.82 (dJ = 2 Hz, 1 H,
=CHy), 4.40 (ddJ = 8, 10 Hz, 1H, O-CH), 4.25 (ddJ = 4, 10 Hz, 1 H, O-C}), 3.71
~3.62(MmJ=5,5Hz, 1 H, G.OH), 3.14 (dtd,) = 2, 4, 8 Hz, 1 HCH-C=), 2.42 (t,
J=7Hz, 2 H,0OH), 2.14 (s, 3H, GH1.72 — 1.56 (m, 2 H, g,-CO), 1.52 — 1.41
(m, 2 H, CH), 1.37 — 1.22 (m, 10 H, GM

13C NMR (125 MHz, CDCY): 209.3 (CO), 170.6 (C£, 135.1 (G=), 124.6 (=CHj),
73.2 (CH.OH), 67.8 (CH-0), 44.5 CH-C4=), 43.7 (CH), 33.5 (CH), 29.9 (CH),
29.3 (CH), 29.2 (CH), 29.2 (CH), 29.0 (CH), 25.6 (CH), 23.7 (CH).

LRMS (ESI): 305.17 (40, M+Na);HRMS (ESI): M+N& found 305.1731;

C16H2604Na requires 305.1729.

4-(Hydroxymethyl)-3-methylene-5-pentyldihydrofuraf@H)-one(159)

o)

o)

(l)H CsHq1

PTSA (2.4 mg, 0.0125 mmol) was added to a solutidactonel59 (50 mg, 0.25 mmol), in

MeOH (1 mL). The reaction mixture was stirred at°@for 15 h, then concentrated under

reduced pressure and the residue purified througmall plug of silica (50 % EtOAc in

petrol) to give the primary alcoh®l® (42 mg, 85%) as a light gum.

Rs: 0.34 (40% EtOAc in petrol).

IR (neat): 3458s, 1772s, 1475, 1123s.

'H NMR (500 MHz, CDCJ): 6.33 (d,J = 2 Hz, 1 H, =CH), 5.72 (d,J = 2 Hz, 1 H,
=CH,), 4.40 (dtJ = 6, 4 Hz, 1 H, CH-0), 3.83 — 3.60 (m, 2 H, £BH), 2.94 — 2.72

(M, 1 H,CH-C¢=), 1.95 (br s, 1 H, OH), 1.79 — 1.59 (m, 2 H, h&l— 1.47 (m, 1 H,
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CH,), 1.47 = 1.37 (m, 1 H, GHi 1.37 — 1.22 (m, 4 H, G} 0.91 — 0.81 (t) = 7 Hz,
3 H, CHy).

« BC NMR (125 MHz, CDC}): 170.1 (CO), 136.2 (&), 123.5 (=CH), 80.8 (CH-0),
63.9 (CH-OH), 46.8 CH-C4=), 36.0 (CH), 31.4 (CH), 24.6 (CH), 22.5 (CH), 13.9
(CHa).

« LRMS (ESI): 221.1 (70, M+Na), 419.2 (100JRMS (ESI): M+Nd found 221.1155;

C11H1s0sNa requires 221.1154.

Methylenolactoci(160)

A solution of primary alcohob (40 mg, 0.2 mmol) in acetone (1 mL) was treateth wi
freshly prepared Jones’ reagéitat room temperature until a persistent orangerosts
observed. After 10 min-PrOH (2 drops) was added and the reaction mixias diluted
with H,O (3 mL). The aq layer was extracted with £ (3 x 5 mL), the combined organic
extracts were dried (N80Oy), concentrated under reduced pressure, and plbffecolumn
chromatography (5% MeOH in GHI,) to give (+)-methylenolactocifl60)* (30 mg, 72%)

as a white solid.

Rr: 0.34 (5% MeOH in ChCly)

¢ mp: 78-80 °C (lit" (+)-10: 82 °C)

« IR:3463s, 1758s, 1661s, 1473s, 1123s.

« 'H NMR (500 MHz, CDC}): 6.47 (d,J = 2 Hz, 1 H, =CH), 6.03 (d,J = 2 Hz, 1 H,

=CH,), 4.90 — 4.70 (m, 1 H, CH-0), 3.64 (b= 6, 3Hz, 1 H, CH-CeH), 1.83 — 1.65
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(m, 2 H, CH), 1.59 — 1.47 (m, 1 H, G} 1.47 —1.38 (m, 1 H, G} 1.38 — 1.26 (m,
4 H, CHy), 0.91 (tJ=7 Hz, 3H, CH)

« BC NMR (125 MHz, CDC}): 173.5 (CQH), 168.1 (CO), 132.4 (&), 125.8 (=CH)),
78.8 (CH-0), 49.4 (CH-C@), 35.7 (CH), 31.3 (CH), 24.4 (CH), 22.4 (CH), 13.9
(CHs).

« LRMS (ESI): 235.1 (100, M+Na), 263.1 (7®YRMS (ESI): M+Na found 235.0945;
C11H1604Na requires 235.0946.

See™®*C NMR data comparaison of (+)-methylenolactocid®.

(E)-5-Hydroxy-3,7-dimethylocta-2,6-diendl §5):
OH H

ATPH preparation: AlIMg(2.75 mL, 2.0 M in hexanes, 5.5 mmol) was addeal $olution of
2,6-diphenylphenol ( 4.06 g. 16.5 mmol) in tolugng5 mL). The reaction mixture was
stirred for 30 min at rt then used without furtperrification.
3-Methylbut-2-enal 163) (0.483 mL, 5.0 mmol) was added to the above swiudf ATPH at
-78°C and stirred for 30 min, then LDA (3.0 mmol) in FH5 mL) was addedia canula to
the reaction mixture. The reaction mixture wagatirfor 30 min, then quenched with sat. ag.
NH4CI (30 mL) and extracted with 2 (3 x 30 mL). The combined organic layers were
dried (NaSQ,), concentrated under reduced pressure and purifigd column
chromatography (16~ 40% EtOAc in petrol) to give aldehydes5 (130 mg, 31%) as a
yellow oil.

* R 0.4 (40% EtOAC in petrol).

* IR (neat): 1745s, 1345s, 1183s.
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'H NMR (400 MHz, CDC4): 9.92 (d,J = 8 Hz, 1 H, CHO), 5.88 (dl = 8 Hz, 1 H,
=CH-CHO), 5.15 (d,) = 8 Hz, 1 H, ®i=CHOH), 4.56 (dtJ = 5, 8 Hz, 1 H, €IOH),

2.43 (dd,J = 8, 14 Hz, 1 H, Ch), 2.29 (ddJ = 5, 14 Hz, 1 H, Ch), 2.18 (s, 3 H,
CHs), 1.66 (s, 3 H, CH), 1.65 (s, 3 H, CH.

3C NMR (100 MHz, CDCY): 191.3 CHO), 160.9 C=CH-CHO), 135.9
((CH3)2C¢=), 129.2 (€H-CHOH), 127.0 ((CH)2C4~CH), 66.7 CH-OH), 48.4 (CHj),

25.7 (CH), 18.2 (CH), 18.1 (CH).

LRMS (ESI): 465.3 (100), 397.3 (30RMS (ESI): M found 168.1156 gH:¢0,

requires 168.1156.

(E)-5-(tert-Butyldimethylsilyloxy)-3,7-dimethylocta-2,6-diené166):

Y\(\‘/\’&O
OTBS H

TBSCI (150.7 mg, 0.65 mmol), then imidazole (89, 1h.30 mmol) was added to a solution

of aldehydel65 (100 mg, 0.59 mmol) in DMF (2 mL). The reactionxinre was stirred at rt

for 5 h, then quenched with sat. aq. J0H(15 mL) and extracted with £3 (3 x 25 mL). The

combined organic layers were dried (N@)y), concentrated under reduced pressure and

purified by column chromatography (10% EtOAc inrpBtto give aldehydd 66 (115 mg,

70%) as a yellow light olil.

Rs: 0.7 (20% EtOAc in petrol).

IR (neat): 3430s, 2956s, 2857s, 1717s, 1643s, 129748s.

'H NMR (400 MHz, CDCJ): 9.95 (d,J = 8 Hz, 1 H, CHO), 5.85 (d} = 8 Hz, 1 H,
=CH-CHO), 5.09 (d,J = 8 Hz, 1 H, ®=CHOSi), 4.52 (td,] = 5, 8 Hz, 1 H, ElOSi),

2.35 (dd,J = 8, 13 Hz, 1 H, Ch), 2.22 (dd,J = 5, 13 Hz, 1 H, Ch), 2.17 (s, 3 H,
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CHs), 1.66 (s, 3 H, Ch), 1.62 (s, 3 H, Ch), 0.79 (s, 9 H'Bu), 0.04 (s, 3 H, Si-CH),
0.03 (s, 3 H, Si-Ch).

« C NMR (100 MHz, CDCi): 190.9 CHO), 161.1 C=CH-CHO), 132.1
((CH3)2Cq=), 129.6 (B1=CHOSi), 128.4 ((CH),C,=CH), 68.7 CH-OSi), 49.4 (CHj),
25.7 (CHy), 25.6 [Bu), 18.5 (CH), 18.2 (CH), 18.1 ((CH)C,), -4.3 (SiCH), -5.0
(SiCHg).

« LRMS (ESI): 305.2 (100, M+N3, 337.2 (100);HRMS (ESI): M+N&d found

305.1908 GgH300-Si requires 305.1907.

(E)-4-(5-(tert-Butyldimethylsilyloxy)-1-hydroxy-3,7-dimethyloctd;6-dienyl)-3-

methylenedihydrofuran-2(3-one (L67):

7 7
OTBS OH

A flame-dried Schlenk tube containing C§@6.2 mg, 0.038 mmol, 99% Aldrich) and Mn
powder (54.9 mg, 1.167 mmol, 150 um) was chargetd diy THF (2 mL) andi¢{Pr)EtN
(0.013 mL, 0.0778 mmol). The resulting suspensioas wigorously stirred under an
atmosphere of argon for 1 h. This resulted in tisagpbearance of the characteristic purple
color of the chromium(lll) salt and the formatioh @ white/grey suspension with a pale
green supernatant. Bromolactoh25 (103.2 mg, 0.58 mmol) was added and the reaction
mixture stirred for 1 h at rt. The allylation wadseh initiated by the addition of the aldehyde
166 (110 mg, 0.389 mmol) and TMSCI (0.147 mL, 1.167 ojnand the reaction mixture
stirred under an atmosphere of argon at rt for 1&He resulting green/ brown suspension
was quenched with sat. ag NaHLQ mL) and passed through a plug of celite. Theafe

was concentrated, then dissolved in THF (1 mL)y&sd of 1 M HCI were added, and the
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resulting solution stirred for 1 h. The reactionswihen diluted with water (20 mL). The aq
layer extracted with EtOAc (3 x 20 mL), the comhlinerganic extracts dried (h&O),
concentrated under reduced pressure, and puriffecblumn chromatography (18> 30%
EtOAc in petrol) to give alcohdl67 (75 mg, 51%) as a light yellow oil.

* R 0.35 (30% EtOAC in petrol).

* IR (neat): 1716s, 1384s, 1266s, 1115s, 1006s.

« H NMR (400 MHz, CDC}): 6.34 (t,J = 2 Hz, 1 H, CHE), 5.92 (s, 1 H, Cb¥), 5.18
(d, J = 9 Hz, 1 H, =BI-CHOH), 5.03- 5.10 (m, 1 H, CH=), 4.43 4.53 (m, 1 H,
CH»-0), 4.34- 4.43 (m, 1 H, CRtO), 4.29 (dtJ = 9, 13 Hz, 1 H, OH), 4.00 4.13
(m, 1 H, CH-OSi), 3.08- 3.18 (M, 1 HCH-C,=), 2.24 (tdJ = 7, 13 Hz, 1 H, Cb),
2.05-2.16 (m, 1 H, Ch), 1.72 (s, 6 H, Ch), 1.59- 1.64 (s, 3 H, Ch), 0.83- 0.89
(s, 9 H,"Bu), 0.02 (s, 3 H, SiC#), 0.01 (s, 3 H, SiCh).

« C NMR (100 MHz, CDC}): 170.7 (CQ-CH,),139.5 C=CH,), 135.3 ((CH).Cq=),
131.8 ((CH)(CHy)Cq=), 128.9 ((CH)2Cq=CH), 126.2 ((CH)(CH)C=CH), 124.7
(=CH,), 69.6 CH-OH), 68.9 CH-OSi), 67.7 (CH-0), 48.9 (CH), 44.6 CH-C;=),
29.1{-Bu), 25.1 (CH), 25.7 (CH), 18.2 (CH), 18.1 C.CHs), 17.5 (CH), -4.1
(SiCHg), -4.7 (SiCH).

« LRMS (ESI): 403.2 (100, M+N3, HRMS (ESI): M+N& found 403.2275

Cle34O4SiNa requires 403.2275

(E)-5-(tert-Butyldimethylsilyloxy)-3,7-dimethyl-1-(4-methylerg-oxotetrahydrofuran-3-

yl)octa-2,6-dienyl acetatd 69):

OTBS OAc
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AcClI (0.015 mL, 0.216 mmol) was added to a solutbmlcohol167 (70 mg, 0.197 mmol)
and EtN (0.03 mL, 0.216 mmol) in Cl, (1 mL) at O°'C. After 5 h at rt, the reaction
mixture was quenched with sat. aq. NaHG® mL) and extracted with C&Il, (3 X 5 mL).
The combined organic extracts were dried &), concentrated under reduced pressure,
and purified by column chromatography (20 30% EtOAc in petrol) to give acetal®8
(44.1 mg, 52%) as a light yellow oil

* R 0.5 (20% EtOAc in petrol).

* IR (neat): 1742s, 1723s 1374m, 1256s, 1105m, 935w.

« H NMR (200 MHz, CDCY): 6.33 (t,J = 2 Hz, 1 H, CHE), 5.76 (t,J = 2 Hz, 1 H,
CHy=), 5.49- 5.64 (m, 1 H, =G-CHOAC), 4.96- 5.20 (m, 2 H, =€I-CHOSIi and
CH,-0), 4.39- 4.56 (m, 1 H, Ci#0), 4.32- 4.28 (m, 1 H, CH-OACc), 4.08 4.22 (m,
1 H, CH-0Si), 3.09- 3.41 (m, 1 HCH-C=), 2.05- 2.37 (m, 2 H, Ck), 2.03 (s, 3 H,
CHs), 1.77 (ddJ =2, 5 Hz, 3 H, Ch), 1.67 (t,J = 2 Hz, 3 H, CH), 1.60 (ddJ=2, 4
Hz, 3 H. CH), 0.85 (s, 9 H'Bu), 0.00 (s, 6 H, SiCh).

« 13C NMR (126 MHz, CDCJ): 170.1 (CQ-CHy), 169.7 (CQO-CHs), 141.4 C=CH,),
1345 ((CH).Cq=), 131.6 ((CH)(CHy)Cqg=), 128.9 ((CH).C=CH), 124.5
((CH3)(CH2)C4=CH), 121.6 (=CH)), 71.3 CH-OAc), 68.1 CH-OSi), 66.9 (CH-0),
48.9 (CH), 42.6 CH-C4=), 29.7 C4(CHa)s), 25.8 (CH), 25.6 (CH), 21.0 (CH),
18.2 (CH), 17.6 (CH), -4.3 (SiCH)

« LRMS (ESI): 867.5 (100), 445.2 (60, M+N&JRMS (ESI): M+N4& found 445.2379

Ca3H350sSiNa requires 445.2381.

——

145

'



(E)-5-Hydroxy-3,7-dimethyl-1-(4-methylene-5-oxotetyalnofuran-3-yl)octa-2,6-dienyl

acetate 169):

OH OAc
TBAF (0.10 mL, 1 M in THF, 0.10 mmol) was addedatsolution of acetd68 (40 mg, 0.09
mmol) in THF (1.00 mL). The reaction mixture wasrsd at rt for 15 h, then quenched with
sat. ag. NHCI (1 mL) and extracted with GElI, (3 x 5 mL). The combined organic extracts
were dried (NgSOy), concentrated under reduced pressure, and murifig column
chromatography (46~ 50% EtOACc in petrol) to give alcoh@b9 (15.1 mg, 60%) as a light

yellow oil.

Rs: 0.3 (40% EtOAc in petrol).

« IR (neat): 3463s, 1766s, 1740s, 1372m, 1234s, 1020w.

« 'H NMR (200 MHz, CDC}): 6.37 — 6.35 (m, 1 H, Cj#), 5.74 — 5.86 (m, 1 H,
CHy=), 5.42 — 5.62 (m, 1 H, 3G-CHOH), 5.05 — 5.25 (m, 2 H #GECHOSI and
CH»-0), 4.38 — 4.56 (m, 1 H, GFD), 4.05 — 4.38 (m, 3 H, GOH and GH-OAc),
3.24 — 3.41 (m, 1 HCH-C¢=), 2.10 — 2.30 (m, 2 H, ), 2.06 (s, 3 H, €3), 1.81 (s,
3 H,Hy), 1.71 (2 s, 6 H, By).

« BC NMR (126 MHz, CDC}): 170.1 (CQ-CH,), 169.9 (CG-CHs), 140.9 C=CH,),
135.7 ((CH):Cq=), 134.4 ((CH)(CHp)Ce=), 127.0 ((CH).Cq=CH), 124.7
((CH3)(CH2)Cq=CH), 121.9 (=CH), 71.7 CH-OH), 66.8 CH-OAc), 66.3 (CH-O),
47.8 (CH), 42.4 CH-C4=), 25.7 (CH), 21.0 (CH), 18.2 (CH), 17.6 (CH).

« LRMS (ESI): 186.22 (100), 242.30 (75), 331.17 (30, MXN4RMS (ESI): M+Na

found 331.1518 GH240sNa requires 331.1516.
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(E)-3,7-Dimethyl-1-(4-methylene-5-oxotetrahydrofurdsy)-5-oxoocta-2,6-dienyl  acetate

(170:

O OAc
Dess-Matrtin reagent (0.16 mL, 0.3 M in &k, 0.048 mmol) was added to a solution of
alcohol169 (15 mg, 0.048 mmol) at @ in CH,CI, (1 mL). The reaction mixture was stirred
for 2 h at rt, then quenched with a mixture of sagt. NaHCQ (1 mL) and sat. aq. N&O3 (1
mL), and then extracted with GEl, (3 x 5 mL). The combined organic extracts weredlri
(NaSQy), concentrated under reduced pressure, and glbffecolumn chromatography (20
— 40% EtOACc in petrol) to give synthetic acetoxyaotelide (70 (11.2 mg, 75%) as a
light yellow oil.
* R 0.4 (30% EtOACc in petrol).
* IR (neat): 1767s, 1737s, 1409s, 1232s, 1113m, 1043m.
« H NMR (400 MHz, CDCJ): 6.35 (d,J = 2 Hz, CH=), 6.01- 6.07 (m, 1 H, =CH-
CO), 5.80 (dJ = 2 Hz, 1 H, CHE=), 5.58 (ddJ = 7, 9 Hz, 1 H, =B-CH-OAc), 5.19
(dd,J = 1, 9 Hz, 1 H, CH-OACc), 4.36 (dd,= 8, 9 Hz, 1 H, CkO), 4.28 (dd,J = 3,
10 Hz, 1 H, CH-0), 3.31- 3.41 (m, 1 HCH-C4=), 3.10 (s, 2 H, CHCO), 2.15 (s, 3
H, CH), 2.06 (s, 3 H, Ch), 1.91 (s, 3 H, Ck), 1.81 (m, 3 H, Ch).
« 13C NMR (100 MHz, CDCJ): 197.4 (CO), 170.0 (CECH,), 169.9 (CG-CHy),
157.2 ((CH)2C4=), 138.6 C=CH,), 134.4 ((CH)(CH,)Cy=), 128.0 ((CH):C4=CH),
124.8 ((CH)(CHp)Cq=CH), 123.1 (C€H,), 71.4 CH-OAc), 66.9 CH,-O), 54.8
(CH,), 27.7 (CH), 21.0 (CH), 20.9 (CH), 15.3 (CH).
« LRMS (ESI): 329.1 (100, M+N3, HRMS (El); M+Na found 329.1361

C17H220sNa requires 329.1359.
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(E)-7-Hydroxy-3,7-dimethyloct-2-en-5-ynyl acetater{):

OAc
=z
HO 4

Allylic acetaté® 175 (0.74 g, 3.57 mmol) was added to a solution ofe2hylbut-3-yn-2-ol
(176 (600 mg, 7.14 mmol), Cul (34 mg, 0.178 mmolxaO; (591 mg, 4.28 mmol) and
TBAB (172.6 mg, 0.535 mmol) in DMF (5 mL). The réaa mixture was stirred 4 h at rt,
then 4 h at 40C. The reaction was then quenched with sat. agQONE20 mL). The aq. layer
was extracted with ED (3 x 100 mL). The combined organic extracts wkied (MgSQ),
concentrated under reduced pressure and purifi@bloynn chromatography (20% EtOAc in
petrol) to give alkynd.77 (505 mg, 67%) as a clear oil.
* R 0.4 (20% EtOACc in petrol).
* IR (neat): 3430s, 1740s, 1367s, 1236s, 1025s, 950s
« H NMR (200 MHz, CDC}): 5.51- 5.68 (m, 1 H, =CH), 4.58 (d] = 7 Hz, 2 H,
CH,-0), 2.91 (s, 2 H, Cb), 2.29 (s, 1 H, OH), 2.04 (s, 3 H, @H1.52 (s, 6 H, Ch).
« C NMR (126 MHz, CDC}): 171.1 (CO), 136.8 (&), 119.59 (G=CH), 88.08 (G-
C=s), 78.5 (&), 65.1 (G-OH), 61.1 (CH-OH), 31.6 (CH), 28.5 (CH), 20.9 (CH),
16.4 (CH).
« LRMS (ESI): 132 (100), 282 (60¥4RMS (FI): M* found 210.1255 GH:s03Na

requires 210.1256.

(E)-3,7-Dimethyloct-2-en-5-yne-1,7-diol 79):

_~_-OH

HO, ~Z#

Allylic alcohol®* 178 (1.14 g, 6.9 mmol) was added to a solution of 2hylbut-3-yn-2-ol

(2.74 g, 20.7 mmol), Cul (65 mg, 0.345 mmol) iRNE{7 mL). The reaction mixture was
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stirred at 60C for 16 h, then concentrated under reduced presaul purified by column
chromatography (46~ 100% EtOACc in petrol) to give alkyrkr9 (380 mg, 32%) as a clear
oil.
* R 0.3 (50% EtOACc in petrol).
* IR (neat): 3346s, 2981w, 2932s, 1673s, 1377m, 123%5m, 1004m, 949w.
« 'H NMR (400 MHz, CDC}): 5.69 (t,J = 7 Hz, 1 H, CH=), 4.19 (d] = 7 Hz, 2 H.
CH,-OH), 2.92 (s, 2 H, ChJ, 2.28 (br. s., 1 H, OH), 1.73 (s, 3 H, §HL.51 (s, 6 H,
CHs).
« C NMR (100 MHz, CDC}): 134.2 C=CH), 124.7 (CEH), 88.0 (G-C=), 79.0
(C=), 65.3 (G-OH), 59.2 (CH-OH), 31.7 (CH), 28.6 (CH), 16.4 (CH).
« LRMS (ESI): 191.1 (40, M+N3§ 375.2 (100)HRMS (ESI): M+Nd found 191.1041

Ci1oH160-Na requires 191.1043.

(E)-8-Hydroxy-2,6-dimethylocta-2,6-dien-4-one30):
R
O
MoO,(acac) (1 mg, 0.023 mmol), AuCI(PBh(1.5 mg, 0.023 mmol) and AgOTf (0.8 mg,
0.023 mmol) were added successively to a solutioalkyne 179 (40 mg, 0.23 mmol) in
toluene (1 mL) at OC. The reaction mixture was stirred at@for 6 h then passed through
celite and washed with £ (10 mL). The residue was concentrated under estipcessure
and purified by column chromatography (50%Etn petrol) to give unsaturated ketah&0
(37 mg, 94%) as a light yellow oil.
* R 0.4 (40% EtOACc in petrol).

* IR (neat): 3317s, 2913w, 1683s, 1617s, 1444s, 13806G8m.
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« 'H NMR (400 MHz, CDCY): 6.11 (s, 1 H, CO-CH=), 5.51 (,= 7 Hz, 1 H, CH=),
4.21 - 4.18 (m., 2 H, B,-OH), 3.10 (s, 2 H, CH), 2.15 (s, 3 H, CH), 2.00 (br. s., 1
H, OH), 1.88 (s, 3 H, CH), 1.68 (s, 3 H, CH).

- ¥C NMR (100 MHz, CDC}): 198.6 (CO), 156.6G;=CH-CO), 133.4 (G=CH),
128.3 (:CH-CH,-OH), 122.9 (€H-CO), 59.2 (CH-OH), 54.9 (CH-CO), 27.8
(CHs), 20.8 (CH), 16.7 (CH).

« LRMS (ESI: 191.1 (100, M+N3, HRMS (ESI: M+N& found 191.1041

C10H1602Na requires 191.1043

(E)-3,7-Dimethyl-7-(triethylsilyloxy)oct-2-en-5-ynycetate 182):

OAc
=
TESO. _F

Path A: Triethylsilyl triflate (0.577 mg, 2.55 mmol) waslded to a solution of alkyrir7
(488 mg, 2.32 mmol) and pyridine (0.206 mL, 2.55 @ijnin CH,CIl, (5 mL) at 0°'C. The
reaction mixture was stirred 30 min at rt, thenevg20 mL) was added. The aq. layer was
extracted with CKHCI, (3 x 20 mL). The combined organic extracts weredd(MgSQ),
concentrated under reduced pressure and purifiedohymn chromatography (8> 10%
Et,O in petrol) to give alkyn&82 (640 mg, 85 %) as a clear oil.

Path B: Allylic acetaté’ 175 (0.74 g, 3.57 mmol) was added to a solution of/radk1 81
(1.41 g mg, 7.14 mmol), Cul (34 mg, 0.178 mmolCK; (591 mg, 4.28 mmol) and TBAB
(172.6 mg, 0.535 mmol) in DMF (5 mL). The reactimixture was stirred 15 h at rt, then
guenched with sat. ag. N@I (20 mL). The ag. layer was extracted with@(3 x 100 mL).
The combined organic extracts were dried (MgS€@oncentrated under reduced pressure and
purified by column chromatography (20% EtOAc inrpBtto give alkynel82 (774 mg,

67%) as a clear oil.
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Rs: 0.8 (10% EtOAc in petrol).

IR (neat): 1747s, 1365s, 1231s, 1160s, 960s.

'H NMR (500 MHz, CDCJ): 5.62 — 5.59 (m, 1 H, CH=), 4.62 @@= 7 Hz, 2 H, CH-
0), 2.93 (s, 2 H, Ch), 2.06 (s, 3 H, Ch), 1.77 (s, 3H, Ch), 1.48 and 1.46 (2's, 6 H,
CHs), 0.98 (tJ =7 Hz, 9 H, CH), 0.67 (gJ = 8 Hz, 6 H, SiCHh).

3C NMR (126 MHz, CDC}): 171.0 (CO), 136.9 (&), 119.7 (=CH), 88.4 (gC=),
78.9 (&), 66.3 (G-0), 61.1 (CH-0), 33.2 (CH), 28.8 (CH), 21.0 (CH), 16.4
(CHs), 7.0 (CH), 6.0 (CH).

LRMS (ESI): 721.3 (100), 347.2 (10, M+N&RMS (ESI): M+N4& found 347.2016

ClgH3203SiNa requires 347.2013.

(E)-3,7-Dimethyl-7-(triethylsilyloxy)oct-2-en-5-yn-at (183):

pZ OH

TESO. FZ

K2CGOs (792 mg, 5.7 mmol) was added to a solution of @#i82 (324.5 mg, 1.9 mmol) in

MeOH (15 mL). The reaction mixture was stirred atht, then quenched with sat. ag. /J0H

(20 mL). The ag. layer was extracted with@t(3 x 100 mL) and the combined organic

extracts dried (MgS§), concentrated under reduced pressure and purbiedcolumn

chromatography (26-» 30% EtOAc in petrol) to give alkynE82 (504 mg, 93%) as a clear

oil.

Rs: 0.4 (40% EtOAc in petrol).

IR (neat): 3330s, 2955s, 2876s, 1459s, 1243s, 116G6§6s.

'H NMR (500 MHz, CDC}): 5.62-5.75 (m, 1 H, CH=), 4.20 (8,= 6 Hz, 2 H, CH-
0), 2.92 (s, 2 H, Ch), 1.75 (s, 3 H, Ch), 1.48 (s, 3 H, Ch), 0.96 (t,J = 7 Hz, 9 H,

CHs), 0.66 (q,J = 8 Hz, 6 H, SiCHh).
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« BC NMR (126 MHz, CDC}): 134.6 (G=), 124.7 (=CH), 118.3(=CH), 88.2 4C=),
79.1 (&), 66.3 (G-0), 59.3 (CH-0), 33.3 (CH), 28.8 (CH), 16.3 (CH), 7.0 (CH),
6.0 (Chp).

« LRMS (ESI): 281.2 (30, M-F), 313.2 (100)HRMS (ESI): M+N4 found 305.1906

C16H300.SiNa requires 305.1907.

(E)-4-(1-Hydroxy-3,7-dimethyl-7-(triethylsilyloxy)oe2-en-5-ynyl)-3-

methylenedihydrofuran-2(3-one (85):

TESO

major
Dess-Matrtin reagent (225 mg, 0.53 mmol) was addeal golution of alcohal83 (150 mg,
0.53 mmol) in CHCI, (3 mL) at 0°C. The reaction mixture was stirred 4 h atQ) then
guenched with a mixture of sat. ag. NaHC@ mL) and sat. ag. N&O3 (2 mL) and
extracted with ChBCl, (3 x 5 mL). The combined organic extracts werediriNaSQ,),
concentrated under reduced pressure to give ciddhyale184 (153 mg).
Zinc Method: A solution of the above crude aldehyt®4 in DMF (1 mL) was added to a
solution of bromolactond25 (107 mg, 0.609 mmol) and Zn dust (34 mg, uf0 0.53
mmol) in DMF (2 mL). The reaction mixture was suir30 min at rt, then quenched with sat.
ag. NHCI (20 mL). The aqg. layer was extracted with@t3 x 10 mL). The combined
organic extracts were dried (Mg@Qconcentrated under reduced pressure and pubfyed
column chromatography (26 40% EtOAc in petrol) to give alkynE5 (130 mg, 65%, 4:1
dr) as a light yellow oll.

* R 0.5 (40% EtOAc in petrol).
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¢ IR (neat): 3445br, 2955w, 2876s, 1756s, 1160m, 1037m.

« Major: 'H NMR (500 MHz, CDC}): 6.34 (d,J = 2 Hz, 1 H, =CH), 5.91 (d,J = 2
Hz, 1 H, =CH), 5.46— 5.53 (m, 1 H, CH=), 4.46 4.48 (m, 1 H, CRO), 4.32 (dd,)
=8, 9 Hz, 1 H, CRHO), 4.08- 4.15 (m, 1 H, G-OH), 3.13- 3.21 (m, 1 H, =
CH), 2.92 (s, 2 H, Ch), 1.76 (dJ = 1 Hz, 3 H, CH),1.47 (2's, 6 H, CkJ, 0.95 (t,J
=7 Hz, 9 H, CH), 0.63 (g,J = 8 Hz, 6 H, SiCHh).

« C NMR (126 MHz, CDCY): 170.7 (CO), 137.3 (C=C#| 135.1 C,=CH), 124.8
(C4=CH), 124.5 C=CH;), 88.9 (G-C=), 78.5 (&), 69.5 (G-O), 67.3 (CH-OH), 66.3
(CH,-0), 44.6 (CH), 33.2 (G-CH;), 28.9 (CH), 27.3 (CH), 17.1 (CH), 7.0 (CH),
6.3 (CH).

Discernable data for minor diastereoisomidrNMR (500 MHz, CDCJ): 6.32 (d,J
=2 Hz, 1 H, =CH), 5.71 (dJ = 2 Hz, 1 H, =CH), 1.72 (dJ = 1 Hz, 3 H, CH))

« Discernable data for minor diastereoisomé€ NMR (126 MHz, CDG): 170.8
(CO), 137.2 (C=Ch), 134.6(CcECH), 124.9 (CgCH), 124.6(C=CH,), 88.9 (G-
C=s), 78.5 (&), 69.4 Cq-0), 67.8 (CH-OH), 66.3 (-0), 44.5 (Gr), 33.1 £Cho),
28.8 (Gi3), 27.3 (Gia), 17.1 (Gi3), 7.0 (Gya), 6.3 (Gu2).

« LRMS (ESI); 287.14 (100), 379.25 (30, M¥:396.27 (80)HRMS (ESI): M+Nd

found 401.2120 &H340,4SiNa requires 401.2124.

Chromium Method: A flame-dried Schlenk tube containing CsC10 mg, 0.07 mmol, 99%
Aldrich) and Mn powder (87 mg, 1.59 mmol, 150pumywaarged with dry THF (3 mL), dry
MeCN (0.3 mL) and i¢PrpEtN (0.027 mL, 0.153 mmol). The resulting suspemsicas
vigorously stirred under an atmosphere of argorifbr This resulted in the disappearance of
the characteristic purple color of the chromium(Balt and the formation of a white/grey

suspension with a pale green supernatant. Bronoolad®5 (141 mg, 0.8 mmol) was added
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and the reaction mixture stirred for 1 h at rt. Hilglation was then initiated by the addition
of aldehyde 184 (0.53 mmol) and TMSCI (freshly distiled and sibreover
polyvinylpyridine) (0.195 mL, 1.59 mmol) and theaotion mixture stirred under an
atmosphere of argon at room temperature for 4 bB.r€bulting green/ brown suspension was
guenched with sat. ag NaHG@Q mL) and passed through a plug of celite. Theafe was
concentrated, then dissolved in THF (1 mL), 1 dobfp M HCI was added, and the resulting
solution stirred for 30 min at €. The reaction was then diluted with water (20 nihg aq
layer extracted with EtOAc (3 x 20 mL), the comhlinerganic extracts dried (h&QO),
concentrated under reduced pressure and purifiedolwmn chromatography (16> 40%

EtOAc in petrol) to give alkyn&85 (124 mg, 62%, 97:3 dr) as a light yellow oil.

Rs: 0.5 (40% EtOAc in petrol).

* IR (neat): 3445br, 2955s, 2876s, 1756s, 1160s, 1037s.

« H NMR (500 MHz, CDC}): 6.36 (dJ =2 Hz, 1 H, =CH)), 5.92 (dJ = 1.5 Hz, 1 H,
=CH,), 5.50 (ddJ = 2, 9 Hz, 1 H, CH=), 4.45 (dd,= 8, 9 Hz, 1 H, CHtO), 4.32
(dd,J =8, 9 Hz, 1 H, CKtO), 4.13 (ddJ = 4, 9 Hz, 1 H, &-OH), 3.19 (ddddJ = 2,
4,6,8Hz, 1 H, =gCH), 2.93 (s, 2 H, Ch), 1.77 (dJ = 1.3 Hz, 3 H, Ch), 1.48 (2s,
6 H, CHy), 0.96 (t,J = 8 Hz, 9 H, CH), 0.64 (q,J = 8 Hz, 6 H, Si-Ch).

« ¥C NMR (126 MHz, CDC}): 170.6 (CO), 137.4 (C=CH 135.1 C,=CH), 124.8
(Cq=CH), 124.4 C=CH,), 88.9 (G-C=), 78.4 (&), 69.5 (G-O), 67.2 (CH-OH), 66.3
(CH,-O), 44.6 (CH), 33.2 (CH), 28.9 (G-CH,), 17.1(CH), 7.0 (CH), 6.0 (CH).

« LRMS (ESI): 287.14 (100), 379.25 (30, M#}396.27 (80)HRMS (ESI): M+Nad

found 401.2120 &H340,4SiNa requires 401.2124.
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4-(E)-1,7-Dihydroxy-3,7-dimethyloct-2-en-5-yn-1-48ymethylenedihydrofuran-2(8-one

172:

= =z
/
HO OH

TBAF (0.10 mL, 1 M in THF, 0.10 mmol) was addeda®olution of lactond85 (37 mg,
0.09 mmol) in THF (1.00 mL). The reaction mixturasistirred at rt for 15 h, then quenched
with sat. ag. NECI (1 mL) and extracted with G&l, (3 x 5 mL). The combined organic
extracts were dried (N80Oy), concentrated under reduced pressure, and plbffecolumn
chromatography (66> 70% EtOAc in petrol) to give alcoh@l72 (19.3 mg, 73%) as a light

yellow oil.

Rs: 0.4 (70% EtOAc in petrol).

* IR (neat): 3475br, 1769s, 1741s, 1234s, 1021w.

« H NMR (500 MHz, CDCJ): 6.33 (d,J = 2 Hz, 1 H, =CH), 5.77 (dJ =2 Hz, 1 H,
=CH,), 5.52 (dd,J = 2, 9 Hz, 1 H, CH=), 4.35 (dd, = 3.9, 9.8 Hz, 1 H, B-OH),
3.28-3.14 (m, 1 H, , 5ACH), 2.92 (s, 2 H, Cb), 2.51 (br. s., 1 H, OH), 2.19 (br. s.,
1 H, OH), 1.73 (s, 3 H), 1.51 (2s, 6 H, QH

« C NMR (126 MHz, CDC}): 171.1 (CO), 137.1 (C=C#j 134.6 C,=CH), 124.8
(Cq=CH), 124.3 C=CHy), 88.8 (G-C=), 78.2 (&), 69.5 (G-O), 67.9 (CH-OH), 65.2
(CH,-0), 44.6 (CH), 31.6 (CH), 28.5 (G-CHy), 17.3(CH).

« LRMS (ESI): 287.1 (100, M+N§; HRMS (ESI): M+Nd found 287.1253

C15H2004Na requires 287.1254.

——

155

'



(E)-4-(1-Hydroxy-3,7-dimethyl-5-oxoocta-2,6-dienyl)i8ethylenedihydrofuran-2(8-one

(A7D:

0 OH

major
From Zinc Chemistry: MoOy(acac) (0.6 mg, 0.018 mmol), AuCI(PEh(0.87 mg, 0.018
mmol) and AgOTf (0.45 mg, 0.018 mmol) were succelyivadded to a solution of alkyne
185( 47 mg, 0.178 mmol) in toluene (1 mL, reagentgjaat 0C. The reaction mixture was
stirred 3 h at OC, then 3 h at rt. The reaction mixture was pasked through celite and
washed with BEO (10 mL). The filtrate was concentrated under cediupressure and purified
though a small plug of silica (46» 50% EtOAc in petrol) to give synthetisyn-
hydroxyanthecotulid&71 (43 mg, 91%, 7:3 dr) as a light yellow oll.
* R 0.4 (50% EtOAc in hexanes).
* IR (neat): 3430br, 2915s, 1726s, 1615s, 1174s, 1016s.
« 'H NMR (500 MHz, CDCJ): 6.33 (d,J = 2 Hz, 1 H, =CH), 6.06-6.08 (m, 1 H,
=CH-CHOH), 5.89 (dJ = 1 Hz, 1 H, =CH), 5.22- 5.33 (m, 1 H, =CH-CO), 4.44
454 (m, 1 H, CH-OH), 4.37 4.44 (m, 1 H, CRHO), 4.28- 4.37 (m, 1 H, CRO),
4.18- 4.28 (m, 1 H, OH), 3.17 3.28 (m, 1 H, =¢CH), 3.08- 3.17 (m, 2 H, Ch),
2.16 (s, 3H, Ch), 1.91 (s, 3 H, Ch), 1.70 (s, 3 H, CH).
» Discernable data for minor diastereoison®B82 (d,J = 1 Hz, 1 H, =CH), 4.44-
4.54 (m, 1 H, CH-OH), 1.72 (s, 3 H, GH
« C NMR (126 MHz, CDC}): 197.9 (CO), 170.6, (C 157.4 ((CH).Cq=), 136.1
(Cq=CH), 135.2 ((CH)(CH,)C4=CH), 127.7 ((CH),C,=CH), 69.4 (CH-OH), 67.1

(CH,-0), 54.6 (CH), 27.7 (CH), 20.9 (CH), 17.5(CH).
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» Discernable data for minor diastereoison37.8 (CO), 170.8 (C£, 157.3
((CHg)2Cq=), 136.0 (Cq=Ch), 134.3 ((CH)(CH)Cq=CH), 128.3 ((CH)2C4=CH),
69.4 (CH-OH), 54.6 (Cb), 27.7 (CH), 20.9 (CH), 17.6 (CH).

« LRMS (ESI): 242.3 (100), 287.1 (30, M+Np 338.25 (80)HRMS (ESI): M+Na&

found 287.1254 ¢H,0sNa requires 287.1254.

From Chromium Chemistry: Following the procedure as above but with alky®s (30
mg, 0.113 mmol) give synthetisynhydroxyanthecotulidel72 (27 mg, 90%) as a light
yellow oil.

* R 0.4 (50% EtOAc in hexanes).

* IR (neat): 3430br, 2915s, 1726s, 1615s, 1174s, 1016s.

« H NMR (500 MHz, CDCY): 6.36 (d,J = 2 Hz, 1 H, =CH), 6.06 (s, 1 H, =8-
CHOH), 5.89 (dJ = 1 Hz, 1 H, =CH), 5.27 (br dJ = 9 Hz, 1 H, =CH-CO), 4.48 (3,
=8 Hz, 1 H, CH-OH), 4.33 (dd,= 8, 9 Hz, 1 H, ChtO), 4.23 (dd,) = 10, 4 Hz, 1 H,
CH,-0), 3.28- 3.19 (m, 1 H, =GCH), 3.14 (d,J = 15 Hz, 1 H, Ch), 3.09 (d,J = 15
Hz, 1 H, CH), 2.15 (s, 3 H, Ch), 1.91 (s, 3 H, Ch), 1.70 (s, 3 H, Ch).

« C NMR (126 MHz, CDC}): 197.9 (CO), 170.6, (Cf) 157.3 ((CH).Cy=), 136.2
(Cq=CHp), 135.2 ((CH)(CH,)Cq=CH), 127.7 ((CH),C,=CH), 69.5 (CH-OH), 67.1
(CH»-0), 54.7 (CH), 27.7 (CH), 20.9 (CH), 17.5 (CH).

« LRMS (ESI): 242.3 (100), 287.1 (30, M+Npg 338.25 (80)HRMS (ESI): M+N&

found 287.1254 ¢H,0sNa requires 287.1254.
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3,7-Dimethyl-1-4-methylene-5-oxotetrahydrofuraniB-&(triethylsilyloxy) oct-2-en-5-

ynyl 4-nitrobenzoatel@6):

NO,

DEAD (361.9 mg, 2.08 mmol) was added dropwise &verin to a solution of lacton&85
(400 mg, 1.04 mmol), PBH{544.9 mg, 2.08 mmol) angtnitrobenzoic acid (347 mg, 2.08
mmol) in THF (15 mL) at-78 ‘C. The reaction mixture was stirred 1 -@8 °C, then 2 h at
0°C, and finally 14 h at rt. The reaction was theemphed with sat. ag. N8I (10 mL) and
the aq. layer was extracted with &b (3 x 10 mL). The combined organic extracts were
dried (MgSQ), concentrated under reduced pressure and pubfiedblumn chromatography

(10% — 30% EtOAc in petrol) to give est&B6 (340 mg, 62%) as fine white crystals.

Rt 0.4 (40% EtOAc in petrol).

e mp:118-121 °C.

* IR (neat): 1747s, 1556s, 1271m, 1148s.

« H NMR (500 MHz, CDC}): 8.25- 8.39 (m, 2 H, C-k), 8.07- 8.17 (m, 2 H, C-
Has), 6.42 (d,J =2 Hz, 1 H, =CH), 5.90 (ddJ = 6, 9 Hz, 1 H, =CH), 5.84 (d,= 2
Hz, 1 H, =CH), 5.58 (ddJ = 2, 9 Hz, 1 H,E&I-O), 4.52 (dd,J =8, 9 Hz, 1 H, CRO),
4.37 (ddJ = 4, 9 Hz, 1 H, CR-0), 3.33- 3.54 (m, 1 H, =GCH), 2.97 (s, 2 H, Ch),
1.91 (s, 3H, Ch), 1.47 (2's, 6 H, Ck), 0.90 (t, J =7 Hz, 9 H, G 0.61 (9,0 = 8
Hz, 6 H, CH).

« C NMR (126 MHz, CDC}): 169.8 (CQ-CH,), 163.6 (CG-Cya/), 150.8 (G,), 140.6

(Ci=CH,), 135.0 (G,), 133.7 (G), 130.7 C4=CH-), 125.3 (G;), 123.7 (G=CH),
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119.6 (G=CH,), 89.4 (G), 78.0 (&), 73.2 (GH-0), 66.9 (G-O), 66.3 (CH-O), 42.7
(=C4-CH), 33.2 (CH), 28.9 (CH), 23.8 (CH), 17.6 (CH), 7.0 (CH).
« LRMS (ESI): 431.0 (100, M-TES), 384.9 (L0®JRMS (ESI): M found 527.9134

CogH37/NO;Si requires 527.2339.

4-(E)-1-Hydroxy-3,7-dimethyl-7-((triethylsilyl)oxy)ocE-en-5-yn-1-yl)-3-

methylenedihydrofuran-2(3H)-on&&7):

NaCO; (40 mg, 0.38 mmol) was added to a solution ofolaetl86 (180 mg, 0.34 mmol)
with one drop of water in THF (5 mL) at’G. The reaction mixture was stirred at®and
carefully monitored by TLC until reaction was comfg (~ 1- 2 h). The reaction mixture
was quenched with sat. ag. MH (10 mL). The ag. layer was extracted withCH (3 x 10
mL). The combined organic extracts were dried (MgS@oncentrated under reduced
pressure and purified by column chromatography (386%0% EtOAc in petrol) to give the
lactonel87 (90 mg, 70%) as a clear oil.
* R 0.5 (40% EtOAC in petrol).
* IR (neat): 3443br, 2950s, 1746s, 1162s, 1042s.
« H NMR (500 MHz, CDC}): 6.34 (d,J = 2 Hz, 1 H, =CH), 5.73 (d,J = 2 Hz, 1 H,
=CH,), 5.53 (ddJ = 1, 9 Hz, 1 H, CH=), 4.52 4.40 (m, 3 H, Ch+O and Gi-OH),
3.24-3.08 (M, 1 H, =GCH), 2.95 (s, 2 H, Ch), 1.74 (s, 3 H, Ch), 1.49 (s, 6 H,

CHa), 0.97 (d,J =7 Hz, 9 H, CH), 0.66 (q.J = 8 Hz, 6 H, Si-Ch).
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« C NMR (126 MHz, CDC}): 170.6 (CO), 137.5 (C=C#){ 134.6 C,=CH), 124.9
(C4=CH), 124.4 C=CHy, 89.0 (&), 78.4 (&), 69.6 (G-0), 67.7 (CH-OH), 66.3
(CH»-0), 44.5 (CH), 33.3 (CH), 28.9 (G-CHy), 17.2(CH), 7.0 (CH), 6.1 (CH).

« LRMS (ESI): 379.23 (50, M+H), 401.21 (100, M+NaHRMS (ESI): M+Na found

401.2120 GH3404SiNa requires 401.2124.

(E)-4-(1-Hydroxy-3,7-dimethyl-5-oxoocta-2,6-dienyl)m8ethylenedihydrofuran-2(8)-one

(2):

o OH
MoO;(acac) (0.6 mg, 0.0178 mmol), AuCI(PBN0.87 mg, 0.0178 mmol) and AgOTf (0.45
mg, 0.0178 mmol) were succesively added to a swludf alkynel87 (47 mg, 0.178 mmol)
in toluene (1 mL, reagent grade) atd The reaction mixture was stirred 3 h aC0then 3 h
at rt. The reaction mixture was passed throughecahd washed with & (5 mL). Organic
layer was concentrated under reduced pressurewifebg though a small plug of silica (40
— 50% EtOAc in petrol) to give synthetamti-hydroxyanthecotulide?) (43 mg, 91%) as a
light yellow oil.

* R 0.4 (50% EtOAc in hexanes).

* IR (neat): 3430br, 2915s, 1726s, 1615s, 1174s, 1016s.

« H NMR (500 MHz, CDCY): 6.33 (d,J = 2 Hz, 1 H, =CH), 6.08 (s, 1 H, =6-
CHOH), 5.82 (dJ = 2 Hz, 1 H, =CH), 5.27 (br dJ = 9 Hz, 1 H, =CH-CO), 4.45 (3,
=8 Hz, 1 H, CH-OH), 4.37 (dd,= 4, 7 Hz, 2 H, CK0O), 3.21- 3.17 (m, 1 H, =¢
CH), 3.18 (dJ = 16 Hz, 1 H, Ch), 3.11 (dJ = 16 Hz, 1 H, Ch), 2.14 (s, 3 H, C#),

1.91 (s, 3 H, Ch), 1.68 (s, 3 H, Ch).
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« C NMR (126 MHz, CDC}): 197.8 (CO), 170.8 (C£ 157.4 ((CH).C4=), 136.3
(Cq=Chb), 134.4 ((CH)(CH,)Cq=CH), 128.2 ((CH),C,=CH), 69.4 (CH-OH), 67.8
(CH,-0), 54.6 (CH), 27.8 (CH), 20.9 (CH), 17.7 (CH).

« LRMS (ESI): 242.3 (100), 287.1 (30, M+Njg 338.25 (80)HRMS (ESI): M+Nd

found 287.1254 ¢H,0sNa requires 287.1254.

4-Ethyl-3-methylenedihydrofuran-2{@-one (88):
0
X
Following procedure C: using diethylzinc (0.80 ndL5 M in pentane, 0.39 mmol), the above
lactonel88 (22 mg, 63%) was obtained after column chromafgyg20%— 33% EtOAC
in petrol) as a clear oll.
* R 0.3 (20% EtOACc in petrol).
« H NMR (200 MHz, CDCI3): 6.29 (dJ = 2 Hz, 1 H), 5.61 (d) = 2 Hz, 1 H), 4.50 —
4.44 (m, 1 H), 4.00 (ddl= 9, 6 Hz, 1 H), 3.05 — 2.98 (m, 1 H), 1.80 — 1(68 2 H),

1.02 — 0.94 (m, 3 H); All other data as previouslyorted->°

4-1sopentyl-3-methylenedihydrofuran-2(3one (89):
0

O

Following procedure C: using isopentylzinc bromi@80 mL, 0.5 M in pentane, 0.39
mmol), the above lacton&89 (34 mg, 74%) was obtained after column chromatugya
(20% — 33% EtOAc in petrol) as a clear oil.

* R 0.4 (20% EtOACc in petrol).
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IR (neat): 1762s, 1514s, 1251m, 1159m.

'H NMR (500 MHz, CDC}): 6.20 (d,J = 2 Hz, 1 H, =CH), 5.54 (d,J = 2 Hz, 1 H,
=CH,), 4.39 (t,J = 9 Hz, 1 H, O-CH)), 3.91 (ddJ =9, 6 Hz, 1 H, , O-C}), 2.97 —
2.94 (m, 1 H, =GCH), 1.79 — 1.56 (m, 2 H, C#i 1.56 — 1.34 (m, 2 H, Ci} 1.26 —
1.04 (m, 1 H, CH), 0.84 (s, 3 H, GH0.82 (s, 3 H, Ch).

13C NMR (126 MHz, CDC}):169.9 (CO), 137.5(=CH,), 120.8 (C€H,), 70.2 (O-
CH,), 37.9 (=G-CH), 34.4 (CH), 30.6 (Cb}, 27.0 (CH), 21.5 (CH), 21.4 (CH).
LRMS (ESI): 191.11 (40, M+Na), 242.29 (100HRMS (ESI): M+N& found

191.1043 GoH160-Na requires 191.1043.

4-Cyclopropyl-3-methylenedihydrofuran-2{3-one (90):

0O

@)

Following procedure C: using cyclopropylzinc bromi(0.80 mL, 0.5 M in pentane, 0.39

mmol), the above lacton&90 (27 mg, 72%) was obtained after column chromaya

(20% — 33% EtOACc in petrol) as a clear oil.

R: 0.35 (20% EtOAc in petrol).

IR (neat): 1764s, 1253s, 1112s, 1020s.

'H NMR (500 MHz, CDCY): 6.29 (d,J = 2 Hz, 1 H, =CH), 5.81 (d,J = 2 Hz, 1 H,
=CH,), 4.48 (t,J = 9 Hz, 1 H, O-CH)), 4.09 (dd,J = 9, 6 Hz, 1 H, O-Ch), 2.57 -
2.26 (m, 1 H, =G-CH), 0.74- 0.60 (m, 1 H, CH), 0.66 0.44 (m, 1 H, Ch), 0.37
-0.33 (m, 2 H, CH), 0.25-0.20 (m, 1 H, CH).

%C NMR (126 MHz, CDCY): 170.9 (CO), 138.1G=CH,), 122.3 (C€H,), 71.0 (O-

CHy), 43.6 (=G-CH), 14.0 (CH), 3.0 (Ch), 1.7 (CH).
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« LRMS (ESI): 161.07 (100, M+Na);HRMS (ESI): M+N& found 161.0573

CgH100-Na requires 161.0572.

Ethyl 3-(4-methylene-5-oxotetrahydrofuran-3-yl)paopate 191):
O

O
\/O
O
Following procedure C: using 3-ethoxy-3-oxopropyliz bromide (0.80 mL, 0.5 M in

pentane, 0.39 mmol), the above lactd#l (46 mg, 83%) was obtained after column

chromatography (33%> 40% EtOAc in petrol) as a clear oil.

Rt: 0.4 (40% EtOAc in petrol).

* IR (neat): 1731s, 1663s, 1252m, 1159w.

« H NMR (400 MHz, CDC}): 6.33 (d,J = 2 Hz, 1 H, =CH), 5.67 (d,J = 2 Hz, 1 H,
=CH,), 4.47 (t,J= 9 Hz, 1 H, O-CH), 4.16 (q,J = 7 Hz, 2 H, CH-OCO), 4.01 (dd)
=6,9 Hz, 1 H, O-Ch, 3.16-3.11 (m, 1 H, =GCH), 2.39 (t,J=7 Hz, 2 H, CH-
CO), 2.07-1.97 (m, 1 H, Ch), 1.96— 1.79 (m, 1 H, Ch), 1.28 (t,J = 7 Hz, 3 H,
CHs).

« C NMR (126 MHz, CDC}): 185.5 (COEt), 182.4 (GQiwond, 137.6 C=CHy), 122.7
(C=CHy), 70.7 (O-CH), 60.8 (O-CH-CHg), 38.0 (=G-CH), 30.8 (CH), 28.6 (CH),
14.2 (CH).

« LRMS (ESI): 221.09 (30, M+Na), 242.28 (100WRMS (ESI): M+Nd found

221.0783 GH1404Na requires 221.0784.
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4-(3-Methylbut-2-en-1-yl)-3-methylenedihydrofura(BB)-one (92):
O

@)

TMSCI (one drop) and 1,2-dibromoethane (one dropjewadded to a solution of Zn dust
(198 mg, 3.2 mmol) in THF (1 mL). The solution wesated in a sealed tube for 30 s, cooled
to 0°C, then 1-bromo-3-methylbut-2-ene (0.405 mL, 2.7a)rwas added and stirred for 2 h
at 0°C. Without further purification, this allylzinc bntide was added dropwise over 5 min to
a stirred solution of lacton&25 (306 mg, 1.8 mmol), TBAB (58 mg, 0.18 mmol) andGDu

(32 mg, 0.36 mmol) in THF (3 mL) at -78. The reaction mixture was stirred for 30 min at -
78 °C, then slowly warmed to —Z€ and stirred for 15 min. The reaction mixture tlzen
guenched with sat. ag. N@I (2 mL). The ag. layer was extracted with@{3 x 5 mL) and

the combined organic extracts was dried (Mg/S@oncentrated under reduced pressure and
purified by column chromatography (20% 33% petrol/EtOACc) to give lactone X (209 mg,

71%) as a clear oil.

Rt 0.3 (30% EtOAc in petrol).

* IR (neat): 2972m, 1765s, 1268m, 1114.7w.

« 'H NMR (400 MHz, CDC)): 6.24 (d,J = 2 Hz, 1 H, =CH), 5.62 (d,J = 2 Hz, 1 H,
=CH,), 5.23- 4.73 (m, 1 H, =CH), 4.40 (dd,= 9, 8 Hz, 1 H, O-Ch), 3.96 (ddJ =
9, 6 Hz, 1 H, O-Ch), 3.15- 3.01 (m, 1 H, =G-CH), 2.59- 2.02 (m, 2 H, Ch), 1.71
(s, 3 H, CH), 1.61 (s, 3 H, Cb).

« BC NMR (126 MHz, CDC}): 170.9 (CO), 138.1G=CH,), 135.4 C,=CH), 122.0

(C=CH,), 119.3 (G=CH), 70.6 (O-CH), 38.9 (=G-CH), 32.1 (CH), 25.8 (CH),

18.0 (CHy).

164

——
| —



« LRMS (ESI): 167.12 (60, M+B; 205.10 (100);HRMS (ESI): M+N& found

189.0891 GoH140-Na requires 189.0886.

4-(4-Chlorobenzyl)-3-methylenedihydrofuran-B{8one (93):

O
Cl
O
Following procedure C: using 4-chlorobenzyl)zinoride (0.80 mL, 0.5 M in pentane, 0.39

mmol), the above lacton#93 (49.5 mg, 66%) was obtained after column chronrajsiyy

(20% — 33% EtOAc in petrol) as a clear oil.

Rt: 0.3 (40% EtOAc in petrol).

* IR (neat): 1763s, 1492s, 1267m, 1115w, 1015w.

« H NMR (400 MHz, CDC}): 7.21- 7.08 (m, 2 H, C-k), 7.08- 6.97 (m, 2 H, C-
Ha), 6.27 (d,J=2 Hz, 1 H, =CH), 5.41 (d,J = 2 Hz, 1 H, =CH), 4.35 (ddJ =9, 8
Hz, 1 H, O-CH), 4.06 (ddJ =9, 6Hz, 1 H, O-CH), 3.45-3.28 (m, 1 H, =GCH),
2.94 (ddJ =14, 7 Hz, 1 H, Ch), 2.81 (ddJ = 14, 9Hz, 1 H, CH).

« BC NMR (126 MHz, CDCJ): 170.5 (CO), 163.0 (), 160.6 (G,), 137.4 C=CH,),
133.1 (Gy), 130.3 (Gy), 122.8 (C€H,), 115.7 (Gy), 115.5 (G), 70.4 (O-CH), 40.2
(CHy), 39.1 (=G-CH).

« LRMS (ESI): 223.04 (100, M+H);HRMS (ESI): M+Nd found 222.0449

Cle1102C| requires 222.0448.
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4-(3-Methoxybenzyl)-3-methylenedihydrofuran-B{8one (94):

@)

MO
MeO

TMSCI (one drop) and 1,2-dibromoethane (one dropjewadded to a solution of Zn dust
(131 mg, 2 mmol) in THF (1 mL). The solution wasatesl in a sealed tube for 30 s, cooled
to 0°C, then 3-methoxybenzyl chloride (0.218 mL, 1.5 mymes added and stirred for 2 h
at 0°C. Without further purification, this benzylzincdmide was added dropwise over 5 min
to a stirred solution of lactor25 (177 mg, 1 mmol), TBAB (31 mg, 0.1 mmol) and CuCN
(17.8 mg, 0.2 mmol) in THF (3 mL) at -78. The reaction mixture was stirred for 30 min at
-78 °'C, then slowly warmed to —2C and stirred for 15 min. The reaction mixture wzen
guenched with sat. ag. N@I (2 mL). The ag. layer was extracted with@&{3 x 5 mL) and
the combined organic extracts was dried (MgS©@oncentrated under reduced pressure and
purified by column chromatography (20% 33% petrol/EtOAC) to give lactonEd4 (141
mg, 65%) as a clear oil.
* R 0.3 (30% EtOAC in petrol).
* IR (neat): 1763s, 1610s, 1248m, 1162w.
« H NMR (400 MHz, CDC}): 7.25 (t,J = 8 Hz, 1 H, C-H,), 6.84- 6.75 (m, 2 H, C-
Har), 6.75- 6.67 (M, 1 H, C-i{), 6.28 (dJ = 2 Hz, 1 H, =CH), 5.47 (dJ =2 Hz, 1
H, =CH,), 4.35 (dd,J = 8, 9 Hz, 1 H, O-Ch), 4.07 (ddJ = 5, 9 Hz, 1 H, O-Cb),
3.81 (s, 3 H, Ch), 3.42- 3.27 (m, 1 H, =¢CH), 2.96 (ddJ = 7, 14 Hz, 1 H, Cb),
2.78 (ddJ =9, 14 Hz, 1 H, Ch).
« BC NMR (126 MHz, CDCJ): 170.6 (CO), 159.8 (), 139.0 (G,), 137.6 C=CH,),
129.8 (Gy), 122.7 (C€H,), 121.2 (G/), 114.8 (G), 112.0 (G,), 70.6 (O-CH), 55.2

(CHs), 40.0 (CH), 39.9 (=G-CH).
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« LRMS (ESI): 219.11 (100, M+H: HRMS (ESI): M+Nd found 241.0842

C13H1403Na requires 241.0841

4-(Benzo[d][1,3]dioxol-5-yImethyl)-3-methylenedihyafuran-2(31)-one (95):
O

CQG

O
TMSCI (one drop) and 1,2-dibromoethane (one dropjewadded to a solution of Zn dust
(131 mg, 2 mmol) in THF (1 mL). The solution wasatesl in a sealed tube for 30 s, cooled
to 0 °C, then (chloromethyl)benzdi[1,3]dioxole’* (255.9 mg, 1.5 mmol) was added and
stirred for 2 h at 0C. Without further purification, this benzylzinc dmide was added
dropwise over 5 min to a stirred solution of lagd25 (177 mg, 1 mmol), TBAB (31 mg,
0.1 mmol) and CuCN (17.8 mg, 0.2 mmol) in THF (3)nalt -78°C. The reaction mixture
was stirred for 30 min at -7&, then slowly warmed to —2€ and stirred for 15 min. The
reaction mixture was then quenched with sat. agsNKR mL). The aqg. layer was extracted
with EO (3 x 5 mL) and the combined organic extracts drgsd (MgSQ), concentrated
under reduced pressure and purified by column chtognaphy (20%— 33% petrol/EtOAC)
to give lactonel95(167 mg, 72%) as a clear oil.

* Ry 0.35 (40% EtOAC in petrol).

* IR (neat): 1760s, 1612s, 1514s, 1250m.

« H NMR (400 MHz, CDC}): 6.76 (d,J = 8 Hz, 1 H, C-H), 6.67 (d,J =2 Hz, 1 H,
C-Ha,), 6.62 (ddJ =2, 8 Hz, 1 H, C-l), 6.28 (dJ =2 Hz, 1 H, =CH), 5.96 (s, 2 H,
O-CH,-0), 5.46 (d,J = 2 Hz, 1 H, =CH), 4.35 (dd,J = 7, 9 Hz, 1 H, O-Cb), 4.06
(dd,J =5, 9 Hz, 1 H, O-Ch), 3.49- 3.33 (m, 1 H, =G:CH), 2.89 (dd,J = 14, 7 Hz, 1

H, CHy), 2.73 (ddJ =9, 14 Hz, 1 H, Cb).
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« 13C NMR (126 MHz, CDC}): 170.6 (CO), 147.9 (&), 146.5 (G,), 137.5 C=CH,),
131.1 (Gy), 122.7 (C€H,), 122.0 (G,), 109.0 (G,), 108.4 (G,), 101.0 (O-CH-O),
70.5 (O-CH), 40.3 (CH), 39.6 (=G-CH).

« LRMS (ESI): 233.09 (100, M+H; HRMS (ESI): M+N& found 255.0633

C13H1204Na requires 255.0633.

(E)-((8-Bromo-2,6-dimethyloct-6-en-3-yn-2-yl)oxy)ttheylsilane (96):

OTES

Br
CBr4 (895 mg, 2.7 mmol) was added to a solution ofliallgicohol183 (507 mg, 1.8 mmol),
PPh (708 mg, 2.7 mmol) and 2,6-lutidine (0.138 mL, Zafol) in CHCl, (3 mL). The
reaction mixture was stirred at rt for 1 h, theremgehed with sat. aq. NaHG@ mL). The
ag. layer was extracted with @€, (3 x 5 mL), dried (MgSg), concentrated under reduced
pressure and purified by column chromatography (Z58Ac in petrol) to give allylic
bromidel196 (470 mg, 84%) as a clear oil.

* R 0.3 (40% EtOACc in petrol).

IR (neat): 2956m, 1242m, 1162m, 1038m, 742w.

« 'H NMR (400 MHz, CDC})): 5.87-5.74 (m, 1 H, =CH), 4.03 (d,= 8. Hz, 2 H, Br-
CH,), 3.00- 2.89 (m, 2 H, Ch), 1.83-1.75 (m, 3 H, =C-Ch), 1.48 (s, 6 H, CH),
1.06- 0.86 (m, 9 H, Ch), 0.77- 0.55 (m, 6 H, Si-Ch).

« BC NMR (126 MHz, CDC}): 137.9 C,=CH), 121.7 (G=CH), 88.6 (&), 78.5 (&),
66.3 (G-O), 33.2 (CH-Br), 33.1 (O-G(CHa),), 28.8 (CH),16.0 (CH), 7.0 (Si-CH),
6.0 (Si-CH- CHy).

« LRMS (ESI): 367.14 and 369.14 (75, M+Na), 431.11 (168RMS (ESI): M+N4&

found 367.1066 GH»sONa °BrSi requires 367.1063.
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3,4-bis(3-Methoxybenzyl)dihydrofuran-243-one @11):

MeO. ;
O
/©\/E//<O
MeO

major
(3-Methoxyphenyl)boronic acid (97 mg, 0.64 mmol)swadded to a solution of alcoht®4
(87 mg, 0.4 mmol), [RhCl(cod) (5.9 mg, 0.012 mmol) and 4 (0.056 mL, 0.40 mmol) in
dioxane (1 mL) and water (0.33 mL). The reactiorxtore was stirred at 100 °C in a
microwave reactor (300 W) for 1 h, then concentratader reduced pressure and purified
though a small plug of silica (75% EtOAc in petrm)give lacton®11® (71 mg, 55%, 87:13
dr) as a yellow oil.
* Ry 0.35(80% EtOAC in petrol).
* IR (neat): 1763s, 1621s, 1524s, 1251w.
« H NMR (400 MHz, CDCJ): 7.25- 7.15 (m, 2 H, C-i&), 6.83- 6.70 (m, 4 H, C-
Has), 6.60 (d,J = 8 Hz, 1 H, C-H,), 6.56— 6.50 (m, 1 H, C-,), 4.12 (ddJ=7, 9
Hz, 1 H, O-CH), 3.87 (ddJ =8, 9 Hz, 1 H, O-Ch), 3.79 and 3.76 (2 s, 6 H, GH
3.07 (ddJ = 5, 14 Hz, 1 H, CH-CO), 2.92 (ddl= 7, 14 Hz, 1 H, GCH), 2.70- 2.57
(m, 2 H, CH), 2.57- 2.46 (m, 2 H, Ch).
« 13C NMR (126 MHz, CDC})): 178.5, 159.8, 159.8, 139.5, 139.3, 129.7, 129.6,6.2
120.9, 114.8, 114 .5, 112.3, 111.8, 71.2, 55.1,,3%13, 41.2, 38.5, 35.1

« LRMS (ESI-): 327.5 (70, M-H), 452 (100).
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4-(Benzo[d][1,3]dioxol-5-ylmethyl)-3-(3,4,5-trimebdxybenzyl)dihydrofuran-2(3)-one

(2006):

OMe
MeO OMe

0
0

( o)
o

4,4,5,5-Tetramethyl-2-(3,4,5-trimethoxyphenyl)-2;8joxaborolane (160 mg, 0.64 mmol)
was added to a solution of alcoht®5 (92 mg, 0.4 mmol), [RhCl(cog} (5.9 mg, 0.012
mmol) and EN (0.056 mL, 0.40 mmol) in dioxane (1 mL) and wa{ér33 mL). The
reaction mixture was stirred at 100 °C in a micregvaeactor (300 W) for 1 h, then
concentrated under reduced pressure and purifmebtha small plug of silica (80% EtOAc
in petrol) to give lacton206’’ (127 mg, 62%, 77:23 dr) as a yellow oil.

* Ry 0.35 (40% EtOACc in petrol).

IR (neat): 1761s, 1611s, 1523s, 1249s.

« 'H NMR (400 MHz, CDC}): 6.72-6.68 (m, 1 H, C-t), 6.56— 6.42 (m, 2 H, C-
Har), 6.36 (S, 2 H, C-), 5.94 (s, 2 H, O-CHO), 4.19 (ddJ = 7, 9 Hz, 1H, O-Ch)
3.93- 3.74 (m, 10 H, O-CHand CH), 2.94-2.88 (m, 2 H, CH), 2.73 2.43 (m, 4
H, CHy).

« 13C NMR (126 MHz, CDC}):178.5, 153.2, 147.9, 146.3, 136.8, 133.4, 13123,5,

108.8, 108.3, 106.2, 101.1, 71.2, 60.8, 56.1, 48L.4), 38.3, 35.2

« LRMS (ESI+): 401.15 (100, M+H).
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5.4 Data for Chapter 4

(2)-4-Hydroxybut-2-en-1-yl propiolate248):

0
(
HO
DCC (9.28 g, 45.0 mmol) and DMAP (0.36 g, 0.30 mmnol EtO (100 mL) was added
dropwise over 20 min to a solution &){but-2-ene-1,4-diolZ45 (3.52 g, 40.0 mmol) and

propiolic acid 247) (3.08 g, 44.0 mmol) in ED (20 mL) at— 30 °C. The reaction mixture

was stirred overnight at rt, then quenched with agtNH,Cl (50 mL). The aq layer was
extracted with BO (3 x 50 mL) and the combined organic extractedr{(NaSQy),
concentrated under reduced pressure and purifi@bloynn chromatography (40% EtOAc in

petrol) to give the enyn248(4.65 g, 83%) as a yellow oil.

Rs: 0.40 (40% EtOAc in petrol).

IR (neat): 3279br, 2119w, 1705s, 1214s, 1027m, 94&4m.

'H NMR (400 MHz, CDCY): 5.96—5.71 (m, 1 H), 5.7+ 5.44 (m, 1 H), 4.73 (d] =
6 Hz, 2 H), 4.17 (dJ = 6 Hz, 2 H), 3.12-2.82 (br s + s, 2 H).

« C NMR (100 MHz, CDC}): 152.7, 134.5, 123.8, 75.6, 74.3, 61.8, 58.1.
« LRMS (ESI): 115.1 (90), 159.2 (75), 303.1 (1OBIRMS (FI): M* found 140.0479;

C7/HgO3 requires 140.0473.
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(R)-2-(4-Methylene-5-oxotetrahydrofuran-3-yl)acetdigde @34):
0

0~ . /0

Acetone (2.5 mL) was added to a mixture of [Rh(&13)(25.1 mg, 0.051 mol) and AgSbF
(35.0 mg, 0.102 mol) in a 25 mL round-bottom flagkich had been purged 3 times with
argon. A white precipitate formed immediately. Afsirring at rt for 20 min, the yellow
suspension was filtered under argon into a flaskasning R)-BINAP (63.4 mg, 0.102 mol).
The resulting acetone solution was stirred for 20 amd then added directly to a solution of
enyne248 (570 mg, 4.07 mmol) in 1,2—dichlorethane (10 miLjtaThe reaction mixture was
stirred for 15 h at rt, then concentrated undemuced pressure and purified by column
chromatography (50% EtOAc in petrol) to give thdedlyde234 (416 mg, 73%) as a yellow
oil.
* Ry 0.35 (50% EtOAC in petrol).
e [a]?®, +91.4 £0.76, CHCY).
* IR (neat): 1757s, 1717s, 1409s, 1270m, 1120m, 750m.
« H NMR (500 MHz, CDC}): 9.84 (s, 1 H), 6.33 (dl = 2 Hz, 1 H), 5.65 (dJ = 2 Hz,
1 H), 4.67 (tJ = 9 Hz, 1 H), 3.93 (ddJ = 6, 9 Hz, 1 H), 3.63- 3.43 (m, 1 H), 2.99
(dd,J =5, 19 Hz, 1 H), 2.78 (dd,= 9, 19 Hz, 1 H).
« CNMR (125 MHz, CDC}): 198.7, 169.9, 137.0, 122.7, 70.8, 48.1, 32.8.
« LRMS (ESI): 277.1 (100), 413.3 (80MRMS (FI): M* found 140.0478; @505

requires 140.0473.

——

172

'



(R)-4-(2-Hydroxyethyl)-3-methylenedihydrofuran-2(Bone @51):
O]

o)
HO ./

BH3z THF (0.31 mL, 1 M in THF, 0.31 mmol) was added teddution of aldehyd@34 (39
mg, 0.28 mmol) in THF (1 mL) at O °C. The reactioixture was stirred 1 h at rt, then
guenched with sat. aq N8I (3 mL). The aq layer was extracted with EtOAcx(8 mL) and
the combined organic extracts dried §8@), concentrated under reduced pressure and
purified by column chromatography (80% EtOAc inrpBtto give the alcohol51 (33 mg,
85%) as a yellow oil.

* R 0.2 (80% EtOAC in petrol).

e [a]?®, +48.3 £0.18, CHCY).

* IR (neat): 3439brs, 1761s, 1421s, 730w.

« HNMR (500 MHz, CDCJ): 6.31 (d,J = 2 Hz, 1 H), 5.65 (d] = 2 Hz, 1 H), 4.55 (dd,

J=8,9Hz, 1 H), 4.14 4.03 (m, 1 H), 3.86-3.75 (m, 2 H), 3.3 3.24 (m, 1 H),
2.01—1.88 (m, 1 H), 1.85-1.72 (m, 1 H), 1.67%1.49 (brs, 1 H).

« C NMR (125 MHz, CDCY): 170.7, 138.2, 122.0, 71.4, 60.0, 36.4, 35.9
« LRMS (ESI): 102.1 (20), 165.1 (M+Na), 413.3 (1L0B)RMS (ESI): M+N& found

165.0523; GH;100sNa requires 165.0522.
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(3R 4R)-4-(2-((tert-Butyldiphenylsilyl)oxy)ethyl)-3-methyldihydrofura@(3H)-one @52
and (B 4R)-4-(2-(tert-Butyldiphenylsilyl)oxy)ethyl)-3-methyldihydrofura@(3H)-one

(253.

252 253

10% Pd/C (5 mg) was added to a solution of alc@adl/(50 mg, 0.35 mmol) in MeOH (1
mL). The reaction mixture was stirred 4 h at rt @nd H balloon, then the filtrate was
passed through a plug of celite and washed witfOHB8 x 5 mL). The filtrate was
concentrated under reduced pressure to give prialaohol (41.3 mg, 56: 44 dr by analysis
of crude'H NMR, 82%) as a yellow oil.

TBDPSCI (43 mg, 0.15 mmol) was added to a solutibthe above crude alcoh@5 mg,
0.10 mmol) and imidazole (15 mg, 0.22 mmol) in DMFmL). The reaction mixture was
stirred 15 h at rt, then quenched with sat. aq@®IH3 mL). The aq layer was extracted with
Et,O (3 x 5 mL) and the combined organic extractsd(®aS0O,), concentrated under
reduced pressure and purified by column chromapdyr§10 % EtOAc in petrol).

First eluted the lacton252'*® (9.5 mg, 24%) as yellow oil.

Rs: 0.40 (10% EtOAc in petrol).
¢ [a]?, +14.0 €0.35, CHCY): {lit. **®ent-8a[«]?3, —15.5 €2.73, CHC)}.
« IR (neat): 2932w, 1776s, 1732s, 1472s, 1381m, 117541m.

« H NMR (500 MHz, CDCY): 7.64 (d,J =7 Hz, 4 H), 7.5 7.36 (m, 6 H), 4.44 (dd,

J=8,9Hz, 1 H),3.85 (dd, = 8, 9 Hz, 1 H), 3.76-3.64 (m, 2 H), 2.35-2.24 (m, 1
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H), 2.24—2.12 (m, 1 H), 1.91 — 1.83 (m, 1 H), 17A.58 (m, 1 H), 1.24 (dl = 7 Hz,
3 H), 1.06 (s, 9 H).

« 13C NMR (125 MHz, CDCJ): = 179.5, 135.5, 133.3, 133.2, 129.8, 127.8, 76211,
41.9, 40.3, 34.6, 26.8, 19.1, 13.7.

« LRMS (ESI): 405.1 (M+Na)HRMS (ESI): M+Na found 405.1863;
Co3H300sSiNa requires 405.1862.

Second eluted lactor#s3(12.0 mg, 30%) as yellow oil.

* Ry 0.38 (10% EtOAC in petrol).

e [a]?, +2.2 €0.31, CHC}).

* IR (neat): 2931w, 1776s, 1731s, 1472s, 1380m, 111%48m.

« 'H NMR (500 MHz, CDC4): 7.65 (d,J = 7 Hz, 4 H), 7.52-7.32 (m, 6 H), 4.26 (dd,
=6, 9 Hz, 1 H), 4.01 (dd, = 6, 9 Hz, 1 H), 3.86-3.58 (m, 2 H), 1.8+ 1.65 (m, 1 H),
1.53—1.41 (m, 1 H), 1.14 (dl = 7 Hz, 3 H), 1.06 (s, 9 H).

« C NMR (125 MHz, CDCY): 180.1, 135.5, 133.3, 133.3, 129.8, 127.8, 76198,
37.7, 36.6, 29.8, 26.8, 19.1, 10.3.
« LRMS (ESI): 405.1 (M+Na)HRMS (ESI): M+N4 found 405.1862;

Co3H300sSiNa requires 405.1862.

Bis(2,2,2-trichloroethyl) peroxydicarbona@6@):

A solution of HO; (0.67 mL, 30% in KO, 6.0 mmol) and NaOH (0.5 g, 12.5 mmol) in water (
mL) was added carefully to a solution of acid cider265 (1.66 mL, 12 mmol) at 0 °C. The

reaction mixture was stirred at 0 °C for 30 mirgrtthexanes (15 mL) was added and the solid
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filtered, then washed with water (5 mL) then hexsafi® mL) to give peroxid266 (0.81 g, 36%)

as wet white powder.
* R 0.5 (10% EtOACc in petrol).
* IR (neat): 1782s, 1434s, 1263s, 867m.
« 'HNMR (500 MHz, CDCY): 4.92 (s, 4 H, Ch).

13C NMR (125 MHz, CDCJ): 152.0 (CO), 93.1 (CG), 78.1 (CH).

Dibenzyl peroxydicarbonat@$82*°

A solution of HO, (1.35 mL, 30% in KO, 12.0 mmol) and NaOH (1.0 g, 25 mmol) in waté) (1
mL) was added carefully to a solution of acid chler267 (3.4 mL, 24 mmol) at 0 °C. The
reaction mixture was stirred at 0 °C for 30 mirgrtthexanes (15 mL) was added and the solid
filtered, then washed with water (5 mL) then hexa() mL) to give peroxid2681L24a (2.3 g,

65%) as wet white powder.

Rt 0.30 (20% EtOAc in petrol).

* IR (neat): 1799s, 1456s, 1372m, 1226s, 1205m, 1056m.

« 'HNMR (500 MHz, CDC}): 7.42- 7.37 (m, 10 H, C-i#), 5.32 (s, 4H, CHh).

« 13C NMR (125 MHz, CDC}): 153.1 (CO), 133.6 (5), 129.2 (G,), 128.8 (G),

128.6 (Gy), 72.3 (CH).
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Benzyl ((R)-1-((R)-4-methylene-5-oxotetrahydrofu@uyl)-2-oxoethyl) carbonate{1):
O

O

0._0

\y&
0]

MacMillan’s catalys273"? (9.3 mg, 0.0428 mmol) was added to a solutiorRpfaldehyde
234 (30 mg, 0.214 mmol)p-nitrobenzoic acid (7.1 mg, 0.0428 mmol) and petex268
(129.4 mg, 0.428 mmol) in THF (1 mL). The solutiwas stirred at rt for 15 h, thejuenched
with sat. ag. NaHC®(5 mL) and extracted with EtOAc (3 x 5 mL). Thendwned organic
extracts were dried (N80O,), concentrated under reduced pressure and purfjed¢olumn
chromatography (40% EtOAc in petrdd) give crude aldehyd271(17.3 mg, 34%, 97:3 dr) as
a yellow oll.

* Ry 0.35 (50% EtOAC in petrol).

* IR (neat): 1752s, 1727s, 1698, 1409s, 1270s.

« H NMR (500 MHz, CDC}): 9.66 (s, 1 H, CHO), 7.48 7.31 (m, 5 H, C-H), 6.44
(d,J=3Hz, 1 H, =CH), 5.83 (dJ=2Hz, 1 H, =CH), 5.27- 5.18 (m, 3 H, CH-O,
CarCHy), 4.43 (ddJ = 2, 9 Hz, 1 H, CRHO), 4.28 (dd,J =5, 9 Hz, 1 H, CKO), 3.82
-3.67 (m, 1 H, =GCH).

« BC NMR (125 MHz, CDC}): = 196.4 (CHO), 169.0 (Cf 154.4 (CQ), 134.1
(C4=CHy), 132.5 (G,), 129.0 (G), 128.8 (G), 128.4 (G/), 125.2 (G=CH,), 80.1
(CH-0), 71.0 (CH-0), 65.4 (CH), 38.5 (G-CHy).

« LRMS (ESI-): 289.1 (20, M-F), 305.07 (100);HRMS (ESI): M+H" found

289.0718; GH1306 requires 289.0718.
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1-(4-Methylene-5-oxotetrahydrofuran-3-yl)hexyl pioate 76):

DCC (72 mg, 0.35 mmol) was added to a solutionioblmic acid (43 mg, 0.35 mmol),

DMAP (4.4 mg, 0.035 mmol) and lactodd8 (70 mg, 0. 35 mmol) in THE3 mL). The

reaction mixture was stirred at rt for 15 h, tharemched with sat. ag. N8I (5 mL) and

extracted with EO (3 x 10 mL). The combined organic extracts wernedd (Na&SQy),

concentrated under reduced pressure and purifiedlloynn chromatography (40% of EtOAc

in petrol) to give lacton276 (67 mg, 68%) as a clear oil.

R: 0.25 (30% EtOAc in petrol).

IR (neat): 1763s, 1522s, 1262s.

'H NMR (500 MHz, CDCY): 8.74 (d,J = 4 Hz, 1 H, C-H), 8.05 (d,J = 8 Hz, 1 H,
C-Hp), 7.91- 7.77 (m, 1 H, C-K), 7.49 (dddJ = 1, 5, 8 Hz, 1 H, C-}}), 6.35 (d,J
= 3 Hz, 1 H, =CHj), 5.82 (d,J = 2 Hz, 1 H, =CH)), 4.58- 4.44 (m, 2 H, O-Chland
O-CH), 4.44- 4.35 (m, 1 H, O-Ch), 3.30- 3.10 (m, 1 HCH-C4=), 1.75- 1.55 (m,
2 H, CHp), 1.44 — 1.38 (m, 2 H, Gi| 1.30- 1.18 (m, 4 H, Ch), 0.81 (t,J = 7 Hz, 3
H, CHy).

13C NMR (125 MHz, CDCJ): 169.4 (CQ), 164.8 (CO), 150.1 (9, 147.3 (Q),
137.2 (Gy), 135.4 (G=), 127.3 (G), 125.2 (G), 124.6 (=CH), 80.6 (CH-OH), 66.0
(CH,-0), 43.8 CH-C4=), 35.9 CHy), 31.4 CHy), 24.5 CHy), 22.4 CH,), 13.9 CH,).
LRMS (ESI): 304.1 (50, M+H), 326.1 (100, M+N§; HRMS (ESI): M+Nd found

326.1367; GH21NO4Na requires 326.1363.
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4-(1-Hydroxyhexyl)-3-methylenedihydrofuran-2{Bone (148}
0

@)

OH

Anhydrous CuS®(1.6 mg, 0.01 mmol) was added to a solution aiokae275 (30.3 mg, 0.1
mmol), in MeOH/CHC{ (v/v: 0.1/0.9 mL). The reaction mixture was stiridt for 1 h, then
concentrated under reduced pressure and purifiedlloynn chromatography (40% of EtOAc

in petrol) to give lacton&48(19 mg, 99%) as a clear oil. For data (see p. 134)

(E)-3-Methyl-1-((R)-4-methylene-5-oxotetrahydrofur@ng)-4-oxobut-2-en-1-yl benzoate
(279:

N-acylamine276 (52.2 mg, 0.278 mmol) was added to a solutionldé¢layde234 (30 mg,
0.214 mmol), in THF (2 mL). The solution was stitrat rt for 15 h, then ylid236 (135.6
mg, 0. 428 mmol) was added to this solution andrélaetion mixture stirred at rt for 3 days.
The mixture was concentrated under reduced pressu@ purified by column
chromatography (40 % EtOAc in petrol) to give tmede unsaturated aldehy@&5 (17 mg,
27%, 1:1 dr) as a yellow oil.

* Ry 0.40 (40% EtOAC in petrol).

* IR (neat): 2933w, 17612s, 1686s, 1412s, 1272m.
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« 'H NMR (500 MHz, CDC}): 9.49 and 9.48 (s, 1 H, CHO), 8.657.88 (m, 2 H, C-
Har), 7.68— 7.55 (m, 1 H, C-4), 7.53—- 7.41 (m, 2 H, C-i4), 6.49- 6.44 (m, 1 H,
CH,=), 6.43- 6.30 (m, 1 H, CH=), 6.03 (ddd,= 2, 6, 9 Hz, 1 H, CH-0O), 5.87 and
5.85 (d,J = 2 Hz, 1 H, CkE), 4.57- 4.35 (m, 2 H, CR+O), 3.68- 3.54 (m, 1 H,
=C,-CH), 1.96 (s, 3H).

« 13C NMR (125 MHz, CDC}): = 193.8 (CHO) , 2x 169.4 (CO), 2x 165.3 (CO),
143.6 and 143.4 (ECH,), 143.1 and 143.0 (§, 133.8 (G)), 133.4 and 133.2 (§}, 2
x 129.7 (Gy), 129.5 (G), 128.7 (G=), 125.8 and 125.6 5 (ECH,), 71.4 and 71.3
(CH-0), 66.9 and 66.4 (GHD), 42.2 and 42.1GH-C,=), 10.3 (CH).

« LRMS (ESI): 323.1 (70, M+Na), 803.3 (100HRMS (ESI): M+Na+ found

323.0890; G/H160sNa requires 323.0890.

tert-Butyl methyl((2,4,6-triisopropylbenzoyl)oxy)carbate 81)

o” "0

HCI !
HN

A solution of triisopropylbenzoyl chlorid® (424 mg, 1.6 mmol) in C}l, (3 mL) was added
slowly at O °C to a solution of B (0.22 mL, 1.6 mmol), DMAP (3.8 mg, 0.003 mmol)dax-
methylhydroxylamine (238 mg, 1.6 mmol) in gE, (3 mL). The reaction mixture was stirred at
rt for 15 h, then quenched with sat. ag. NaHCZ» mL) and extracted with GBI, (3 x 25 mL).
The combined organic extracts were dried,®@), concentrated under reduced pressure to give
the crude acyloxyamine (400 mg, 67%) as a yellghtloil. HCI in EtO (5 ml, 2 M in E4O) was

added to a solution of the crude acyloxyamine @#@0 1.06 mmol) in EO (1 mL). The reaction
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mixture was stirred at rt for 15 h. The solid wadtefed and washed with £ to give N-

acyloxyamine281 (282 mg, 53%) as white needles.

e mp: 145-147 °C.

* IR (neat): 1715s, 1588s, 1422m, 1260s.

« 'H NMR (500 MHz, DMSO): 7.09 (s, 2 H, CAJ, 2.83- 2.70 (m, 6 H, CHand N-
CHa), 1.20 (t,J = 7 Hz 18 H, CH)).

« 13C NMR (125 MHz, DMSO): 168.9 (CO), 150.4 {; 144.8 (G), 128.3 (G), 120.7
(Can), 38.7 CH3), 33.7 CHy»), 30.9 CHy), 23.9 CHs), 23.9 CHs3), 23.8 CH5).

« LRMS (ESI): 300.20 (30, M+N3, 234.3 (100);HRMS (ESI): M+Na found

300.1939; ¢/H27/NO,Na requires 300.1934.

Benzyl methyl(picolinoyloxy)carbamat2g&8):

DCC (252 mg, 1.22 mmol) was added to a solutiomioblinic acid (150.5 mg, 1.22 mmol),
DMAP (15.4 mg, 0.12 mmol) and hydroxylami#87 (200 mg, 1.22 mmol) in TH mL). The
reaction mixture was stirred at rt for 15 h, thamemched with sat. ag. N8I (5 mL) and
extracted with BO (3 x 10 mL). The combined organic extracts wergeedd (NaSQy),
concentrated under reduced pressure and pubffezblumn chromatographt0% of EtOAc in
petrol) to give acyloxoyamin288 (187 mg, 54%) as a clear oil.

* R 0.35 (10% EtOAC in petrol).

* IR (neat): 2962m, 1774s, 1724s, 1527s, 1263m.

« H NMR (500 MHz, CDC}): 8.82-8.61 (m, 1 H, C-H), 8.10 (dJ =8 Hz, 1 H, C-

Har), 7.93-7.71 (m, 1 H, C-i), 7.49 (dddJ =1, 5, 8 Hz, 1 H, C-W), 7.31- 7.26

(m, 5 H, C-Hy), 5.17 (s, 2 H, CH), 3.41 (s, 3 H, CH.
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« 13C NMR (125 MHz, CDCJ): 163.1 (CO), 156.0 (CAN), 150.2 (G,), 145.8 (G),
137.3 (Gv), 135.6 (G,), 128.5 (G,), 128.3 (G/), 127.9 (G,), 125.9 (G/), 68.3
(CH,), 38.2 (CH).

LRMS (ESI): 287.1 (100, M+H, 309.1 (100, M+N§; HRMS (ESI): M+N4d found
309.0848; GH14N-O4Na requires 309.0846.

N-methyl-O-picolinoylhydroxylamine 289):

5% Pd/C (14 mg) was added to a solution of acyloga 288 (286.3 mg, 1 mmol) in MeOH (5
mL) under a ballon of H The reaction mixture was stirred at rt for 5Hert the solution was
passed trough a plug of celite and washed withGTH10 mL). The filtrate was concentrated to
give crude hydroxylamin289 (127.7 mg, 82%) as a white gum.

* R 0.3 (5% MeOH in CHCL,; decomposition).

* IR (neat): 2930m, 1768s, 1516s.

« 'H NMR (500 MHz, CDG): 8.44 (br. s., 1 H, C-K), 8.03 (d,J= 7 Hz, 1 H, C-H,),

7.65 (t,J=7 Hz, 1 H, C-H,), 7.24 - 7.04 (m, 1 H, C-Kj), 2.57 (s, 3 H, Ch).
« 13C NMR (125 MHz, CDC}): 170.9 (CO), 154.0 (5), 148.2 (G,), 136.8 (G),

124.3 (Gy), 53.4 (CH).

(R,E)-2-Methyl-4-(4-methylene-5-oxotetrahydrofuran-3bgt-2-enal 293):

0]

Oﬁ/\ %O

Acetone (2.5 mL) was added to a mixture of [Rh(€p3)(25.1 mg, 0.051 mol) and AgSbhF

(35.0 mg, 0.102 mol) in a 25 mL round-bottom flaghich had been purged 3 times with
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argon. A white precipitate formed immediately. Afsirring at rt for 20 min, the yellow
suspension was filtered under argon into a flaskaning R)-BINAP (63.4 mg, 0.102 mol).
The resulting acetone solution was stirred for 20 amd then added directly to a solution of
enyne248 (570 mg, 4.07 mmol) in 1,2—dichlorethane (10 mhy &tirred 15 h at rt. Ylide
236 (1.68 g, 5.28 mmol) was then added and the reactixture stirred at rt for 3 d. The
mixture was concentrated then under reduced pressnd purified by column
chromatography (50 % EtOAc in petrol) to gikzen,p-unsaturated aldehyd#3 (490 mg,

67%, 96:4 er by chiral HPLC, see S23) as a yellow o

* Ry 0.38 (50% EtOAC in petrol).

e [a]?®, +117.3 £0.38, CHCY).

* IR (neat): 2936w, 1761s, 1684s, 1405s, 1268m, 111042w, 816w.

« HNMR (500 MHz, CDC}): 9.44 (s, 1 H), 6.48 6.40 (m, 1 H), 6.36 (d] = 2 Hz, 1
H), 5.69 (d,J = 2 Hz, 1 H), 4.51 (dd) = 8, 9 Hz, 1 H), 4.02 (ddl = 5, 9 Hz, 1 H),
3.38—3.20 (m, 1 H), 2.86-2.71 (m, 1 H), 2.7+ 2.58 (m, 1 H), 1.78 (s, 3 H).

« 1%C NMR (125 MHz, CDC}): = 194.3, 169.9, 147.2, 142.1, 137.1, 123.0, ,78719,
32.7,9.7.

« LRMS (ESI): 203.1 (M+Na), 464.4 (100HRMS (ESI): M+N& found 203.0681;

C10H1203Na requires 203.0679.

(R,E)-4-(4-Hydroxy-3-methylbut-2-en-1-yl)-3-methylenagidrofuran-2(8)-one 94):

)

HOY\ m\%o

CeCk.7 H,O (245.5 mg, 0.66 mmol) and aldehy2@3 (100 mg, 0.55 mmol) in MeOH (5

mL) was added slowly to a solution of NaB@1 mg, 0.55 mmol) in MeOH (5 mL) at 0 °C.
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The reaction mixture was stirred 2 h at 0 °C, theanched with sat. aq NGl (20 mL). The
aqg layer was extracted with GEl, (3 x 25 mL) and the combined organic extractsdrie
(Na&SQy), concentrated under reduced pressure and puilfiedolumn chromatography

(70% EtOAc in petrol) to give the allylic alcon294 (87 mg, 87%) as a yellow oil.

Rs: 0.35 (70% EtOAc in petrol).

¢ [a]?, +63.2 £0.56, CHCH).

* IR (neat): 3410br, 2916s, 1759s, 1409s, 1274s, 18195,

« 'H NMR (500 MHz, CDC}): 6.29 (d,J = 2 Hz, 1 H), 5.66 (d) = 2 Hz, 1 H), 5.45-
5.34 (m, 1 H), 4.44 (dd] = 8, 9 Hz, 1 H), 4.05 (d] = 5 Hz, 2 H), 4.00 (dd] = 5, 9
Hz, 1 H), 3.15 (m, 1 H), 2.492.38 (m, 1 H), 2.38-2.29 (m, 1 H), 1.68 (s, 3 H), 1.41
(t,J=7Hz, 1 H).

« 13C NMR (125 MHz, CDC}): = 170.7, 138.5, 137.9, 122.3, 120.0, 70.5, 68886,
31.7, 14.0.

« LRMS (ESI): 239.1 (40), 351.3 (50), 413,2 (10BIRMS (FI): M* found 182.0947;

C10H1403 requires 182.0943.

(R,E)-4-(4-Bromo-3-methylbut-2-en-1-yl)-3-methylenedigfuran-2(3H)-oneZ95):

)

Br/\ﬁ\»\“%o

CBrs (253 mg, 0.760 mmol) and PP{R00 mg, 0.760 mmol) was added to a solution of
allylic alcohol294 (92 mg, 0.505 mmol) in Cil, (10 mL) at 0 °C. The reaction mixture
was stirred for 2 h at rt, then quenched with sat.NH,Cl (10 mL). The aq layer was

extracted with ChCl, (3 x 10 mL) and the combined organic extracts diidaSOy),
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concentrated under reduced pressure and purifi@bloynn chromatography (30% EtOAc in

petrol) to give the allylic bromid295 (158 mg, 91%) as a yellow oil.

Rs: 0.45 (30% EtOAc in petrol).

e [a®®, +61.4 £0.15, CHCY).

* IR (neat): 1762s, 1117m, 750w.

« HNMR (500 MHz, CDC}): 6.30 (d,J = 2 Hz, 1 H), 5.66 (d] = 2 Hz, 1 H), 5.57 ()
=7 Hz, 1 H), 4.44 (dd) = 8, 9 Hz, 1 H), 4.03-3.91 (m, 2 + 1 H), 3.2%3.04 (m, 1
H), 2.42 (tdJ =7, 14 Hz, 1 H), 2.32 (td,= 7, 14 Hz, 1 H), 1.85 1.74 (m, 3 H).

« C NMR (125 MHz, CDCY): 170.5, 137.5, 135.9, 125.6, 122.6, 70.3, 40843
32.2,15.1.

« LRMS (ESI): 267.1 and 269.1 (70, M+Na), 413.6 (L0BRMS (FI); M* found

244.0105; GoH150,"°Br requires 244.0099.

(R,B-4-(3,7-Dimethyl-7-((triethylsilyl)oxy)oct-2-en-§n-1-yl)-3-methylenedihydrofuran-

2(3H)-one 96
AN

Cul (93 mg, 0.49 mmol) was added to a solution afkgne181 (96.9 mg, 0.49 mmol) and

TESO. F

EtN (0.068 ml, 0.49 mmol) in DMF (3.5 ml) and,Ext (0.5 ml) and the reaction mixture was
stirred for 1 h at rt (yellow solution), then awwabn of allylic bromide295 (60 mg, 0.24 ml)
in E6LO (1 ml) was added to the reaction mixture andesti@ h at rt. The reaction mixture
was quenched with sat. aq MH (5 mL). The aq layer was extracted with@&{3 x 10 mL)

and the combined organic extracts dried &), concentrated under reduced pressure and
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purified by column chromatography (30 % EtOAc irtrp to give the alkyn@96 (40.5 mg,

73%) as a yellow oil.

R¢: 0.5 (30% EtOAc in petrol).

[c]3* +61.6,c 0.35 in CHC},

IR (neat): 2981m, 1762s, 1268s, 1167s, 1119w.

'H NMR (500 MHz, CDCY): 6.29 (d,J = 3 Hz, 1 H, =CH), 5.66 (d,J = 2 Hz, 1 H,
=CH,), 5.50- 5.35 (m, 1 H, CH=), 4.43 (dd,= 8, 9 Hz, 1 H, CKO), 3.98 (dd,] =
5, 9 Hz, 1 H, Ci#0), 3.21- 3.00 (m, 1 H, =GCH), 2.90 (s, 2 H=C-CHy), 2.49-
2.35(m, 1 H, Ch), 2.35- 2.23 (m, 1 H, Ck), 1.69 (s, 3 H, Ch), 1.48 (s, 6 H, CH),
1.01- 0.87 (m, 9 H, Si-CKCHs), 0.72- 0.51 (m, 6 H, Si-Ch).

3C NMR (125 MHz, CDC}): = 170.7 (CO), 137.9G,=CH), 134.1(G=CH), 122.2
(Cq=CH), 120.6 (Cq€H), 88.3 (&), 79.3 (&), 70.6 (G-O), 66.3 (CH-0), 38.7
(CHyp), 33.3 (G-CHy), 32.0 (CH), 28.8 (CH), 16.5 (CH), 7.0 (CH), 6.0 (CH).
LRMS (ESI): 385.2 (20, M+Na), 625.2 (100HRMS (ESI): M+Na+ found

385.2174; GH3,03NaSi requires 385.2175.

(E)-4-(7-Hydroxy-3,7-dimethyloct-2-en-5-yn-1-yl)-3-ittylenedihydrofuran-2(3)-one

(292):

e,
ZZ2a S

Ho. FZ

Cul (38 mg, 0.2 mmol) was added to a solution eheéthylbut-3-yn-2-o0l 176) (16.8 mg, 0.2

mmol) and EN (0.028 mL, 0.2 mmol) in DMF (0.5 mL) andEX (0.5 mL) and the reaction

mixture was stirred for 1 h at rt (yellow solutipt)en a solution of allylic bromid295 (24.5

mg, 0.1 mL) in EO (0.5 mL) was added to the reaction mixture airdest 2 h at rt. The
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reaction mixture was quenched with sat. ag.GIH5 mL). The aq layer was extracted with
Et,O (3 x 10 mL) and the combined organic extracteddiNaSQ,), concentrated under
reduced pressure and purified by column chromapbyrg40% EtOAc in petrol) to give a
propargylic alcohoR96 (15.6 mg, 63%) as a yellow oll.
* Ry 0.35 (40% EtOACc in petrol).
e [a]?, +69.6 £0.25 in CHCH).
* IR (neat): 3439br, 2980w, 1760s, 1269s, 1167w, 1119w.
« H NMR (500 MHz, CDC}): 6.29 (d,J = 2 Hz, 1 H), 5.67 (d] = 2 Hz, 1 H), 5.41 (dt,
J=1,7Hz, 1 H), 4.43 (] = 8 Hz, 1 H), 4.00 (dd] = 5, 9 Hz, 1 H), 3.15 (m, 1 H),
2.91 (s, 2 H), 2.472.37 (m, 1 H), 2.3%2.26 (m, 1 H), 2.03 (s, 1 H), 1.69 (s, 3 H),
1.60 (s, 3 H), 1.52 (s, 6 H).
« C NMR (125 MHz, CDCY): 170.1, 138.0, 134.1, 122.4, 120.4, 88.0, 79®6,7
65.3, 38.7, 32.2, 31.7, 28.6, 16.6.
« LRMS (ESI): 271 (100, M+Na), 519 (60HRMS (ESI): M+Na& found 271.1305;

C15H2003Na requires 271.1305.

(+)-Anthecotulide 4):

he:
W B
O

MoO,(acac) (1.4 mg, 0.0044 mmol), AuCI(PBh(2.1 mg, 0.0044 mmol) and AgOTf (1.1
mg, 0.0044 mmol) were added successively to aisoludf alkyne292 (21.0 mg, 0.084
mmol) in toluene (1.5 mL) at €. The reaction mixture was stirred at rt for Zhlrt passed

through celite and washed with,&t (3.0 mL). Residue was concentrated under reduced
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pressure and purified by column chromatography (SB8Ac in petrol) to give (+)-
anthecotulide4)° (18.2 mg, 87%) as a yellow oil.
* R 0.30 (50% EtOAC in petrol).
o [a]?, +81.1 £0.15, CHCY); {lit. **[«j??, +76.9 € 0.032, CHCJ)}.
* IR (neat): 2912w, 1763s, 1684s, 1618s, 1268m, 1114m.
« H NMR (500 MHz, CDCY): 6.21 (d,J = 2.7 Hz, 1 H), 6.01 (sepd,= 1.1 Hz, 1 H),
5.61 (d,J = 2.3 Hz, 1 H), 5.15 (dd] = 1.3, 7.3 Hz, 1 H), 4.36 (dd,= 8.4, 9.0 Hz, 1
H), 3.93 (ddJ = 5.4, 9.1 Hz, 1 H), 3.08 (dddd= 2.4, 5.9, 11.4, 13.8 Hz, 1 H), 3.02
(s, 2 H), 2.36 (ddd) = 7.1, 7.1, 14.4 Hz, 1 H), 2.26 (ddbz= 7.3, 7.3, 14.5 Hz, 1 H),
2.08 (d,J= 0.9 Hz, 3 H), 1.83 (d1 = 0.9 Hz, 3 H), 1.58 (dl= 0.7 Hz, 3 H).
« CNMR (125 MHz, CDC}): 198.5, 170.8, 156.6, 137.8, 133.6, 123.8, 121224,
70.5, 55.0, 38.6, 32.1, 27.7, 20.7, 16.9.
« LRMS (ESI): 271 (100, M+Na), 519 (75HRMS (ESI): M+Na& found 271.1300;
C15H2003Na requires 271.1305.

See™®C and'H NMR data comparaison of (+)-hydroxyanthecotuld&5
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Appendix

Comparison of Natural and Synthetic NMR data of syn-hydroxyanthecotulide

(171)

Comparison of Natural and Synthetic NMR data ofrbygtanthecotulide (2)

'H NMR of Natural

'H NMR of Synthetic
hydroxyanthecotulide

13C NMR of Natural

13C NMR of Synthetic
hydroxyanthecotulide

atom hydroxyanthecotulide2) a7y hydroxyanthecotulide2) 7))
no. (500 MHz, CDC}) (500 MHz, CDC}) (500 MHz, CDC})) (125 MHz, CDC}))

1 . . 170.9 170.6

2 - _ 134.3 135.2

3 3.13m 3.28-3.19,m 44.2 44.5
4 4.41,dd,1=8.8,7.8 4.48,t,1=8.1 69.2 69.5
5 5.23, brd, ) = 8.8 5.27.brd, 1 =9.1 1284 127.7
6 135.5 136.2
7a 3.14,d,)1 =156 3.14,d,1=14.9 544 547
7b 3.07,d,1=156 3.09,d,)=14.9

8 198.2 197.9
9 6.04s 6.06s 122.9 122.8
10 157.5 157.3
11 1.87s 191s 27.7 27.7
12 2.10's 215s 20.8 20.9
13 1.63s 1.70s 17.5 17.5
14a 4.37,dd,1=6.9,4.4 4.33,dd,1=9.4,8.1 678 671
14b 4.23,dd,1=9.8,3.8
15a 6.27,d,1=2.4 3.66,d,1=2.1

124.6 124.6
15b 5.77,d,1=2.4 5.89,d,1=1.7
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'H and *C NMR spectra of syntheticsyn-hydroxyanthecotulide (171)
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Comparison of Natural and Synthetic NMR data ofanti-hydroxyanthecotulide

(2
Comparison of Natural and Synthetic NMR data ofrbygtanthecotulide (2)
1H NMR of Natural 'H NMR of Synthetic 13C NMR of Natural 13C NMR of Synthetic
atom hydroxyanthecotulide?) | hydroxyanthecotulide?j | hydroxyanthecotulide?j | hydroxyanthecotulide2]
no. (500 MHz, CDC}) (500 MHz, CDC}) (500 MHz, CDCJ) (125 MHz, CDCJ)
1 . . 170.9 170.8
2 . . 134.3 134.4
3 3.13m 3.21-3.17, m 44.2 44.3
4 4.41,dd,)=8.8,7.8 4.45,t,)=8.3 69.2 69.4
5 5.23,brd,J = 8.8 5.27,brd,} = 8.6 128.4 128.2
6 135.5 136.3
7a = =
3.14,d,)=15.6 3.18,d,J=15.7 544 Sa6
7b 3.07,d,)=156 3.11,d,)=15.7
8 198.2 197.8
9 6.04s 6.08 s 122.9 123
10 157.5 157.4
11 1.87 s 1.91s 27.7 27.8
12 2.10's 2.14s 20.8 20.9
13 1.63s 1.68's 17.5 17.7
143 = =
4.37,dd,1=6.9,4.4 4.37,dd,1=6.9,4.4 678 678
14b
15a 6.27,d,1=2.4 6.33,d,1=2.6
124.6 124.7
15b 5.77,d,1=2.4 5.82,d,1=2.1
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'H and *C NMR spectra of syntheticanti-hydroxyanthecotulide (2)
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Comparison of Natural and Synthetic NMR data of aceoxyanthecotulide (170)

Comparison of Naturaand Synthetic NMR data of Acetox

yanthecotulide (

'H NMR of Natural | *HNMR of Synthetic | **C NMR of Natural [ *C NMR of Synthetic
Acetoxyanthecotulide | Acetoxyanthecotulide | Acetoxyanthecotulide| Acetoxyanthecotulide
3 17 3 17
o 3 (170 &) (179
no. (500 MHz, CDC}) (500 MHz, CDC}) (125 MHz, CDC}) (125 MHz, CDC})
1 - - 170.9 169.9
2 - - 135 134.3
7a 3.09 3.1
54.9 54.8
7b
3 3.59 3.36 42.2 42.5
14a 4.42 4.36
67.8 66.9
14b 4.21 4,28
15a 6.37 6.36
125.2 124.8
15b 5.89 5.81
4 5.63 5.58 71.9 71.4
5 5.19 5.19 128.1 123.1
6 138.1 138.5
8 198 197.3
9 6.03 6.04 125.6 122.6
10 157 157.2
11 1.87 1.91 27.8 27.7
12 2.12 2.06 21 21
13 1.78 1.77 15.1 17.8
Ac 2.15 2.15 20.9 20.9
Ac 168 170

——
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'H and **C NMR spectra of syntheticsyn-acetoxyanthecotulide (170)
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Comparison of Natural and Synthetic NMR data of Anhecotulide (4)

Comparison of Naturaknd Synthetic NMR data of Anthecotulids (

BC NMR of BC NMR of
atom no 'H NMR of Natural 'H NMR of Synthetic Natural Synthetic
' Anthecotulide 1) Anthecotulide 1) Anthecotulide {) Anthecotulide 1)
(500 MHz, CDC}, Me,Si) (500 MHz, CDC}, Me,Si) (125 MHz, CDC}) | (125 MHz, CDC})

1 - - 138.1 137.8
2 - - 170.8 170.8
53 4.37,dd,J=8.2,8.9 4.36,dd, J=8.4,9.0

70.6 70.5
5b 3.91,dd, /=55, 8.9 3.93,dd,/=54,9.1
6 3.15, dddd, J= 2.6, 5.3, 10.6, 13.1 | 3.08, dddd,J/=2.4,5.9,11.4.13.8 38.7 38.6
7a 6.13,d,/=2.3 6.21,dd,J=2.7

122.3 122.4
7b 5.64,d,/=2.3 5.61.dd, /=23
8a 2.42,ddd,J=6.7,6.7,14.6 2.36,ddd,J=7.1,7.1,14.4

32.2 32.1
8b 2.34,ddd, /=7.6,7.6,14.6 2.26,ddd, J=7.3,7.3,14.5
9 5.21,brqt,/=7.1,1.2 5.15,dd,/=7.3,1.3 124.0 123.8
10 - - 133.7 133.8
11 1.62,d,/=0.7 1.58,d,/=0.7 16.9 16.9
12 3.00, s 3.02, s 55.1 55.0
13 - - 198.6 198.5
14 6.02, sept, J=1.1 6.01, sept, J=1.1 123.0 122.7
15 - - 156.4 156.6
16 2.09,d,/=0.9 2.08,d,/=0.9 20.7 20.7
17 1.88,d,/=1.1 1.82,d,/=09 27.7 27.7
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'H and *C NMR spectra of synthetic anthecotulide (4)
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'H and **C NMR spectra of natural anthecotulide (4)supplied by Dr Skalts
(university of Athensy®
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'H and **C NMR spectra of natural hydroxyanthecotulide 2) supplied by Di
Skaltsa (university of Ather™®
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'H spectra of natural acetoxyanthecotulide (33upplied by Dr Skaltsa (university of
Athens)®®
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Chiral HPLC data for E-a,p-unsaturated aldehyde 293

Rac-293 (CHIRALPAK IA), 1.3 mL/min, 5% IPA/Hexanek (S9): 27.23 minjr (R9): 28.82
min.
» O ~
] o ;
O/ = o
10

96-4 er(R)-293 (CHIRALPAK 1A), 1.3 mL/min, 5% IPA/hexandy (S9: 27.26 mintr (R-
): 28.02 min.
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HPLC comparison between natural product and synthat anthecotulide (4)

Current Chromatogram(s)
MWD1 A, Sig=254,2 Ref=360,100 (DAEAADMH\NP-CHECKINPAOOO001.D)
mAU
250

12

Synthetic

|
|

o= o.a 0.6 o.8
MWD1 A, Sig=254,2 Ref=360,100 (D\EAADMI\NP-CHECK\NFPAOOO002.D)
mAU

119 P

so Natural

s0
a0
30
20

10

0.2 o.a 0.6 o.8
MWD A, Sig=254,2 Ref=360,100 (D\EAADMH\NP-CHECK\NPAGOCDOO3 D)
mAU |
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ABSTRACT
OH
MeO
o)
Br [0}
O Zn or Cr(Il) one step to 8 (o]
—_— R O —_— = HO ‘1, o)
| o o) Oslw
RCHO two steps to 10 \\]
3 55-94% oH Meo OH  CsHus
5 OH
(dr=88:12-99:1) " iresi +)-Methylenol in10
16 examples (&)-Hydroxymatairesinol 8 (*)-Methylenolactocin

Zinc or a chromium(ll) source with 3-(bromomethyl)furan-2(5H)-one (3) and an aldehyde gives -(hydroxymethylaryl/alkyl)-a-methylene-y-
butyrolactones 5 in good yields and high diastereoselectivities. The methodology is demonstrated in concise syntheses of (+)-
hydroxymatairesinol (8) and (+)-methylenolactocin (10) by subsequent arylboronate conjugate addition and translactonization,
respectively.

The o-methylene-y-butyrolactone motif is found in a
large range of natural products, especially sesquiterpene
lactones (Figure 1)." The presence of the motif is consid-

ered to be a major factor in the diverse biological activity \)2 ?

observed for these natural products. Consequently, many How A o

methods have been developed to access o-methylene-y- o & oY T

butyrolactones' for use in target synthesis and medicinal

chemistryz programs. Helenalin Anthepseudolide 1
However, at the outset of our studies the allylation

method outlined in Scheme 1 to give such systems contain- o 2 0

ing diverse S-hydroxymethyl substitution 5 had not been )\( 0 o

examined, aside from the work of Liu and co-workers Z I Z 4

to additionally y-substituted adducts involving alkyne-
derived molybdenum— or tungsten—s-allyl intermediates

Eriolanin Pyrethrosin Hydroxyanthecotulide 2

HO'

T University of Oxford.

¥Eli Lilly and Co. Ltd.
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Synthesis 2010, 893-907.

(2) (a) Janecki, T.; Blaszczyk, E.; Studzian, K.; Janecka, A.;

Figure 1. Representative o-methylene y-butyrolactones.l

(4,M = MoL,orWL,, X = alkyl).3’4 This substitution

Krajewska, U.; Roézalski, M. J. Med. Chem. 2005, 48, 3516-3521. (b)
Ramachandran, P. V.; Pratihar, D.; Nair, H. N. G.; Walters, M.; Smith,
S.; Yip-Schneider, M. T.; Wu, H.; Schmidt, C. M. Bioorg. Med. Chem.
Lett. 2010, 20, 6620-6623.
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pattern is present in several sesquiterpene lactones
(e.g., Figure 1), and the method could be of direct utility
in syntheses of anthepseudolide (1)° and the antibacterial


http://dx.doi.org/10.1021/ol200711f

hydroxyanthecotulide (2)° and analogues.” We also
viewed alcohols 5 as potentially versatile substrates for
conjugate addition and isomerization chemistry, which
could lead to other bioactive natural product classes
(see later).

Scheme 1. Direct Synthesis of 5-(Hydroxymethyl)-o-methylene-
y-butyrolactones 5 from Aldehydes

o)
Br O
o ) WO
—_— 5 \\ — 0
| o R\n/H 0§1 X R
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So as to investigate the above chemistry bromolactone
3, previously accessed in six steps from y-butyrolactone,®
was conveniently prepared from commercially avail-
able tulipalin (6)° (Scheme 2). Bromination of 6 with
phenyltrimethyl ammonium tribromide, followed by
regioselective elimination using LiBr/Li»CO5 in DMF,'
gave bromolactone 3 in 55% yield after one purifica-
tion step.

Scheme 2. Synthesis of Bromolactone 3
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(3) (a) Lin, S.-H.; Chen, C.-C.; Vong, W.-J.; Liu, R.-S. Organome-
tallics 1995, 14, 1619-1625. (b) Chen, C.-C.; Fan, J.-S.; Shieh, S.-J.; Lee,
G.-H.; Wang, S.-L.; Liu, R.-S. J. Am. Chem. Soc. 1996, 118, 9279-9287.
(c) Shiu, L. H.; Wang, S.-L.; Wu, M.-J.; Liu, R. S. J. Chem. Soc., Chem.
Commun. 1997,2055-2062. (d) Chandrasekharam, M.; Liu, R.-S. J. Org.
Chem. 1998, 63, 9122-9124.

(4) During the course of our studies, a single example of this process
involving zinc with 3 and a complex chiral aldehyde was reported in a
patent: (a) Xu, X.; Yang, H.; Qiao, X.; Xie, L. CN 101481367, 2009;
Chem. Abstr., 2009, 151, 245843. (b) The reaction of zinc with 3 and
formaldehyde has also been recently reported: Yang, H. S.; Qiao, X. X.;
Cui, Q.; Xu, X. H. Chin. Chem. Lett. 2009, 20, 1023-1024.

(5) Abou El-Ela, M.; Jakupovic, J.; Bohlmann, F.; Ahmed, A. A.;
Seif El-Din, A.; Khafagi, S.; Sabri, N.; El-Ghazouly, M. Phytochemistry
1990, 29, 2704-2706.

(6) Theodori, R.; Karioti, A.; Ranci¢, A.; Skaltsa, H. J. Nat. Prod.
2006, 69, 662—664. Corrigendum: J. Nat. Prod. 2009, 72, 804.

(7) The stereochemistries of 1 and 2 are currently not known with
certainty.

(8) (a) Calderdn, A.; de March, P.; el Arrad, M.; Font, J. Tetrahedron
1994, 50, 4201-4214. See also: (b) Chapleo, C. B.; Svanholt, K. L.;
Martin, R.; Dreiding, A. S. Helv. Chim. Acta 1976, 59, 100-107.

(9) Murray, A. W.; Reid, R. Synthesis 1985, 35-38.

(10) Ando, M.; Wada, T.; Isogai, K. J. Org. Chem. 1991, 56, 6235—
6238.

(11) Hodgson, D. M.; Comina, P. J. In Transition Metals for Fine
Chemicals and Organic Synthesis, 2nd ed.; Beller, M., Bolm, C., Eds.;
Wiley-VCH: Weinheim, 2004; Vol. 1, pp 469—481.
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With bromolactone 3 in hand, Barbier-type coupling
with benzaldehyde was investigated. Allylic chromium'" or
zinc'? intermediates (Scheme 1, M = CrL,, or ZnL,) were
considered to have the potential to provide high regio- and
stereoselectivity in the C—C bond forming step, together
with lactone functional group tolerance. In the event, using
the chromium(II) sources CrCl,,'* CrCl;/LiAlH,,'* a
catalytic chromium process (CrCl;/Mn/TMSCI),"® zinc
with satd aq NH4Cl in DMF,'® or indium in the presence
of a Lewis acid,'” gave in all cases one major diastereoi-
somer of methylene lactone 5a by crude "H NMR analysis
(Table 1).

Table 1. Evalution of Different Allylation Conditions with 3
and Benzaldehyde

(o]
Br Io) M]
Ph._H . o
\ﬂ/ + %O
O
OH
3 5a
(1.5 equiv)
entry conditions yield of 5a (%) dr
1 CrClg in DMF (rt, 15 h) 83 97:3
2 CrCly/LiAlH, in THF (rt, 15 h) 68 98:2
3 Cat. CrCls/Mn/TMSCVi-ProEtN in THF 85 98:2
(rt, 15h)
4 Zn/trace sat. aq NH,Cl in DMF (rt, 15 h) 83 95:5
5 In/Eu(OTf)s3 in sat. aqg NH,Cl (rt, 15 h) 67 97:3

Due to the comparative experimental simplicity of the
zinc protocol (Table 1 entry 4),'® it was decided to evaluate
the scope of the allylation process with different aromatic
aldehydes under the zinc conditions (Table 2).

The chemistry was found to tolerate electron-rich (entries
4 and 6) and -deficient (entry 7) aromatic aldehydes and the
presence of aryl halide (entries 2, 3 and 5), hydroxyl (entry
6), cyano (entry 7), and carbamate (entry 8) functionality.
The stereochemistry of the major diastereoisomer 5b aris-
ing from l-naphthaldehyde (Table 2, entry 1) was estab-
lished by X-ray crystallographic analysis'® and is con-
sistent with the transition state indicated in Scheme 1.
Also, MOM protection of alcohol 5e (Table 2, entry 4)
gave a MOM ether'® of established configuration, which
has previously been converted into the insecticide

(12) Luche, J. L.; Sarandeses, L. A. In Organozinc Reagents; Knochel,
P., Jones, P., Eds.; Oxford University Press: Oxford, 1999; pp 307—323.

(13) Nishitani, K.; Konomi, T.; Mimaki, Y.; Tsunoda, T.; Yamakawa,
K. Heterocycles 1993, 36, 1957-1960.

(14) Okuda, Y.; Nakatsukasa, S.; Oshima, K.; Nozaki, H. Chem.
Lett. 1985, 481-484.

(15) Firstner, A.; Shi, N. J. Am. Chem. Soc. 1996, 118, 12349-12357.

(16) Zinc in THF was very slow, giving only a trace of Sa after 10 h.
Zinc in DMF proceeded to completion, but required prolonged reaction
time; the reaction was also accelerated by the addition of PhCO,H
(1 equiv), albeit less efficiently than with NH4Cl.

(17) Loh, T.-P.; Cao, G.-Q.; Pei, J. Tetrahedron Lett. 1998, 39, 1457—
1460.

(18) See the Supporting Information for details.

(19) For details of aldehyde preparation see the Supporting
Information.
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Table 2. Scope of Allylation Using Bromolactone 3 with Zinc
and Aromatic Aldehydes

Br o
o Zn
Ar H o)
T + | o trace sat. aq NH,CI, DMF  Ar

rt, 15 h OH
3 5
(1.5 equiv)
entry  aldehyde lactone 5 yield of 5 dr

1 OO H A 79% 99:1
© O OH sp
Br Br- 7
2 ©Y“ wo 91% 94:6
o ¢
Br Br o o)
O LAY e s
Br I
o] ? OH 5d
/=0
° } c)/‘o o
4" iﬁr o 73% 90:10
MeO o
MeO OH 5e
/R s o
0, 0,
5 @Y‘ @\P\;«o 4% 90:10
¢ o & OH 5
HO. Ho O
6 Meoj@w“ Meowo 71% 90:10
o OH 5g
NC NG O
7 OYH o 82% 90:10
°© OH 5h
BOC BOG o
N \ N \ o}
8 Bnc,@)ﬁor” o 6% 9010

phrymarolin I1.%° The stereochemistry of vanillin-derived
alcohol 5g (Table 2, entry 6) was supported by subsequent
1,4-addition®' of commercially available boronic ester 7,
which resulted in a concise, protecting group-free synthesis
of the lignan hydroxymatairesinol (8)** (Scheme 3). The
stereochemistry of 5a and of the other alcohols in Table 2
was assigned by analogy.

Reduction of diastercoselectivity was observed with
nonaromatic aldehydes under the zinc allylation conditions:
83:17 dr (79% yield) with the aliphatic aldehyde docecanal
and 55:45 dr (75% yield) with the a,f-unsaturated

(20) The spectral data were in full accord with the stereochemistry
indicated in Table 2, entry 4, and also differed from the previously
reported data for the diastereomeric MOM ether: (a) Yamauchi, S.;
Yamamoto, N.; Kinoshita, Y. Biosci. Biotechnol. Biochem. 2000, 64,
2209-2215. (b) Yamauchi, S.; Yamamoto, N.; Kinoshita, Y. Biosci.
Biotechnol. Biochem. 1999, 63, 1605-1613.

(21) (a) Ito, M.; Osaku, A.; Shiibashi, A.; Ikariya, T. Org. Lett. 2007,
9, 1821-1824. (b) de la Herrdn, G.; Mba, M.; Murcia, M. C.; Plumet, J ;
Csdky, A. G. Org. Lett. 2005, 7, 1669-1671.

(22) (a) Freudenberg, K.; Knof, L. Chem. Ber 1957, 90, 2857-2869.
(b) Fischer, J.; Reynolds, A. J.; Sharp, L. A.; Sherburn, M. S. Org. Lett.
2004, 6, 1345-1348.
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Scheme 3. Application of Allylation to (£)-Hydroxymatairesi-
nol (8)

o [RhCl(cod)] (3 mol %)

o)
HO EtsN HO
0 o
MeO H,O / dioxane (1:6)
uwave, 100 °C,1h ~ MeO

OH OH
85%
59 8

aldehyde 3-methylbut-2-enal. For such substrates we found
that the cat. Cr(II) conditions (Table 1, entry 3) were more
effective (Table 3). Excellent drs (98:2—99:1) were uni-
formly observed, aside from an o,f-unsaturated alde-
hyde (entry 3). The mild allylation conditions are
indicated by the functional group tolerance of cyano,
alkenyl iodide, and ketone functionality (entries 5—7)
and the viability of a f3,y-unsaturated aldehyde (entry 6).

Table 3. Scope of the Allylation of Aliphatic Aldehydes Using
Cat. Cr(II) conditions

CrCl; (0.1 equiv)
Mn (3 equiv)

Br o TMSCI (3 equiv)
R. H + i-PryEtN (0.3 equiv) o
\g/ | o THF R
) i, 15 h OH 5
(1.5 equiv)
entry aldehyde lactone 5 yield dr
of 5
[e]
1 8¢ o 94%  99:1
° OH Si
[o]
2 2 W\ﬁo 93% 991
2

[e]
W/ﬁo 55%  88:12
=
OH §I
WO 7% 99:1
o
19 NC H
5 Y NG o 65%  99:1
I 1
%/\]\fo 56%  98:2
OH 50
Mv 70%  99:1
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That the diastereoselectivity observed for aliphatic aldehydes
is the same as found previously with the aromatic examples
was supported by spectral comparison of methylene lac-
tone 5j (Table 3, entry 1) with the literature values'®* and
by a further transformation of 5k discussed below.

We also examined acid-catalyzed translactonization as a
process to isomerize the S-hydroxymethylene products 5
generated in the above chemistry to trans f3,y-disubstituted
a-methylenebutyrolactones (e.g., 9, Scheme 4). The latter
substitution pattern is found in many natural products
(e.g., Figure 1)." Although the generation of primary
alcohols from secondary alcohols by this approach has
not been previously reported, it is known in a related trans
f,y-disubstitued o-methylenebutyrolactone that a less-
hindered (Me-substituted) free secondary alcohol is
favored (80:20—75:25) over a more hindered (i-Pr-
substituted) free secondary alcohol at equilibrium.*® In
the event, secondary alcohol 5k (Table 3, entry 2) was
recovered unchanged using the reported conditions
(PTSA, CH,Cl,, rt, 15 h) for the secondary alcohol
equilibration. However, reaction with 5% PTSA in MeOH
(65°C, 15 h) led smoothly to a 4:96 mixture in favor of the
known>* primary alcohol 9 (Scheme 4), which was cleanly
isolated in 84% yield. The origin of the thermodynamic
preference for primary alcohol 9*° may lie in reduction of
destabilizing gauche interactions present in conformations
of the secondary alcohol 5k.?® Jones oxidation®* of pri-
mary alcohol 9 completed a short synthesis of the naturally
occurring antibacterial and antitumor agent (+)-methyle-
nolactocin (10).%**

(23) Hon, Y.-S.; Hsieh, C.-H.; Chen, H.-F. Synth. Commun. 2007, 37,
1635-1651. Allylation using the zinc conditions gave 5j in 79% yield
(83:17 dr). The minor diastereomer was determined to be that previously
reported (see the Supporting Information).

(24) (a) Hon, Y.-S.; Hsieh, C.-H.; Liu, Y.-W. Tetrahedron 2005, 61,
2713-2723. (b) Saha, S.; Roy, S. C. Tetrahedron 2010, 66, 4278-4283.

(25) Submitting primary alcohol 9 to the reaction conditions gave the
same 4:96 mixture of 5k:9 observed when starting with Sk.

(26) Eliel, E. L.; Wilen, S. H.; Mander, L. N. Stereochemistry of
Organic Compounds; Wiley: Chichester, 1994; pp 682—684.
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Scheme 4. (+)-Methylenolactocin (10) by Translactonization

o)
PTSA (5 mol %)
0 —_—e
MeOH
OH 60°C, 15h
5k 84%

Jones reagent
rt, 5 min 2%

In summary, allylation of aldehyes using 3-(bromomethyl)
furan-2(5H)-one (3) in the presence of zinc or Cr(II) salts
provides a regio- and stereocontrolled access to S-substituted
o-methylene-y-butyrolactones. Conjugate addition and
translactonization chemistry broaden the utility of the
adducts, as illustrated in concise syntheses of (£)-hydro-
xymatairesinol (9) and (4)-methylenolactocin (10).
Further applications in target synthesis and studies
on asymmetric versions of this methodology are cur-
rently under investigation.
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ABSTRACT
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The bioactive sesquiterpene lactone (+)-anthecotulide (1) is synthesized for the first time, in a six-step sequence devoid of protecting groups. The
key transformations are a novel Rh(l)-catalyzed asymmetric enyne rearrangement of a terminal alkynyl ester (4), to form the a-methylene-y-
butyrolactone core, and a final-step mild Au(l)-catalyzed Meyer—Schuster rearrangement

Anthecotulide (1) is an optically active irregular sesqui-
terpene lactone first isolated in 1969 from Anthemis cotula
L. (stinking chamomile)." At the time, the structure was as-
signed from analysis of spectroscopic data. In 2005, a more
detailed analysis, which included a NOESY experiment to
determine the configuration of the stereogenic double bond,
corroborated the original structural assignment.” Antheco-
tulide has attracted interest due to its contact allergen
properties’ (contamination of chamomile preparations by
A. cotulais to be avoided)® and its unusual biosynthesis for a
sesquiterpene, involving head-to-middle coupling of geranyl
diphosphate and dimethylallyl diphosphate.* More recently,
anthecotulide demonstrated antibacterial,” antimalarial,®

T University of Oxford.

¥Eli Lilly and Co. Ltd.

(1) Bohlmann, F.; Zdero, C.; Grenz, M. Tetrahedron Lett. 1969,
2417-2418.

(2) Meyer, A.; Zimmermann, S.; Hempel, B.; Imming, P. J. Nat.
Prod. 2005, 68, 432-434.

(3) Hausen, B. M..; Busker, E.; Carle, R. Planta Med. 1984, 50, 229—
234,

(4) van Klink, J.; Becker, H.; Andersson, S.; Boland, W. Org. Biomol.
Chem. 2003, 1, 1503-508.

(5) Theodori, R.; Karioti, A.; Rancié, A.; Skaltsa, H. J. Nat. Prod.
2006, 69, 662—-664.

(6) Karioti, A.; Skaltsa, H.; Zhang, X.; Tonge, P. J.; Perozzo, R.;
Kaiser, M.; Franzblau, S. G.; Tasdemir, D. Phytomedicine 2008, 15,
1125-1129.

trypanocidal, and leishmanicidal activity’ and has been
shown to inhibit the activation pathway of the transcrip-
tion factor NF-kB which regulates pro-inflammatory
mediators (cytokines, nitric oxide, prostaglandins).®

Due to the emerging biological activity profile, and as
part of our ongoing interest in the synthesis of o-methy-
lene-y-butyrolactones,” we communicate here the first
synthesis of anthecotulide.

In this synthesis we aimed to address the synthetic
challenge of assembling the sensitive a-methylene-y-buty-
rolactone'® and deconjugated ketone functionality in an
efficient and stereocontrolled manner. Specifically, we
envisaged accessing the natural product 1 by a Meyer—
Schuster rearrangement from propargylic alcohol 2
(Scheme 1). This alcohol 2 would be derived by Wittig
homologation of aldehyde 3, which was anticipated to be
accessible from cycloisomerization of enyne 4.

So as to examine this chemistry, enyne 4 was first
prepared (83% yield) by DCC coupling'' of commercially
available (Z)-but-2-ene-1,4-diol (6) with propiolic acid (5)

(7) Karioti, A.; Skaltsa, H.; Kaiser, M.; Tasdemir, D. Phytomedicine
2009, /6, 783-787.

(8) Vuckovic, I.; Vujisi¢, L.; Klaas, C. A.; Merfort, I.; Milosavljevié,
S. Nat. Prod. Res. 2011, 25, 800-805.

(9) Hodgson, D. M.; Talbot, E. P. A; Clark, B. P. Org. Lett. 2011, 3,
2594-2597.
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Scheme 1. Retrosynthetic Strategy to Anthecotulide (1)
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(Scheme 2). Although metal catalyzed Alder-ene reactions
of 1,6-enynes have been well-studied,'? to the best of our
knowledge only a single isolated example to form an a-
methylene-y-butyrolactone has been reported, using an
achiral ruthenium(I) catalyst (CpRu(NCCHj;);PFg)."?

Scheme 2. Synthesis and Cycloisomerization of Enyne 4
N_o

bce [ RN BINAPISOF
5 OH s DMAP \fo ¢

o)

on Et,0 J/V CICH,CH,CI )\%
= .

J/\/ -30°C —rt rt, 15h

HO
HO 6

+

15h 4 73%
83%

Considering the prospects for asymmetric catalysis, we
decided to investigate the synthesis of the o-methylene-y-
butyrolactone core under rhodium(I) catalysis, which was
originally developed by Zhang and co-workers with inter-
nal alkynes.'* Using Zhang’s conditions ([Rh(cod)Cl],/
rac-BINAP/AgSbFg, (0.025:0.05:0.05), CICH,CH,CI, rt,
15 h), enyne 4 gave the desired aldehyde 3, albeit in low
yields (20—30%) which were difficult to reproduce. On the
basis that polymerization might be a competitive side
reaction, we lowered the reaction concentration from 0.2
to 0.1 M and 0.05 M, but these experiments also gave low
yields (23% and 15%, respectively). However, modifying the
conditions to those used by Nicolaou and co-workers, where
preforming the catalyst [Rh(rac)-BINAP)]SbF4 was found
optimal for the synthesis of a-methylene-y-butyrolactams, '
gave aldehyde 3 in much improved yield (71%). Finally,

(10) For a recent review, see: Kitson, R. R. A.; Millemaggi, A.;
Taylor, R. J. K. Angew. Chem., Int. Ed. 2009, 48, 9426-9451.

(11) Balas, L.; Jousseaume, B.; Langwost, B. Tetrahedron Lett. 1989,
30, 4525-4526.

(12) (a) Nakamura, I.; Yamamoto, Y. Chem. Rev. 2004, 104, 2127—
2198. (b) Chen, M.; Weng, Y.; Lei, A. W. Prog. Chem. 2010, 22, 1341—
1352.

(13) Trost, B. M.; Surivet, J.-P.; Toste, F. D. J. Am. Chem. Soc. 2004,
126,15592-15602. The structural correspondence to the a-methylene-y-
butyrolactone unit in anthecotulide (1) was noted in this paper.

(14) Lei, A.; He, M.; Zhang, X. J. Am. Chem. Soc. 2002, 124, 8198~
8199.

(15) Nicolaou, K. C.; Li, A.; Ellery, S. P.; Edmonds, D. J. Angew.
Chem., Int. Ed. 2009, 48, 6293-6295.
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using [Rh((R)-BINAP)|SbF, gave (+)-aldehyde 3 in 73%
yield and 96:4 er by chiral HPLC (Scheme 2).'¢

The sense of asymmetric induction in the cycloisome-
rization above using (R)-BINAP was determined by con-
version of (+)-aldehyde 3 to the frans-lactone 8a'” of pre-
viously established absolute configuration and comparison
of specific rotation values (Scheme 3). Chemoselective
reduction of aldehyde 3 using BH3,'® followed by hydro-
genation of the o-methylene group in lactone 7 and silyla-
tion of the resulting primary alcohol, gave a cis—trans
mixture of lactones 8 from which trans-lactone 8a could be
obtained by careful chromatography. This correlation
established that the R-configured aldehyde 3 was obtained
from enyne 4 when using (R)-BINAP, and this corre-
sponds to the same sense of asymmetric induction ob-
served in Zhang’s and Nicolaou’s studies.'*!°

Scheme 3. Configuration of Aldehyde (4)-3 by Conversion to
trans-Lactone (+)-8a

0
1) Ha, 10% Pd/C \C[jo
o  MeOH TBDPSO™ ™'
BHy THF rt, 4 h
A~ 2) TBDPSCI
THF HO imidazole + (6]
rt,1h DMF Ef
85% i, 15h Lo
’ ' TBDPSO™
44%
(over 2 steps) 8b

With a catalytic and highly enantioselective synthesis of
aldehyde 3 established we examined its conversion to the
propargylic alcohol 2 for the projected Meyer—Schuster
rearrangement. Structurally related (internal) alkynes have
been recently shown to undergo one-pot cycloisomeriza-
tion— Wittig reaction.'” In the present case, addition of ylide
9°° (1.3 equiv) following the Alder-ene reaction gave the
E-of-unsaturated aldehyde 10 (67% from enyne 4, Scheme 4).

Scheme 4. Synthesis of Propargylic Alcohol 2

[Rh((R)-BINAP)]SbFs
(2.5 mol %)

\f CICH,CH,CI
_ mish H ‘o NaBH,, CeCly o
o)j/\ _— HO/Y\”
MeOH
_"PPh,
then 9

10 0°C,2h "
87%
rt, 3 days CBry, PPhy
67% CH,Cl,
r,2h
0 o)

7
Lo 13, Cul, Et;N L9
Br/\(\,

12

o) o

91%

DMF-Et,0
0°C,2h
63%

(16) See the Supporting Information for details.

(17) Wu, X.; Zhou, J.; Snider, B. B. Angew. Chem., Int. Ed. 2009, 48,
1283-1286.

(18) Enders, D.; Wang, C.; Greb, A. Adv. Synth. Catal. 2010, 352,
987-992.
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1,2-Reduction of aldehyde 10 with Luche’s conditions,?'
followed by an Appel reaction’? using PPhy and CBr4, gave
allylic bromide 12 (79% yield from 10). Of various proce-
dures examined for the displacement of the allylic bromide
12 by terminal alkynes,”* conditions developed by White
and co-workers were found to work best.** Propargylic
alcohol 2 was obtained (63%) by addition of the allylic
bromide 12 at 0 °C to the alkynylcopper species from
alkynol 13, prepared by mixing with stoichiometric Cul
and Et3N in a 2:1 mixture of Et,O and DMF.

Mild methods for the conversion of propargyl alcohols
into a,S-unsaturated ketones (Meyer—Schuster rearrange-
ments) have recently been developed.”® Akai and co-
workers reported an effective catalytic combination of
MoO»(acac), with AuCl(PPhs)—AgOTTf, where rearrange-
ment is considered to proceed by [3,3] sigmatropy of an
intermediate molybdate which is facilitated by alkyne coor-
dination to an i situ generated cationic Au catalyst.”® Using
these conditions propargylic alcohol 2 gave (+)-anthecotu-
lide (1) in excellent yield (87%) (Scheme 5). No isomerization
of the f,y-trisubstituted alkene into conjugation with the
ketone was observed. The spectroscopic data were in full
agreement with those in the literature,>'® and the specific
rotation of synthetic anthecotulide [a]*p +81.1 (¢ 0.15,
CHCI;) is of comparable magnitude to that reported for
the natural product [0]*p +76.9 (¢ 0.032, CHCl3).”’

In summary, the first and asymmetric synthesis of (+)-
anthecotulide (1) has been achieved in six steps from
commercially available materials, which additionally

(19) Korber, N.; Rominger, F.; Miiller, T. J. J. Synlett 2010, 782—786.
(20) Hodgson, D. M.; Man, S. Chem.—Eur. J 2011, 17,9731-9737.
(21) Luche, J.-L. J. Am. Chem. Soc. 1978, 100, 2226-2227.

(22) Appel, R. Angew. Chem., Int. Ed. Engl. 1975, 14, 801-811.

(23) (a) Buzas, A.; Gagosz, F. J. Am. Chem. Soc. 2006, 128, 12614~
12615. (b) Bieber, L. W.; da Silva, M. F. Tetrahedron Lett. 2007, 48, 7088—
7090. (c) Grushin, V. V.; Alper, H. J. Org. Chem. 1992, 57, 2188-2192.

(24) White, J. D.; Sundermann, K. F.; Carter, R. G. Org. Lett. 1999,
1, 1431-1434.

(25) Engel, D. A.; Dudley, G. B. Org. Biomol. Chem. 2009, 7,4149-4158.

(26) Egi, M.; Yamaguchi, Y.; Fujiwara, N.; Akai, S. Org. Lett. 2008,
10, 1867-1870.

(27) Yamazaki, H.; Miyakado, M.; Mabry, T. J. J. Nat. Prod. 1982,
45, 508.
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Scheme 5. Anthecotulide (1) by Meyer—Schuster Rearrange-
ment

MoOy(acac),
AuCI(PPhg) o

o) AgOTf
%o (1:1:1, 5 mol %) %o
K% Y\[]/Y\,.-\\
0

= 2l Toluene
HO>/Y\ i, 3h
2 87% 1

establishes the absolute configuration of the natural product
as R- and provides a strategy for analog synthesis. Aside
from its brevity, which stems from only one oxidation
level change®® and the absence of protecting-group
chemistry, the synthesis is noteworthy for the first ex-
ample of an enantioselective enyne cycloisomerization to a
o-methylene-y-butyrolactone and the tolerance of the
latter functionality to Au(I)-catalyzed Meyer—Schuster
rearrangement.
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